


















































































































































































































































































































































































































































1. INTRODUCTION

Apres la réalisation en 1980-83 du nouveau réseau gravimétrique
frangais, il était indispensable de placer ces résultats dans le réseau

gravimétrique unifié IGSN 71.

Ce calage a pu étre effectué, d'une part en mesurant toutes
les stutions 1GSN 71 encore utilisables et en les calculant dans le nouveau
réseau francais ROF 83, et d'autre part en intégrant dans notre réseau les

résultats des liaisons internationales réalisées en 1978 (M. OGIER, 1980).

7. CALAGE DES RESULTATS 1978 SUR LE RESEAU RGF 83

Le calage des mesures de la campagne 1978 a été effectué sur
le réseau RGF 83. Les résultats sont présentés dans le tableau 1 ot 1'on

trouvera successjvement :

- le nom de la station;

- le Ag mesuré ;

- les valeurs de g 197B calées sur Stvres A, avec pour

Stvres la valeur de 980.925,946 prise pour le réseau RGF 83 ;

- les valeurs de g calées sur les stations RGF 83 encadrées.

La station d'Arras n'a pas été prise en compte, la station ayant été détrui-

te entre 1978 et 1982 ;
- 1'écart g 1978 - g RGF 83.
Les conclusions de ce calage sont de deux ordres :
1) il n'est pas possible de définir un coefficient d'éta-

lonnage Lacoste et Romberg par rapport aux mesures absolues de pesanteur

réalisées en France (fig. 1) ;

2) les liaisons relstives de 1978 et leur calage sur le
réseau RGF 83 ne permettent pas de retrouver les valeurs absolues de Bruxelles,
Wiesbaden et Turin, 1'écart variant linéairement du Nord vers le Sud
(fig. 2) :

Bruxelles + 11,0.10_7 mn/s/s
Wiesbaden + 4,7.10_7 m/s/s

Sevres 0 (référence)
Turin - 18,6.10’7 m/s/s

3. COMPARAISON STATIONS ABSOLUES IGSN 71

3.1. Stations absolues C.N.R.

La comparaison des mesures absolues de pesanteur réalisées en
1976 et 1977 en Europe avec les stations IGSN 71 avait conduit L. CANNIZO,
G. CERUTTI et I. MARSON (1978) a définir une erreur périodique dans le sys-
téme IGSN 71 (fig. 3 et tableau 2).
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Nous avions retrouvé a 1'époque.cet écart entre nos mesures
et les valeurs absolues entre Bruxelles et Turin (fig. 4 pratiquement iden-
tique & la figure 2), comme les latitudes de travail étaient comparables,
nous avions défini un étalonnage afin de rapporter nos cbservations en France

et de définir une nouvelle valeur de g plus précise 3 Toulouse.

En fait, les résultats de nos mesures absolues n'ont pas confirmé
cette corrélation qui aurait dit se retrouver en france. Nous sommes donc

amenés a formuler deux hypothéses :

- 1l'erreur périodique dans le réseau IGSN 71 est un phéno-
meéne propre 3 l'Europe centrale et qui ne se retrouve pas sur 1l'ensemble

du réseau ;

- l'écart est 1ié non au réseau IGSN 71, mais aux mesures
absolues CNR dont la dispersion des résultats est prés de dix fois supérieure
aux stations B.I.P.M./B.R.G.M.



3.2, Stations absolues B.I.P.M./B.R.G.M.

Les tableaux 3 et 4 et la figure 5 montrent les variations de
g RGF 83-g IGSN 71 en fonction de g pour les stations IGSN 71 frangaises

calées sur le réseau RGF 83.

On voit cette fois-ci que la dispersion est aléatoire et qu'au-
cune corrélation ne peut &tre mise en évidence, confirmant par 14 méme les

hypothtses faites ci-dessus.

Le tableau 3 donne la liste des écarts. L'écart moyen pour les
14 stations frangaises reprises est de 3,10_7 m/s/s, ce qui prouve 1'excel-
lente qualité du réseau IGSN 71 en France comme nous l'avions signalé dés
1980.

3.3. Erreur périodique dans le systéme I1GSN 71

Cette hypothése présentée par L. CANIZZO et al. (1978) paraissait
séduisante et considérant les difficultés d'un ajustement du réseau mondial,
nous y avions adhéré en 1980 et 1'avions transposé aux latitudes gravimé-

triques frangaises.

Force nous est maintenant de reconnaitre que les choses ne sont
pas aussi simples et que 1'erreur périodique est loin d'&tre prouvée puisqu’
elle ne se retrouve pas en France. Mieux 1l'existence d'une relation linéaire
entre la valeur de g et 1‘'écart g CNR-g RGF B3 est assez troublant. De toute
évidence les deux séries de mesures absolues ne sont pas en accord et il
faudra une étude comparative poussée des méthodes de mesure et de calcul

pour définir quelle est la meilleure méthode de travail.

On peut néanmoins déja mettre sérieusement en doute la périodi-
cité défendue par L. CANIZZO. En effet, si 1l'on se reporte 3 la figure 5,
les stations frangaises du réseau IGSN 71 devraient venir s'aligner avec
les stations européennes (représentées par des triangles), ce qui est loin

d'étre le cas.

4. CONCLUSIONS

La réalisation de stations internationales et 1'intégration
dans le systéme RGF 83 des données fournies par les liaisons interpationales
de 1978 (M. OGIER, 1980) a permis de mettre en évidence :

1) une relation linédaire entre 1'écart g CNR-g RGF 83 et

la valeur de g ;

2) 1'absence de corrélation entre 1'écart g IGSN 71-g RGF 83
et la valeur de g pour les stations frangaises, les stations européennes
elles s'intégrent bien dans le nuage fourni par les points des stations

frangaises ;

3) de mettre en doute la relation périodique entre g CNR-
g IGSN 71 définie par L. CANIZZO, celle-ci n'ayant pas été retrouvée sur

le réseau frangais pourtant situé aux mémes latitudes gravimétriques.
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LISTE DES TABLEAUX

TABLEAU 1

Calage de la campagne 1978 sur le réseau RGF B3

Tableau 1 : calage de la campagne 1978 sur le réseau RGFB3.
Tableau 2 : valeurs comparées CNR, IGSN et RGFB83 en Europe centrale. Stations ValeuésN";”lu“ 49 G LR g RGF 83 ( Eff’,”‘/ ,
o 107" m/s/s)
Tubleau 3 : comparaisons des valeurs RGFB3 et IGSN71. Stations frangalses. SEURES A 980,925,970 980,925,946 980,925,946
abl 4 : comparaison des valeurs RGF83 et IGSN71. Stations européennes. + 127,333
Tableau P ? Lrap ARRAS A 981.053,279 981.G53,279
+ 63,883
BRUXELLES A 981.117,272 981.117,162 961.117,162
- 70,431
KETTENIS 981.046,731 981.046,731
- 9,93
WIESBADEN 981.036,847 981.036,800 981.036,800
- 95,366
- KARLSRUHE (DSGN) ’ 960.941,434 980.941,434
LISTE DES FIGURES - 9,517 ’ !
SAVERNE 931,857 931,865 - 0,8
- 99,061
STUTTGART 2 932,79 832,804 - 0,8 [
- 35,225 —
: . X _ ENSISHEIM A 797,571 791,586 - 1,5
figure 1 : écart 9 k" 9RcFB3° . 92,85 a
3 . - 3 itali ZURICH 704,715 704,730 - 1,5
Figure 2 : écart 9.bs.CNR™ORGF 83 pour les stations italiennes. . 13,362 ' |
figure 3 : periodical error in the IGSN 71 (L. CANNIZO et al. 1978). ALTKIRCH 8 557 222 778,077 778,075 + 0,1
M - .
Figure 4 : corrélation entre écart g -g, , et valeur de la pesanteur pour MONT BLANC A 270,855 270,856 + 6,1
abs. “LR + 263,602
les mesures absolues CNR. TURIN 980,534,237 534,457 534,457
. - 6,9M7
Figure 5 : corrélation entre écart 9rara3~916SNTL et la vlaeur de la pesan- LE BOURG;U . eom 527,480 527,446 env. 3,4
teur pour les mesures absolues B.I.P.M.-B.R.G.M. TURIN CNR 534,457 534,423 env. 3,4
- 27,7174
FOURQUES B ’ 506,683 506,708 - 2,5
- 177,693
LE PERTHUS A 320,990 329,015 - 2,5
+ 98,729
TOULOUSE pilier 980.427,719 980.427,679 + 6,0
+ 389,780
ORLEANS ¢ 817,499 817,459 + 4,0
+ 108,428
SEVRES A 925,927 925,887

L]

= - 0,019 925,946
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TABLEAU 2
Valeurs comparées IGSN 71 Europe

Stations g RGF 83 g CNR g IGSN 71

SEVRES 980.925,946 980.925,970 980.925,94 -3
BRUXELLES 981.117,162 981.117,272 981.117,32 + 5
WIESBADEN 981.036,800 981.036,847

KARLSRUHE 980,942,087 980,942,136 960.942,00 - 14
STUTTGART 980,832,804 980.832,843 980.832,81 - 3
ZURICH 980.704,730 980.704,762 980.704,69 -7
GENEVE 980.574,506 980.574,538 980.574,44 - 10
TURIN 980,434,457 980,534,237

TOULOUSE 980,427,679 980.427,506 980.427,74 + 23

TABLEAU 3

Comparaison valeurs RGF 83 et IGSN 71 : stations frangaises.

