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PART 1

INTERNAL MATTERS



LAST ANNOUNCEMENT

This is the last announcement of the next (12th.) meeting of the
INTERNATIONAL GRAVITY COMMISSION.

It will be held in Toulouse, France, from September 22 to 26, 1986.

It was first announced in the Bulletin d’Information n° 56, then more
precisely in the following issue (B.I. n° 57) in which necessary participation
forms and hotel forms were enclosed.

By this time those who had not yet responded by June 1st should have
received the last circular. We really urge you to send immediately the forms
back iIf you intend to participate.

Looking forward to seeing you all in Toulouse.

Have a pleasant summer !



INFORMATIONS

I. The BGI Gravity Data Base

Due to the qguick and unexpected leave of J.F. 1I-Isaac-Grieux who was
responsible for the data base and its management system, the data base has been
frozen in its state as of August 1885 due to a lack of precise information on
various critical pieces of software.

M. Sarrailh took it over «could only finish the complete understanding
phase of the system a month and a half ago. He 1is presently upgrading some
software which still suffered from uncorrected bugs.

We hope to be able to present to the community an updated data base system
and contents {(comprising the data collected in the last twelve months) at the
next meeting of IGC in September.

I1. Bibliographie

For the same reason as above, the software for managing and editing the
bibliographical references at BGI was partly lost and not usable anymore.

We were able to get a student working on this task in the last two months

(Miss M. Laliat) and we will resume the publication of our vreferences 1in the
next issue of the Bulletin.
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GRAVIMETRIC HWORK IN CHINA

{1383-13886)

H.T. HSU

1. Absolute Gravimeilry

The Chinese Academy of Metrology has successfully developed the second
generation movable absolute gravimeter (model NIM-II) and took part in
international absolute gravimeter comparison observation from June to July,
1985 in Paris. Five countries (USA, USSR, France, Italy and China) and six sets
of instruments joined this comparison, and Pr. Groten, <Chairman of SSG 3.87,
IAG, is in charge of handling the result, according to Boulanger's private
communication on Nov. 25, 1885 the result obtained by Chinese instrument NIM-II
after reducing to serves Ag point is (2)

g = 980925944.5 pgal

the difference between it and average value obtained from six sets of
instruments is + 6 ugal.

I1. Establishment of 6ravity Fundamental Metwork {(85) in Chima (1)

During the period of 1983-1985, the State Bureau of Surveying and Mapping
in China organized the Institute of State Bureau of Surveying and Mapping and
Institute of Geodesy and Geophysics, Chinese Academy of Sciences and so on, to
establish gravity fundamental network (85) of China, there are 57 points
altogether, including 6 datum points, 46 fundamental points and 5 initial
points. Absolute gravimetry was carried out for all datum points in network,
its accuracy is about : 20 pgal. The dinstruments we wused come from Torino
Institute of Metrology, Italy and Chinese Academy of Metrology respectively, in
several datum points, both results are wutilized simultaneously. The relative
connection for every point in the network was measured by wusing 9 sets of
LaCoste gravimeters (model G), its accuracy is about x 20 pygal. To improve and
check wup the reliability of network (85), the relative connection with
international gravity points in Paris, Tokyo and Hong Kong and so on 1s made

respectively.

Least square adjustment was used for processing the network (85), absolute
and relative observations are combined together by use of different weight. In
error equation of relative observation segment the mathematical model with
linear, gquadratic and periodic¢ term scale correction is used before adjustment,
the drift, height, tide and atmospheric pressure corrections are taken 1into
consideration. Besides, we utilized the results of international connection to
check the absolute gravity observation and determine its weight.



The result shows that MSE of gravity value in each point of network after
adjustment is : 7.8 pgal, the maximum error is ¢ 13 pgal, MSE of each segment
after the adjustment is £ 15 pgal.

111. Development and Test of Dynamic 6ravimetric Instrument (3-11)

In recent years, Institute of Geodesy and Geophysics, Chinese Academy of
Sciences, has developed a new sea-gravimeter, model CHZ. The new design of this
meter is to use linear sensor system so that C-C effect is eliminated. Besides,
zero length spring suspension, silicon-oil damping, high accuracy capacitive
transducer, digital filter and data acquisition and processing system are its
characters.

Gravimeter (model CHZ), through the test in laboratory and at sea, can
withstand the perturbation in case of 500 gal in vertical acceleration and 200
gal in horizontal acceleration. In 1985, the comparison observation between CHZ
meter (China) and KSS-30 meter (West Germany) on the same ship at the South
China Sea was made. The mean sguare discorrespondency of both instruments 1is *
2 uygal.

1V. Geophysical Explanation for 6ravity Data

In recent years, the progress has been made by using the gravity data to
inverse Earth crust-mantle structure. tLiu Yuanlong et al. have developed
original two-dimension surface-mass method to three-dimension {12) ; Pan Z2uoshu
{13), Gao Jinvao {14) et al. have calculated the thickness of earth crust from
gravity data with FFT method. Liu Zuhui (15), Gao Jinyao (16) et al. have made
calculation and interpretation for deep structure of the South China Sea and
Qinghai-Xizang plateau respectively according to the linear experimental
isostasy. Hong Rui (17), on the basis of Paker's potential-field formula, has
inversed the Earth crust thickness and upper mantle density by utilizing a lot
of seismic measurement as control ; Zhang Chijun (18) et al. have calculated
the Earth crust thickness of Qing-Xizang plateau from geoid wundulation and so
on the basis of integral equation of single layer potential, determined the
density distribution of inside lithosphere by means of high order portion of
satellite gravity field (19).

V. Theoretical Research on Gravity Field

In aspect of classical Stokes' theory the approximation method with
constraint is proposed in order to improve the convergence of Stokes' series. A
optimum approximation of both the height anomaly and vertical deflection are
suggested by using set of approximation coefficients (20, 21, 22, 23, 24}.
Furthermore, this new concept is applied to Stokes problem in case of ellipsoid
earth so that a solution of considering ellipsoid flattening is obtained (25),
and the convergence about this problem is improved in comparison with Rapp's
solution. In addition, the determination of geoid and its error estimation by
use of the least square spectrum combination is under test (26).



With respect to the modern approximation theory of gravity field and its
representation, the embedded masses approximation method of discrete geodetic
boundary value problem and choice of density and embedded depth of perturbation
mass points are studied {27, 28). In view of defect of this method, the
approximation behaviour for embedded mass point has been judged, it is pointed
ouf that this solution is not optimum, simultansously, we suggested so-called
semi-collocation {29, 30) form of discrete geodetic boundary value problem. On
the other side, a method by setting up the fictitious single layer density o
express the gravity field outside the Earth 1is discussed (30, 31, 32). The
kernel of solution is a fundamental solution of Laplace eqguation, 1like the
embedded mass point solution, ifs structure is the simplest, and the eguivalent
principle shows that this theory is a variant of Bjerhammar's solution, the
practical calculation indicates that it is better than Bjerhammar's solution
due to simplicity of computation, quick convergence and high accuracy.

In respect of the gravity field at high altitude, the valuation wmodel of
outer attraction field including fictitious single layer method and
continuation of Molodensky's surface solution {34) is discussed. As to the
gravity field expression at lower altitude a translocation in case of ellipsoid
is suggested (35). The given solution not only contains FEuclid effect of
topography, but also the effect of Earth flattening. And the Bjerhammar's
translocation solution can be considered as a special case of it.

In the determination of geoid in China, we try to use a combined technique

of the determination of the Earth's disturbing potential (36), and the accuracy
of height anomaly obtained from Doppler observation is analyzed too (37).
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METHODS OF IMPROVING THE CONVERGENCE
OF THE EARTH'S POTENTIAL EXPANSION

M.S.Petrovskaya, K.V.Pishchukhina
Institute of Theoretical Astronomy

of the USSR Academy of Sciences, Leningrad

Summary

Two methods of improvement of convergence of the earth's
disturbing potential expansion in terms of spherical func-
tions have been suggested. In one of these, a series in Che-
byshev polynomisls is used, as an intermediate one. Then

its partial sums are converted into linear combinations of
spherocal functions. The other method is based on employment
of a power series, as an intervening one, and the subsequent
application of Lanczos' method of economization to it. Final-
ly, the transfer to sphefical functions has been performed,
as well. As a result, the earth's potential is approximated
by the sequences of linear combinations of spherical func-
tions which converge more rapidly than the partial sums of
the standard series. Practically, each new approximating

polynomial is derived from the original one only by multi-
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plying its coefficients, that is Stokes' constants anx ’
by certain numerical factors. Thus, the new approximants are
constructed on the same basis of coefficients of spherical
functions as the ordinary earth's potential expansion. The
results can be utilized in two ways, for improving the appro-
ximation of the global gravitational field. Let a set of
Stokes' constants Cwnm be known for weN and {m|<n .
Then the initial approximating polynomial of degree N can
be "contracted" to a polynomial of a lower degree ﬁloct% ;
without increasing the error of approximation. If the degree
N of an approximating polynomial is fixed then the
corresponding new approximant of‘the Same degrée has a lesser
error than the initial one. Numerical experiments have been

performed for estimating the efficiency of both methods.

1. Formulation of the problem

The earth's disturbing potential T is generally presen-

ted as a series of so0lid spherical functions

% 4
T =3 Ta , Ta=R2Z tmPam(re, ), D
Nul

W\‘ -“

Pom = 77 L (0,8,

cos mA , w20

Thm = Pn\\m\ (sin?) {

Here ( ® ,¥ , )\ ) are spherical coordinates of a point 3¢

ﬁ;“ ‘W\P\ > ¥4 o
of exterior space,cxbnvn = so0lid spherical functions,
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Q,nww= Stokes' constants ( corresponding to the disturbing
potential ), QRWK = adjoint Legendre functions, F%Q = Pn =
Legendre polynomials, R = radius of the sphere a
enveloping the earth. The zero and first degree harmonics in
the expansion of T are absent due to a certain choice
of parameters of the normal earth /8/.

The series {(1.1) converges uniformly outside and on the sphe-
re S ( the domain =, ) as well as its partial deriva-
tives of the first order. We intend to improve convergence

of this series in the domain > = 2 UT  of its validity.
The earth's disturbing potential can be presented as a sur-
face layer potential /6/ or in form of some generalized po-

tentials /1/, /2/, /7/. Since we confine ourselves to the

domain Ei s, the surface layer potential may be refer-
red to the boundary surface ) :
-4 —_—
‘T‘=SQ‘Q dc R xéz_’ (1.2)
g
where

{* 2 R%ac?o2Rr s ¥,

(2]
{'4 = ¢ Z (-%—)n Pn Ccog ), (1.3)

NW=O

cos ¥ = ginfain'®y «cos®eos®y cos (A=) | %40, 50)eT

The density 3 is determined from the integral equation

which results from substituting (1.2) into the boundary con-
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dition

T
Lim %; * —%—‘T‘>=-A% (1.4)
2 >

-2
where ag = %b%n is the gravity anomaly on ¢ o

On this sphere, (1.2) converts into the Stokes' formula

T ='J%,‘."rgw53 S(“f')dw, =z T, (1.5)

where S (Y) is the Stokes' function and & means the
unit sphere.

In the domain = any generalized potential can be pre-

sented as

'“V:z‘i{‘:g MR(e,Wde , xe5. (1.6
N g

The kernel K depends on the coordinates of a current
point X4 ( ¥4, J\1) e @ and, for a fixed values of "?5 and
J\‘ s 1t represents a harmonic function in > s Ie-=
gular at infinity. The generalized density S\A is derived

from the boundary condition (1.4). By choosing different
harmonic functions Y (© ,™ ) one can obtain different
generalized potentials. On the sphere 4y all of these
will be reduced to the Stokes' formula. We choose such a
kernel % (®,Y ) in (1.6) which is best suited for perfor-
ming transformations, leading to improvement of convergence
of the series (1.1). Herewith, we are guided by the following

requirements, with respect to the kernel in (1.6). First of

15



all, the series of solid spherical functions for ¥ (e,¥Y)

should converge more rapidly than the expansion (1.3) of the
kernel Qfé in the expression for the surface layer poten-
tial (1.2). The second demand consists in choosing from a va-

riety of harmonic functions with the same rate of convergence

of their expansions ( e.g. their terms may decrease as %? s

?%T or -;%T ) such a function ¥ (¢ ,Y ) which has the

most simple form. These conditions are best satisfied, from

our point of view, for the kernel

K=rv¢'F F=-gybobem¥al 0 )

The corresponding generalized potential is

a2 (T
Tege ) ) $FEnambdoah, (oo

where QS« means the polar angle. The function ¥ can

be expanded in a series of solid spherical functioms /12/

k==

F = Z -%—(—%—)h P (cos V). (1.9)

Yizd

It may be easily seen that the terms of this series are o
u “

times less than the ones in (1.3) for the kermel £ in

(1.2)o From (1.4), (1.8) and (1.9) we determine the genera-

lized density :

i

ol o]
ZZC‘MZ)A%n - a9+ S“Z.z%-?%w

Wz 2

¢
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or

M= -ZR__& -o9g SA%S(W)A@: (1.10)

The formulas (1.7)-(1.10) define the basic expression for
the potential T which will be used for improving con-
vergence of the series (1.1).

The Stokes' constants are expressed in terms of SA as

2R

_2 4 (n-imhl 2 SS
C’“W‘“Sm o (n+imDl 4T §# Lnem sin 60 dBaddu,

8:):"23 gm =4 5 m#£ O,

Now we shall estimate the order of decreasing the general

term of (1.1). On the sphere O one has

\ ;Ei T \ ’ (1.11)

=2

Let us perform the change of variables of integration in

(1.8) by transferring the pole to the computation point :

B—=>=0,X=0 > 6 =¥ M= N, (1.12)

As a result, (1.8), (1.9) and (1.11) give

A
T‘“\@:?«Bﬁii W (22 Pa@dzdd, | 12

“w=12,%,.

Let us denote

17



Mwax = maxim| , xee,
. 2% - —
34\(%).1-2%:80 Sﬁi%v}%%}%i@ » “AEZ &4

and by Sﬁéw' we shall assume the total variation of

% , .
W (2) over the interval / -1,1 /. Making use of the
estimates /15/

Si |Pacaldz 2« V2 n""2

=1

2

(2

4 3% L& -3
\ Sﬂ‘g‘\ ?\n(i)c{%\ 4 .—V-'{:Y; (S/\\far‘\r S\Amax)Y\ N
we derive from (1.13)

\‘%’_‘Wn\q*\ L Mwax 072 (1.14)

\%:Th\g\ < 2 (S'\vae * S\«Wx)y\‘s@ (1.15)

It should be noted that the constant WMvae , depending

on the total variation of the gravity anomaly and its radial
derivative, according to (1.10), can greatly exceed the con-
stant Sﬁvnaxe Therefore, the right-hand side of (1.15) may
be smaller than that of (1.14) only for very large values

of Yo . In any case, for the number of terms of the se-
ries (1.1) which are currently taken into account, the

estimate (1.15) is too overstated.

18



Basing on (1.14) and (1.15), one can readily estimate the

general term of (1.1) by relation

R
Ta = NP T""lcr x e2  (1.16)

The expansion (1.1) defines the sequence of approximants

N
\ <V> v
T = E Th o N=23,.. (1.17)
=2
which converges to the potential T in both the mean

square and uniform metrics. Using certain methods of the
theory of approximation, some other sequences of linear com-
binations of solid harmonics Cp\\m( ©,¥,\) can be construc-
ted differing from (1.17) and converging more rapidly ( in
the uniform metric ) to the potemtial 'V , than the se-
quence %"T‘(m} o Two such methods will be applied below. In
one of these we proceed from the expansion of T ( see (1.7) )
with respect to the Chebyshev polynomials Th (cos¥ ), rather
| than the Legendre ones, P (cosW), in distinction to (1.3)
and (1.9). This is done because in the class of ultrasphe-
rical polynomials, the Chebyshev polynomials yield expansions
which display the strongest possible convergence /17/. The
second approach is based on development of \: in powers
of 2 = cosY and subsequent application of Lanczos' method
of telescopic shift /5/ or, by another terminology, the me-
thod of economization /17/. In both cases the partial sums
of the above mentioned series are finally transformed into

linear combinations of solid spherical functions c‘3,,“,“( c,¥ ’,‘-}‘ e
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2. Application of the expansion in Chebyshev polynomials

We begin with the method employing an expansion in Chebyshev
polynomials. Consider a function S (®) and its expansion

in Legendre polynomials in the range / -1,1 / :

(s}

(=) :Z Qn P\f\(i'),

=0

Thus, {y (%) is approximated by members of the sequence

{SCN) (= )} :

N
Q)
$%® =2 anPa®, N=ou,.

A=O

In the same interval for 2 , the function & (%) can be

presented as a series of Chebyshev polynomials :

S( = 2 &6, Th(a),
n=0

The corresponding sequence of approximants is

CN)(%) Z onTa (=) , N =0,4,...

Supposev that the series of Chebyshev polynomials converges
more rapidly than the Legendre series, which usually occurs.
TN
$

Then, for a fixed N , the function provides bet-

ter approximation to 3§ than S(”) o If, however, one
prefers to deal with Legendre polynomials, instead of Che-

byshev ones, then §-(N) can be expressed in terms of p“(i) :
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N

P Q)

&(N)(‘ij - Z e P“(i) , N=0,4,...
Nz0

where C,:N) # Qpn and depend on the degree N  of the po-
lynomial.

We shall apply this procedure to the function ¥  defined
in (1.7), with % =cosV¥ . First, the transformations will
be performed at the boundary surface T and then the re-

sults will be converted to exterior space 2 s by using

(1.16). On the sphere § , we have from (1.8) and (1.9)

PA\ S
T\@ = "’R"""S S N%S\Y\GQ A64A~}\4 , (2.1)

2 ©

where

3

ul

Fle . S=2h®ntas¥) (o

=4

These formulas define a sequence of functions converging to

Tle

(N R T (N) (2.3)
T l 2 en S“S‘ 51“944:\84 O\)li )
¢ 4T o ~o
N’Z:S:"'
with

(W) C

S’ = Z ‘%’ P\'\ (cosV) . (2.4)
1 LX)

Each of the functions (2.3) is a linear combination of sphe-

rical functions of degree n sN and represents the restric-
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tion of (1.17) to € s

[

N
Tm){@ =2 T | N=2s,.. (2.5)

el

We present [ ( see (1.7) ) as

F"";’;q‘*';z N xéz

3

i

L v~ ReogWad
F‘i = = W "é'; > FZ =2 - ‘st\ 7

Then for § defined in (2.2) it follows, respectively,

5= S4+85, , =eC, (2.6)
5,2 F«\@ = = 4n s‘m-\% > (2.7)
S, = AN = =2n (4 csnl) (2.8)

Consider &, and $o in the open interval O<LWeoTr .
One has /12/

20
2
%4 = -—%— “ ':'f Z hY(’v::&) pn(ccs\\’) (2.9)
Reg
<o
gz z“% + ‘:‘5 Z A (ied) p\ﬁ (eosV) | (2.10)
nel

The general term of the first series decreases (approximately)
1% times slower than that of the second one. As a re-

sult, the rate of convergence of the series in (2.2) is de-

22



fined by the expansion (2.9) of (2.7). Below, we shall derive
for Sa ( and for § s respectively ) another series,
converging more rapidly than the expansion (2.9). It can be
seen that the factor Siwn B4 contained in (2.1) improves
the analytical properties of the integrand, on the whole.
This can be easily established if the transformation (1.12)

is performed in (2.1), which gives

2% T
Tle =2 ) § ssowsevavan,

For Y+ 0 we obtain from (2.6)-(2.8) : SsinY =0 while
& -» 00 o This circumstance was not taken into account when
expanding the integrand in (2.1) by the use of (2.2). We
shall take advantage of the factor ein©y in (2.1), for
constructing a new expansion of T\G. « Consider an auxi-

liary function Gy on the interval ©Oc¢¥< X s

%3 = siwn Y %«(\D = = sinY &s\n:"z

Por (2.7) we have an expansion /11/ :

[> <]
54 = Z—}Cwsh\f + 2n2 .
A=z

It can be treated as a series in Chebyshev polynomials

Th (cos¥ ) =cosn¥ . The last two formulas give

85 = Z Wi'_'f sna¥ & (La2-1/4) gnY

nN=2
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2
and, correspondingly, the new expansion %e of (2.7) is

o0

o 4 2 oin (ne DV
Sy = &nlmgp v g eost s ns D sy (2.11)
n=a OgWeT,
We put
Cnd e
$ =5 +5 (2.12)

where %z is the series (2.10). After transferring 55
in (2.1), a new expression aﬁ \@ of the potential rT‘{@

follows :

~ 2T T ~
‘T‘\@. = %S S M S s d8, di, (2.13)

e ©

Application of (1.12) leads to

N JT o -
Tle = _g:{ @S sa¥dtdd,y . (2.14)
2 ©

it can be easgily seen that the factor s Y s, entering

the denominator in (2.11), vanishes after substituting this
geries into (2.12) and, then, into (2.14). Thus, it does not
"prevent™ the expansion of the integrand to converge along
the whole closed interval © & V¥ ¢

After adding term by term the series (2.10) and (2.11), we
get from (2.12) and (2.13)

T\G’ = errﬁh\w , (2.15)

A=2
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where

L

Tole = T * T (2.16)

PANNTE
T R sin(ned¥ (2.17)
Tn* = mgo SO.S“ oy sin B8, 401 d &y ,
~ T
Ta = smf'(mus S ¢ P (cos¥) sin 84 d®adds . (2.18)
e "o

By using the substitution (1.12), the following estimate

can be derived

{ o Mwax
\—i ‘T‘n\c,\ ¢ 2 nlned) > w=2,5.. (2.19)

and also

Be Tlg | = 00D mazne,

the latter depending on MMvae and Mwax . Comparing the

last two formulas with the estimates (1.14) and (1.15), we

may conclude that ( withqut taking into account the constant

factors ) the general term of the new expansion (2.15) of
e is VW' times less than that of the original

series (1.11).