Stations Valeurs RGF 83 Valeurs IGSN* Ecarts
(107% n/s/s) (10~ w/s/s) (10”7 w/s/s)

LE BOURGET K 980.935,312 980.935,31 0

PARIS A 928,565 928,62 + 5,5
SEVRES A 925,946 925,94 0
CHARTRES 871,724 871,66 -6
CHATEAURENAULT 818,583 818,56 -2
CHATELLERAULT 767,100 767,13 +3
POITIERS 726,887 726,81 -8
BERGERAC 568,518 568,50 -2
AGEN 519,367 519,37 , o
MONTAUBAN 491,467 491,50 + 3
TOULOUSE pilier 427,679 427,75 7
CAPENS 387,997 388,00 il
SAINT GAUDENS 328,802 328,81 +1
BAGNERE DE BIGORRE 272,222 272,25 3

#*Listing fourni par la banque B.G.I.

Ecart moyen : 0,03.10'5 m/s/s.

Jableau 4

Comparaison valeurs RGF 83 et IGSN 71 : station européennes.

Stations g absolu C.N.R. Valeurs RGF 83 Valeurs IGSN 71 Ecarts
BRUXELLES 9681.117,272 981.117,162 - 981.117,32 + 16
KETTENIS 981.046,731
WIESBADEN 981.036,847 981.036,800 -

KARLSRUHE (IGSN) $980.942,087 942,30 -9
SEVRES A 980.925,970 980.925,946 925,94 -1
STUTTGART J 980.832,804 832,81 + 1
ZURICH-GEBENSDORF : 980.704,730 704,69 -4
GENEVE 980.574,506 574,44 -7

TURIN 980.534,237 960.534,457 -
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Figure 3 ~ Erreur périodique
dans le systéme

IGSN 71 (L. CANNIZZO
et al.)

L. CAXXN1220, G. CERUTT! and 1. MARSON
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LE NOUVEAU RESEAU GRAVIMETRIQUE FRANCAIS

M. OGIER

B.R.G.M., Orléans, France

RESUME

De 1980 & 1283 le B.R.G.M. a procédé avec la collaboration du
Burcau National de Hétrologie frangais a une refonte complete du réseau

gravimeétrique frangais.

Le nouveau réseau dont les résultats sonl calés sur six stations
absolues de pesanteur (Sévres, Orlédans, Toulouse, Marseille, Dijon et Nancy)

comporte :

- 5Z stations de premier ordre (précision 17 microGal)
et 112 satellites ;

- 280 stations de deuxiéme ordre (précision 34 microGal) ;

- 1800 stations de troisieme ordre (80 a 600 microGal se-
lon la nature des stations) ;

- 1080 stations de quatriéme‘ordre (80 2 127 microGal) ;

- 12 bases d'étalonnage (17 microGal) ;

- 15 stations portuaires (estimées 2 124 microGal) ;

- 12 stations inlernationales (16 microéal) H

- 5 stations aéroportuaires (34 microGal).

Ces données ont été complétées par une reprise des stations
IGSN 71 fraencaises encore réoccupables ainsi que de 6 stations européennes

afin de comparer ce nouveau réseau au réseau international.

1. INIRODUCTION

Entre 1980 et 1983 le B.R.G.M. a entrepris avec 1'appui finan-~
cier du Bureau National de Métrologie frangais une refonte compléte du ré-
seau de bases gravimétriques dont beaucoup vieilles de prés de 30 ans étaient

devenues inutilisables.

tes travaux ont consisté successivement :
- & établir un nouveau réseau de second ordre quadrillant
la France d'une maille régulidre d'axes le long desquels les stations sont

espacées de 30 km en moyenne ;

- & mesurer avec une grande précision les points nodaux

du réseau précédent créant ainsi un réseau de premier ordre ;
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- & effectuer 5 mesures absolues de pesanteur & Orléans,
Toulouse, Marseille, Dijon et Nancy afin de caler avec précision les réseaux

précédents ;

- & recompenser sur la base de ces résultats l'ensemble

de 1'asncien réseau de second ordre relégué au niveau d'un troisigme ordre

~ & recréer par la méme occasion une série de bases d'éta-

lonnage ainsi que des stations portuaires et internationales.

2. STATIONS ABSOLUES
Nous ne ferons ici que résumer les principaux résultats, pour
plus de détails on se reportera & la communication "Mesures absolues de

pesanteur en Irance” présentée A la méme commission.



Huit mesures absolues ont 6Lé réalisées entre Junvier et aoll
1983 : ? & Skvres, 2 4 Orléans puis une & Toulouse, Marseille, Di1jon et

Nancy .

Les mesures ont été réalisées avec une précision instrumentale
de 24 5 67 nm/s/s {moyenne 44) et une précision de la valeur réduite au
sol (Loutes corrections incluses) de 37 & 70 nn/s/s (moyenne 51). La réa-
lisation d'une telle précision nous a permis d'entreprendre des études sur
les variations de la pesanteur non liées ‘aux marées luni-solaires. Dés cetle
annde, 11 a &té poocible de metlre en évidence une corrélation ires nolle
sur deux stations des variations de la pesanteur en fonction de 1'évolution

de la pression atmosphérique :

Toulouse - 4,4 nm/s/s par mBar ;

Orléans - 4,5 et 4,8 nm/s/s par mBar.

3. RESEAU DE PREMIER ORDRE

Ce réseau a été mesuré entre septembre et décembre 1982 avec
4 gravimétires Lacoste et Romberg modéle G mis en oeuvre simultanément par

deux opérateurs

G 126 et G 140 appartenant & la Defence Mapping Agency*
{U.5.A.) ;

G 225 de 1'Université de Montpellier* (France) ;

G 588 du B.R.G.M.

Les travaux ont consisté en la réalisation de 52 stations de
premier ordre et 112 stations satellites représentant 231 liaisons (2022
mesures). £n outre, pour garantir la stabilité des stations, celles-ci ont
été matérialisées par une plaque de fonte de 10 c¢m de diamgtre et 1 cm

d'épaisseur scelldée dans le sol.

* Nous tenons 3 remercier ici la D.M.A. et 1'Université de Montpellier qui
en mettant Jeurs appareils 2 notre disposition, ont rendu possible la réa-

lisation de ce travail.

foutes ces stations onl éLé lucalisées aux noeuds de midlles
du réseou ge second ordre et un des satellites esl constitué par la station

de deuxiéme ordre.

Le comportement de chaque appareil s été suivi avec précision
pendant toule la durée de la campagne en cslculant la dérive diurne et la
dérive & longs termes lors des retours périodiques en une station. Les ca-

ractéristiques observées sont les suivantes.

Appareils Dérive diurne moyenne Dérive 3 longs termes
(en microGal/jour)
G 126 24 Dérive trés irréguliére
G 140 15 Dérive forte mais régulitre
G 225 28 Dérive tres faible
G 588 20 Dérive régulidre, moyenne

* Résultats

la comparaison des résultats entre valeurs absolues et Ag —

w

l.acoste et Romberq bruts moyens (tableau 1) montre qu'il n'existe pas de ot
décalage systématique entre les deux systemes, comme nous en avions mis i

en évidence entre Bruxelles et Wiesbaden. En effet, pour Orléans-Toulouse
(391 mGal) nous observons un écart de 0,052 mGal alors que pour Toulouse-
Marseille (28 mGal) nous avons un écart de 0,08 mGal et Sevres-Orléans
(107 mGal) nous obtenons 0,132 mGal.

Ces écarts qui peuvent sembler élevés & premidre vue pour un
réseau de premier ordre, sont en fait dus 2 ce que la comparaison porte
sur des valeurs brutes, c'est-a-dire contenant 1'intégralité des données
sans aucun tri préalable ni élimination d'sucune liaison (sauf panne de

chauffe bien évidemment).

Puisqu’aucun "coefficient d'étalonnage™ n'a pu étre mis en évi-
dence, le calage des mesures de premier ordre sur les mesures absolues va
étre réalisé directement. On va d'abord pour chaque liaison éliminer les
Ag aberrants, calculer la moyenne, les écarts 3 la moyenne, puis éliminer
les valeurs dont 1'écart & la moyenne reste anormalement élevé. On calcule
alors la somme des Ag retenus et 1'écart e par rapport au Ag absolu. La

valeur de € est généralement inférieure 3 5 microGal.



* Controles

La précision des résultats est ensuite controlée par le calcul
de la fermeture des masilles. Le tableau 2 donne les Gecarts A la fermeture

pour les 32 mailles constituant le réseau.

Deux mailles seulement présentent une fermeture supérieure 3
10 microGal, la plupart étant égale 3 26ro. La moyenne pour ]'ensemble de

la 'rance est de 2 wmicroGal.

Une sutre wéthode pour cuntibler lv celaye des donnges consiste
a caleuler la somme des Ag entre les deux extrémilés Nord et Sud du réseau
par différents cheminements calés sur des stations absolues différentes.
Les résultats (tableau 3) donnent les résultats oblenus pour cing cheminements
entre Nancy et Marseille (Ag absolu 389,548 mGal). Cette méthode confirme

les résultats de la précédente, aucun écart nc dépasse 11 microGal.

Fermetures et cheminements nous permettent de contréler 1'homo-
généité des calages, mais ne nous donnent pas la précision effective du

réseau.

Pour calculer la précision, nous avons déterming pour chaque
liaison utile 1'écart quadratique moyen pour les hg effectivement utilisés
dans les calculs. lLes résultats (fig. 2 et tableau 4) montrent que les
e.q.m. sont regroupés en deux familles & 6-10 et 14-22 microGal avec une

seule valeur anormale & 34 microGal.

L'écart quadratique moyen global correspondant aux 48 stations
et 231 liaisons (tableau 5) est de 16 microGal. La précision finale du réseau

de premier ordre sera donc :

2T
g = )OMA + OPﬂ

avec Oyp = O sur les mesures absolues. OPﬂ = 0 sur les mesures de Premier ordr

o = 17 microGal

4. RESEAU DE SECOND ORDRE

Ce réseau a €té mesuré en 1980 et 198] & 1'aide d'un seul gravi-
metre Lacoste et Romberg, soit le G 225 de 1'université de Montpellier
(1980), soit le G 588 du B.R.G.M. (1981).

Les travaux ont comporté 1'implantation de 280 stations princi-

pales et A0 stations satellites représentont 748 liusisons ol 1496 weouivs.

A partir de la campagne 1981, nous avons décidé pour faciliter
le repérage de la station sur le terrain, de la matérialiser par un clou

enfoncé dans le bitume ou le ciment.

Ces stations constituent une série de segments (78 pour la i

France continentale et deux pour la Corse) le long desquels les stations

4!

sont espacées en moyenne de 30 km.

Les mesures ont été réalisées par boucles se refermant sur elles-
mémes tous les jours ou tous les deux jours de fagon # minimiser au maximum
1'effet de la dérive des gravimétres. Toutes les boucles présentant une

dérive supérieure & 70 microGal en 12 h ont été remesurées.

* Résultats

Le calage du réseau de second ordre sur les mesures absolues
a éLé réalisé par 1'intermédiaire des stations de premier ordre situdes
aux intersections des différents segments de second ordre. La différence
(£) pour chaque segment entre valeur du second ordre provisoire (en mGal
Lacoste et Romberg) et valeur du premier ordre est toujours trés faible
et généralement inférieure 3 50 microGal (tableau 6). Seuls les 5 segments
présentent un écart (E) supérieur 3 100 microGal : ces segments seront

remesurés dans leur intégralité.

Le calage entre les deux réseaux a 6té effectué en répartissant
uniformément 1'écart sur toutes les liaisons du segment au prorata du nom-

bre de stations (cf. tableau 6).



" Précision

Etant donné qu'il n'a été effectué en général qu'une seule me-
sure par liaison, il n'est pas possible de calculer un écart quadratique
moyen puur les stations de second ordre. Par contre, il existe une maniére
sire d'estimer la précision de ces liaisons, c'est d'éludier les écarts

entre mesures du premier ordre et du second ordre pour tous les segments.

Four les 78 segments composant le réseau, 1'écart moyen (tasbleau 3)

est de 37 microBal. Si 1'on eveopte les $ wevmonty anufimun yui serunt 1e-

pris en 1984, 1'écart moyen n'est plus que de 30 microGal.
Si 1'on considere que la précision sur le réseau de premier

ordre est de 17 microGal, la précision estimée du réseau de second urdre

sers dans le premier cas de 41 microGal et dans le second de 34 microGal.

5. RESEAUX DE TROISIEME ET QUATRIEME ORDRES

Il s'agit des anciens résesux 8.R.G.M. et C.G.G. calculés dans

des systCmes gravimétriques variables.

Le réseau de troisiéme ordre comporte 1800 stations B.R.G.M.
ou C.G.G. déja calculées dans le systéme de la carte gravimétrique de la

france (C.g.F.) et controlées.

Le réseau de quatrigwe ordre comporte 1680 stations d'origines
diverses, calculées dans des systémes divers et dont les formules de conver-
sion restent parfois & définir. Pour des raisons de commodité ces stations
seront d'abord converties individuellement dans le systéme C.g.F. avant

d'étre reconverties en bloc dans le systéme RGF 83.

Les travaux d'établissement de ces deux réseaux sont en cuurs

et devraient &étre achevés courant 1984.

6. BASES D'ETALONNAGE

Douze bases d'étalonnage ont éLé implantés en 1982 et 1983.
Ces bases sont destinées 3 étalonner les appareils relatifs type WORDEN

ou autres, lacoste el Romberg modéle D et contrdler périodiquement les mo-

deles G.

Ces baovt vunl Luulus walérialisces par une plsaque oe founte

portant l'indication :

BNM-BRGM
Réseau gravimétrique

Base d'étalonnage

Les mesures ont été réalisées en plusieurs campagnes & 1'aide
d'un gravimétre (G 558 mai-juin 1983) de deux (G 225 et G 588 septembre
1982) ou de quatre gravimétres (G 126, G 140, G 225 et G 588 octobre-décembre

- ¢6l

1982).

Les travaux ont comporté 1'implantation de douze bases d'étalon-

nage (23 stations) représentant 245 liaisons (353 mesures).

Les mesures ont été réalisées par une série d'aller-retour suc-
cessifs (Jjusqu's 19) entre les deux stations avec selon les cas 1, 2, 3,

ou 4 gravimetres.
* Résultals

Les bases onl été réparties sur l'ensemble du territoire de

fagon & permettre un acces rapide 3 tout un chacun :

Alpes : GRASSE-ST VALLIER
LE BOURGET-MONT DU CHAT

Centre : AUBUSSON-LETRADE
VALENCAY-BAUDRES



Massif Central : TARARL-VIULAY
PUY Db DOMES-ORCINES
CLERMONT-URCINLS
MILLAU-ENGAYRESQUL

Ouest : LA BOISSIERE-ROCHESERVIERE

Paris : MARLY-CROISSY

Pyrénndesa « GAN-BFL ATR (Pag)

Vosges : BALLON D'ALSACE-LEPUY GY

Le tableau 7 en annexe donne les principaux résultals avec suc-

cessivement pour chaque station :

- la localisation ;

- la longueur ;

- nombre de liaisons effectivement utilisées dans les calculs
- le Ag moyen entre les deux stations ;

- 1'écart quadratique woyen (sigma) ;

- l'erreur relative.

Ces nouvelles bases d'étalonnage permettent désormais de cali-
brer les gravimeétres avec un précision d'autant plus grande que le Ag de
la base utilisée sera élevé. A cet égard les meilleurs résultats seront
obtenus entre LL BOURGET et le MONT DU CHAT (273 mGal) ou CLERMONT FERRAND
et le PUY DE DOME (230 mGal). Inversement la base de MARLY-CROISSY eu égard
& son faible Ag (28 mGal) doit &tre réservée au gravimétres utilisés en

microgravimétrie.

7. STATIONS PORTUAIRES

Nous ne reviendrons pas sur ce réseau dont les résultats ont
déja éLé publiés dans le catalogue des bases portuaires européennes. Nous
présenterons simplement en annexe (tableau 8) les résultats de ces stations
calées cetle fois-ci sur les mesures absolues réalisées en 1983 et sur 1GSN
71.

En complément & ces 15 nouvelles stalions, nous avons ajouté
5 anciennes stations $.H.0.M. (Calais, Bordeaux, Arcachon, Dieppe et
St Malo) non matérialisées mais qui permettenl d'effectuer dés calages (moins

précis) dans des ports non couverts par notre réseau.

A noter enfin que la station de Nice présente une valeur diffé-

rente de la valeur publiée ; ce n'est pas une erreur, la station ayant di

%G1

étre déplacée en 1983.

8. STATIONS INVTERNATIONALES ET AEROPURTUAIRES

Onze stations internationales ainsi que 4 stations aéroportuai-
res onl été créées ou intégrées dans notre nouveau réseau afin de permetire
le calage sur les différents réseaux européens et le réseau international

unifié.

En outre, les résultats de notre campagne internationale 1978
sur diverses stations absolues et IGSN 71 en Europe ont 6té intégrés afin
de pouvoir effectuer les calages IGSN 71-RGF 83 (cf. communication 3 la
section IGSN 71).



9. CONCLUSTONS

Les travaux que nous venons de présenter ont permis de doter
la France d'un nouveau réseau de bases gravimétriques de précision homogéne

et couvrant 1'ensemble du territoire.

Ce réseau toujours menacé de destruction sera désormais con-
trolé périodiquement au nivess des slations absolues, d'élalonmaye, de pre-
mier el second ordre afin de restaurer au fur et & mesure les bases détrui-

tes.

L'e.q.m. global pour ces divers réseaux est de :

5 microGal pour les 6 stations absolues ;

17 microGal pour les 52 stations de premier ordre H

34 microGal pour les 280 stations de deuxiéme ordre H

sup. & 100 microGal pour les 2880 stations de troisizme
ordre et quatriéme ordre ;

124 microGal pour les 15 stations portuaires nouvelles H

16 microGal pour les 7 nouvelles stations internationales ;

?

17 microGal pour les 12 bases d'étalonnage.

Tableau 1

Tableau 2 :

A

Tableau

Tableou 4

Tableau 5
Tableau 6
Tableau 7
Tableau 8
Tableau 9

LISTE DLS TABLEAUX

comparaison des données brutes premier ordre aux données abso-
lues.
fermeture des mailles du premier ordre.

cheminement de contrdle du premier ordre.