The formulas (2.15)-(2.18) define the following sequence of

~~

functions ‘T'OD‘@ approximating ‘U \ &
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~ &R
LY s} e
T = ::a:g o S Vein 64 dB, A, | (2.20)

<

N=273,...
where
T T )
% = %'\ * S,
e _ > 4 S0 (e
4 = N(n+2) ] W
hai
c ) d
N
Z h(mﬂ) P“(c.os‘*’r‘)
ne
, TN : S
Presentation of %A as & linear combination of Legendre
polynomials Pn (eos¥) gives
N
T N
§™ . Z L4l Pnleosy) | (2.21)
nz2
with
(Nan-4)/2
&CN) 4 . (A C\f\**‘bg(z,) ( )k‘ (2.22)
OB ST T
2 (NxA) (1), (mz) (4)!(\“ 2) s .‘.2,)
where

Ved , if (n +N) is even,

ﬁ = {N , if (n+N) is odd,

(c)«)\g = (a+1)ee(A+¥=1),
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. FE(N>
Expressions (2.20)-(2.22) allow to present \q‘ as a
linear combination of spherical functions $nm (R ,¥% , Q)

of degree w &N ( with \wmlan ) :

N
pﬁm)l@ =ZT:(N>lq , WNz2% .

. (2.23)
naa )

Comparison of (2.20) and (2.21) with (2.3) and (2.4) leads
to the conclusion that the terms of (2.23) and (2.5) are con-
nected by the relation

# (VD NG D
TV\ \q* = °Lh TV\\@ N=2,3,.. N, N=23, ...

Consequently,

I~

N
Tcm&w - Z dﬁ")'—?n\@ ’ bs___2)__‘)’”_(2.24,)

Ne

Now we may state that for improving convergence of the sequ-

ence gT“’\%it is sufficient to multiply the terms of the

polynomials (2.5) by positive constants \fw) s» which are
defined in (2.22).
It can be established from (2.22) that
). -
dy = O(w ). (2.25)

In other words, the last term in (2.24) is UN'  times less
than in (2.5).

The estimate (2.19) and the following one show that when

N - % the sequence %_$(N)\q‘} converges uniformly to the

27



potential gT‘l@ - 1t means that, by tending N to infinity
in (2.24), we must obtain (1.11). Let us check this directly.
By limiting transfer N —s oo in (2.22) for a fixed W , we

have

dfw) 4 (4D n
v TA) T TR, (me 3

== i . 3 .
rg C%"\’i ,% )-2: 35 R*E )%"‘2)1),

where "spg is the generalized hypergeometric Gauss' func-
tion /16/. Its numerical value can be estimated with the aid
of Dixon's theorem (ibid.), which results in

()
AY\ = i e 2,3)'“

Thus, the limit of (2.24) for N —» e ig really the series
(1.11). We should like to note, however, that the identity
of the original expansion and the new one, in the limit, does
not mean that, with increasing W |, all the factors w
in (2.21) tend to unit. The estimate (2.25) holds true for

any finite N s while for small fixed W ( e.g. for ¥ =2 )
we have indeed : an=q= 1 when N increases. We also draw
attention to the following fact. It may be inferred from for-
mula (2.20) and the next three ones that polynomials ;E(ND\G'
are the partial sums of a certain series, that is (2.15),
which is not yet a series of spherical functions. From (1.11)
and (2.24) it can be seen that the partial sums of (2.15) are
linear combinations of SFhwm ( R,¥,8) for neN ,\wmlen.

At the seme time, the coefficient of a fixed function P

in (2.24) varies with increasing N .

28



Thus, we have constructed a new sequence %?ﬁ(w>h;}such that

\ = (N |
Lim T \c, = Te .
N — 0o

(ND | . )
The factors dy in (2.24) provide more rapid convergence
of this sequence, as compared to the partial sums of the
spherical harmonic series (1.11) for the function T l\¢ .
Considering the functions (2.24) as boundary conditions on

~o

the sphere & s the polynomials “VCN) can be constructed,
by relation (1.16), as harmonic functions in = :

TN s (ND
T 2 2 dn T
“n= 2.

N=2,3,.., (2.26)
their restrictions to © being represented by (2.24). Since
the sequence (2.26) consists of functions which are conti-
nious in the closed domain -2 and converge uniformly

on its boundary, then the Harmack's first theorem of the theo-

ry of harmonic functions /4/ assures uniform convergence of

—

this sequence, over the whole domain = o The limiting
function should be harmonic in = and in any closed
subset of the domain = the derivatives of 1 V7 of

any order converge uniformly to the corresponding derivatives
of the limiting function. According to the maximum principle

of harmonic functions (ibid.), we have

e%2 wp [T-FM| £ sop|T -] =gl

s
Ne € S Vx e
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and, consequently, for N - oo

(w2 e
é@!”‘ag = gz - O

Thus

N
o= ~ D)
Ligw TN o T > al™ T,

N - o Ne2
where ‘WM is the general term of (1.1).
On the boundary surface ¢ s the expansion (2.15) of the

potential converges more rapidly than the traditional series
of spherical functions (1.11), that is the general term of
the new series is 07? times less than that of the driginal
one. Then the maximum principle of harmonic functions allows
to establish stronger convergence of the sequence of polyno-
mials Fﬁ(w in 2 to the potential T , as compared
to the sequence of partial sums of (1.1). From comparison of
(2.26) and (1.1) it follows that, in order to provide a hig-
her precision approximation of | than that given by the
N -th partial sum of (1.1), it is sufficient to multiply
(W)

the coefficients Cam in the latter by constants &wn ]

In other words, the new approximant of T is

~ N n
) (N ph
T = v\Zz ot R Z Cnm Gpnm (V',"?,.R) » N=23,.,

YAz =R

Another interpretation of the above result is possible. Assu-
me that a certain accuracy of approximation &  of the po-

tential 1 is prescribed and, to attain it, one should
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take into account N terms of the series (1.1). Then the

number of terms in the approximant can be reduced from Y

Ny
to N*AN » by means of factors dwn s Without increasing
the error & of approximation. This method is illustra-

ted by a numerical experiment. We consider, as an initial
expansion, a series majorizing (1.11), according to the esti-

mate (1.14) ( disregarding the constant factor ) :

W N
A = Z A A= J_ = h-fwy
= nalz  ? N= n¥iz ? ®n= A
A=A =4
We have : A = ? (3/2) where ?(:n) is the Riemann zeta
function. By virtue of (2.19), the new expansion of the po-
tential (2.15) is majorized by the series ( neglecting the

constant factor ) :

L) N R
A A N = B-By _ 4
B= Z YOI ,BNEZMw) =N , EnE p;_d TN
Ned na4
Approximating properties of functions AN (which will

be called further as "initial" ones) and Ry ("new"appro-
ximants) are compared. They characterize, to some extent,
approximating qualities of the initial and new polynomials,
defined by (1.17) and (2.26).

For each N = 25,50,75,100,150,200,250,300,500,1000 we eva-
luate the relative errors SN and €, ( per cent ). Their
ratio SN / E.N shows how many times the accuracy of BN
exceeds that of 'Aﬂ s for the same N . Besides, the
number of terms N* in %N* is evaluated from the condition

En* = 8y , for each N and corresponding By .
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The difference N - N* reveals to what extent the standard
polynomial of degree N can be "contracted"™, with the aid

éi\ﬂ » a@llowing the same tolerance Sﬁ « The

of
number N / N¥ is evaluated, as well.
The results obtained are presented in the tables 1 and 2 in

the end of the paper.

3. Application of the method of economization of power geries

The basic idea of the method of economization is as follows.
Suppose that a function & (%) can be expanded over the in-

terval -1 ¢ ® £ 1 1in power series

§(=) ‘-’Z Onz"

n=0
and
<
(i) Z anz"
is its partial sum. Let the power N  of &™ e large

enough for providing a given accuracy of approximation

W\ax\%-gc”)\éa -4 421,

>

Convergence of the initial power series can be improved with
the aid of Lanczos' method of telescopic shifting /5/ or, by
another terminology, economization of power series /17/. It

is reduced to representing the function %CN)(:'&) in terms
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in terms of Chebyshev polynomials Ten (2) :

N
(v (W)
(2) = Z%m T (),

meQ

Herewith, the coefficients of "'w (2 ) in the last terms ap-
pear to be much smaller than the other ones. Taking into ac-
count that \[‘T‘M( 4 1, the last terms may be omitted, prac-
tically without loss of precision. After converting the re-
maining sum into a power polynomial, we have an approxima-

ting polynomial of degree WNo«< N :

Vo
N
> cMa

wiz0

1]

‘%’(N)(t) — :§(N°)(E)

>

in which the number of terms is by ( N < We) less than in
the initial polynomial _&(.N) . The additional error due to
such "contraction" of %QN) turns out to be insignificant

as compared to the error .5 of this polynomial,if g is
large enough.

When approximating the earth's potential, the most conveni-
ent for applications are expansions in Legendre polynomials
P (% ). That is why we suggest a modification of economi-
zation procedure based on the use of the Legendre polynomials
rather than the Chebyshev ones. After presentation of %C“)
as a linear combination of Legendre polynomials, the coeffi-
cients of Pw (%) in the last terms are somewhat greater than
those of I'm (% ). Nevertheless, they are negligible, in com=-
parison with the other coefficients, for large values of N

We proceed again from the expression (2.1) for the potential

33



i

at the boundary surfasce G o The function &

entering the integrand, is defined by (2.6)-(2.8). Let us

present 5, and S, as

Sa

i

-]

~2a [4+ V=] | 2 acosy,

i

52

Consider the power expansions of these functions /11/, which

we denote §A and %,

w9

< Z L+Z\"N

%4 "’% 'ﬁﬁ‘( ;, ) s —hez =1 (3.1)
Ne

N=d ? (3.2)
~-AzgZ2<d
The function (2.6) becomes
% = %'\ i §2‘ ' (303)

and the potential (2.1) will be presented, correspondingly, as

lvis]
Ff"\w = > "‘T““\c (3.4)

V=2

where
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ALy ]

%Fﬁn\c _ 2™ [44-.(.‘?_)_“__]& jy(««-cosw)g"w@l\é&dh.
c ‘o

HTw (n
After making use of (1.12) and estimating the resulting in-
tegral with the help of the generalized mean value theorem,
we yield

AT Mmax
\RT“\G} 4 Sem 0 wen3e (3.5)

Comparing this estimate with (1.14). it can be seen that

the general term of (3.4) decreases Vw' times faster than
the general term of the initial expansion (1.11).

The estimate (1.15) is better than (3.5) by the order of de-
creasing with respect to n . Nevertheless, as noted in
Section 2, the right-hand side of (1.14), and consequently
(3.5), may exceed the right-hand side of (1.15) only for ve-
ry large values of w s at least for v greater than the
number of terms in (1.1) taken currently into account.
Consider the partial sum «§)N of & , represented by

(301)'(303) H

N -~ A
(g)n =Z '2:%1 [:1 -v.(%)sﬂn» (A4 +c.os‘i‘)n-.£,“2. N (3.6)

=4

This polynomial can be expressed in terms of Legendre poly-

nomials

N
($)n = 2 % &% Patess) + e pleest. G
n=2
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Substituting this expression into (2.1), in place of %

. . . = ¥
gives a certain polynomial T )1@ approximating ﬁ?\§

PRV 1Y
TW)lg. = %S 3 S“%(@g{ﬁa 48, das | (3.8)
e o
where
N
S Z f;if') Py, (cosY), (3.9)

Iwo last expressions, after comparing them with (2.3)-(2.5),
give
“~” N
‘T‘“”)}G, =) SSL:) , N=2,3,.. (3.10)
na

Evaluation of the coefficients of Legendre series (3.7) for

(3.6) yields

) N) o
&!N = 9: - '?\ﬁ\ ’ ? = 2,5,... (3911)
where
N-n
(N)
Vo = hei Z (Mo (Dnep
A4d o (4)? (-““‘Z)v\-»g )
N=n
W e > (D) nap
TN (MDp (N+2)nep (3.12)
q1)) }\CN)
The constants " and n can be represented as
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Ne=n

\)vc‘w _ 2=2n-—4(4)n Z (e (n+d) o
('%)H p=0 (A)P (ZH#'?-)P

3 Y\szl?:‘“'(B '13)

N=-h
:N)___ 2‘2“’4 Z Ne (Y\-\v-s.;-)?
(e (2nr)p

> ne23,..(3.14)
P=0
The sum in (3.13) ( and (3.14) too ) can be treated as.a
truncated hypergeometric Gauss' series 2F1 o« After transfor-
ming it into an infinite series and application of the summa-
tion formula for a hypergeometric series with unit argument

/16/, we finally obtain

vCN)= (“4)\"! (Y\-v';:) (-N)n
" (n+4)(N*2)n

. “'—"2)3’... (3015)

For large values of W it is advisable to present (3.12)

as
V=i
3\3"2 ________mi,; (Mp (h)o (Prddn (3.16)
ned oo (Mep (Dp (he2+pdy

From (3.13) and (3.14) it can be established that

\)‘S‘N)= O (\J_N_‘ a-znja) ) }\(:) = O (z_zN-k).

41D
Therefore, for large N the coefficient @20: .DV€N>+ .?\n

in (3.9) is very small and, in general, some number of the
last terms are small and can be omitted without a noticeable
loss of accuracy. As a result, the polynomial (3.9) "con-

tracts"
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Vo

WY
~ 2 L Bn PnCoos¥) | Noew , Naz,3,.. (5,40
iz 2

rsy)!
§

which entails economization of the polymomial (3.10) :
Ne
T }@’ = Z P Thle L N=2,B,... (3.18)
N=a2

In order to test the formulas (3.8)-(3.14), we tend W

to infinity in them. It gives

“-:m - 2"2“‘4 ((2)"; Fln,ned, 2ns2 34) «

=2n=4
+ 2 ” ": (V\;, h“'ji' > 22 )A) 2 N=2,3,.0;s

from where follows /16/ that ,.\(m»

=1, for all nn = 2,3,c00
Comparing the limit of the sequence (3.8)-(3.9) for N —» oo
with the series (2.1)-(2.2), we conclude that this limit is
presented by the series (1.11), which confirms the correct -
ness of the formulas obtained.,

The solution of the exterior Dirichlet boundary value prob-

lem, corresponding to the boundary condition(3.10) on the
Sphere @ s can be constructed basing on the relation
(1.16). As a result, the iinear combinations of spherical
functions o (N =2,3,...) have been provided which

approximate the potential T in the domain 2. :

e

N

__'C\n N)

T =2 gTn , wezae | =eB g
i
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or, with regard to (3.18),

Ne
$CN>& Z p(:) Tn R n=28,., NozeN | = e—Z—' (3.20)
ns2
Since the additional error due to the transfer from (3.10)
to (3.18) is small, then, according to the maximum princip-
le of harmonic functions, the transition (3.19) =+ (3.20) im-
plies an error which is also small, comparing to the one of
T
As follows from the above estimates, the convergence of (3.4)
(or (3.10)) is stronger than that of (2.5). As a result, the
sequence (3.19) (and (3.20), as well) must tend to '} more
rapidly than the partial sums (1.17) of the original series
(1.1). In other words, multiplication of "Vw in (1.17) by
jB&N) leads to decreasing the error of approximation. At
the same time, in the new approximant (3.19) the number of
terms may be economized with a negligible additional error.
Thus, the "contracted" polynomial (3.20) of degree No ¢N
provides better approximation of "™  than the W -th par-
tial sum of (1.1). By virtue of (1.1), we can present (3.20)

as

Ne n
™ (W w .
‘T‘ =~ Z- P’(ﬁu) p\ Z_ C‘\‘\W\ ¢hw\ C(‘a\e)'\) 3 No &N N N:Z,?)_,...
Vis 2 iz =W
This approximant of 'V differs from the ' N -th partial
sum of (1.1) by lesser number of terms No and by the fac-
tors g"’

To give an idea of the efficiency of the economization proce-
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dure, a numerical experiment has been carried out. The re-
sults are presented in the tables 1 and 2
As an initial one, is used the Same series % s as in
Section 2, which majorizes the standard series (?;?), digre-
garding the constant factor. Comparing the estimates (2.19)
and (3.5) for two kinds of the new series, (2.15) and (3.4),
we conclude that for (3.4) there is the same majorizing se-
ries ES s as before, neglecting the constant factor. The
relative errors of ’%N and E;w are also designated by
8; and E“ » Convergence of the new sequence of
approximants is characterized by the same quantities :

Sy /84 » N®* , N -N* and N /N* . It should be
noted, however, that the former designations should be trea-
ted now as referring to the characteristics of the new series
(3.4). The method of economization enables further improve-
ment of results, and, besides the above quantities, we esti-
mate also some additional omes. Thus, the number fVo is de-
termined which characterizes degree of the "contracted" po-
lynomial (3.17), resulting from (3.9) after rejecting the
"tail", "longways" N = QJQ » Practically, the number P@g

is found from the condition

N
0
Zjﬁ B ? < 0.04 & . (3.21)
A= WNo e
Since the additional error due to "contraction" attains only
0.01 &y , it may be neglected. Consequently, the total error
of the "contracted" function is, approximately, Ew o

We compare the errors of two approximants having
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Ne terms - the initial and the new "contracted"™ ones -
by evaluating S’N° / €4 . Let us recall that N¥ means
the number of terms in the new approximant E>N* which
provides the same accuracy of approximation, as the initi-
al one An , i.e. N¥ is defined by the equality En¥ = Oy -
Now, replacing in (3.21) N by N* and No by \Q: ,
we estimate, from the resulting relation, the number of terms

No* which remain in Enf after economization. The
error of such "contracted" function is still, approximately,

Byt = SN . Then the quantities N =-N& and N/ NS
characterize the total effect of the new series application
ag well as its economization, for a fixed error of approxi-
mation.

It should be especially emphasized that the obtained nume-
rical results are valid for majorizing series. The actual
efficiency of both proposed methods can be estimated only
on the basis of the real data, referring to the global
earth's gravitational field. Only in this way one can es-
timate which of the two methods is preferable.

Thus, the described procedures of improving the convergen-
ce of the earth's potential expansion may serve for two
purposes. On one hand, the accuracy of approximation of
the global earth's gravitational field can be increased,
for a given number of terms in an approximating polynomial.
On the other hand, the possibility arises for reducing the
number Qf terms in the polynomial, without decreasing the
given accuracy of approximation. The basic set of harmonic

coefficients is represented by Stokes' constants QWW\(V\év),
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lVﬂiégt) which can be determined from observations by means
of the integral formulas, depending upon the gravity anomaly
A% on the earth's surface /3/, /137, /147,

Consideration of non-sphericity and topography of this sur-
face can be made, in particular, by the formulas, derived in
/9/ and /10/.