¢ caleul de la précision des lisisons du premier ordre.

: précision globale du premier ordre.

calage sur les mesures absolues du réseau de second ordre.

: résultats des bases d'étalonnage.

: résultats des stations portuaires.

valeur de g aux stations de premier ordre.

G61

figure 1 : schéma du réseau gravimétrique RGF 83.

Figure 2

répartition des o des liaisons premier ordre.



TABLEAU 1

Ecarts entre valeurs absolues et valeurs Lacoste et Romberg brutes moyennes.

Stations g absolu Ag absolu Ag L £R Ecarts

SEVRES A (Aller) 980.925,946
- 107,122 - 106,990 + 0,132

ORLEANS 818,824
- 391,145 - 391,093 + 0,052

TOULOUSE 427,679
+ 28,412 + 28,495 + 0,08

MARSEILLE 456,091
+ 289,576 + 289,368 - 0,203

DIJON 745,667
+ 100,069 + 100,082 + 0,013

NANCY 845,736
+ 80,212 + 80,120 - 0,092

SEVRES A (Retour) 925,948

ORLEANS 818,824
- 73,157 - 73,193 - 0,036

DIJON 745,667

- 961 -



IABLEAU 2

Résesu de premiec ordre s

écarts & ls fermeture des mailles.

Maille Localisation Ecarts & la fermeture
(en w07’ m/s/s)
1 flandres 0
2 Basse Normandie 0,6
3 Aisne 0
4 Ardennes 0
) Cotentin 4]
6 Haute Normandie 0
7 Bric 0,1
8 Champagne 0
9 Alsace-lorraine - 1,4
10 Bretagne 0
11 Maine i]
12 Tourraine - 0,5
13 Orléannais 1]
14 Bourgogne 1,6
15 franche Comté - 0,4
16 Vendée 0,5
17 Poitou 0
18 Manche 0
19 Bourbonnais a
20 Bresse 0
21 Charente Maritime 8]
22 Charente 4]
23 Bordelais 0
24 Périgard 0
25 Limousin 0
26 Auvergne 0
27 Rhone Alpes 1]
28 L.andes §]
29 Aquitaine 0,5
30 l.anquedoc - 0,2
31 Gard 0,4
32 Provence g

Moyenne :

0,2.]0”7 m/s/s

TABLEEAU

K

Comparaison des chemineoments.

Cheminements 5 Ag
(en 1077 w/s/s) (en 107 m/s/s)
Nancy-Belfort-Sisteron-Marseille 389,557 - 0,9
Nancy-lLangres-Arles-Marseille 389,539 + 0,9
Nancy-La Capelle-Vias-Marseille 389,559 - 1,1
Nancy-Arrras-Toulouse-Marseille 389,557 - 0,9
Nancy-Montreuil-Tarbes-Marseille 389,551 ~ 0,3
Nancy-Dinan-Bayonne-Marseille 389,556 - 0,8
Nancy-5t Briecwe-Auray-Bayonne-Marseille 389,556 - 0,8
TABLEAU 4
e.q.m. individuels (en 1078 m/s/s).
Theillay 15 Chateau Lavalliere 17
Argenton 11 La Roche sur Yonr 22
Clermont 15 Pont St Esprit 21
Nevers 21 Champagnole 22
L imoges 26 La Capelle en T. 15
Lyon 21 La Canourgue 8
Chambéry 25 Tarbes 7
Sisteron 17 Bayonne 17
Nantes 13 Bordeaux 11
Beaune 10 Marmande 20
Sophia 18 Cahors
Arles 25 Saintes
Tournus 18 Angouléme 21
Belfort 20 Lusignan 6
Allain 10 Auray 7
Langres 21 St Brieuc 8
Troyes 8 Dinan 3
Ablis 8 Rennes 14
Senlis 9 Pontaubault 3
Reims 10 Alengon 21
Chalons 10 Pont L'Evéque 1
Arras 11 Yvetot 34
Agde 10 Montreuil 2

Lille 5

LST



Calage sceond ordre-premier ordre.

TABLEAU 5

Calcul de 1'écart quadratique moyen global. - -
Segments Ag 2&me ordre  Ag ler ordre Ecarts Répartition
1w’ m/s/s 1w’ m/s/s
Boucle de Nbre de Zez En o individuels ; g;:gg; ;3:;Zé 066 ?»g
calecul stations -7 - L7, - s
S ..fen 10~ m/s/s) 3 - 33,857 - 33.845 1,2 0,4
F2 5 13.387 46 0,017 4 - 95,767 - 95,847 8 2,0
; 5 - 31,005 - 30,993 1,2 0,2
rs3 3 4.608 10 0,021 6
F4 4 8.256 19 0,021 7 ~ 23,182 - 23,221 3,9 1,0
. 8 76,402 76,427 2,5 0,6
Fé 2 5.216 12 0,021 9 39,783 39,790 0,7 0,2
F7 2 3.563 15 0,015
10 -~ 84,704 - 84,627 7,7 1,9
F8 1 113 z 0,008 11 165,988 165,797 0,9 0,1
F9 6 3.183 27 0,011 12 - 63,909 - 63,913 0,4 0,1
i 13 - 63,552 - 63,582 3,0 0,7
F1o 2 541 7 0,009 14 127,446 127,495 4,9 1,2
Fl1 5 4,399 24 0,014 15 3,547 3,504 4,3 8,9
N o 16 87,770 87,815 4,5 2,3
F12 3 2.033 10 0,014 17 5,168 5183 1.5 0.8
F13 3 6.874 22 0,018 18 - 2,264 - 2,186 7,8 1,3
) _ 19 66,782 66,779 0,3 0,1
Fla 6 3.253 19 0,013
F15 4 7.015 15 0,022 20 - 94,098 - 98,031 6,7 1,3
‘ 21 76,221 76,184 3,7 1,2
Fré 1 423 4 0,010 22 - 11,321 - 11,268 5,3 1,1
23 82,500 82,527 2,7 0,3
v 24 4,910 4,925 1,5 1,5
TOTAL 47 62.864 231 25 - 63,420 - 63,409 1,1 0,1
26 63,405 63,409 0,6 0,1
27 - 75,231 - 75,221 1,0 0,3
28 122,009 122,030 2,2 0,4
A 29 16,621 16,600 2,1 1,0
e
t
e.q.m. global = V4 30 31,191 31,225 3,4 a,7
Zy 31 51,608 51,620 1;2 0,2
' 32 - 24,395 - 24,397 0,2 0,1
33 - 32,727 - 32,640 8,7 2,2
34 87,814 87,764 5,0 1,7
35 - 46,167 - 46,175 0,8 0,3
- 36 131,746 131,753 0,7 0,1
e.q.m. glObal = 0,016.10 3 N'I/S/S 37 - 8:858 - 8:881 2:3 0:5
38 46,588 46,587 0,1 0,0
39 - 92,151 - 42,115 3,6 1,8
40 127,472 127,450 2,2 0,7
41 - 36,539 - 36,569 3,0 1,5
42 - 46,795 - 46,792 0,3 g,1
43 114,454 114,586 13,2 2,2
44 27,268 27,299 3,1 0,1
45 54,657 54,647 1,0 0,3
46 - 123,497 - 123,495 0,2 0,0
47 - 36,519 - 36,519 0 0,0
48 168,637 168,486 15,1 2,5
49 57,63) 57,619 1,2 0,2
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TABLEAU 6 _(suite)

Ag ler ordre Répartition

Segment s Ag 2&me ordre fcarts
1077 w/s/s w0’ m/s/s

50 101,936 101,986 5,0 1,7
51 - 97,886 - 97,998 11,2 5,6
52 107,727 107,869 14,2 2,8
53 - 78,505 - 78,479 2,6 0,4 JABLEAU 7
54 - 12,340 - 12,383 0,3 1,4 Bases d'étalonnage : Tableau récapitulatif
55 44,042 44,070 2,8 0,7
56 - 52,220 - 52,126 9,4 2,4
57 ~ 102,795 - 102,798 0,3 g,1
58 . 22,865 . 22,8066 0,1 9,0 — - ,
59 113,313 113,280 3,3 0,6 Nom de la base Localisation Longueur Liaisons Ag moyen Sigma Erreur

. 1 : - - -

d'étalonnage (en km) utiles | 4-5 w/s/s 10 8 /s/s rel:tlve
60 - 6,792 - 6,733 g,l 0,0 %
61 67,828 67,887 5,9 1,0 AUBUSSON Creuse 32 16 80,937 23 0,03
62 - 118,778 - 118,618 16,0 2,0 .
63 149,998 149,986 1,2 0,2 PAU Pyrénées Atlantiques 11 15 50,625 14 0,03
64 102,949 102,860 8,9 1,3 BALLON D'ALSACE Territoire de Belfort 14 14 131,662 27 0,02
65 104,726 104,745 1,9 0,4
66 - 154,001 - 154,038 3,7 0,7 GRASSE Alpes Maritimes 14 11 103,699 33 0,03
67 180,810 160,785 2,5 0,4 LA ROCHE S/YON Vendée 45 24 76,001 15 0,02
68 - 105,271 - 105,297 2,6 0,7
69 - 113,436 - 113,410 2,6 0,4 CHAMBERY Savoie 14 12 273,025 35 0,01
MILLAU "Aveyron 23 23 80,451 14 0,02

70 195,816 195,841 2,5 0,5
71 80,788 80,733 5,5 0,7 PUY DE DOME Puy de Dome 8 16 154,408 11 0,01
72 108,622 108,658 3,6 0,5 TARARE Rho 11 98.288 3 0
73 41,526 41,608 8.2 1.4 ne 1 2 ! 01
74 - 51,581 - 51,568 1,3 0,3 CLERMONT FERRAND Puy de Dome 7 16 76,028 8 0,01
75 37,399 37,406 0,7 0,1 VALENCAY Ind 7 0.0
76 13,885 13,886 0.1 0.0 N nare 12 13 42,707 ,02
77 - 36,627 - 36,682 5.5 0.6 MARLY Yvelines 5 12 27,972 8 0,03
78 - 103,557 - 103,470 8,7 1,2
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Stations portuaires :

TABLEAU 8

fableau récapitulatif

18BLEAU 9

Résultats calculs premier ordre.