The constants ©C wwm can be also interpreted as the coeffici-
ents of the best mean square approximants of the potential on
the sphere @ o In this case, the reduction of A*% from

the earth's surface to @ should be performed.
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Table 1. Reducing the error of approximation

for a given number of terms

N | S| &e )| Sule, || Mo | Sl |PN/en
25 15.2 | 3.9 4 11 22.6 6
50 10.8 | 2.0 5 16 18.8 9
75 8.8 | 1.3 7 21 1645 13

100 7.6 | 1.0 8 25 15,2 15
150 6.2 | 0.7 9 32 13.6 19
200 5.4 | 0.5 11 37 | 12.5 25
250 4.8 0.4 12 42 1.7 29
300 44| 0.3 15 47 11,1 37
500 3.4 | 0.2 17 63 9.6 48
1000 2.4 Q.1 24 92 8.0 80

N

o
z

No

= given number of terms

il

after economization
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error of the initial approximation

error of the new approximation

number of terms in the new approximant




Table 2. Reducing the number of terms in a polynomial

for a given accuracy of approximstion

N N¥ | Ne [ N-N* | N/NY | N-NS | v/t
25 6 5 19 4 20 5
50 8 6 42 6 44 8
75 10 6 65 8 69 13

100 12 7 88 8 93 14

150 15 8 135 10 142 19

200 18 9 182 11 191 22

250 20 10 230 13 240 25

300 22 10 278 14 290 30

500 28 12 472 18 488 42

1000 41 15 959 24 985 67
N = number of terms in the initial approximant
providing the given accuracy
hl*z number of terms in the new approximant
providing the same accuracy
Nf; number of termé in the latter after

economization
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INTRODUCTION

Le géoide gui est wune surface de référence particuliére, peut éirs
calculé 3 partir des données gravimétrigques {anomalies & l'air 1libre) et d'un
modéle en harmonigues sphériques en utilisant un champ de référence
{développement en harmonigues sphérigues) et 1 intégrale de Stokes.

Cette surface de référence a une grande importance pour des fins
géodésiques et géophysiques.

Un premier géoide sur Madagascar a été calculé sur des grilles de 15' x
15 3 partir des données graviméiriques, des anomalies & 1l'air libre terrestres
localisées dans une zone s étendant Jjusqu'ad 25° de part et d'autre de la grande
ile et complétées par des données marines obtenues par inversion des données
altimétriques du satellite Seasal ; le modéle en harmonigues sphériques utilisé
était celui de Rapp. 79 donné jusqu’'au degré L = 180.

Nous présentons dans ce rapport en premier chapitre un rappel des
définitions et quelques relations importantes et nous recommandons aux lecteurs
gui veulent avoir plus de détails de se référer a 1 ouvrage d'Heiskanen et
Moritz (référence n° 2) ; dans le chapitre 2 nous parlons des données et de
leur traitement puis nous exposons le principe de calcul et dans 1le dernier

chapitre nous montrons les résultats obtenus.

I. RAPPEL DES DEFINITIONS ET QUELQUES RELATIONS IMPORTANTES

1.1. Définition du Géoide

Le géoide (G) est une surface équipotentielle particuliére du champ de
pesanteur de la Terre réelle, W =V + &, voisin de 1la surface movenne des
océans, et que l'on peut définir par

W = wo (1)

1.2. Potentiel Gravitationnel Terrestre, Potentiel Gravitationnel Normal

Le potentiel du champ de pesanteur de la Terre réelle est défini par
W=V + ¢ (2)
ou ¢ est le potentiel dont dérive la force céntrifuge

V est le potentiel de gravité de la Terre.
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En tout point extérieur, de coordonnées sphériques (r,p,A) 1ié au repére
terrestre, V est développé en harmoniques sphériques sous la forme [Heiskanen,

Moritz, 1967]

GM noR\"
V=W=-¢=—1]1- L L - (3 cos mA + K sin mA) P_ _{sin 9)]| (3)
n=2 meo \% nm nm nm

Cela en supposant que le centre de gravité de la Terre est a 1'origine du
systéme de coordonnées et que l'axe 2z de ce systéme est un axe principal
d'inertie.

L'expression {3) peut encore s écrire

GM RV - - -
V=—1|1+ L L <—> (C cos mA + S sin mA) P (sin o) (&)
r T nm nm nm
n=2 m=0
ou G est la constante de la gravitation universelle
M est la masse de la Terre
Enm est la fonction de Legendre associée de deuxiéme espeéce
Enm'ghm sont des coefficients (sans dimension) normalisés, les harmonigques
sphériques du champ de gravitation.
T = - -1/2
avec Cno = Jno (2n + 1) les zonaux
c J
et pour m # o nm = - nm J (nem) ! les tesseraux
p - - m 2{2n+1){n-m)! ’

nm

R est le rayon moyen de la Terre pris en général égal au demi-grand axe

d'un ellipsoide (E) de référence, de révolution, dit "dynamique”.

L'ellipsoide (E) a une masse égale a la masse M de la Terre, son centre de
gravité est le méme que celui de la Terre, il a la méme vitesse de rotation que
la Terre, et sa surface est équipotentielle du champ de pesanteur qu’'il crée.

Le potentiel dont dérive la pesanteur d'un ellipsoide est égal a

u = UE + ¢ (5)

Le potentiel normal Ug du champ de gravité peut s'écrire

o n n
U. = U-¢ = — 11 - L r <§) {J' cos mA+K' sin mA} P_ (sin p) {3}
T nm nm nm

n=2 m=o0

49



Avec un ellipsoide (E} comme celui qu'on vient de décrire, ce

développement en harmonigues sphérigues de UE ne comporte que des zonaux palirs,

= 2n
GH a , .
UE = = L (r) Jzn ?gn {sin @)
n=1
(7}
o 2n
GH a -, .
= = L (r) an 2n, {sin @)
n=1i
mz a2 b
et si on pose m = n {w : vitesse de rotation de la Terre, b=za{i-f)) (8)
.2, 112 2
on a : 32 = 3 f 3 m 3 oo+ Y f.m
(9)
. PSS 3
et : 34 = 5 oo 7 f.m

Les Jén de degré supérieur peuvent etre négligés car ils sont tous
d'ordre 2", ol f est 1'aplatissement de (E) (= 3.1073).

1.3. Pesanteur, Pesanteur Normale

Le gradient de W, g = V.W (10), est appelé la pesanteur, c’'est la somme
vectorielle du vecteur gravité (gradient du potentiel gravitationnel) et de
l'accélération centrifuge (gradient de ¢).

Le gradient de U, ¥ = V.U (11), est appelé 1la pesanteur normale ou
théorique. ‘

En un point de latitude géocentrique 9, la pesanteur théorique s'écrit

v () = Ya (1 + {2 sin2 Qo + f4 sin[t o) (12)

ou Y, est la pesanteur normale a 1l éequateur de (E)

2
A el R LRI er (13)
a  (1-f) T (1-F)
5 1 .2 26 15 2
fz = - f + ;M f 7 f.m + ;™
(14)
= - 12,3
f4 = 2 foo+ > f.m
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1.4. Relief du Géoide

Soient les surfaces de référence ci-apres (fig. 1)

(T} : la surface topographique

{(H) : la surface hypsométrique définie par l'e
que W (T) = U (H)

(G) : le géoide W = wo

(E) : 1'ellipsoide de référence tel que U = W,

(e)U = w_

Fig. 1. Surfaces de refér

Le relief du geéoide est deéfini par QP = HT ou
'ellipsoide d'un point P de (6G) suivant la normale
Ce relief du géoide qu’'on note N est donne par

(W - U
P
N = QP = ———

<‘Y>QP

<~{>QP représente la valeur moyenne de Yy sur QP,
La différence (W - U), qu'on note d habitude par

perturbateur.
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nsemble des points H et tel

normale & l'ellipsoide

34
m
"

1

normale au géoide

ence
Q@ est la projection sur
(E) en Q.

la formule dé Bruns

(15)

T est appelée, potentiel



De cette formule de Bruns et en approximation sphérique, 1le
géoide peut s'exprimer par la relation suivante

relief N du
M~ fa\" T - - - .
N = — I - L {&cC cos mA + 65 sin mA) P {sin o) {18}
™Y T nm nm
n=2 m=0
avec 8Cy g = Cy g - Cy g v 80, g =C, g - Tf
8Com © Com 8t 85, = Sy 81 in,m} # {2,0} et {4,0}.
Pratiguement, le développement (16} est trongué & un certain degré L et
s'écrit
T ) L - -
N = — [ (—) I (8¢ cos mA + &S sin mA}) P (sin @) {17}
Y T nm nm
n=2 m=o
L est le degré maximum du développement en série de fonctions sphérigues,
modéle global, déterminé par analyses des perturbations orbitales de satellites
artificiels, combinées aux informations & la surface (T) (gravimétrie terrestre
- marine, altimétrie).
p et A sont respectivement la latitude geéocentrique et la longitude au
point de calcul.

1.5. Anomalie de Gravité, Déviatiom de la Verticale

Soit le vecteur Ag

ap - Yq:
EP est la pesanteur en P

?Q la pesanteur en @ (voir fig. 1).

¥ L'intensité de ce vecteur Ag = 9p - Yq (18) est appelée anomalie de graviteé
1'air libre.

a
gp est obtenue & partir de la valeur gy mesurée sur la surface (T) par
2 PRI
9, = 9 { 1+ = . PT ]
P T R
avec R :

Rayon.moyen ; c'est le rayon d'une sphére de méme
de l'ellipsoide de référence (E)

= £ £ 5 f
R = a { 1 - 3 { 1 + 3 (1 « 7 3 ) ] }

(20)
PT est remplacée par 1l altitude normale h en pratique

volume que celui
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Ig dh (21)
Yt

* |L'écart entre la direction de EP et celle de ?Q est appelé déviation de 1la
verticale.
La déviation de la verticale a deux composantes, une composante Nord-Sud E et

une composante Est-Ouest n.

avec [Heiskanen - Moritzl . E = (¢ - o)
= -1 %% (22)
R
ns=1(Nn-2xn cos~m
= -R——Eg—'s——(;%g (23)

{¢ ,A) sont les coordonnées astronomiques.

{p,A\) sont les coordonnées géodésiques.

I.6. Formule de Stokes {(géoide gravimétrique)

Fig. 2. Coordonnées polaires sur la sphére unité 04

En approximation sphérique, 1'équation fondamentale de la géodésie

physique s'écrit
Ag = - — - s T (24)

Cette équation admet la solution analytique suivante
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R
T= o fjg} Ag S () do

et de la formule de Bruns, on déduit la formule de Stokss gui

du geéoide en un point donné

N = R JJ Ag S () do
- g
by i
ol ¥ est la valeur moyenne de la pesanteur sur (E)
- i /2
YT J-nlz T te) do
f
2 3
Y, (g )
. Oy la sphére unité
R le rayon moyen de la sphére o (0,R)

Ag : l'anomalie de la pesanteur d'un élément de surface
élément d'angle solide do

O : l'arc d'un grand cercle séparant le point considéré
surface do sur gq.

S{d) : la fonction de Stokes donnée par

S{d) = —1 6 sin % + 1 - 5 cos ¥ -~ 3 cos ¥ 1n [ sin

-
sin (2)

En utilisant les coordonnées polaires sphériques (Y,a), «

{25}

donne le relief

{28}

{27)

ds vu sous un

de 1'élément de

) 20
> + sin 2 ](28)

étant 1l'azimuth

compté 3 partir d'une direction arbitraire, le point P considéré comme origine,

on a do = sin  db.da, et la relation (26) s'écrit

R 2 7
Nz — I Ag (b,a) S{d) sin ¢ dd de

(29)

Sous cette forme la fonction S{¥) sin ¢ est parfaitement intégrable du

point de vue numérique.
Par exemple, si 1'on procéde par intégration suivant des
zones sphériques centrées en chagque point P (et redécoupées

l'éguation de Stokes ff01 S(d) Ag do' se calcule par

_ ®, .k b,k
L Agk da S{d) sin ¢ d
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la deuxiéme intégrale est reéguliére méme si by gk = 0.

II. CALCULS, DONNEES

II.1. Ellipsoides de Référence Utilisées

a) Systéme géodésique de référence 1967 (GRS 67)

Ellipsoide que nous désignons par Eo de constantes

a, = 6378160 m

GM, = 398603.10% m3 s72

f, = 1/298,2471

w = 7,2921151467.10°2 rad/s

b) GRS1980. Ellipsoide que nous désignons par £ et de constantes

a = 6378137 m

GM = 398600,50 107 m? s72

£ = 1/298,2572

w = 7,2921151467.107° rad/s

I1.2. Calcul de 1°'Intégrale de Stokes
II.2.1. Géoide de référence

La formule (17) décrit un géoide que nous appelons géoide de référence.

$_ ) que nous avons utilisés, sont ceux

Les coefficients géopotentiels (Enm' nm

du modéle de Rapp 79. Ces harmoniques sphérigues sont données jusqu'au degré L

= 180 et sont associées au systéme de référence E (ellipsoide 80).
II.2.2. Géoide gravimétrique

La formule de Stokes (relation 26) permet de déterminer le géoide a partir
des données gravimétriques d'olU sa grande importance en géodésie physique. La
résolution pratique de cette intégrale est développée dans la note technique
n°4 du BGI (Balmino, 1982, référence n° 1).

Le principe consiste & introduire un champ de référence dans la quadrature
ff01... et ainsi réduire le domaine d'intégration Dp autour du point P a une

distance géocentrique maximale ¥ En effet, a4 cause des limitations de temps

max”®
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de calcul, d’ encombrement mémoire ou d'organisation des programmes on ne peut
pas étendre le calcul de cette quadrature 3 toute la sphére.

Disposant alors d un champ de référence (relations 3 ou 4} Jusqu'a un
certain degré L, on peut écrire les développements suivants, analogues & 17, en

tout point (r,w,A} de (E}

" GM L a n n _ _
N = — I - I {8cC cos mA + 0S sin mA) P {sin @) {30)
Ty ky nm nm nm
n=2 m=0
. eM E a -
Ag = — L[ ({n-1) = L (&8¢ cos mh + BS sin mA) P {sin v} {31)
2 T nm nm nm
r n=2 m=o

N et Ag vérifient 1 'équation intégrale . 26 ; en posant par conséquent
SN = N - R et 3Ag = Ag - &g on a
. R

5NP Ty IJG1 S(d) . 5AgQ doQ (32)

@ est ici le point courant sur o {(0,R), dog 1'élément d'angle solide.

N et O&8Ag sont les valeurs résiduelles des fonctions N et Ag
respectivement c.a.d. pour chacune d'elle, la valeur de la fonction ({(vraie)
elle-meme moins la valeur du développement en harmoniques sphérigues.

On a donc & <calculer le développement en harmoniques (30 et 31), a
résoudre 1 intégrale (32), et 4 en déduire la hauteur du géoide : N = N + &N.

La résolution de 1l 'intégrale (32) se fait par discretisation. La Terre est
supposée découpée en carrés curvilignes Ap x AA et on est amené a calculer les

sommatlions de type

2M N _ T/ 2M w/2N
6N (p_,q ) = L L[ & Ag, _ - -
o 0 p=1 g=1 PoM¥P=172.a-172 |45y w/om | so=-n/2N
S {w(ﬂ.wqo,Ap_1/2+6A,wq_1/2+6m].cos (wq_1/2+6w) d{8w) d{dA)

(33)

La sphére est divisée en 2M secteurs et N =zones et pour chaque carré
curviligne les anomalies de gravité sont remplacées par leur valeur moyenne
dans ce carré et dAg par 6Ag = Ag - gg {pour avoir plus de details voir 1la
référence n° 1).

Pour les raisons sus-énoncées, 1 'intégrale (32) est calculée dans un
domaine DP.W = {a | bpqg € mmax}' Cette régionalisation a DP,¢ consiste a

max max
réduire les sommations sur p et g dans 33 a : Pmin £ p g Pmax' %min £ g g Amasc
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I1.2.3. Erreur de Troncature

Hormis les approximations conceptuelles, a savolir 1l 'approximation
sphérique et 1l'assimilation de T (potentiel perturbateur) 34 une fonction
harmonique a la surface de la Terre {alors que la présence de 1 atmosphére fait
de ces fonctions des solutions de l'équation de Poisson et non de Laplace), les

sources d'erreur identifiées sont

a)l les incertitudes sur les mesures et donc les grilles de valeurs
movennes (ou ponctuelles) utilisées.

b} la couverture de ces mesures.

c¢) les erreurs numériques liées 3 la discrétisation.

d) les erreurs affectant les coefficients du modele de référence utilisé.

e) l'erreur de troncature du fait que les intégrales ne sont évaluées que

jusqu'a wmax'

La théorie sur les deux derniers types d'erreur d) et e} est largement
développée dans la référence n° 1 (Balmino, 1982).

L'erreur de troncature sur 1'intégrale 32 est égale a la quantité

(2) _ R
6NP s JJU - D S(\b).ﬁAgQ doQ (34)
by 1 P

qu'on ne calcule pas du fait de la régionalisation.

Cette erreur de troncature est d'autant plus petite que L est grand ou que

180° est petit.

= Ynax
Nous avons calculé les valeurs de cette erreur de troncature pour des

valeurs données de ¢ Nous avons utilisé le novau réduit

max"*

_ 0 pour 0 € ¢ ¢ mmax

S ()

i

*
S () pour ¢ 2 wmax

avec S" () = S(P) - Sl ).

En effet, 1l'erreur de troncature peut se mettre sous la forme

_oan'2) L R 3
n (Np) = 6Np = — fjo1 S(y) & AgQ doQ {35)

by
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0 pour 0 < ¥ < wmax

avec S {d) =
S {d) pour wmax £ b £ 7

Ce novau S{) est développable en foncition de Legendre sous la forme

o2

- 2n+i —

S{b) = I > Sn Pn {cos i) {36)
n=o

Mais & cause de la discontinuité en $max de ce novau, la convergence de

cette série est tres lente, c'est son inconvénient majeur, d'ol 1'introduction
du nouveau noval §*($) gui converge plus rapidement du fait de la suppression
de la discontinuité.

En utilisant ce noyau réduit 1l ' erreur au point P est de la forme

L oo

—_— —K

no(Nj) = —— I s n(84g (P)) + L S 8Ag (P) (37)
2uy n=2 n=L+1

et 1l'erreur quadratique movenne sur la sphére est égale a

U* = < *2 {(N1> = 1 2 (N_} do
VEREAL " o, N Nph doy
N 1/2
R -k,
= — r Sn Hn (38)
2wy | n=2

Yy P (cos ¥) sin ¢ db et

_..*_ T _
- avec 5 = fo {s(y) S{y n

max

Fc,nm et ﬁS.nm sont les coefficients normalisés du développement en série de
fonctions sphériques de surface de 5Ag.

Pour les développements de ces relations nous recommandons aux lecteurs de
se reporter a la référence n° 1. Le tableau suivant vrésume les valeurs de

. . % . .
l erreur moyenne quadratique Iy calculees pour des donnes. Les deux

mmax
modéles GRIM 3L1 et GEM 10B gque nous avons pris pour calculer «ces erreurs ont
été donnés jusqu ' au degré 1 = 36 et l'erreur du champ pour 36 ¢ 1 € 180 a été

modélisée par une loi en 1/12 (loi de Kaula).
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wmax (en degré) o; (en meétre)

5 1,02

7 0,75

9 0,56

11 0,42

13 0,33

15 0,27

17 0,24

19 0,23
21 0.21

Compte tenu de ces résultats de calcul sur les erreurs de troncature, nous

avons fixé la distance géocentrique § a 20° correspondant 3 o; x 0,20 m.

max

I1.3. Sources des Données
IT.3.1. Anomalies & 1 air libre

Des anomalies de gravité ponctuelles a 1l'air libre sur Terre et sur mer,
s'étendant jusqu'a 25° de part et d'autre de la région 26° < g € - 12° et 42° <
A € 52° ou se situe 1l'ile de Madagascar nous ont été fort aimablement fournies
par le B8.6.I. Les points de mesure de ces anomalies, dont 1l'état est montré sur
la figure n° 3, étaient donnés en coordonnées géodésiques {¢,A).