Bases q(CCF) g(I1GSN 71) g(RGF 83) ey Ne
Dunkerque 981.164,97 981.150,79 981.150,651 0,15 4211
Boulogne 981.136,74 981,122,53 981,122,446 0,18 4212
Le Havre 981.026,85 981.012,51 981.012,448 0,16 4213
Cherbourg 981.043,28 981.028,95 981.028,888 0,15 4214
Brest 980.954,12 980.939,69 980.939,711 0,17 4215
Lorient 580.872,37 980.857,84 980.857,8% 0,12 4216
St Nazaire 980.846,12 980.831, 54 280.821,579 0,15 4217
La Pallice 980.735,83 980.721,13 980.721,137 0,14 4218
Le Verdon 980.662,28 980.647,50 980.647,493 0,12 4219
Bayonne 980.476,36 980.461,35 980.461,327 0,13 4220
Port Vendres  980.442,62 980.427,58 980.427,580 0,1 4221
Stte 980.510,62 980.495,65 980.495,681 0,07 4222
Marseille 980.497,84 980.482,86 980.482,737 0,08 4223
Toulon 980.494,31 980.479,32 980.479,284 0,07 4224
Nice 980.526,23 980.511,399  980.511,179 0,07 4225

Stations S.H.0.M. réoccupables (non matérialisées)
Calais 981.143,94 981.129,74 981.129,651 0,23 1622 B
Bordeaux I 980.585,44 980.570, 56 980.570,569 0,12 1439 C
Bordeaux 11 980.585,79 980.571,05 980.569,998 0,12 1439 D
Arcachon 980.588,81 980.573,94 980.573,930 0,17 1511
Dieppe 981.065,07 981.0%0,77 981.050,708 0,17 1619 8
St Malo 980.956,78 980.94?,35 980.942,370 0,19 999 B

Stations Nom Valeur de g
Fl ABLIS 980.870,637
F2 ALLAIN (Colombey) 980.854,958
F3 ARCONNAY (Alengon) 980.871,417
F4 ARGENTON 980.717,224
F5 BAILLEUL {Arras) 981.055,030
Fé BANASSAC (La Canourgue) 980.412,951
7 BEAUNL 980. 726,009
FB BEAUNE LES MINES (Limoges) 980.603,719
ro BONG {Auray) 980,857,917

F10 BOUCAU (Bayonne) 980,464,702
F11 BREVIANDES (Troyes) 980.868,130
Fl2z CAPELLE EN T. 981.011,068
F13 CHALLUY (Nevers) 980.736,146
Fl4 CHAMBERY 980.513,744
F15 CHAMPAGNOLE 980.635,016
fFlé CHATEAU LAVALLIERE 980.819,046
F17 CLERMONT FERRAND 980.556,962
F17 CLOUZEAUX (La Roche s/Yon) 980.736,326
F18 FAGNIERES (Chalons sur Marne) 980.934,257
F19 FONCOUVERTE (Saintes) 980.665,392
F20 LALOUBERE (Tarbes) 980.334,478
F21 LANGRES 980.773,894
F22 LANVALLEY (Dinan) 980.905,846
F23 LUSIGNAN 980.700,436
F24 MERCUES {Cahors) 980.534,014
F25 MONTREUIL SUR MER 981.094,514
F26 NANTES 980.798,628
F27 NEUVILLE S/S (Lyon) 980.641,190
F28 OFFEMONT (Belfort) 980.767,096
f29 PONTAUBAULTY 980.940,979
F30 PONT L'EVEQUE 980.995,181
F31 PONT ST ESPRIT 980,520,521
F32 ST MARTIN (Arles) 980.501,437
F33 ST BAUZEILLE (Marmande) 980.544,433
F34 STE MARIE DES CHAMPS (Yvetot) 980.989,582
35 SENLIS 980.959,666
F36 SISTERON 980.366,527
F37 SOYAUX (Angouléme) 980.635,616
F38 THEILLAY (Vierzon) 980.782,412
F39 TOURNUS 980.703,985
F40 TREGUEUX (St Brieuc) 980.919,130
F4l VALBONNE (Sophia) 980.472,260
F42 VIAS (Agde) 980.465,208
F43 CLERMONT FERRAND 980,556,962
Fa4 DIJON 980.745,193
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GRAVITY EMPIRICAL COVARIANCE VALUES FOR THE CONTINENTAL UNITED STATES
c.C. Goad’%, C.C;Téchefméngws MM, Chin

#*National Ceodetic Survey, Rockville, Maryland 20852, USA

#*%Danish Geodetic Institute, Charlottenlund, Denmark

Abstract.

Gravity signal zero-lag covariances (variances) and correlation distances
have been determined for the continental United States. Using the techniques of
least-squares collocation, 544,000 terrain-corrected Bouguer anomalies from the
U.S. National Geodetic Survey Gravity Data Base were fitted with local first-
degree polynomial surfaces over 30' x 30' areas. The number of gravity observa-
tions used to derive a surface varied from a very few (in areas of little gravi-
ty variation) to 188, Correlation distance was found to be correlated with the
amount of topographic variability. Large zero-lag covariances are associated with

the mid-continental gravity high and the land-water interface on the Pacific
Coast. ‘

Paper submitted to Journal of Geophysical Research



symposium of the International Gravimetric Commission (16C)
Hamburg, 11 - 13 Aug. 1983.

D. Ruess, Bundssamt fir £ich- und Vermessungswesen in Wien (BEV)

The Austrian Oravity Base Nst

Abstract

Beginning with absolute gravity measurements in 1980 a new base

net of Austria was started. The new base net consists of 4

stations 0. order (absolute stations), 20 stations 1. order and
about 200 stations 2. vrder. The first order stations are generally
measured with two LCR-D gravity meters in the system ABCABC.

The first order measurements were finished in June 1983. In
connection a network adjustment will be computed. The second

order will be finished 1985.

Introduction

In the period 19603-1970 a gravity base net was made by E.Senftl,
BEY (1)(2). This net was connected to the European Calibration
Line (ECL), system Marzahn 1963 (3). The measurements were done
with the gravity meter Worden Master 500. In cause of the grouing
traffic and the following road-making many of these stations got
lost or got unusable. Ths number of gravity measuremsnts snd the
required accuracy grew up in the next years and so it got
necessary to make a neu base net.

In 1980 at 4 stations absolute gravity measurements were done
with the absolute gravity meter of the Instituto di Metrologia

of Turin. The accuracy of the results is specified about 12 pgals.
The absolute stations are saved with excentres.

In table 1 you can see the selected points.On the base of thess

stations the.establishment of the new base net was initiated.

Selection of stations

Austria should be covered uniform with base points. For reason of

the topographic and of the possibility of point arrival 224

stations were projected (table 2).

Number name regional geology remarks excentres
character
0-01 |Graz eastern~alp elder 8
~-rim paleozoic
0-02 JAltenburg outaer alpic bohemian jvery 4
mass stable
0-03 |Kremsmiinster| foreland of molasse 4
alps
0-04 |Penk im inner alpic schist maximum 6
Molltal of recent
movement
table 1 abhsolute stations in Austria
ordsrs number of area/point mean distance
stations km2 K
i
g. 4 21000 145
-y
0.+1. 24 3500 59 g:
0.+1.+2. 224 375 19 |
table 2 distribution of the base net stations

The stations were sslected on basis of the project under the

following criterions:

- local geoclogic stability

- rigid underground (stone or concrete)

- durability of station (in consideration of mass variation in

surroundings)

- usable wcess road and public approach

- microseismic influence (because of technical trouble)

- application of available survay points of precise levelling

or the expenditure of nsw levelling

At the moment all stations of the 1.order are fixed. They are

mostly under jutting roofs or in open halls,

In the second order 95 points are fixed,



Measurements

In June 1983 the first measurement of the l.order was finished.

The first order-is connected to the 4 Austrian absolute stations
and to the absolute stations Munich and Chur and to the 1l.order
point Bad Reichenhall of the German gravity base net (DSGN) too.

In principle all connections were measured with two LLR - O

gravity meters (LCR~D9 of the Inst.f.Met.and Geophysics, university
of Vienna and LCR-DS1 of the Bundesamt fiir Cich- und Vermessungs=
wesen in Vienna). During each measuring cycle sach station uere
measured twice at least. To define the instrument drift the points
vere reached in the succession A-B-C-A~B~C. Therefore it uwas the
optimum to measure 3 or 4 stations aday in triangle or guadrangle.
The limits of course were set by the large distances, which amounts
a medium range df 77km between tuwo stations. If it was necessary

or possible second order points were measured as drift points,

I'n the 2.order till now 89 points are connected with the 1.order.
The measurements were obtained with the LCR-D51 gravity meter.