Comme 1'équation de Stokes donne la hauteur du géoide N en fonction des
anomalies a 1'air libre en faisant des approximations sphériques, toutes les
latitudes doivent par conséquent etre géocentriques.

Nous avons en premier lieu transformé les coordonnées de ces points de

mesure, en coordonnées géocentriques par la relation

tg @ = (1 - e2) tg ¢ (39)

ou ¢ est la latitude géocentrique

$ la latitude géodésique
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Fig. 3. Visualisation de la couverture des données gravimétriques dans le

domaine
@, = - 517 , Ay = 18°
®, = 137, A, = 78°
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el = 2¢ - fz. e étant la premiére excentricité.

Ces anomalies 3 l'air libre étaient calculées dans le systéme de référence
1967 (E,).

De ces données ponctuelles nous avons calculé (par interpolation) des
valeurs également ponctuelles sur des grilles trés fines de 0,125° x 0,125°
{référence n° 3). Comme interpolateur nous avons pris la moyenne pondérée de
toutes les données se trouvant dans le cercle de rayon r (r = D0:5) et centré
sur le point 3 interpoler. La fonction de poids que nous avons adoptée est

égale 3

P R (40)

1o+ - ‘
dc
ot d est la distance du point de mesure au noeud (centre du cercle)

dc est la distance de corrélation (0°25).

Wi

de d

Fig. 4. Fonction de poids

A partir de ces anomalies de grilles (ponctuelles) nous avons calculé les

anomalies moyennes dans les carreés curvilignes 0,25 x 0)25.

Le manque de données en mer - & part les quelques traces de bateaux comme
on peut le visualiser sur l'état des points de données (fig. 3), nous a amené a
remplacer les données marines par les anomalies a 1'air libre obtenues a partir
de l'inversion des données altimétriques du satellite Seasat, et couvrant toute

la surface oceéanique. Ces anomalies, que nous appelons anomalies Seasat,
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étaient disponibles dans le systéme de référence 80 ellipsoide E sur des
grilles de 0,25 x 0,25 (valeurs ponctuslles).

Mous avons calculé des anomalies movennes & 1l'air libre sur des grilles de
0725 x D725 & partir de ces anomalies Seasat [fournies également par le
8.6.1.1).

Comme les anomalies dont nous avions disposé {(anomalies movennes & 1'air
libre terrestre et anomalies movennes 2 1'air libre Seasat) n'étaient pas dans
le meme systéme de référence, nous avons transformé les anomalies terrestres
dans le syvsteme GRS 1980 (£).

La transformation des anomalies a 1 'air libre pour passer d'un systéme de
référence €, a un autre systéme de référence E se fait comme suit

Puisque Ago =9 - Yy

Ag =g - ¥

Yo et y désignent respectivement les pesanteurs théorigues de EO et E. On

a
Ag = (g - Yo) + (Yo - )
= AgD + (Yo - v) (41)
avec
v ey oy (v % oy f) sin® e e (0 % -y £ ) sin® (42)
P e P P P PR v Ya Ty Ya Ty ¢

d'aprés la relation 12.

On écrit la relation 42 sous la forme
. 2 . b
6y = 613 + 672 sin ¢ + 674 sin © (£3)

et s'il s'agit de transformer des valeurs moyennes de gravité, il faudra

écrire

Xg = K@O + E; (43)

— . 2 .k

5y = éya + 672 < sin @ > + 674 < sin o > (44)
. 2 1 .

< sin © > = 3 (1 - cos 20 sin Aw/Ap) (45)
.k 3 1 . 1 .

< sin up > = 32 cos 29 sin Ap/Ap + ry cos 4@ cos Ap sin Ap/Aw (46)

Dans ces deux dernieres expressions. ¢ et A désignent respectivement la
latitude et la longitude du point central du “"carré curviligne" défini par

£w1.m2] X [A1,A2] avec 9, = @4 + Ap et Ay = Ay o+ DAL

62



Une carte de ces anomalies moyennes a 1'air libre (anomalies 025 x
0:25) a été tracée (voir carte pliée jointe). On peut remarquer la mauvaise
couverture dans le continent africain. Ces trous entrainent des erreurs,
difficiles a westimer, pour 1le relief du géoide calculé. Les anomalies
résiduelles dans ces trous sont remplacées par des zéros, c.a.d. on substitue
aux anomalies & Ll'air 1libre 1les anomalies de référence (développement en

harmoniques sphériques relation 31).
II.3.2. Anomalles de Bouguer

Pour le besoin des géophysiciens nous avons tracé une carte des anomalies
de Bouguer sur l'ile de Madagascar. Ces anomalies ont été extraites de 1la
banque de données gravimétriques du 8.G.I. puis interpolées sur des grilles de
071 x 071,

Nous rappelons que l'anomalie de Bouguer en un point est définie
classiquement par la différence entre ce que serait la gravité, si on
supprimait la topographie {altitude et relief) et remplacait la station par sa
projection au niveau de la mer et 1la valeur au point correspondant de 1la

surface de l'ellipsoide. Elle est donnée par

Ag, = {g + C

8 + CT) - Yo (47)

p

ol g est la valeur observée de la pesanteur
Cp correction fonction de 1'altitude de la station et de 1la densité des
terrains
CT Correction de relief qui tient compte des variations de 1la topographie
autour de la station
Y, valeur de la pesanteur théorique au point de 1l'ellipsoide de référence
correspondant a la station.

Les anomalies de Bouguer que nous a fournies le B.G.I., ont été calculées
dans le systéme de référence GRS 1987 (E,) en prenant une densité d = 2,67 de
la crodte. Les corrections de relief n'ont pas été faites.

Nous notons {(pour une référence) qu'une carte des anomalies de Bouguer sur

Madagascar a été publiée par 1'0.R.S.T.0.M. en 1985 (Rechenmann, 1985},
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ITI. RESULTATS

I1I.1. Géoide de Référence N donné par la relation 30

La figure B montre les reliefs de ce géoide de référence sur Madagascar
par rapport au systéme géodésique de référence 1980 (ellipsoide E). Ce géoide a
été calculéd sur des grilles de 15' x 15'. Le modéle en harmoniques sphériques
{modéle de référence) que nous avons utilisé, etait celui du Pr. Rapp (modele

Rapp 79) donné jsuqu’'aux degré et ordre 180.
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Fig. 6. Géoide Référence {Rapp 79)

GEOIDE.REFERENCE.(R&PP.79.01=188) EQUIDISTANCE : 1 METRE
g2

-i2

S ]

-14

-6 . -

-18

-20

-228

-24

~26
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111.2. Géoide Gravimétrigue

donné par N = N + 6N
6N est donné par la formule de Stokes tronquée et reéegularisée a

l'origine

R %
&N = —— Jf S4Ag. S () . do
buy b < wmax @ a

s* (P} est la fonction de Stokes régularisée.

Un géoide gravimétrique a été calculé sur des grilles de 0725 x 0,25 par
rapport au systéme géodésique de référence 1980 (ellipsoide E) sur 1l'ile de
Madagascar. L intégrale de Stokes a été tronquée jusqu’'a la distance
géocentrique wmax = 20° autour du point de calcul. Les anomalies moyennes a
l'air libre disponibles ont &té calculées dans des grilles 15° x 15" et par
rapport & 1l'ellipsoide (E) 1880.

La figure 7 est la carte des courbes de niveau du géoide gravimétrique sur
Madagascar, le modéle de référence utilisé était celui de Rapp 79.

Les tableaux 1 a 3 représentent les tables de valeurs des hauteurs de ce

géoide. Les valeurs sont exprimées en métre.
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Fig. 7. Géoide gravimétrigue (Modéle Rapp, 1979)

GEQIDE.GRAUI. . (MODELE.RAPP7S,L=180) EQUIDISTANCE @ 1 METRE
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-12.00
~-12.25
“lee5%
-12.75
-13.900
-13.25
=13,5Q
-13,75
-14,00
-l4,.5
=14,.,50
=16.75
-15.00
~45445
~15.50
~1%.75
~16.00
=16.75
~16.50
-16.75
=17¢Ju
~17.25
«17450
~17.75
~18.00
-18,25
~1R.50
-1R.7%
-=19,00
-19.725
-=19.50
«19,75
=20.00
2075
204,50
-20.75
-21.00
=21.25
-21450
~21.75
-22.,00
=-22425
=22450
-2275
-23.00
w3425
«~23.50
~23.75
-24,00
-246,25
-24450
~-24.75
-25.00
~25425
=-25450
~25475
«26.,00

Tableau 1 :

Hauteurs du

géoide gravimétrique (Rapp 180}

FONCTION NGEN *  1,0E+00

42 42 43 43 44 44 45
——— +—— b= + —-— + + — + + + o —— pm——
26475 =27.06 =27427 =27405 =26430 =15:46 =24.94% =24.90 =25.,19 =25.40 =25.75 =26,52 =27,33
2719 27455 =27,80 =27.68 ~26,96 =25.89 24,94 24,51 =24,55 =26.,72 ~25,43 =25,30 =¢5.63
2755 =27.97 «28.32 =28425 =27.58 =26446 =25:47 =25.11 =25,20 =25.41 =25,36 =24.58 =23.99
=27+63 =2R,11 =2R.50 =28.51 =28.02 =27.19 =26,55 =26.44 =26.56 =26.59 =26.,00 24,54 =23, 34
27437 =278k -28,25 =243,39 =28.23 —27.84 —27.56 ~27.58 =27466 ~27.48 =26.67 =25,23 =23.95
26481 =27,33 ~27,70 =28.,02 =28.19 =2R,10 =27,99 =28.06 =2B8.15 =28,20 =27,49 =26.60 ~25.75
25605 =26,59 ~27,02 27449 =27,87 =274,93 =27.,92 =28,08 =28,25 =28,28 =28,16 =27.84 =27.53
25621 =25,76 =26,29 =26479 =27:22 =27.47 =27465 =27.92 =28.16 =28.28 =28,31 =28,27 =28.31
26443 =24,98 =25,59 ~26411 =26453 26,92 =27.27 ~27,62 =27.90 =28.05 -28,16 =28.32 -28.49
—23.89 ~24,31 ~24.99 =25.54 =25.96 =26.39 ~26.79 27,21 =27457 =27.80 ~28.,02 =28,30 =28,47
=23.,60 =23,85 —24,43 «25,05 =25.55 =25.99 =26.37 =26.77 =27423 =27,63 =27,96 -28.24 =28,38
=23439 ~23.47 =23,99 -24,71 =25.30 =75.76 =26¢13 =264,43 =26.89 =27.47 =27.89 =28.14 =28.32
=23.16 =23416 =23,65 =26440 =25,09 =25.62 =26,02 =26023 =26¢57 =27.19 ~27.63 =27.9) =28.20
=d?486 =~02:92 =23426 ~23.95 =24478 =25.42 =25.83 =26,04 =26,25 =26.65 =26.92 =27.22 =27.65
22445 =22462 =22:95 =23.56 =24440 =25.08 =25.,48 =25.64 =25.,60 =25.50 =25,39 ~25.,53 ~25.90
—21.96 =22,23 =22,70 =23.31 =23,98 =24.53 ~24.8l =24,67 =24,19 =23,55 =23,12 =23.11 =23.21
“21456 =21e73 =22422 =?2.84 =23,35 =23,63 =23,58 ~22.97 =22,15 =21.43 =21,01 -20.91 ~20.88
—20.93 =20,97 =21440 =21.99 ~22,38 =22,32 =21.85 =21,04 =20,32 =19.86 =19,48 =19.24 =19,20
=20.01 =19,90 =20425 =2087 =21.06 =20.74 =20.07 =19.50 =19,13 =18,74 =18¢31 =17.92 =17.75
=13.11 ~18.76 =19:14 =19.56 =19.56 =19.14 ~18.58 ~18.36 =184,16 =17.75 =17.31 =16.79 =1bo43
~18432 =17,82 ~18405 =18:36 ~18029 =17.85 =17,42 =17,24 =17.06 =16.76 =16,36 =15,78 =15,30
=17.61 =17.16 =17040 =17.68 =17.52 =17.00 ~16047 =16412 =15.,96 =15,80 ~15.,48 =14,96 =14.48
=l7.0L =16467 =16495 =17:21 =16097 =16442 =~15:72 =15623 =15,12 =15,02 =14,77 =14.35 =13,90
=16437 =16,06 =16429 ~16457 =16¢49 =16408 =15.41 =14.85 =14,61 =14.47 =14.24 =13.87 =13.41
=15.60 -15.25 =15.42 =15484 =16409 =15:93 =15.42 =14.79 =14¢33 =14,08 =13,80 ~13,42 =12.95
—l4.82 =14,43 ~14,53 -15.,04 =15.53 =15467 =15436 =16465 =14403 =13,69 =13,35 =12,96 =12.49
14408 -13.64 ~13.64 =14417 ~14475 =15011 =15,03 =14,33 =13,61 =13,25 =12,89 =12,50 =12.0%
=13.46 =13,04 =12491 =13.30 =13,91 =14440 =14.45 =13.88 =13,19 =12.78 =12,43 =12,05 ~11.60
=13.10 =12.68 =12.34 -12,52 =13410 =13,65 ~13,78 =13,31 =12.66 =12+25 =11.95 =11.60 =11.17
12489 =12,36 =11482 =11486 =12438 =12.94 =13:12 =12.66 =12.00 =11c64 =11,38 =11.08 =10.67
=12.65 =12.06 =11441 =11.33 =11.76 =12430 =12446 =11.97 ~11:23 =10.79 ~10.60 =10,39 =10.05
12413 =11.57 =1049R ~10.85 ~11:21 =11.70 =11.81 =11628 =10¢26 =9¢60 =G453 =~9,50 =9,32
=11.30 -10,89 =10446 ~10¢34 =10.69 =11013 =11.22 =10,76 =9,44 =8.44 =8,42 =8.53 =8,50
=10447 =10429 =9.93 =9.76 -10+08 =10.51 =10665 =10433 =B,91 =7,65 =7,56 =7.,67 =7.63
=371 =9.60 =9.,28 =0.02 =-9.28 =9.76 =9,99 =9,68 =8433 =7,08 =6,90 =6.,93 =6.87
“HeB7  =8.87 =R.48 =B.19 ~B8.37 =B8.79 =8.98 <=8.37 =7.19 =6.42 =6.26 =6.18 =6.03
=8.04 =7,99 =7.63 ~7.33 =7,37 =7.58 =7.37 =6.52 =5.80 =5.54 =~5.45 =5,38 =5,21
=7422 =7413 =648l =6.42 =6.30 =6e34 <=5.78B =5.02 =4e73 4,62 =4.62 =heb2 ~—4.48
=6430  =6.26 =6.06 =5.63 =5,33 =5,05 =4.47 =3,96 =3,77 =3,73 =3,79 =3.,85 =3.75
=537 =5,43 =5,36 =5.00 =443 =3,78 =3.26 ~2,93 =2.76 =2.73 =2.82 ~2.89 =2.79
“4487  —~4,65 =470 =4.34 -=3,54 =2,73 =2.21 =1,88 =1,67 ~1.62 =1.69 =1.75 =1.59
=3.6h =3,98 =-4.13 =3,77 -=2.83 =1.90 -1.35 -293 =+ 65 ~e57 =65 - 68 =e42
=2496 =3,40 -3.65 =3,49 =2.79 =1.70 =080 -.26 2 09 «20 «15 « 16 67
=2¢32 =2.82 =3.25 =3.45 =3.20 =1.94 =56 11 54 071 72 .78 l.10
=175 -2.,24 =-2.88 =3.35 =3,36 =2,40 ~«R1 «33 «84 1.06 1.15 139 1.65
=L425 =170 =~2.41 =2.97 =3.09 =2.52 ~e87 $ 63 1.17 le44 Leb4 1.93 2.36
=85 =1.26 =1e92 =2.48 =2.65 =2.13 ~e45 l.11 1.66 2401 2040 2084 3.30
—.47 =¢85 =1.,40 =-1.98 =2.34 ~1,93 -.08 1.67 2632 2.84 3.39 3.92 4630
07 -.30 =+¢82 =1.40 =~1.83 ~1,563 027 2421 3.05 3.74 4039 4.883 5.10
o 65 « 2R - 27 =+81 =1.31 ~1,27 «11 2416 3.61 4450 5,16 553 5.59
1.17 .81 25 -e28 - 77 =91 ~«l4 1.90 3.91 4.95 5460 5489 5490
1.67 1.33 84 «33 =e1l0 =27 .13 1.56 3.63 5.13 5.82 6411 6417
2,22 1.R7 1.46 1.03 70 54 68 1.40 3.03 4.88 5490 6427 6.38
2480 2,47 2,09 1.74 l.45 1.26 1.30 1.73 2.84 4,67 5.77 6435 He54
3.38 3.08 2.71 2,42 2.15 1.91 1.88 2.16 2495 4.18 5.36 6e24 6.70
3.91 3,63 3.32 3.08 2,85 2466 2,65 288 3.33 4.06 5405 Helu 6.84
4.41 4.19 4404 3.82 3.59 3.49 3.52 3.68 3.91 4.31 5.12 6413 690

- + + + + + + + + + + + +

42 Rk kK ko Rk LR L L EEEE L
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~12.00
~12.25
=12:52
=12:75
-13.0N
~13.25
=13.50
=13.75
=14.00
-14.25
~14450
-14.75
~15.00
=15.25
=15.50
~-15.75
-16,00
—16.25
~16.50
~-16.75
-17,00
=17.25
-17.50
"l?o?b
-18,00
~18.25
=13450
-18,75
-19,00
-19.25
-19.50
=19,75
-20,.00
~20.25%
~20450
=20.75
-21,00
~21.25
~21.50
=21,75
-22.00
=22.25
-22+50
~22.75
=23.00
=23,¢5
=23,.50
=23.75
=24.00
-Z4.¢5
-24.50
~264,75
=25.00
=25.25
=25, 50
~25.75
~26,00

Tableau 2
FONCTINN NGEQ #=  1.,0E+00
45 45 46 46
o e + + + e
=27:33 =2R,02 =28,65 =29,13 =29,47 =29.04 =28.82
=25:63 =26.47 =27.68 =28.25 =20:32 =27.,68 =27.42
=23,99 =14,75 =26,28 =27.60 =27.98 ~27.43 =27.27
~23:34 =23,70 ~25,50 =27:35 =28.20 =28.17 =28.12
=23,96 =26,02 =25,76 =27.64 =28.48 =29,66 =28.h6
=25075 =25.77 =26,97 =28.23 =28,6h =28,65 =2B.60
=27:53 =27:59 =27,99 =28+62 =28,57 =2R,48 =28,33
=28,31 =28.42 =28,40 =28,35 =28,35 =28.28 =28.08
~28:469 =28,56 =28,47 =28,32 =28,23 ~28,11 =27.85
“2R8,47 =28,45 =28,.34 =28,21 =28.,07 =27.89 =27.57
=28,38 ~28,34 =28,20 —=2B.04 =27.83 =27.54 =27.12
=2R 432 =28,28 =28,U5 =27.7% =27:34 =26.91 =26,35
=28420 =28620 =27.80 =27.18 =26,46 =25,85 =25,22
~27465 =27:65 =27.06 =26018 ~25.23 =24.46 =23,82
=25.90 =25.89 =25,38 =24,65 =23.75 =23,01 =22.49
=23:21 =23.19 =23.,0% =~22.77 =22.28 =~21.82 ~21.49
~20,88 =20.94 =21.,02 =21.05 =20.99 =20,83 ~20.58
-19:20 =19,33 -19,51 =19.6%4 =19,73 =19,73 =19,57
~L7.75 =1T7.85 =18,05 =18,22 ~18,38 ~18.49 ~18.40
~156043 =16,43 =16,62 =16.81 =17.00 =17.,17 =-17.10
~15030 =15,20 =15.36 =15,53 -15.70 =15.,83 =15.68
=14,48 ~14.30 ~14.34 =164,4]1 =14,66 =14,42 ~14,03
=13.90 =13.60 ~13.43 =13,30 ~13.12 =12.72 =12,01
=13441 =12,95 =12.48 =12.0L -1ll.44 -12.71 =9,88
=12.95 =12.34 =11,49 =-10.48 =9.57 =8.86 =~8,18
~12:49 =11,80 =10,67 =9,22 =8.14 =7,52 =7.00
=12:04 =11434 =10.15 =B:56 =7432 =6.66 =6,16
=11.60 =10:94 =9,84 =8,26 =6.88 =6,10 =5,55
-11.17 =10e54 =9,57 <=B,ll =6.67 =5.74 =5,05
=19067 =10.08 =9,20 =7,89 =6.49 =5.45 =4,63
=10.05 =9,52 =8.71 =7.52 =6.19 =5,13 =4,25
=3632 =8.91 =B.22 =T.15 =5,83 =4,68 =3,82
=3.50 =8,22 =T b4 =Ho65 =5,27 =3,96 =3,15
~7e68 =Tehh =H,R5 <=5,82 =4,462 =3,14 =2,41
~He87 =6.58 =5,93 =4,87 =3.62 =2.61 =2,01
~5.03 =5,68 =5,02 =4,09 =3,16 =2.46 <=1.97
~5421 =4,83 «=4,20 =3,45 =2,81 =2.34 =1,93
~4048 =4ol0 =3.47 =2,76 =2.26 =1,90 =l.5h1
=3.75 =3.36 =2,65 =188 =1,42 ~1,25 =1.1%
-2,79 =2,31 =1l.46 -067 -4l ~s50 ~.65
~1.59 -.67  ~,03 b4 b5 .28 -.13
-.62 0 26 l.14 1.65 1.53 1.02 <39
.47 1.13 1.90 2.32 2.18 l.62 +88
1:10 1.71 2.37 2.7% 2063 2,190 1.31
1.65 2.21 2.76 3,04 2.95 2,50 1.70
2.36 2.84 3.23 3.39 3,28 2.88 2.11
3,130 3.65 3.83 3.86 3,66 3.23 2.49
4,30 4,46 4o44 4,31 4405 3.53 2.81
5410 5.07 4,93 4,76 4,45 3.86 3.11
5059 5,47 5,34 5,22 4,92 4,30 3,45
5.90 5,81 5.76 5.76 5.54 4.88 31.87
6a17 6.l4 A.19 6433 6.23 5.57 4,43
be3R hettl 654 6.80 6436 6426 5.08
he54 6,63 6279 - 7,10 7.31 5489 5069
6.70 6.5 6.+99 7.31 7.57 7.24 be26
Aenh 7.10 7.26 Te54 7.59 7.13 6040
6490 7425 7.49 765 7.38 4476 o109
—— + + + +-— +—— o e
45 EER X3 Fkh g S 33
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47 47 48

- + % + e
29,14 =29,7% =29.65 =~28.47 =26.96 =26.40
=28415 =29,02 =28,80 =26.95 =24,.74 =23.96
=27099 =28657 =27:91 =25.78 =23.94 =22.84%
~28049 =2R,63 =27,71 =25,76 =23.86 =23,07
=28:80 =28.77 =27:96 =26:4%5 =26,89 =23.72
=28.67 =28.68 ~28.08 =26,87 =25,35 -23.,73
228028 =28427 =27:84 =26.67 =25,01 =23.29
=2708& =27.68 =27:30 =26.19 =24.51 =-23.,03
=27e50 =27.21 =2608BL =25,86 =24,34 -23,04
=27:18B =26+80 =26,30 =25.34 =24,16 -23.20
=26058 =26007 =25:48 =24,56 =23.,7L =-23.09
=25¢59 =26,93 =24,35 =23.,69 =23,16 =22.69
~24.37 =23.68 =-23.,23 -22.82 =-22.49 -22.09
2312 =22.61 =22.29 =22,00 =2L.,70 -21.32
=22.06 =21.72 =21.40 =21.08 =20,76 =20.38
=21.17 =20s81 =20,40 =20,00 ~19.65 =~19.26
~20:24 =19,78 =19.25 ~18.76 =~18.36 =17.93
=19.19 -18.63 =18,00 ~L17.42 =16.93 -16.37
=18.00 =17437 ~16:65 =15.95 =15.35 =14.66
~16+66 ~15,95 =15.10 =14.,29 -13.67 =13,07
~15614 =14,33 -13,38 =12.,59 ~12.16 -11.88
=13.33 =12.49 =-11.6% -11.,10 =-10.,99 ~11.02
«11617 =10.40 =9.86 =9,75 =9,95 =10.17
=~9.02 =B8:32 =~8.02 =8.24 =-8.74% =-9.17
~7e42 =6.76 =6.53 =6,82 =~7.43 =-8.06
=639 =5.83 ~=5.61 =5,82 =637 =7.09
=565 =5,19 =4,98 =5413 =5,59 =6,33
=5.01 =4654 =4,33 =4,46 =4,93 =~5,71
-4¢38 =3.86 =3,62 -3,78 =4.32 =5,21
=3e83 =3.22 =2.98 =3,17 =3.80 ~4.89
=343 =2.84 =2,60 =2.77 =3,53 ~4.84
=36l2 =263 =2:45 =2,64 =3,56 =4,95
=2:68 =2.39 =2.34 =2,64 =3.61 =4,75
=2012 =2.02 =2.12 =2.55 =3,38 =4%.15
~1e71 =1l,64 =1.,87 =2,64 =3,20 =3,69
~1a60 =~1.49 =1.83 =2,60 =-3,38 =3,74
=1e56 =lo52 =2.,04 =~2.94 =3,68 =3,95
=138 =1.52 =2.25 =3,21 =3.82 ~-4.00
~1lell =1,48 =2,40 =3,35 =3,82 <-3,95
~+85 =~1,41 -=2.43 =-3.26 =3.59 =3,78
“e57 =1o26 =2.21 =2.86 =3.13 =3.46
=024 =1o01 =1,83 =2.34 =2,64 ~3,37
2«10 =a72 =1.465 =1,91 =2,25 =3,30
43 =s39 =1,04 =1,44 =-1.83 =2.91
.76 ~-,01 ~051 .82 =-1.23 -2.38
l.16 049 .19 -.04 - 70 ~=1.96
1.63 1.11 97 278 -e19 =152
20,09 1.71 157 1.31 228 -499
2445 2,02 l.74 1.20 220 e T4
2.66 2,10 1.70 1.06 e 21 -.52
2.39 2420 1.78 1.40 73 -,05
3.27 2.50 2.19 .92 1.24 53
3.94 3,01 2.67 2.26 1.58 1.07
4465 4,02 3.26 247 1.87 1.54
S5e47 4,91 3,96 2+98 2439 2.16
5.76 5.21 4,52 3.75 3.23 3.01
5,83 5.52 5.10 4456 4.08 3.76
- ———— + + - + o
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~12.75
—13.00
~13.,25%
~-13.,50
-13.7%
~14.00
~-14.25
14,50
-14,75
-15.00
~-15425
-15.50
~-15.7%5
~16.00
~-16.25
-16,50
~-16.75
~17.00
~-17.25%
-17.50
-17.75
-14.00
-18.25
-1&,50
-18.75
-19.,00
-19.¢5
-19.50
-19.75
~20.00
0425
-20.50
~20475
~z1,u0
=-21.25
~21.50
-21.75
~22 .00
~22425
~22 .50
—~22.75
~23,00
-23.25
-23.50
~-23.75
-24,00
~2h 425
~24,50
~24.75
-25,00
~25625
-29.50
-25.75
~¢h 00

Tableau 3 : Hauteurs du géoide gravimétrique (Rapp. 180)

FONCTINN NGLO * 1+0E+00

4R 48 49 49 50 50 51 51 52
e e e o o O e Foe m———— pm————— pm————— fmm——— pommm—— pm————— o ——— $om———— pmm———— $———— $om——
=26440 =2645K =26,59 =26429 —25.73 =25s41 =25.98 =Z7,dl =27a74% =28,17 =28,62 =29:,12 =29:49 —29.63 =-29.,64 -29.65 =-29.67
23496 ~24429 —244,4Y =24,29 23,91 —23.81 24,55 =25.72 =26068 =27,36 =27,93 -28.47 -2B8,84 -26.98 -29,03 -29.12 -29.17
=224R% =23,05 =23,12 ~23,02 -22.88 -:2.93 ~23.42 -24435 ~25.45 ~26645 =27.22 —-27.82 ~28.19 -28.33 ~-28.40 ~-28.48 -28.57
~23407 =22.77 =272455 =22.49 =22438 —22.3R ~22,59 =23.,18 =264.,20 =25,47 =26.54 —27.20 —27.54 =27.70 -27,76 —~27.78 -27.90
~23.72 22474 =22619 =22411 =22.,02 ~21.99 =22.,07 =22¢37 =23,18 ~24,56 =25.83 ~26.54 —26489 =27.07 -27.10 -27.09 -27.21
—23,73 =22,49 21496 =2148B1l —=21,70 =21,65 =21663 =21,74 =22:42 =23.73 =25.02 ~25:84 =26.25 =26440 -26.41 =26.44 -26.59
~23429 =¢2421 ~21,84 =21,61 =21443 ~21.37 21,31 =21.,29 =21.72 =22.83 ~24,18 =25.12 =25.58 =25.72 -25.,75 -25.83 ~26.00
~23,03 =22.19 =21,75 =21,41 =21411 ~21.03 =21.02 20496 —-21413 ~22.03 =23,37 ~24436 -24.90 =-25.13 ~25.20 =25.27 -25.42
23404 =22,24 =21.5%4 =20.96 ~20,57 ~22.56 =20e71 =20.67 =20672 —21+40 —22458 ~23.,58 ~24.25 ~24.62 =~24.76 ~264.80 ~24.91
~23420 =224s31 =21,29 ~20.43 -20.06 -20.19 ~20.,47 ~20.45 ~20.36 —20,81 =21483 =22,85 =23,62 -24.10 -24432 -24.40 -24.49
~234009 =22,27 ~2117 ~20.23 ~19.,R5 ~20,02 ~20433 -20.,29 -20,07 -20,33 -21,20 ~22.21 -23.01 -23.55 -23,82 ~23,95 -24.08
=22469 =22,03 =21.13 -20.,31 ~19,90 -20,02 -20.33 -20,23 =19,87 ~19.,87 =20.57 —-21.60 =22.43 =-22,96 —23.24 =23,40 =-23.55
~22409 =21,54 =20489 =20432 =20602 =20,21 -20.59 =20.47 =19490 ~19.53 -20.0& ~21,10 -21.92 -22.39 -22.60 -22.75 -22.94
~21432 20482 =20431 =19.93 =19.81 =20420 =20e72 ~20.472 =204,17 ~19,52 ~19.78 -20,73 -21442 -21,81 -21.99 -22.14 ~22.32
~20.3R —19,88 —-19,41 =19,10 =19,07 =-19,55 =20,20 =20,44 -20.20 =19:56 -19,46 ~20,15 -20.81 =-21¢22 ~21.45 -21.60 -21.77
~19426 ~18473 =18.,22 =17.92 =17:92 =18443 =19.19 -19.66 =19.68 -19.24 -18,95 —19+45 ~20.,24 ~20.72 -20.99 -21,16 -21,30
=17493 =17426 =16466 =16445 =16¢61 =17.25 ~18411 =~18.70 ~18,89 ~18,62 ~18,49 -19,11 -19,87 -20,33 -20.60 -20.78 -20.89
=16437 =15492 =14489 ~14.,88 ~15.33 =16,23 =17.20 -17.83 -18.14 -18,12 -18,34 ~19,08 ~19,70 —20,05 —23,23 -20.37 -20.46
~14,66 =13,85 =1344¢ -13.57 -14,31 ~15.48 =164¢49 ~=17.410 ~17.50 ~-17474 -18.27 -19.06 =19.58 ~19,84 ~19.90 -19.93 -19.98
~13,07 =12.5%6 =12¢42 =12.75 =13.70 ~14.94 ~15.84 —-16.43 -16.,92 -17.34 ~18,05 -18.89 ~19.40 -19.60 ~-19.59 -19,53 -19,5¢4%
~11e88 =11469 =11,79 =12.32 =13,33 ~14.39 =15,13 -15.74 -16.28 -16.91 -17.,83 -18.68 ~19.15 -19,30 ~19.26 -19.16 -19.14
=11402 =11.06 =11431 =11494 =12488 ~13472 ~14.31 ~14.94 =-15.76 =16,78 -17.79 -18.,50 —-18,85 -18,94 -18,90 -18.82 -18.75
=13417 =1U,37 =10,71 ~11436 =12421 ~12.495 =13,57 =14444 ~15,72 ~16,94 ~17,74 -168,21 -18.45 -18,52 -18,50 -18,44 ~18,32
“Q,17 =9.91 =9,96 =10.63 «11le44 12420 ~13413 ~14.45 ~15.89 =16493 ~17444 =17e74 =17.92 -18.01 -18.,00 ~17.94 -17.83
~B8406 =Be63 =9,24 =100l ~10¢83 =11le66 =12:92 =14¢55 =15.91 ~16¢72 ~17:09 ~17.26 =170.37 ~17:.44 -17.43 -17442 -17.41
~=7+09 ~7.88 =8B.79% =9.66 —-10+48 ~11437 ~12,83 =14¢56 =15.76 =16.42 ~16.71 ~16.79 =16:83 ~16.88 ~16,85 -16.89 -16,98
~6e33 =7.28 =8,36 =09,39 ~10.26 11435 =12.93 ~14.,48 -15,49 -16.01 -16:24 -16.30 =16431 ~16.34 -16+31 -16,31 -16.35
“5471 =6.76 =7.92 =9,00 =9,96 =11.29 =12.98 ~14,35 =15:18 ~15.57 15471 ~15:75 ~15,78 ~15,81 ~15.81 =15,77 -15.70
~5421 —6433 -7.47 -8.48 =-9,50 -11.06 =12,91 -14,20 ~14,90 =15,16 -15.,19 ~15.16 =15.,18 -15,22 -15.,25 -15.23 ~-15.16
~4489 =6412 =741l =7.97 =9.26 =11412 ~12e87 13498 =14452 ~14471 —14,69 =14,60 —14456 ~14.58 -14.62 ~14.65 —~14.60
~4 484 —6,06 6482 =7¢57 =9415 ~11419 -12.70 =13.63 -14.,02 -14.13 ~14c11 -14.00 =-13.94 -13,94 -13,96 -14.,00 -13.94
~4495 =5,91 ~6.48 -7,24 —~8.94 =11.01 -12.41 =13.18 -13,49 -13.55 =13.52 ~13:45 ~13.36 -13,29 -13,31 -13.,34%4 -13,23
~4475 —=5¢38 =5.,91 =7,06 =9.01 ~10,93 =12,14 -12.78 ~13.,05 ~13.04 -12,97 ~12,93 -12.84 =12.73 =12.73 ~12.72 =12.59
=~4415 =4456 ~5,14 =648l ~9,09 =10.81 ~11690 ~12445 ~12:67 ~12:62 ~12447 =12,39 -12,33 ~12.27 -12422 -12.12 -11.99
3469 =3,97 ~4,58 =6.,49 -8.90 -13.49 -11.46 =11,98 ~12:19 -12.16 =12.06 =11.95 —11.82 -11.74 ~-11.68 -11.52 -11.34
~3.74 =3.94 ~4,79 ~6,67 -—-B.66 =9,99 -10,82 -11429 ~11.51 -11.54 —11.5% -11.46 ~11425 -11.10 =11,03 -10.,84 -10.60
=3,95 ~-4.14 ~5,22 ~-6¢95 =-8,40 -9,48 -10.18 -10,61 ~10,82 -10.85 =10.84 ~10.77 —-10.61 -10.43 -10.,28 -10.09 -9.89
~4400 -4.21 -5.32 ~6.97 =-8.18 =9,01 -9,59 -9,99 -10,21 ~10.,23 -10.16 ~10.07 =-9,9% -9.68 ~9,44 -9,33 ~9,24
=-3.95 ~4.37 =5.59 ~7.u4% ~8,04 —-8,64 -9.,04 ~9,36 ~9.57 =9.58 -9.47 =9,33 =9,13 ~8,86 =8.,64 -B.,55 ~B,50
=378  =bdebb ~=5,86 =7,04 ~T,86 ~B+34 =8+59 —B.s75 =8.85 —B,83 =B+69 —84¢54 ~8:37 ~8414 -T«e94 ~7.80 =7.72
~3446 =4453 =5,97 -6.98 ~7.64 -7.97 ~-8,10 ~8.13 =8413 ~-8.,07 =7.93 ~7.80 =765 ~7.45 ~7.28 ~T7.14 ~-7,04
=3437 —4477 ~6.09 ~6493 =7.35 ~T.42 ~T7443 ~Te43 =7435 =T427 =Te17 =707 ~6695 =6,79 =6+.68 =6,.54 ~6.37
=3430 =4.,R6 ~6H402 =646l =647l =6.60 =64¢58 —6.60 —6654 =647 ~6+43 =639 =6,34 ~6.,26 ~6.1l1 =5,86 ~-5.58
~2e91 =447 -5.56 ~5,92 =5,82 =5,72 =5.,74 ~5.,82 5485 =5,83 ~=5.,85 -5,85 ~5,82 =5,72 -5.47 ~5,13 =-4,80
-2+38 =3.,90 =4,83 ~5,08 =5.,02 ~5,01 =5,08 ~5,21 =5,32 -=5439 ~5,43 =5,36 =5,22 ~5.02 -~4.72 ~4.37 -4.,09
=Le96 =3,21 =3.96 ~4.22 =4.29 ~4.36 ~4,48 ~4.,66 -4.85 -4.98 -4.93 ~64.,68 ~4.,40 -4.,15 -3,87 -3.57 -3.37
=1eH52 —=2446 =3.10 ~-3,40 -3,54 ~3,65 -3,80 ~-4,01 ~-4,24 -4,34 ~4,18 =-3,83 ~-3,52 ~3,28 ~3,04 -2.80 -2.64%
=499 —1.83 =2,46 =2.74 —2.85 2496 ~3,09 ~3,22 -=3,37 =3,42 =3,29 =3,04 =2,79 ~2.57 ~2.,32 -2.09 ~-1.91
—e74 =1ls6b4 =1,98 =2,19 ~2,23 =231 =241 =2,46 =2s50 =256 =2+548 =2.37 =2.14 =193 =1,67 =1,41 =~1.23
=—e52 1410 =1.51 =1,67 ~1.69 =—1472 =170 =1467 =1,78 ~1.91 =1.87 =1,67 -1.43 =1.,22 -1,01 -«78 —e59
-.05 -.58 -.90 -1.01 -1.06 -1.10 - 96 -.83 “a97 =~1.1%5 ~-1.07 -+ 86 -e62 -kl ~-.28 ~el2 « 04
«53 «10 ~a16 ~e25 ~e31 -.37 —e25 ~-¢10 -.12 ~e21 -.21 -4 U5 +«20 +38 o bh 54 «65
.07 0 77 54 .38 «31 31 +39 a7 095 57 52 «63 «86 097 1,04 1.13 1.16
154 1.36 1.13 «95 .92 «95 .98 1.00 1.05 1.09 1,10 1,18 1.31 1.38 1,50 1.59 1.60
2elb 2.02 1,80 1.63 1.59 1457 l1.56 1.58 1.56 1.52 1.55 l.62 1.66 1.73 1.85 1.94 2,00
3.01 2481 2459 242 2.28 2.18 2.16 2.16 2.08 1.97 1,96 2.01 2.02 2.09 2.19 2.27 2435
3.76 3.59 3.38 3.22 3.03 2+ 86 2,78 2,70 2.56 2044 242 2445 2,46 2.53 2.63 2.68 2.70
———m———— B o e $omm P o P 4o 4 e Fo e o ——— e e o ——— o ——— 4o ———— o —— f————
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La différence entre ce géoide gravimétrique et le géoide de référence,
c.a.d. le géoide résiduel, est représentée sous forme de carte sur la figure 8.

La figure 9 montre 1l ' histogramme des fréguences de ce géoide résiduel.

Fig. 8.