A part of the stations are measured with twoc meters. The net of
the 2.order will be finished 1985.

The scale factors of the used meters were determined betuween the
absolute stations Altenburg and Kremsminster. To consider the
scale factors two new calibration lines were installed and

connected with the first order base net.

a) The Vienna calibration line {(Wiener Eich-Linie = WEL) was

made previously 1976 (4) and now splitted with three intermediate
points. The whole line has a gravity difference of 41 mgals.

It is used to find out the non linear scale function (5).

b) The Hochkar Calibration Line (HCL) was installed 1982. It
has & distance of 20km with an altitude difference of 970m. The

gravity difference amounts 198mgals. The HCL is used to control

the temporal behaviour of the scale factors.

The Austrian part of the European Calibration Line (ECL) between
Kufstein and Brenner is not used any more to determine the
"calibration function of gravity meters.

Evaluation

A whole network adjustment of observation equations {is projected. In
moment a specially computer program is not availaﬁle. To find out
greater errors only a tentative net computation was made with fixed
O.order.

The maximum station error is 25 ugals, but there are differenqeé of
untill 100 ugals observed between the two gravity meters. There is
also a difference of 140 ugals between the absolute differcance value
Kremsmiinster and Munich and the observed difference. The cause of

these problems must still be find out.

Comparison with the old base points

Some of the old bases coulb be taken over into the new net, to some
other old bases connection measurements were made. It {s known that
the ECL values in system Marzahn 1963 have a difference of about

15 mgals to the absolute system. These differences could be found in
the region of the ECL., To the east the differences grow. The reason
is probably the relative inexact measurements with the Worden gravi-

meter.
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2)

3

(4)

(4a)

(4b)

(5)

(6)

7
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Abstract

The land surveying authorities of the Federal Republic of Germany have
established a first order gravity network. The paper describes the north
western part of this network and the adjustment. A free net adjustment
gave a r.m.s.e. for the gravity differences of 2...51078 ms™? . mn
adapted adjustment in which seven points of the new gravity base net
1976 were held fixed gave similar results,

1._Introduction

In the Federal Republic of Germany, a new precise gravity network has

been established in 1976 on behalf of the German Geodetic Commission by

the German Geodetic Research Institute because the older one - the German
Gravity Net 1962 - was no longer suitable to serve as a gravity base net.
The latter was characterisied by a large systematic error, by a precision,
which is too Tow for modern requirements, and by the circumstance that

more than 30 % of the gravity stations were lost.

A special- cause to call for increased requirements for a gravitv base net
in Germany was the intention of the land surveying authorities to establish
precise gravity networks in three densification steps:

1st. order network with 30 km average station separation
2nd. order network with 10 km average station separation
3rd. order network with 1 point/5km?

But the last step of densification will only be executed along the main
levelling lines for geodetic purpose in the next future.

This paper deals with the part of the first order gravity net, which has
been established by the land surveying office of Lower Saxony, one of the
ten states of the Federal Republic of Germany, situated south of Hamburg.

- 891

2. Description of Network and Observations

This net is a part of the whole German first order gravity net. Some of the

requirements for this are as follows:

- Benchmarks of the established trigonometric or geodetic levelling net-
works are to be used. (The advantage of this agreement is, that the
coordinates of these points are already known and that the gravity net
will participate in the periodical control of the stations, which is
carried out by the local cadastral authorities.)

- The precision has to be not less than that of the base network. (Because
of the increased interest in detecting secular gravity changes, the net-
work should have highest precision. In this case it would be very suitable
for this purpose because of the well known long lived existance of

official geodetic networks.)



- Homogenity is desired in the accuracy of observations as well as of
the results, the gravity va}ues. (In the two densification steps
easy stochastic models are preferred for the fixpoints in the
further adjustment steps.)

The Lower Saxony part of this network is shown in Figure 1. There are

68 stations. At two of them absolute gravity measurements were carried
out by the Metrological Institute of Turin with an accuracy of tg ugal.
The method of sequential optimisation for the optimal design with the
target function of 'minimizing the average point error and the space of
time' is used (WENZEL 1977). For every station there are four connections
to the neighboured points.

The observations were carried out with four LCR gravity meters (D - 23,
G-79,D - 14, G- 432) in two observation periods. In every period,

two gravity meters are used and every connection is measured twice in-
depently with both instruments in the following well known manner: A - B,
B-A. '
Tidal corrections have been computed from the Cartwright-Taylor-Edden
tidal potential development (505 waves including Honkasalo term) - in
agreement with the IAG resolution of the IUGG General Assembly at Can-
berra 1979, For the main tides real observed values were used. Also, -
the atmospheric correction and - if necessary - height corrections were

incorporated.

3.1 Free Net Adjustment

We use the following functional model:

Vigiet T 9501 7 95 T Y Ty g oD s Yy /Py P

It can be seen that the g -model (DREWES 1978) is used. Because these are

not the original observations, an algebraic correlation, has to be considered,
which leads to a Q]] matrix in which more than the main diagonal may be filled.
Also there is one linear term for drift and one term for scale per observation

period and gravity meter.

In the first step a separate adjustment for every instrument was carried
out in order to get information about the a priori weights. In the next
step we use the %terative method of Helmert to define the group weights
with the following results:

[nstrument final weight mog (free net adjustment)
D - 23 p=3.0 T 8.4 ugal
G- 79 p=1.0 1 14.6 uqal
D- 14 p=2.8 I 8.7 ugal
G -~ 432 p=1.9 Js ugal .

In a free.net adjustment with all instruments, the root mean square error
(r.m.s.e.) for one measured gravity difference should be larger than the
corresponding values of the separate adjustment of the different instru-
ments, because of the different scale behaviour. In our case however,
there are no significant differences. This leads to the conclusion - as ; i
one result of the free net adjustment - that there are no large unlineari-
ties in the scale function of the instruments used.

- 691

A statistical analysis of the residuals shows that there is no correlation
with time. A good impression of the behaviour of the residuals is given by

the computer graphic (Figure 2). The horizontal lines indicate the end of

a day. Obviously, there is no trend an no signal. Thus, only one linear

drift coefficient for the whole observation champagn and for each instrument
can be introduced. Similar experiences - especially not so very successful
attempts with prediction can be found in the literature (DREWES 1978).

A very satisfying result is the very high internal precision of this network,
which is best characterized by the r.m.s.e. of gravity differences: They vary
from = 2.2 ugal for a directly measured connection of neighboured stations to
s ugal for a not directly measured connection. The extreme values are % 5 uaal
for the Targest connection in the north-south direction (280 km) and ¥ 3.8 uaqal
in the east-west direction (300 km).

The average r.m.s.e. of the point values is ~ 2 ugal. But this value is not
very helpful as in indicator.

Also it has to be stated, that this high precision is not an external accuracy
because of remaining scale errors. Moreover there are certainly parts of a



quantity of a few ugal which are varying with time e.g. caused by different

ground water levels. This occur especially in the flat region in the north

western part of Germany over a Tong span of time.

3.2 Adapted Adjustment

An adapted adjustment was carried out, in which seven points of the German
gravity base net are used as fixed points along with their related covariance
matrix (BOEDECKER et al.1979). The results shows that these two observation
groups are very compatible. The r.ans.e. riscs to @ 3 ugal for ncighboured
station differences, and to Ig ugal for the worst case. The residuals for
these seven stations are in the range from -7 ugal to + 4 ugal. The average

r.m.s.e. of the adjusted gravity values is Ig ugal.

As indicated before, ground water variations or uncontrollable instrumental
effects may exceed this small number but there is hope that this first order
net will be a good basis for subsequent networks and will fulfill the require-
ments for detection of secular variations of gravity.