GEQIDE.GRAVI-GEQIDE .REFERENCE (RAPP7S) EQUIDISTANCE ¢ 1 METRE 3
42 44 52

N
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-14 3
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-ae bowr

-2z

-24
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el

Fig. 9. Géoide gravimetrique - géoide de référence {(Rapp 79)

Val. Min, = - 7.376 métres
Val. Max. = 3.224 métres
Moy. = - 1.892 meéetres
RMS = 2.529 métres
FISTCGRANMNE CES FREGLENCES 2337 POINTS ICi(LASSES
C 41 E¢ 129 172 216
$meno —————- R R L e ——— R R e R R R 4
=7.4<Y< =7.C 1 k!
“7.0<cY< 6.7 1 3
b 7<Y< ~6,2 Ix 4
=€.3<Y< =6.C Thxs 13
~&.L<Y< =5,¢ TAa44 18
“5.6¢<CY< -5,12 BETEIRET. 22
=5 ,3<Y< =4 ,6 Jrxradhan 26
“4,5<Y< =45 JAAA AR KA R LA AR A 47
=4 .5¢Y< -4 .2 TXR AR AN R AAN AR A KA R 61
~h,2¢Y< =3 ¢ JA A AR ARk A R AR AAKRAARRAS A & 76
-3, 8¢y =3 ¢ JHAARAR AR A AR AA AT AANANAARAA R AR ARARA 115
“3,.5<Y< -3.1 JTARA R A AR AR AR A AR AA R KK A AR KSR AA RN RARA AR AR ARA 143
~3.1<Y< =28 I XA AR AA LR AN AR A AARARAARA AR KRR AR AR AR AN A AARARARAAA K& 166
“2.8<Y< ~2.4 THAR R AR A AR A A A AR AR AR A A AR AA RN R AR AR S AN A A AR AAKRARR AR AR ANS KA R 168
=2.4<Y< =2.1 JARAA AR P AARAR R AAAARN AR AR A A ARAARRAS AR A A AR AR RAAR R A 169
“2.1<Y< =-1.7 TR AR AR KA AR A A A A A A AR KA A AR AR AR AARRAR AR AR KA A AR KK 1588
“17<Y< =144 JARA AR K AR AR AA K AR A AA AR AR A A AR AR A AN A AR DA RN AR ARARA A AR A KA 183
“1.4¢<Y< =1.( TAR AR AR I AAA S AR R A A A AR A RN AR AN AR AR AA RN S AR KA AR ARARRAAAAA R AARA A ARA c1é
-1.0<YK< - d JAA AR AR AR R AA AR KA A AR A AR R ARAN KN AR AR D AR A A AR A AAANA & 1658
-~ 7<Y« -l TAAAAAKRARARAARAR AR A AA RN AR AN ARAAAA AR AR A& & 14 4
-o3<Y< oL JAAA A R A AR AA A A KR A AR KRS AR K AN AL K R & 108
e L€YKL o b TAXA A AR A A A KA RR AP ARNKRAA KA R A % ’ 92
€YK< o & Trxr 2 A A A AR AR AR KA A R kR & % 78
sE<Y< 1.1 TR®A Ak katasharx 46
1.1¢Y< 1.°% ISR RS EE R 37
1.5<Y< 1.8 Thasax 15
1.8<Y< 2.z I é
2.2¢Y¥<  2.°% I= ¢
2a5<Y< 2.6 1 3
2.9<Y< 3.2 I= g
LR He e e R R R i R R R T +



111.3. Déviation de la Verticale

Les composantes £ et n de la déviation de la

les relations 22 et 23.

Fig. 10. Déviation de la verticale
représentée sur la sphére

unité centrale au point P

verticale sont données par

Ces composantes & et 1 ont éte

calculées, sSur les noeuds des

grilles 15" x 15, en transformant
les hauteurs du géoide
gravimétrique (§ 111.2), qu'on a

obtenues, par des dérivations
numérigues apreés ajustement d'une
fonction polynomiale de degraé n
{icin = 3 ou 5) le 1long d'un

profil en utilisant les formules de

Lagrange.

Les valeurs calculées en chaque point du noeud des grilles 15" x 15 de E

et N sont résumées dans les tableaux 4

seconde d’ arc.

a

Ces valeurs sont exprimées en

Les contours par seconde d arc de ces composantes sont représentées sur la

figure 12 et 13.
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La figure 14 représente la déviation de la verticale {arc nv)

en chaque

point et projetée sur chaque plan tangent a chague sphére locale unité en n

(fig. 11). En effet, il est plus simple de voir la déviation de la verticale en

considérant une sphére de rayon unité centrée en P {(fig. 10). La normale en P

la coupe en n et la verticale en P la coupe en v, et on a

Nord

Fig. 11. Déviation de la verticale
dans le plan tangent en n

2 la sphére locale unite.

Est

75

nh

=
]

h étant l'intersection du
de n avec le plan

astronomigue en P

paralléele

méridien



=12,00
=12¢2Y
~12.50
=12.75
-13.00
~13.25
~13.50
-13.75
-14,00
=14.25
~146,50
-14.75
~15.00
-15.25
-15¢50
~-15.75
=16.00
~16.¢5
~16650
~16.75
=17 ,30
=17.25
~-17.50
-17.75
~-18,00
-18.25
-18,50
«1R,75%
=19.00
-19,25
~19.50
-19,75
~20.,00
“~e0.25
-20650
~20.75
-21 .0
=21.25
~21.50
-21.75
=& .00
=22.25
~22.50
~22.75
-23.00
-23625
-23.50
-23.75
~24.00
-24425
2450
~24 475
-25.,00
~25.25
«25450
-25675
=260

FONCTINN

&2

Tableay &

42

76

Composante £ {en seconde d'arc)

VKSI *  1,0E+00

62 43 43 44 44 45
+ + s e s + + o b ———
=350 =3.723 =4,06 =4,83 ~5,02 =2,463 2.03 bs62 951 10.15 9,26 10.87 12.81
“~2096 =3.36 =3.RH  wb,4T7 =b4,74 =3,70 1,96 =480 =e03 -,05 1:43 7.19 1l2.%2
=lebb  =2.ld =259 =3,09 =393 4,82 =5,98 =7.18 =7.46 ~6.94 3,60 2.81 8.53
67 R «23 =e50 =2:39 =5,13 ~=7.74 =9,1l4 =9,12 =~7.66 =46,85 =2,40 .10
2,06 2092 2.98 181 =s64 =3,38 =5:35 =6,00 =%5.89 =5,23 =5,52 =7.61 =B8.9%
4,89 4477 4059 353¢ 1,31 “031 =1e36 =1,88 =2,19 =2,98 «5,53 =9.,69 -13.25
5,95 5.81 5.22 4457 3.61 2036 1.2¢% «91 «e03 =1,03 =3,06 =H6,22 =9.,52
6,00 6,10 5630 5611 %098 3.73 2644 1.74% 1.28 286 +00 =1.78 =3.54
4.88 5.37 4,82 4,63 4,66 3,98 3.19 2:66 2,17 1.77 1.08 -s 09 -:56
3,10 4, UR 4,28 3.92 3.64 3.66 3,34 3.1% 2.50 1.56 « 76 «32 + 40
l.8¢ 3.12 3,70 3,08 2.46 2+33 2044 2.86 2054 1.23 048 + 57 055
.64 20546 2:92 2e43 1.71 1.36 1.30 2.00 2046 l.64 1e22 1.24 67
1.98 2.05 2.70 2.82 1.93 1.27 1,11 1.48 2:35 3.95 3.59 3.43 2.49
2eba 2,02 2.60 3.09 2057 2.02 1.99 2021 3,60 6.26 8,30 8,82 8,52
3,25 2.54% 2,09 2.39 2.98 3,32 3.81 5,08 764 11,51 14,12 15.26 16.44
3.29 3.29 2.71 2.70 3.88 5.36 706 9.90 12,79 15,10 16.26 17,12 18.62
3.90 4067 4,85 4.90 593 8017 10097 13,46 14,38 13,70 13,49 14,36 14.90
5.77 6,80 6,91 7029 8.50 10,72 13,03 12,85 11,22 10,00 10.02 11.08 11.62
677 8023 8.37 B.99 10.%6 11.82 12.13 9,93 7.99 7,81 8.07 9.09 10.27
b.25 TeTb 8,56 9,30 10,26 10.72 9.83 8.39 T.67 T34 To.24 7.95 9,11
5656 5.92 6.45 6,98 7.57 7.93 7.86 8034 B8.18 T.23 6,78 6.80 Te24
4,89 40,24 4,09 4,29 4,91 530 6.33 7s46 7.18 64466 5.90 5033 5.18
Geby 4ou7 4,13 4,13 3.80 3s42 3,90 4,68 5.00 4,93 4,59 4,04 3.95
5.21 50,29 5.66 5.06 3.26 1.82 1.09 1.63 2.9% 3.47 3.60 3.44 3.54
5.77 6.07 6.52 5.66 3.58 1.52 022 o 76 2016 2.91 3.32 3.36 3.41
366 £.96 6650 6.23 4,96 3,03 l.66 1.73 2.66 3,10 3.38 3.42 3.37
5.03 5.14 6.01 6046 6,02 4,71 3.34 2:84 3.12 3.37 3.38 3,37 3,31
3.4 3.58 4,873 6,09 6.1 5.4¢ 4,64 3.76 3,53 3,69 3.47 3.32 3.23
2411 2451 4,05 533 5.66 540 40,93 4.56 4,39 4424 3,90 3.61 3446
Lobbh 2430 3.46 4043 4,98 5.04 44,91 4,99 5.31 542 5.02 4,49 4.14
2.85 2096 3,11 3.77 4036 4260 4,86 5,10 6047 T+56 6.88 5.85 5.00
5.02 4,33 3.51 3.67 3.98 4,33 4,61 4048 6,63 B.74 8.07 6,89 5.75
6.15 4071 3,92 4.0% 419 bot2 4632 3,54 5,01 7.25 7431 6.77 6,08
5.30 4046 4ab1 4,89 520 5.08 4457 4,00 4915 5,04 5.66 5094 6,04
592 528 5437 5.81 6435 6.41 419 T.26 6,39 4.54 4090 555 6.12
hel7 6430 6,09 628 T.12 8,08 9.69 1l.74 9.36 5.70 5.38 575 6.18
A.lb 6645 65019 he5H9 Te65 .06 11.87 12.44 G413 6.70 6.00 5.77 5.74
6046 6040 5.86 bhe 30 T+55 9,40 10.76 9,48 7.56 6.73 6.14 5469 5.42
6.86 6033 537 525 6.94 .52 9.45 7.75 7.30 6,99 6,69 641 6,320
678 5697 5,03 4,78 6,63 8,62 8,40 TeT4 7480 7.84 7.78 Te77 83,02
Aha35 5¢35 4,60 4056 594 6096 7.01 Te41 7.83 8.02 8.04 8.22 8.76
5:63 4,65 3.88 3. 16 2.81 3.82 5425 6.00 6652 6,74 6,84 712 7.61
4,95 4433 3.23 l1.18% =1.35 -415 2.91 3.87 44540 4,74 5.07 5662 5.67
447 4029 2.38 o5l =2.12 =2.62 -.04 2,20 2476 3.19 3,72 4e21 4,41
3.96 4,13 3.11 1.78 239 ~2,14 ~1,15 1,93 2.35 2.70 3,43 4,26 4,65
3,33 3,67 3.56 3.25 2:.62 1.00 1.32 2.87 3.04 3.53 4.62 5.74 6,10
2.90 3,17 3,75 3.69 2.81 2.20 295 3.85 4,25 5619 6647 7.37 7.23
3.43 3,54 4,09 3.99 2.82 l.86 2066 4,08 5.16 6042 7.39 7.55 6.69
4.18 4olH 4419 4,33 3.31 2s01 e 70 1.83 4,82 6.19 6,58 5.97 4,76
4,07 4dele 3.96 4415 4,18 269 =1.52 =1.15 3.22 bo46 4,48 3.74 2.98
3.76 3,09 4413 4026 4,49 3.73 B =2.25 «07 2.31 2.43 2.17 2.15
3.89 3.93 bot7 4,88 S5.44 5036 3,06 =1.85 =3.,28 - 24 1ol 1.42 1.77
4.19 4422 4464 5425 575 5+ A9 4,33 264 2,96 =2 .43 -.17 «86 1.39
4,31 4450 4467 5.14 5.39 5.09 4,44 2.84 =928 =2,60 ~2.,02 ~.13 1.17
4,13 4e31 4e56 4095 L9 5419 5.0V 4,27 1e83 =-1.,51 =~2.67 ~-e92 1.09
3,81 4,13 4,90 5,19 5.32 5485 6.09 5.64 3.56 « 48 -+ 89 -4y 2 76
3,51 G4ol7 5071 5.78 5460 be42 .85 6.23 561l 3.20 1.90 -89 «11
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-12.00
-12.25
=12.50
=12.75
-13.,00
-13.25
-13.50
=13.75
-14.,00
~14.25
-14.50
-14.75
=15.920
~15.25
=15.50
=15.75
~16.00
~16.25
=16.50
=16.75
-17.00
-17.25
=17.50
=-17.75
-18.00
-18.25
-12,50
-18.75
-19.00
=19.25
=19.50
«19.75
-20.,00
~20.25
-20.50
~20.75
=-21,00
=21.25
-21.50
-21.75
~22.00
—22+25
~22.50
=22.75
=23.00
=23.25
=23.50
=23.75
-24,00
-24.25
-24450
244,75
—25.00
~25.25
=25450
-25.75
-26.00

Tableau 5 : Composante E (en seconde d'arc)

FUNCTION VKSI % L,0E+00

45 45 46 46 47 47 48

- e - - - + + + + + + + + + +
12.81 10.90 8.58 Te46 924 140,13 15,01 10447 6022 6016 12,55 20.80 22,99
12,42 12.13 8.81 5.67 4.77 5.96 5.74 4.30 4033 60,48 9699 12,69 13.17
3.53 10.26 7433 3631 045 =L.82 =-2.60 =~1.25 lo46 4404 4443 3.12 3.31
«10 2.70 1.92 =el5 =185 =-4,54 ~5,17 =3.02 =e77 =el9 «2.49 -5.00 =3,26
=B.94 =7,68 =5,43 =3.27 =1.71 =1.76 =1.78 ~+70 =e1l9 =1.37 =4,13 =5.52 =2.,45
=13,25 ~13,23 =8,28 =2.87 -0 34 66 1.25 1,93 1.86 44 ~«83 =045 1.62
=352 =9,83 =5,33 -e43 1.15 1.37 1,93 3.09 3.73 2.90 2.52 3.12 2.59
=3¢54 =3,60 =1.79 35 l1.28 1.35 1.75 2491 3.96 3.82 3,02 2.48 + 90
=56 -.12 022 «53 1.02 l.46 1.88 2246 3.25 3.71 3.16 1.29 ~«b61
40 81 1.01 1.06 1.46 2011 2.71 3.39 4423 4494 4.83 2035 -.18
55 -1 1.08 1.72 2471 3.61 %455 5.90 6694 T.26 6.12 3,71 1.87
67 53 1.49 3,19 5.09 630 7.05 8.21 8.87 8.36 6443 4053 3.72
2449 2435 3.68 5.81 7.86 9.09 9.39 9.16 8.62 Te62 6.28 5642 5.10
Re52 858 8.96 9.38 10.06 10.50 10.13 8.58 725 6078 6047 640 6434
l6e44 16653 164.92 12.66 10,91 9.80 8.63 7.23 6468 704 T2 T+.60 T.66
18,62 18436 16,18 13.34 10.25 8.12 7.08 675 7.22 7.97 8.59 8490 9.09
14490 14.33 13,11 11.59 349 7:76 7.13 Te35 8.06 8.88 9.59 10.08 10.71
11.62 11,43 11,03 10.53 9.68 8468 80,12 8,31 8.92 9.66 10.44 11.18 12,15
10427 10.76 10469 10,51 10,10 9.50 917 9,38 9.95 10,76 11.58 12.10 12,23
9.11 9.83 9.97 397 9.92 9086 10.09 10.62 11428 12,11 12.47 11.84 10.29
7.24 7.91 8.48 8.90 9e42 10621 11036 12.34 12.86 12.86 11.84 9.96 7.63
5.18 5¢96 7.17 8,26 9e58 11.56 13.62 14072 14,59 13,08 10,55 8.21 6633
3.95 5,03 6.89 8.90 11.22 13.746 15.41 16.00 15,45 13,40 10.61 8035 6.87
3.54 4.68 7420 10449 13,16 14.31 14,18 13.91 13.51 12.35 10.86 9.32 7.83
3.41 4.23 673 10433 12,26 11.85 10.69 9.75 9.22 8.94 8.98 8.78 7.70
3.37 3.68 4.95 7.09 8:36 8.17 7.50 6¢55 5.82 5.74 6.27 6.83 643
3.31 3.22 3.09 3,57 4465 5.26 5.37 5.14% 4.81 476 5.04 5.34 5.10
3.23 2.98 2.18 1.68 2.42 3442 4.12 4472 5001 506 4.98 4,74 4.17
346 3.17 2437 1.38 l.45 2.642 3.44 4037 4.90 5.00 4,81 4021 3,07
bela 3.78 3.17 2,19 1.75 226 20,97 3.51 3.70 3.77 3.74 2.93 1.36
5.00 4e34 3.62 2073 2044 2,87 2.97 2062 2.18 1.97 1.94 «87 -e23
575 482 3,98 3.23 3.42 4032 4.09 2,80 1.66 097 051 ~+29 033
6.08 5:46 5.09 4,96 5.22 5.72 5.26 3.72 2.28 1.23 37 67 2.98
6.04 6.09 6,33 6.62 6.13 5.01 4022 3461 2.78 l.76 «73 1.53 3,95
6.12 6.53 677 6e41 4071 2449 l1e61 1.93 1.97 1.07 -s19 « 00 1.50
6418 652 642 525 2.99 99 +30 33 046 =63 =-1.87 -1.80 -+ 96
5.74 5.86 5.77 4.91 3.40 2.09 1.35 #81 =el4 <=1.55 =2,27 =1.62 ~+98
5442 5.46 5.77 5.83 .16 4.07 2.93 1.69 el5 =1,33 =-1.50 =30 -.02
6430 663 Tebb 7.76 6.78 5.18 3.56 1.97 bl -o66 ~-.21 87 o84
8.02 8.84 9,73 9.36 7+69 50,68 3,72 2,00 «80 «70 1.82 2.56 1.81
8.76 9455 9.64 8.61 7.22 5.64 3.86 2425 1.49 2.24 3.43 3.50 1.49
7.61 7.80 713 6+21 5.69 4,97 3.76 2449 2.02 2.82 3.53 3,23 62
5.67 5.38 4.57 4,02 4,06 4.03 3.39 2.51 2+29 2.91 3.33 3.04 1.7¢%
4461 4.01 3,20 2.70 2.86 3.25 3.03 2.46 2461 3.47 4.01 3.80 3.40
4.65 4.18 3.18 2444 2442 2.88 2.97 2468 3.26 4.56 5.22 4,17 3.51
6.10 534 3.97 2494 2461 2.72 2495 3.19 4.17 5.51 594 3.86 3,21
7.23 6.02 4447 3.40 2.84 2444 2.59 3.48 4,54 5.13 5.00 3.64 3.60
669 5.27 4.08 3.42 2.93 2033 2429 3.04 3.36 2.86 1.59 1.45 2.87
4.76 3.74 3.36 3.38 3.26 2483 2439 2.11 l.46 47 -.92 =27 1.74
2.98 2.75 3.09 3.71 4,07 3.79 2.82 l.64 68 ol4 74 1.98 2458
2+15 2449 3.16 4.11 4485 4.71 3.62 2.26 1.47 1.83 3.18 3.85 3.90
1.77 2423 2.90 3.86 4.82 5.11 4.48 3452 2:99 3.30 3.20 3.13 4.14
1.39 1.84 2.21 2.84 4,00 4,89 4.68 5.11 5466 3.98 2,04 2432 3.75
1.17 1.63 1.67 1.89 2.70 3.64 4,40 6,07 7.06 4.80 2+67 3.01 4.06
1.09 1.73 1.75 l1.66 1.03 «90 2.66 4.13 442 4467 4,73 5.05 S5.46
o 74 1.50 1.84 1.25 =72 -1.77 ~e27 1.32 2.28 4,21 5485 6626 5¢94
o1l « 80 1.55 026 <2440 -3.66 =~2.87 ~e33 2433 4434 6.20 6431 5.19
- o - + + + + + + + + + + + E fadadald