4. References

The new gravity base net 1976 of the
TUGG-TAG-General

Richter,B., Reinhard,E.:
Federal Republic of Germany (DSGN76) , XVII.
Assembly, Canberra 1979

Boedecker,G.,

Drewes,H., Zur Ausgleichung von Gravimeternetzen ,ZfV 1978, Heft 10,
Stuttgart 1978
Wenzel,G., Zur Optimierung von Schwerenetzen, ZfV 1977, Heft 10, Stuttgart
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FOG CRGLEICHUNGEN UND RESTOUEN ¥
IRETE SYAYICM DATUA STUNBE  SELTA & CEIVICHT v SHAFIR BLM ACITPUEN 3 TLICNEM SRTLPAILHT 0.0N7 MeaL)

1 Je24n 780502 K.18
T2 750302 S.73 19,531 3.0 ~0.03%

134222 780502 V.28
338241 7ROS02 10.94 19,350 3.0 0.01%

13814 T40502 10.29
$34232 780502 11,53 12,249 3.0 0.003

32 TEOSOR 11,79
T 3a24y 7ROS0Z 1Z.4%  -12.24% 3.0 -0.00S

1 36241 TRO302 12.8%
v 37IIY 730302 1406 -73.029 3.0 0,007

V3723 730502 4.k
1 38241 780502 13,46 73.029 3.0 ~0.004

§ 34252 720303 7.8
1oIsa2 TBO503  y.36 =5.143 3.0 ~0.00)

133282 730303 9. tL
134232 TEOSOI 10.13 s.146 Y.0 0.008

134282 720303 10.41
t 34227 THOS0) 1% 40 7.292 1.0 -0.002

138227 729393 13,78
1282 780503 12.84 7,292 3.0 0.003

1 34332 720803 3.1y
131284 70303 14,19 12,99y 3.0 0.023

1 3423y 70O 14,49
1 34232 730303 15.74% ~12.20% 3.8 ~6.007

1 szst 730508 3.9%
1 3824 TROSODS 10.1% 26,784 3.0 0.002

1 32241 YBO0308 10.28
LY Y278 7803508 t1.38 ~26.782 3.0 «0.0601

1 ll?h’l 780508 11,84
1282 TAC308 17,88 3.880 3.0 0.009

1 35282 780508 11,16
1 382 TAOS08 14,28 “«33.900 3.0 0.014

38201 780308 14,39

13482 TEQS08 135,81 3v.038 3.0 ~0.002 . M
1 34232 750508 15.9%
ARELECM TROSO8 14 .9% ~39.033 3.0 0.001 -

3813 TRO3OY B
36281 780350%  9.49 W.522 3.0 ~0.ote

13824 730509 9,48
Tooaesy 780309 10,78 -2%.521 3.0 0.0V

RN LT3 3] 780509 t1.0¢
T 7503509 12,03 2.7 3.0 g.001

1 38261 7R0509 12.33
1o 78030 13,29 =2.734 3.0 o.00¢

13313t 7EO30Y 13.88
o 720509 14,84 -43,309 3.0 -0.002

137234 720309 15,14

AR LY 780309 16.29 43530 3.0 ~5.004 - .
1 35282 T8O510 5073

VoI TRO510¢ 9,34 ~14.588 3.0 0.00a . .
157280 THOS10 9.rt

1 33282 780310 10441 14,543 3.0 ~0.00%

35282 730510 10.73
13312 780510 T1.948 13.008 3.0 0.607

133312 780510 12,23
tosss2 780310 13,33 =13.008 3.0 ~0.008

1315282 TROSIO 13,83
1O3HETY 780310 18,89 W2 3.0 0.008

131271 780310 15,18 )
133282 780510 6.4t <15.31% 3.0 0.00%

s 78081t .
1oy T30511 10.24 L.e2e 3.0 0.003

tortasy 780511 10,34
122 7805 11,9% ~$.930 3.0 0.009

Figure 2.The behaviour of the Residuals of one Instrument During
9 Days in a Free Net Adjustment with all the 4 Instruments
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Tnstrumental Investigations and Improve-
ments of the Calibration Functilon of a

LCR Cravimeter Model D
Heinricnh Beetz, Bernd Richter, Peter Wolf

Tnstitut fiir Angewandte Geoddsie
Abtlg. II DGFI
Richard-StrauBf~Allee 11
6000 Frankfurt 70
Federal Republic of Germany

For the purpose of high precision gravity measurements some
instrumental improvements of a LCR~D gravimeter are made.

To avoid the influencé of outer air temperature chances the
D-meter is additionally protected by a +hermostated aluminium
case.

- instrumental checks and levelling of the meter electronic tilt-
mecer are installec besides more sensitiv spirit levels.

nuring the observation time the electronic readout of the meter
.+ connected with & strip-recorder to study the behaviour of the
sravimeter and the seismic noise at the station.

sosides these instrumental investigations the calibration function
:s checked. For zhe LCR gravimeter D-21 several periodic errors have
neen detected. The amgitudes are not negligible but fall in a range
.z to 3 uGal (1078msT%). With these periodic influences it is
sossible to reduce irregular dif ferences observed during several
aeasuring campaigns. The determined function is effective over

~he whole range of the measuring screw and can be used also in
different reset positions.




Inertial Gravimetry

Gerd Boedecker

Bayerlsche Kommision fir die Internationale Erdmessung,
Bayerische Akademie der Wissenschaften, MUnchen

Introduction

For about one decade inertial positioning instruments (Inertial
Navigation Systems, INS) are at the disposal of surveyors and gained
high reliability for operational fieldwork as also decimeter accuracy
for coordinate determination. The measurement principle i{s based on the
(double) integration of accelerations along three gyro controlled
mutually perpendicular axes. The principle of equivalence of inertial
and gravitational accelerations admits also the use of the
accelerometers for the determination of the three components of the
gravity vector, particularly when the instrument is at rest at the
surface of the earth.

The paper deals with the basic equations of inertial positioning,diffe~
rent models for gravity (vector) anomaly recovery, harduare considera-
tions and shows some numerical examples. The title of this paper should
be read as “"gravimetry with the atd of inertial surveying instruments®.

1. Principles of Inertial Positioning and Operation

An inertial Measuring Unit (IMU) contains three accelerometers along
three mutually perpendicular axes, which can be transported parallelly
in inertial space under control of two (two-degrees-of-freedom) or three
gyroscopes. Measuring a mixed signal of kinematic accelerations in
inertial space plus gravitational accelerations,we are aiming at the
transformation to a local cartesian coordinate system fixed on earth.

Starting (SCHWARZ 1979) from
rpo= R Ty, (1)

r. position vector in inertial space

ry position vector in local referencs
system with identical origin to
r; at some initial time

R rotation matrix Ri from local to
inertial reference

the first and second derivatives with time read

Poo= R vt Roby o, (2)

i ¢
Poos Ry + 2R ﬁl + Ry {3)
Taking into account, that
R =R 2 {4)
R = R(QQ + ) (5)

¢ rotational velocity of local frame
with respect to inertial space, l.e.
earth's rotation

we have from (3), (#), (5)

B,os R{Py + 200, + (20 4 v, ) {6}

On the other hand, the inertial acceleratlons Iy, can be represented,
by the specific force acting on the accelerometers of an IMU. Basically
there are three different mechanizations of an IMU:

1. Space stable

Bposfyp v Rog (7a)
2. Local level

Bio= RE, + Rgy = ROE, + gh) {7Tb)
3. Strap down

o o,i i,V S Vo

By o= ROE, + RGRggy = Ry(F, + Regy) (Te)

f specific force acting on unit mass

By gravitational vector referred to
reference

v subscript and superscript denoting
the vehicle reference. :

The Litton and the Ferranti INS, which are most frequently used for
geodetic fieldwork, both are utilizing the local level (LL) technique,
therefore we shall restrict ourselves to this type of mechanization.
Because the numerical examples refer to the Ferranti FILS Mk II, any
details refer to that type.

Combining (6) and (7b) we have

Ll



R(f2 + gi) J Rf?a + 2Qﬁi + (00 v Q)vz)

P8 f, - e ¢ (gf - par,)
3 # £ £ £
. (8)

For inertial navigation with an LL-IMU, we have to integrate FR from
the signals fg . Please notice:

1. We assumed ¢ = 0, f.e. constant Earth's rotation

2. The second term on the righthand side represents the Cariolis
acceleration, the last term accounts for the centrifugal accelera-
tisn.

3. At this stage, we assume errorfree fl

LR On the righthand side we have rg, £y which are to be computed from
Fy, by integration. Therefore we are dealing with an iterative
process.

The hardware In the Litton LN-15 platform basically consists of two two-
degrees-of-freedom air-bearing gyroscopes and two A-200 D accelerometers
for the horizontal channels and one A-1000 accelerometer for the verti-
cal channel (HANNAH 1982). The horizontal channel in future may also be
upgraded by an A-1000 accelerometer.

The Ferranti FILS MK II houses three floated rate integrating gyros type
125 and three force-feedback viscous-damped accelerometers type FA2-F
(FERRANTI 1979). The output of these accelerometers are velocities, the
acceleration can be recovered from the timelike derivative. Little is
known about the accuracy of the accelerometers except that it is of the
order of a few mGal.

2. Principles of Inertial Gravimetry

Equation (8) transforms the equation of motion onto a nonrotating flat
earth. If we put for the term fn brackets, representing the acting
gravity,

(g - aqr,) = 8y % Yy * Sgy (9)

gy locally acting gravity
Ty some gravity reference
Ggl gravity disturbance

then we obtain
By o= £y - 2P, + oy, o+ 5gy - (10)

In the course of a terrestrial surveying run, an IMU is brought to a
complete standstill every about 3 to 5 minutes for error control (Zero
Velocity Update, ZUPT). In this case (10) reads as

Sgy =, - vy (11)

Eq. (11) can be used to determine pointwise gravity disturbances. By
interpolation, these disturbances can be used in (10) to obtain, after
integration, coordinates free from gravity induced errors.