45 gk kg L LS 1 k% kg ok kg * %A % K ERkkk
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-12.00
-12.25
~12450
~12.75
-13.,00
~-13.25
~-13,50
-13.75
-16,90
-14.25
-14,50
-14,75
-15,00
-15,25
-15.50
-15,75
~16,00
-16425
~16.50
~16.75
-17,00
-17.25
-17.50
-17.75
-18,00
~18,.25
-1R,50
-18,.75
-19,00
-19,25
-19.50
-19,7%
-20,00
-20.25
~20.50
-20.75
-21.00
-21.25

Tableau 6 Composante £ en seconde d'arc
FUNCTION  VKSI * 1,0E+00

48 48 49 49 50 50 51 51 52
e e ———— T oo e e o o e e o e e e + + + - = B et e e
22499 20,90 18.95 17.62 16.39 14,48 11.64 9,24 7.29 5.58 4,99 4,80 4,83 4,80 4,36 3,59 3,32
13,17 13,06 1Z.90 12,13 10.57 9,20 9.48 9.88 Bo.51 6435 5,20 4,83 4,81 4,84 4459 4,35 4,09
3,31 5462 7,04 6.67 5.66 5,33 7.27 9.42 9,18 7.03 5.18 4473 4,81 4,75 473 4,96 4,73
-3,26 1.16 3,44 3.38 3,17 3,49 5.01 7.35 8,41 7.03 5,14 4oT4 4,83 4e67 4,81 5,17 5,05
~2.45 L.05 2.17 2.52 2.54 2,72 3.56 5,36 6.62 babb 5,62 5,02 4,81 4,83 4,99 4,98 4,87
1.62 1.97 1.31 1.86 2.18 2,32 2,83 3.97 5,43 640 6011 5,28 4,87 4499 5,02 4,67 4048
2.59 1.10 .81 1.50 2.17 2.27 2.26 2.91 4,76 6,31 6,13 5452 5,00 4,70 4,51 4,34 4,33
.90 -e12 1,09 2.42 3,20 2.97 2022 2.32 3,70 5.33 5,96 5069 4,94 4,10 3,606 3.80 4,05
~o6l -.43 1.69 3,61 3,93 3,13 2.05 1.88 2.87 4,53 5.73 5.57 44,75 3,82 3.26 3,24 Job4
-.18 -510 1.37 2.70 2.69 2.03 1,40 1,41 2.39 3,97 5011 5,11 4,58 3.98 3.50 3,15 3,09
1.87 1,05 060 W47 257 0 62 053 281 1.83 3,50 4,66 4,65 4439 4,22 4,02 3,70 3.49
3.72 2,69 1.04 ~e35  =,b6 =73  =,97 =,67 066 2.96 4,28 4,11 4,07 4,30 4,52 bot7 4622
5,10 4,47 3,04 1.37 032 ~a6h =1.47 ~1,81 ~1,14 1,28 2,93 3,23 3.77 4429 4,460 4068 4456
6034 6.15 5,50 4,52 3.56 2.46 1.47 210 ~1.14 ~e12 2.16 3.53 4,10 4,31 4,25 4425 4031
7.66 7.76 7.75 T.47 7.03 6.55 5.66 3.94 1.83 1,03 3,09  4.73 4,38 44,05 3,73 3064 3,79
9,09 9,72 10,20 9,84 9,10 B.51 Te74 6,46 4,87 3,51 3,59 3.86 3,48 3,33 3,17 3,06 3,27
10,71 11.91 12.34 11.29 9.61 8,15 Te4l 6,78 5,70 4418 2.24 1,40 2,01 2,49 2.81 2.93 3,11
12,15 12,67 12,03 10,70 8,56 6,57 6,02 5.96 5617 3.26 082 .18 1.07 1,81 2,57 3,15 3,39
12,23 10.99 9,16 7.89 6,03 4,81 5,05 5.19 4,55 2.87 1,10 $ 67 1.09 1e64 2.37 3,09 3,42
10.29 8.02 6+03 4,63 3.62 4,07 5.04 5,03 4,53 3,07 1.65 1.41 1.60 1,99 2039 2.86 3,12
7.63 557 4415 2.98 3,05 4,51 5.68 5.54 4,28 2.10 .97 1.47 2,04 2047 2.57 2.64 2,95
6.33 4,90 4,02 3,54 4,15 5.31 5.80 4,85 2.05 ~-,11 .33 1,76 2.62 2.88  2.80 2,68 3,04
6.87 5,73 5.01 4,88 5033 5,63 4,35 1,82 ~.48 -,57 1.27 2.81 3,45 3,44 3,34 3,29 3041
7.83 6+45 5,42 5.02 5,11 4,81 2.40  -.43  ~,68 281 2.41 3,52 4,00 4,04 4500 3,76 3,38
7,70 6.07 4,48 3.62 3.56 3,08 1.11 ~240 «50 1,92 2,74 3.53 4,05 4,20 4,28 3,88 3.14
6o43 5,00 3.27 2.28 2.12 1.14 ~,04 025 1.56 2.66 3,16 3.57 3,93 4,08 4o14 4,14 3,95
5.10 4,16 3,07 2+42 1.95 030  ~=.55 075 2014 3014 3,69 3,86 3,92 3,97 3,86 4,16 4,76
4017 3,51 3,33 3,38 2.84 1.07 e 06 1.04 2,20 3.13 3.90 4,22 4,18 4.13 3,94 3,99 4,40
3,07 2.37 3.01 3.83 2.59 062 042 1,39  2.43 3,20 3.79  4.27 4,53 4,55 4040 4016 4,07
1.36 1.00 2.38 3,40 1.28 -~.46 .78 2.14 3,26 3.84% 3.99 4,29 4,62 4o76 4,77 4456 4,51
-.23 o 76 2.36 2.72 1.21 041 1.72 2.95 3,82 4,31 4,35 4427 4444 4,78 4,87 4,85 5,00
233 2.52 3.39 1.90 253 .96 2,10 3,13 3,59 4,03 4424 3,97  4.08 4048 4457 4,77 5,01
2.98 5,02 4,94 1e57 =.55 o T4 1.88 2.74 3,06 3.43 3,87 3,92 3,81 3,78 4,04 4,52 4,60
1,95 5.25 4,94 2.09 240 1.65 2.51 2099 3,19 3,28 3,39 .64 3,78 3,67 3,90 hobh 4465
1.50 2.32 1.30 W52 1.56 3,05 4,01 4,27 4,30 4,00 3,48 3.44 3.99 4034 4,41 4,75 5.17
-+96 ~ab4  =2.39 -1.69 1.85 3.72 474 5,08 5,09 4,85 4,52 4,36  4.50 4,85 5,19 5,30 5,37
-.98 =1,01 ~1,97 -1,12 1.81 3.63 4,56 4,84 4081 4.87 5,09 5,17 5.00 5,29 5,91 5,61 5,04
-.02 -.86 ~1.34 -.36 1.34 3,11 4,23 4,61 4,62 4,73 5,07 5,35 548 5.83 6,07 5,71 5,18
.84 =1,423 ~-1.99 =-,25 1.16 2,51 3.72 4,62 5.06 5,20 5.47 5.66 5,70 5,69 5,56 5,68 5.66
1.81 -a59 ~1.41 222 1.48 2,50 3,50 4057 5035 5,60 5,73 5070 5048 5.24 5,05 5,22 5,39
1,49 -4 63 ~o86 042 1.92 3.42 .28 4.90 5,56 5.77 5.64 5.46 5.28 5,00 4,68 4066 4,98
«62 -1.22 -s22 1.37 3.46 5.10 5,65 5.67 5,87 5.94 5.58 5623 4,88 44,60 4,34 4076 5ot 3
1.76 1.11 1.98 3,74 5.68 6030 6.28 5.95 5,58 5,36 4,90 4,50 4,18 3,99 4047 5,26 5,83
3,40 3,56 4445 5.69 6.26 5090 5.57 5019 4,54 4,00 3,70 3.82 4,15 4,63 5,16 5453 5653
3.51 4,65 5494 6.32 5.67 5.03 4,68 4,30 3,68 3.14 3,40 4,35 5.28 5482 5,95 570 5033
3,21 5.36 6,40 6.22 5,48 5,02 4,74 4.44 4,00 3.89 4,65 5,67 6,30 6043 6.23 5,81 5,39
3.60 5411 5457 5450 5.36 5,20 5,15 5034 5.51 5.78 6.09 6,11 5.98 5.87 5,75 5,50 5,39
2.87 3.77 4,16 4449 4,86 5,00 5.16 5,75 604t 6.61 6,08 5043 5,11 5003 5,07 5,16 5024
1.74 2.72 3.52 3.97 4,28 4,60 5,16 5.75 5,91 5.61 5,28 5,08 5,03 5,01 4,86 4,85 4,92
2.58 3,20 4,00 4.37 4,34 4,48 5,37 6,04 5.67 5.24 5.44 5.59 5466 5.64 5,17 4,79 4,72
3.90 h4a4hH 4,99 5024 5.11 5,03 5,39 5.83 6.14 6.30 6e15 5,99 6,07 5.92 5,39 4692 4,58
4.14 5,02 5.36 5.17 5.09 5.24 4,99 4.82 5,65 6.37 5.91 5,54 5,49 5.11 4,90 40064 hol4
31.75 4,69 4,81 4445 4,59 4,90 4,55 4,08 4,34 4,85 4,85 4,58 4,10 3,73 3.91 3,89 3,53
4,06 4,64 4,68 4,65 4,76 466 4,36 4,13 3,74 3.54 3,82 3,66 2.98 2.82 2.98 3,01 3,10
5¢46 5.36 5439 5.47 5,04 4,55 4,37 4,30 3,83 3,24 3,20 3,06 2.65 2.61 2,55 2,52 2,80
5,04 5467 5485 5.90 5032 4,78 4,51 4,16 3,73 3,42 3,22 3,06 2,96 2.97 2.92 2.73 2.61
5.109 5433 5492 6.01 5.75 5,28 4.71 3,90 3,46 3.67 3.61 3,45 31,55 3,58 3,70 3.31 2.52
e Fom o ———— Fm e ——— e e e fmmm——— e e 4 o o e e 4 e o e o o o e et e e e s e g e
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-12.00
~12.,25
=12,50
=12.75
=13.00
=13.25
=13.50
'13:75
=14.00
~l4.25
-14,50
~-14,75
-15.00
~15.25
~15.50
-15.75
-16,00
-16.25
-16.50
~16.,75
=-17.00
-17.25
=17.50
-17.7%
-18.00
-18.25
-18,50
-18.75
-19.00
-19.25
~19,50
~19.75
-20.,00
-20425
~20.50
-20,75
=21.00
-21.25
-21.50
=21.75
~22.,00
~22.25
-22.50
=22.75
~23.00
=23.25
~-23.50
=23.75
-24,00
=24.25
-26,50
-24.,75
-25.00
=25.25
=25.,50
~25.75
-26.,00

Tableau 7

: Composante n en.

seconde d'arc

FONCTION VETA * 1,0E+00
42 42 43 43 44 44 45
- + — + + + + + + + + + + -
2473 1.96 ~e05 =3466 =6,02 ~5.,17 =2.14 0«96 1.91 2011 4o26 6,01 5.68
3.10 2e 34 049 =3,20 =6.78 <=7.69 =5.25 =1.45 «81 1.81 2+21 2630 462
3443 2.91 1,09 =2,79 =6,82 =8.03 =5.11 =1.02 lol4 062 =3.16 =5,23 63
3.98 3.30 1.51 =1.83 =-5,03 =5.,61 =2.83 07 057 =2415 =7.79 =10.13 =-3,.21
be3h 3.37 1.995 “sll =2.08 =2.55 =~1,01 40 =e38 -3,76 =8.56 =10.33 ~4.561
4448 3.39 2465 1.89 «30 -.79 -o15 e 63 -e22 =253 ~5,36 -6.63 ~3el4
4056 3069 3041 3.26 1.68 020 60 102“ 576 -e¢33 'lobq -ZaﬁO -+97
4.31 4,14 3.93 3.56 2,58 1.64 1.75 1.93 1.37 59 -+03 « 00 57
3.44 4.41 4444 3.60 3.10 2.81 2.66 2.44 1.66 «98 1.03 1.24 «91
2423 4.21 4470 3.73 3.25 3.17 3.12 2.98 2429 1.72 1.89 1.70 60
63 3.20 4.62 4.27 3.58 3.13 3.00 3.31 3.30 2.78 2431 l.61 o4l
~l.l4 2.30 4.76 5.02 4.04 3.20 257 2.89 3.98 3.86 2.57 1.62 53
~1.78 1.89 4.74 5.54 4.70 3.56 2.35 2.12 3.68 4.07 273 2.19 l.14
=71 1.55 3.97 5.83 5466 4.06 2436 1.61 2637 2.58 2.18 2.77 1.65
69 1.91 3.63 5.58 5.82 4.18 2616 045 =51 =79 .08 1.97 1.39
1.04 2.76 4ol 4.91 4.70 3.21 54 =2.37 =4.31 =4.,15 <=1,71 37 34
.11 2.52 4.25 4637 3.07 090 =2.57 =5.53 =5.92 =4,41 =2,02 -e48 10
=-1.17 1.78 3.91 3.79 1631 «2.03 =4.97 =5.94 =4,56 =3,22 =2.39 =1,10 036
~3.01 1.33 3.76 2,73 =e50 =3,83 «64,79 =3.66 =2,96 <=3,17 =3,15 =2,15 ~.28
=-5.61 12 3.13 1.62 =1.65 =3.77 =3.00 <=1.63 =2,37 =3.32 =3.73 =~3.40 =1.38
=5,84 ~-1.06 2013 094 =1.99 =3.38 =2,36 =1.40 =1.88 =2.73 =3.79 =4,11 =2,2¢
~6.20 - 82 2,02 o45 =2.64 =4,09 3,44 =1,97 =1,21 =1,86 =3,29 =~3.89 =2,55
-4495 ~-e22 2.08 08 =3.07 =4,88 “bob2 -2.31 -284 -1.39 =2.61 =3.,37 =2.91
-4%.49 -.33 1.97 08l =169l =4521 =4.77 =3.13 =1:48 =l.4% =2,37 =3,23 =3,59
=4 .84 - 70 2633 2.60 033 =261 =444 =427 =2,77 «2.08 =2.59 =3,32 =4,22
=499 =1,13 2041 3.91 2044 =068 =3498 =5,18 <=3,75 =2,67 =2,85 =3,34 =4,51
=5.12 =1.69 2.05 403% 3.71 110 =3.08 =5.56 =4422 =2.84 =2,94 =3,32 =4,50
4,44 «2,16 1.02 3.91 430 2015 =2.,01 =4.96 =4,33 =2,96 =2.86 =3,27 =~4.37
=363 =2.97 -+ 60 2.97 4.44 2668 =~1434 =4,40 <4.16 =2,79 =2,56 =3,08 <4,15
=410 =4,22 -1.97 2,20 4.24% 20692 =1e13 =4,40 =4,01 =2,44 =2.,20 =2.81 =3,91
“4.45 -=4.,88 ~2.86 1.37 3.80 2077 =1.29 =4.84 <=4,646 =2,50 =1.58 =2,16 =3.41
-4 433 =-44+50 ~-2.83 .88 3,37 2.39 =1.66 ~6.12 =663 =-2.89 -e39 ~+83 -2:31
=316 =-3.,29 ~-2.16 88 3.11 2e10 =1.46 =T7.00 =9.18 =64,04 «38 +31 ~l1l.21
“e59 =2.14 =2,12 « 60 2.98 2026 =73 =6,87 =10.61 =5.36 12 048 -e93
1,38 -1.70 =2.62 203 2.92 2.78 =e30 =6.57 =10.32 =5.66 ~.958 -+10 ~-1.38
1455 =1.57 =2.69 -e45 2435 2:44 ~1.65 =7.11 =7.73 =3,78 -+97 -e82 -1.98
«74 =1.63 =2.61 =~1.06 1.00 203 =~4,22 ~-6.23 =3,89 =1.42 -e63 ~«95 -2.21
«27 ~1.62 -2.85 =2.02 =430 =2,08 =5,27 =4.,19 =1.,59 ~o043 - 01 -+55 =2.07
37 =e98 =2.52 ~=2489 =2.32 =3,42 =4,33 =2,81 ~094 .09 0 49 -+18 -1.97
«93 =202 =le69 =3,72 =4.89 <=4,79 -3,39 =1,90 - 78 023 b4 -s12 =-2.32
2,00 090 =1.25 =4,62 =6e47 =5¢34 =3,40 =2,17 =~1,04 11 56 =44 =-3,12
3.38 1.88 -85 -5.18 =750 =5.96 -3.88 ~2.80 «1044 00 42 =490 =-3.76
433 2.80 036 =3.47 =7.,21 =8.00 =5,77 =3,56 =1,85 -e23 «15 =~1.,27 -3.88
4021 3.75 2456 —e22 =6,08 ~10.60 =8.26 =4,43 =2,39 -e73 =e¢31 =1.55 =3.73
3.40 4.53 4,46 1495 =3,82 =10¢30 =11.02 =6.62 =2.94¢ =1,27 =e¢95 =2.02 =~3,67
2456 4,069 513 2o74 =1.84 =8,97 =12.72 =B.24 =3,24 =1,91 =2,01 =2,88 =3.66
2419 4.30 4494 2498 =1.38 =8.92 =13.11 =8.51 =3,68 =3,00 =3.36 <=3.64 =3.25
2.32 3.77 4459 3.78 =22 =9.15 =14.58 =9.70 =4.72 =4.34 =4,39 =3,72 =2,20
2.42 3.60 4047 4.37 294 =8.78 «15.59 —11428 =6425 =5,46 =4,61 =2,89 -7
2.33 3.77 444 4.21 1e88 =5.78 =13,99 =14,25 =9,52 =6:29 =4,17 =1,7% 25
2.09 3.73 4.45 4414 2455 =2.54 =11.42 =16453 =12¢45 =6,87 =3,83 <=1,25 «33
2416 3.38 4,08 3.84 245 =e95 <747 =14.30 =14,58 <«B8.92 4,04 ~1,44 -.09
2457 3.11 3.42 3.009 2.03 «08 =3,51 =9,61 =14427 =11.77 =5.68 ~=1,95 =57
2454 2.89 2.96 2.63 1.98 062 ~1492 =6.30 =11.24 ~12.04 ~7.68 =~3,17 -1,18
2.14 2,73 2.72 2.31 2,09 1e12 =1.03 =4,42 =8,31 =~9,88 =8,44 =5,50 =2,52
2423 2e 44 2426 1.94 1.72 +83 =¢91 =2.81 =4.87 =7.09 =8.37 =T7.36 =4,13
1.96 1.52 1.55 l.86 1.36 027 =80 ~1e63 =2.60 =4,97 =7.50 =7.33 ~4,64
- Rl + + + + + + + + + + +
42 % % ok ¥k e 2 2 24 gk kg ki LE 2 X 24
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-12.00
=12.25
~12.50
~12.75
=13.00
~13.25
=13.50
=13,.75
-14,00
=-14.25
-14,50
-14,75
~15.00
«15625
=15.50
=15.75
-16,00
=16,25
=16.50
=16,75
~17.00
-17.25
-17.50
~17.75
-18,00
-18.25
=-18.50
~18.75
-19.00
-19.25
-19,50
-19.75
~-20,00
=20.25
-20.50
«20.75
-21.00
-21.25
~21.50
~“21.75
=22.,00
-22.25

Tableau 8 : Composante N en seconde d arc

FONCTION  VETA *  1,08+00
45 45 46 46 47 47 48
o - + +* e g * + hadad +
568 4.99 422 2:33 =036 =1,70 <%l 3.48 1,93 =4,79 ~10,22 =7.88 =1.46
4o 7.00 6,75 3203 =2.16 =3,42 1.77 6,009 2048 =7.86 =-15,56 =11.,37 =~1.58
263 2.69 10,85 6:48 =:65 =2,70 2,11 4093 =029 =10,60 ~16,60 -11.,15 =1.8%4
=3.21 Be.24 13,89 10.25 3.12 -+30 1.18 1:94 =2.93 =10,92 =14.65 =10,24 =4.14
=4501 6,85 13.80 10,36 3.85 0 70 253 043 =3.20 =B8.85 =11.70 =10,38 =8,16
=3.1¢4 4ebb 9.31% Hobt 1.59 ~e22 210 031l =225 =6.90 =10:42 ~11.99 =10,91
~297 1.75 3,17 2,22 023 A =o76 =e20 «l.67 =610 =10.81 «12,92 -10.67
57 35 ~-o27 -2l =26 =1:02 ~1,68 =1,54 =2,06 =5,66 =10.67 =12,08 =8,85
s F1 ~s 06 -y 9 -394 ~-+80 =1.43 =2:36 «-2.48 2062 =5.15 =945 =10.76 =8.02
+ 60 -sbb =095 =1.03 =1.22 =1.91 =2,72 =2:96 =3,35 =5,57 =8.20 =8,22 =7.09
041 =269 =1,17 =1,41 =1.89 =2,72 =3.69 =4,05 =4,22 =5,78 =6,80 =5,61 =5,51
¢33 ~1lo01 =2,07 =2,72 =3,18 =383 =5,10 =5.44 =4,75 =4,74 =4,55 =3,86 =4,35
Leld <~1,54 =3,92 =5,14 =5,12 =4.76 =5.67 =5.%4 =4,39 =327 =2.84 =2,82 =3.,62
1065 =225 =5,66 =706 =6.59 =5.42 =5,18 =4,65 =317 =2,32 =2,29 =2.62 ~3.37
1639 =2.00 =4.75 =629 =630 =4:B84 =3.69 =2,96 =253 =2,47 =2,45 =2.60 =3.38
234 =268 =1,65 =2,91 -3,64 =3,06 =2¢51 =2.64 =2,98 =3,10 <=2.88 =-2,87 =3.54
.10 0 54 046 -.14 =88 =l.55 =2.28 =3.11 =3480 ~3,91 =3.62 =3,22 <=4,24
036 1.19 1.19 <86 234 =062 2,09 =3,61 =4,58 ~4,70 =4,13 =4,04 =5,46
-.28 1a15 1.40 1.27 1.05 007 =1.90 =3,96 =5,23 =5,51 =5.02 =5.,00 =5.80
-1.38 o 76 1.45 1l.47 1.40 e35 =1.98 =4.43 =6.03 =6.42 =5,55 =4,73 =4,31
=224 025 1,26 1.33 1.17 =910 =20:69 5,22 =6.81l =6,77 =4.75 =2.74 =1.82
=2.55 ~-e54 o4l 249 004 —=1le67 =4,21 =6.02 =658 <=5,37 =2,53 ~¢34 27
=291 =1e84 =1lol4 =~1,20 =228 =4,33 =6,02 =6.25 =5,10 =2.54 «3% L.67 1.64
=359 3,62 =3,65 =4,006 =5,04 =6,07 =660 =6,08 =3,87 -+30 2,77 3,59 3.02
=4422 =5069 =7.26 =7:47 =631 =5,42 =5.62 =5,57 <=3.,47 024 3.53 4.86 465
=4¢51 =7.12 ~10,08 =9,89 =b.66 =—4,44 =4,4]1 =4,55 =3,04 ~.04 2095 4095 5.88
=4¢50 =7637 ~10,88 =11:09 =7.46 =4,52 =3,92 =3,82 =2.62 =24 2440 4072 6.60
=4¢37 =6491 =10:48 =11.58 =B445 =5,21 =4,30 =3,97 =2,64 =29 2+35 4,90 7.15
=4el5 =6028 =9.53 =11.38 =~9,33 =6,33 =5,32 =4,77 =~2,99 =20 2.75 5.59 7.91
=3,91 =5,78 =8,61 =10.64%4 =~9,59 =7,32 =6.38 =5,53 =3,32 =e20 3.20 6.76 9.12
3041 =5426 =7.88 =9.91 =9.43 «7,65 =6.66 =5,56 =3,27 -a25 3.65 8.14 3.98
=203l =4,33 =6.93 =9,42 =9,76 ~7,91 =6,14 =4,71 =-2.,63 206 4439 9.08 9.26
~1e21 =3.40 =6:21 =9,34 =10.63 =B8,39 =5,06 =2,99 =1,34 97 5.01 8.36 7.01
=093 =3.29 ~6442 =9.59 =10,60 =7,98 =4.03 =1,55 002 2.10 4299 6033 4.66
=138 =3,72 ~6,80 =9.16 =8.95 =6,38 =~3,57 =1,47 63 3.16 5.26 4096 3.06
=1o98 =3.99 =6,32 =7.41 =6.45 =-4,69 =~3.44 =1,93 93 4e4l 6.16 454 2.19
=2e21 =3.,99 =5,46 =5,52 =~4,41 =-3,52 =3.10 =1.64 1.88 5.67 6,53 3.99 1.83
=2,07 =4,04 =5.33 =4,89 =3,43 =2,52 =-2,08 ~e34 3,47 6.71 6.25 3.17 1.55
=1e97 =4.38 =5,88 =4,89 =2,53 ~1,14 -«55 1.35 5014 T.46 S5.66 2041 2,22
=232 =5.31 =6.56 =4.17 =266 095 1.37 3.05 6031 7440 4463 2.05 3.82
=312 6,24 =6,47 =2.71 l.44 3.14 3041 4451 6.56 6.38 3.67 2643 5.63
=3.76 =6.28 =5.57 =1,58 2.54 4.58 5.04 5.62 6.+35 5033 3.28 4s15 8,51
=3.88 =5.74 =4,77 =~1.16 2.79 5.24 6,10 6.40 6.22 4,78 3.24 5060 10.47
=3+73 ~5,11 =4.,12 =~1,03 2+¢55 5032 671 6.83 5.94 4023 3.15 5489 10.63
“3.67 =4.45 =3,37 =. 79 2.20 5.07 6.99 6.89 50,15 3,27 2.89 628 10.77
=3.66 =3,53 =2.25 =020 2.09 4574 6,95 6e55 3.91 2.10 3.59 7677 10.14
=325 -2.15 =77 « 70 2045 471 6.50 5.58 2:64 1.36 4,70 9.28 9.18
-2.20 ~¢53 060 1.58 3,15 5.03 5.84 4,45 2612 1.61 523 9.33 8.57
-e77 70 1.25 1.96 3.65 5.42 5.74 4,43 285 3.31 6+26 7.90 6.68
25 1.00 1.00 1.70 3.76 6,01 6.65 5.49 3,93 40,21 6.07 6.45 5.32
233 « 57 220 S0 3.58 6+82 8.13 6.80 4651 3.26 4,26 5.91 5,37
~.09 ~-010 =79 =a16 3.12 7.38 9.37 7.88 4s42 2+35 3.87 5.69 468
=57 =67 =1.60 =1,22 2021 7422 9.92 8.48 4.77 3,06 4,46 4,90 3.31
~1.18 =1,01 =~1.90 =~-2.14 +86 6,66 9.18 682 5.68 6.37 5.72 3.81 2.08
=252 =123 =~1,89 =2,37 +28 5.37 7,27 5.56 6,20 7.92 6.46 3.38 l.52
=4¢13 =175 =1.83 «1,34 1.71 4488 5.64 4.89 5,11 604 5.32 3.03 174
=464 =2,46 =1,62 047 3.64 4,90 3.86 2.75 3,02 3.98 4.21 3.29 2.18
s o — + + + - + + + - + + + +
45 REF KK L 22 1 HERwER Bk BRIy kK FRERE
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Tableau 9 : Composante N en seconde d'arc
FONCTION VETA * 1,0E+00

48 48 49 49 50 50 51 51 52

i o o o - o t o —-—— o ————— o — o - ——— o —— +- -+ -4 e e e o ————— o ———— Fo - o —— L Elahtadadd o e
-12.00 ~1.46 «75 =1.08 =-3.,29 -3.34 «95 6,07 6,69 4,38 3.33 3.62 3.30 1.94 56 .08 15 019
-12.25 ~1.58 1.8% .00 =2.04 =-1.80 2,44 T.24 8,06 6623 4.77 4,21 344 1.94 « 73 52 54 034
~12.50 -1.84 1.03 -.13 -.91 -+35 2.07 5439 7.70 8,00 6.72 5.19 3.71 1.93 78 59 66 73
-12.75 ~4.14 -1.98 -1.08 -+63 ~+42 « B0 3.06 6.12 8,69 8.880 657 3.83 1.92 .81 «31 054 1.26
-13.00 ~A.16 -5.84 ~-2.41 —eb4 ~o4b .18 1.43 4023 8,35 10.09 7.55 4.04 2.01 «+80 07 42 l.46
~13.25 ~1J.91 ~-6.73 ~-2.58 -1.01 -eb3 —+26 36 2.98 7.58 G.94 8.05 4066 2.12 63 15 67 1.61
~13.,50 =10.67 =5.53 -2.,30 -1l.54 =+93 ~e48 -27 1.56 5.88 G.41 8.71 5.32 2.32 65 «39 «97 1.69
=13.75% ~HeR5 =4,91 ~3,00 -2.41 ~1.43 ~e35 -+30 042 4,10 B854 8.88 5.84 2496 1.15 «53 .86 1.48
~14.,00 ~3402 ~5,74 =—4¢92 -3,72 =1.50 +53 040 204 2,79 T.40 8+36 6.39 3.95 1.97 271 57 1.05
-14.25 ~7.09 =7.29 -T7.18 =4,73 -.93 1.59 « 99 ~eh2 1.38 5.61 7.82 6.86 4.78 2,69 1.13 <66 .83
-14.50 -5.51 =7.35 -7.82 -5.09 -:82 1.86 1.04 ~.98 16 4,31 7,20 6.95 5,13 3,08 1.56 99 .88
~14475 ~4435 =6,00 =6.60 <=-4.,71 -1.08 1.63 2«80 =1.77 =1.40 270 665 7.15 523 3.08 1.67 1,22 1.15
-15.00 ~3462 -4,60 =~4,69 -3.34 ~s42 2.18 099 ~2.,67 =3,60 56 6,02 7.19 4.94 262 1.40 1.31 1.59
-15.25 -3,37 =-3.89 -3.,41 ~1.90 1.00 3.48 2,01 =2,11 =-4,61 -1,51 4465 6429 4,15 2.22 1.26 1.27 1.62
~15.,50 ~3.38 =-3.74 -3.01 -1.32 1.71 4435 3.44 +03 -3.38 ~2.85 2+25 5.19 4.14 247 1.46 1.24 1,40
=15.75 ~3.54 -4.,00 -3.12 =-1,.16 1.97 4,92 4073 1.87 -1.59 -2.82 « 81 4497 4.86 2.90 1,69 1.21 1.05
~16,00 ~44¢24 =4.90 ~-3.14 -.18 3,09 5.78 5.59 3,01 -e33 =-1.53 1.89 5432 4470 2,79 1.75 1,15 063
—-16425 5446 -5.71 2449 1.68 5025 7.23 6417 3,65 1.11 78 3.71 5'22 3.75 2.07 1.23 « 90 062
~16450 =580 ~4,B0 -1.10 3.44 7041 8444 6.24 3,90 2:49 3,00 5.10 5.08 3.01 1.24 236 «30 49
-16.75 -4,31 ~2.52 «73 4495 8,48 8.27 5.79 4,19 3.53 4,38 6.02 5425 2.74 s T4 ~+27 -+20 «31
-17.00 -1.82 ~+35 2444 5.97 8.03 6.98 5.26 446 4455 6,02 6.86 5014 2440 4l ~e54 ~e4b o164
-17.25 27 1.12 3.45 6.12 6.90 554 4,73 5.66 7.14 T.86 6069 414 1.70 »19 ~e45 ~060 ~e56
-17.50 l1.64 2,07 3.87 5.86 6.19 5.26 5.76 8640 9.75 T.84 4.92 2.75 1l.23 023 ~533 -7 =1l.1ll
~17.75 3.02 3.08 4035 5.80 6,13 6.59 8.74 10,75 .67 6,04 3,15 l1.86 1.05 +30 -029 -ob7 =1,00
~18,00 4465 4.60 5.39 6.20 6eb4 B.13 11,28 11.606 8.48 4,60 2,09 1.09 069 023 -+05 ~.06 ~.l4
~1R.25 5.88 6.48 6.95 6.79 6.71 9,18 12.44 11.42 7.26 3.70 1.46 049 35 « 06 «05 53 91
~18,50 5460 7.94 8,27 7.43 7.65 10,43 12.25 10.01 5.96 2.93 1.13 .28 o 16 «00 -oll ol4 045
~18.,75 7.15 8.65 8.80 799 8,98 11.84 11.99 8.61 4,75 2,07 « 70 26 «24 12 -ol15 ~e42 ~-o 06
~19,00 7.91 8.86 8.43 7.97 10.12 13,41 12.32 7.78 3.77 1.14 ~.02 -.02 25 026 »03 ~e35 ~.81
-19.445 9.12 8.74 7.27 8.45 12.40 14.18 11.22 6,50 2485 64 ~s43 -s52 -.06 +26 225 -s07 ~s61
-19,50 9.98 7.80 5.92 9.16 14.25 13.97 9,60 5.16 1.99 .38 ~+50 ~e69 ~e25 09 24 ~-o07 -85
~19.75 9.26 6,02 5.21 9.70 14.89 13.68 8.56 4629 1.42 « 09 -039 —sb2 =61 ~.20 .18 ~+30 =1.39
-20.00 7.01 4457 6,60 12.23 15.29 12,35 7,31 3.59 1.03 -.31 ~ohh ~e52 ~s79 ~s43 - 06 ~s53 =~1.41
=20.25 4.66 3.95 8,91 15.59 15,82 11.12 6045 3.05 « 70 =o 77 -6 92 ~56 ~e46 ~eh4 =6 60 ~e90 =1.15
2050 3.06 3.53 9.99 17,12 15.81 10.14 5690 2.87 o 73 -e51 ~-.83 ~e94 -.83 -e57 -e87 =1.34 ~l.54
-20.75 2.19 4417 10.86 15,36 13,17 8455 5.17 2.74 298 »10 =232 =1.12 =-1.43 -s89 =1.03 =1.71 =-2.13
-21.00 1.83 5,08 11.15 12.62 10.08 7.08 4.46 2,51 «98 «09 -.31 ~e92 ~1435 -1.31 =-1.36 -1.53 <-1.66
~21.25 1.55 5.6 11.01 11.35 8511 5.62 3.89 2448 «95 . -,19 ~s64 =1403 =1.56 =1.86 ~1.37 -e79 ~s63
-21.50 2422 6452 10,65 9,78 6.39 4.01 2.87 2.09 #85 -0.38 “s97 =1437 -1.88 =1.95 =-1.2% -e97 -e32
=21.75 3.82 8.32 9.99 8,00 517 2.89 l.64% 1.05 032 ~s64 =1o14 -1.27 =1.60 =1.72 ~-1.37 -89 ~043
-22,00 5.63 10,01 9.81 6,70 3,95 1,84 065 010 ~e26 -6e79 =1.09 =-1.10 =-1.39 -1.50 ~-1.22 ~o 94 ~065
=22425 8.51 10.89 8,67 5.03 1.95 034 04 -+33 ~eb62 -e73 ~e81 ~e89 ~1,10 -1.08 -1.01 =-1.22 -1.50
—22450 10,47 10.95 7.04 2¢74 ~.07 ~e52 203 ~elb ~¢55 ~e47 ~e32 -+35 ~¢50 -e91 ~1lebl -2.12 =2.39
-22.,75 10.63 10.67 5.85 1.04 ~eB82 =031 042 «43 «03 «01 «11 -1l ~e54 =1440 =2,39 -2.69 ~2.51
~23.00 10.77 9,85 beT4 77 ~.29 23 «80 297 74 «45 ~.12 ~eB85 =1439 =2.01 =-2.60 ~2.53 -1.98
-23.25 10.14 8,06 4.006 1e34 59 o 76 1,21 1.52 1.30 032 ~1.21 =2,15 =2,15 =2.,14 -2.35 =-2.03 ~-1l.24
-23.50 9.18 6,42 3.82 1.78 1.902 1.04 1.43 1.78 1.35 ~426 =2.07 =2465 ~2.22 =1,95 -1.93 ~1.62 -1.06
=-23.75 B8.57 5.94 3.66 1.58 292 . 99 1.06 1.13 .81 ~432 =158 =2.04 ~1.,90 ~1.90 ~1,95 ~1.64 ~l.lb
-24.00 6.68 5.04 3.04 1.01 047 872 obhl «39 242 .13 -+80 =1¢60 =1.79 -1.92 =-2.08 =-1.81 -1.22
~24.25 5.32 4,01 2.30 « 76 22 .02 ~e20 .32 «98 038 =1,00 ~1.77 =1483 =1.73 =1.77 ~1.72 ~-1.43
=24.50 5.37 3.50 1.76 «64 ¢35 -241 =1,10 06 1.31 640 =1,19 ~1.84 ~1.84 -1.39 ~1,16 -1:31 =1,38
~24475 4468 2.82 1e44 «63 e 46 -+s28 -1.09 =551 +46 36 ~a66 =1.69 -1.76 ~e99 =67 -.82 ~aB4
-25.00 3.31 2.16 1.60 .94 «28 ~+32 —.b4 ~s b6 ~+40 «11 -e28 -1,39 -~1.37 ~e74 ~ebb ~e49 ~e02
~25425 2,08 167 1470 87 ~.03 —e24 ~.19 -e27 ~+38 -e21 ~e36 -.86 -.83 ~.79 ~e85 —e4l «30
~254%0 le52 l.48 1.58 <86 27 .13 ~405 202 025 02 ~ehl ~e45 —s b4 ~e75 -.87 -e62 ~.29
~25.75 1.74 1.75 1.59 1.26 Lou0 51 .08 33 .80 48 ~a17 ~e25 -¢33 ~o68 ~e75 ~sH9 ~o 70
=-26.,00 2418 1.58 1,34 1.46 1,51 1.03 b4 .89 1.07 59 ~,01 ~o17 ~+34 =+ 71 ~o61 -0 27 -.09
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Fig. 13. Composante 1 de la déviation de la verticale contour :
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111.4. Géoide Calculé & Partir du Meodéle GRIM 3L1

Les mémes calculs ont été faits avec un autre modeéele (modele GRIM 3L1)
disponible jusqu'au degré L = 36 (dans le but de tester 1la précision des
résultats obtenus).

Une comparaison entre le géoide gravimétrique calculé avec ce modéle GRIM
3L1 (L = 36) et celui calculé en utilisant le modele Rapp 19 pris Jjusqu'au
degré L = 180 a été faite. L'histogramme de freéquences des écarts (Rapp-GRIM
3L1) entre ces deux géoides est montré sur la figure 17. Ces écarts présentent
une moyenne a - 0,26 métre et une r.m.s. égale a 0,29 metre comparable avec
1l'erreur de troncature calculée a priori.

Le géoide de référence calculé a partir de ce modele est représenté sur la
figure 15 et le géoide gravimétrique déduit de ce modéle est représenté sur la
figure 16.

Finalement, nous montrons sur la figure 18 un extrait de carte (planche
26) tiré de l'Atlas global des hauteurs de la surface de la mer obtenue par
ajustement des données altiméetriques du satellite Seasat (R.H. Rapp., 1982).
Visuellement les lignes caractéristiques des courbes de niveau en mer sont
exactement retrouvées sur notre géoide fig. 7. La comparaison n'a pas pu étre
faite plus précisément car nous n'avions pas le fichier numérique de «ces

hauteurs de la surface de la mer calculées par le Pr. Rapp.
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GEOIDE.GRAVI..(MODELE.GRIM3LL.L=36) EQUIDISTANCE ! 1 METRE
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Fig. 18. Sea Surface Height Map 26
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CONCLUSION

Au moment de 1 écriture de ce Tappori nous n avons eu  aucun moven de
controler notre géoide du fait de 1 inexistence de données extérieures (par
exemple : points Doppler) permettant de faire cette vérification SUT
Madagascar. Des futurs travaux comme la densification des stations

astrogéondésiques pourraient étre entrepris pour contrbler le géoide calculé.
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