At the initfal alignment before a sSurvey run, the platform adjusts
itself to the local plumbline or, provided deflections of the vertical
are given, to the normal on some reference ellipsold. During the
subsequent run, the platform is permanently tilted in order to match the
curvature of the reference ellipsoid. At the ZUPTs, the deviatfon of the
platform vertical from the local physical plumbline equals the Helmert-
type deflections of the vertical. The tilt of the platform with respect
to the local level surface lets the horizontal accelerometers sense a
part of the gravity component normal to the ellipsoid. If the signals
during the ZUPTs are used for the correction of the horizontal
coordinates, however, we end up with ellipsoidal coordinates.

elmert

level surface
platform
ellipsoid

Figure 1

So far, we have assumed error-free instrument behaviour. In practice,
the IMU exhibits gyrodrifts, accelerometer bias and drift ete. These
effects on the velocity ocutput are mixed with the effects of gravity
disturbances and for the ZUPTs we get instead of (11):

fo =¥y = 8gplr) + 8e(t) + n (12)
Sele) instrumental errors

(function of time)

n noise

= %L1



3. Modelling the IMU Output

So far our developments are based on accelerations. As mentioned
above, however, the IMU readout gives us the integrals, i.e. velocitlies
and coordinate differences. Accordingly, our error models can be based
on velocity errors cr coordinate errors. From the viewpoint of operatio-
nal strategy, we may e.g. employ the Kalman (ilter approach, the error
velocity approach or the post mission adjustment. All three of them are
in the position to provide e.g. coordinates and gravity disturbanceas.

Kalman filtering (e.g. WONG 1982) can provide real time results and
probably represents the best means for modelling the physical properties
of an IMU as e.g. tne interaction of errors at two different axes. Major
drawbacks are the extended requirements as to computer capacity and the
intransparency of the data flow within the filter algorithm. The error
velocity (e.g. HERREWEGEN 1981) approach provides a fast transparent
algorithm at the expense of neglection of physical correlation between
the axes. It is a major advantage of this approach, that it is an
equally wide step to the coordinates (integral) as to the accelerations
/gravity (differential). It starts directly from the real INS signal.
The post mission adjustment (e.g. HANNAH 1982) optimally takes into
account restrictions from the underlying geometric network and is best
suited for the combination of several runs in a net-like structure. It
is, however, less suited for modelling the {nstrumental behaviour.
Therefore, a stepwise procedure may be advisable, preprocessing the data
either by means of a Kalman filter or the error velocity method.

In (12) we have indicated, that the gravity disturbance is purely a
function of positior, whereas the instrumental errors are assumed to be
a function of time only. Of course, ¥e have to be cautious, that the two
effects can be separated: If e.g. we use some functional of position for
the gravity effect and the same functional of time for instrumental
drift, our system will become singular, as soon as position becomes a
linear function of time, c.f. (13), If it is not posaible to select
different functionals for gravity and instrumental effects, we have to
break the linear dependence of position and time by traversing e.g. back
and forth.

From the general simplified linear model for the error velocities

vo+ono= l(]'l,\:l + G(t)xl (13)
fod y velocity output from IMU
y filtered velocity
I noise
P gravity functional

r position

X . gravity parameters
t instrument functional
t time

Xy instrumental parameters

it again becomes evident, that we are dealing with an i{terative process,
which converges the faster, the better gravity and instrumental effects
can be separated.

In the sequel, we shall restrict ourselves to the error velocity ap-

proach. The only information about the error velocity during a run comes
from the ZUPTs and we assume, that the error velocity is made up by
instrumental and gravity effects, where the systematic instrumental
effects are disturbed by random noise. Thus, if we can find a continuous
functional in time for the instrumental effects, the remaining signals
at the ZUPTs are composed of gravity signal plus noise.

During one ZUPT, the Ferranti FILS MK IT outputs about 32 values of

instantaneous velocities with a sampling rate of 0.6 sec in the North,
East and Height channels respectively (HERREWEGEN 1981).

The velocity readings at one ZUPT may be approximated by a quadratic
function of the type

y = a + bt + ot . (14)
r time
a,b,c coefficients

y filtered velocity

With t = 0 we obtain one filtered velocity value of the ZUPT‘

Vi T Ak (1)
i ZUPT number

k N, E, H; North, East, Hefght

dy )

Fosbo+ Zer (16)
for t = 0

@5, 7 Py (i
and the drift of the accelerometer reading

¢y :

(=—%) . = 2¢,

P €5k (18)

Figure 2 depicts for one example the individual readi d
ZUPT and the filtered function y . eadings y during one

Table 1 lists the first 3 ZUPTs of 7 d
of one sample run the yj . (3%)j,k°(

and the respective variances. 2K

2

4

dt

isk

LT



s
e
W
“IIme. . VERTICAL
T TR
R
| N
e
s
~ 864 s T
L‘efi.f‘—j%‘j%‘.‘:é/{\%%:i’;}:i:ié‘\‘“*‘“%{
. N NORTH ;_,}W,*;‘
,<§7~<7
L ﬁl//f></
el
VA /{;7’/5,/ v
Lo = EAST
L
‘I
’
2.081 n/s
ZUPT - Error Velocities
Filgure 2
_ 5 v
v 1o gt 1o 4y 10
At
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VERT. - 8 £~} 6 E-5 17 E-5 1 E-5 -ug E-7 8 E-7
NORTH 16 E- 5 E-5 - 8 E-5 1 E-5 - 4 E- 7 E-7
¢ EAST 21 E-3 5 E-5 ~ 9 E-5 1 L5 - 2 B-7 8 E-7
VERT.  -20 E-3 6 E-5 20 E-5 1 E-5 -46 E-7 8 E-7
NORTH 58 B3 5 E-5 -10 E-5 1 E-5 G E-7 7 E-7
5 EAST H5 E-3 5 E-5 -13 E-5 1 E-5 15 E-7 7 E-7
VERT. -39 E-3 6 E-5 11 E-5 2 E-5 ~31 E-7 9.E-7

(all SI-units)

Table 1

Figure 2 and table 1 are samples of a run just meant to give some idea
about the orders of magnitude we are dealing with when handling raw
inertial data before applying any correction. 1In particular they shed
some light on the capability for gravity vector determination. This is
not only limited by the accelerometers themselves, but e.g. also by
vibratfons of the vehicle during the 20 sec-ZUPT. At an EW run with 36
ZUPTs along a road with heavy traffic, the average standard deviation of
the N accelerometer signal was 3.2 mGal, whereas the E and H accelerome-
ters had 1.9 and 1.5 mGal resp., thus reflecting the the wind gusts of
passing-by vehicles, and the N-S vibrations of the vehicle.

In the conventional procedure, the mean velocity of each ZUPT is used
for the construction of an error velocity curve, the integral of which
gives the coordinate correction.

Error velocity splina, correction integral, occceleration
imertial run 11=71-11, 10 9.82, 1380982

= ;w. £ wpline (m/s> -0.1. 8.1
ccje r of wpline (m/u3 -0.1. 6.
Scale ronge corraction Cmd ~186.. 188
e rome o cicaieralion (m/a’2) ~2 UE~4..Z BE-4
i Spline porometaer 81 .BE-
' Schuler prefilier: |

- iy

! e ~ /\\\;\ : \ "/B‘l /"
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e R ] % I“‘nﬂ[ s uv/,//-—iti:gijowa. to error
2 3 .4 S ¢ + —HE —t p———— Nvg|sETLY orrar
= . \ g
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Fig.3

As mentioned above, the error velocity curve exhibits the combined
effects of gravity induced and instrumental errors, as e.g.
accelerometer bias and drift, gyro bias and drift etc. Integration of
the unreduced error velocity function leads to coordinate corrections of
typically, several hundred meters. A good deal of this amount can be
attributed to Schuler oscillation (of the horizontal channels), bias and
drift. In a first filtering step, we have therefore removed all
(presumed) instrumental effects, thus getting a considerably reduced
error velocity, depicted in fig. 3, where the remaining coordinate error
fs only of the order of some meters. The numbers along the error
velocity spline curve denote ZUPT-numbers.

In order to interpolate the discrete error velocities inbetween the
ZUPTs we have employed smoothing splines with the ZUPT mean velocities
as knot input. The differentials of the splines at the knots (ZUPTs)
glve us accelerations., This can be used for a comparison of accelera-
tions directly derived from (16) and gives us some idea about the repre-
sentation error and the instrumental noise.

If the reasoning above is correct, the spline derived accelerations
should only contain random instrumental noise plus position dependant
gravity signals. Because the inertial run depicted in fig. 4 is a back
and forth run, Wwe should find more or less the same signals on identical
stations in both directions.

For the transformations of acceleration signals to deflections of the
vertical we have

\-pl ino acceloeration

= 911



(19)
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£., n. HNorth, East deflections of
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£,s N, North, East deflections of
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v error velocity after spline

filter

For the (vertical) gravity anomaly,some normal reference field is taken
into account by the FILS system. Therefore we have

N .2 .2
<5%)j,H By T g T HH,j - H,) - alsin ®y - sin ©.) (20)

g gravity
' vertical gradient

a coefficient

v latitude

From (20), €j can be computed and thus any type of gravity anomaly
desired. Fig. 4 shows the trace of the same run as in fig.3, now with
the accelerations converted to relative (NORTH) deflections. We
recognize, that the deflections of the forward and backward leg all
agree within 0.5 arcsec. Further runs on the same traverse showed also
good agreement. A final statement as to the quality of deflection deter-
mination by FILS has to be postponed, however, until any yet undetected
systematic effect can be excluded after checking the déflections of the
vertical by independant methods. .

Conclusion

The control of the platform orientation of a Ferrant{ FILS MK2 in space
during short runs (20 km back and forth) is better than 0.5 arcsec.
Before interpreting this figure as an accuracy measure for vertical
deflections, independant deflection determinations have to be carried
out. The numerical example concentrated on the horizontal channel. The
vertical channel should provide an accuracy of a few mGal.

The application of the error velocity method in combination with a two-

step filter and smoothing splines proved to be a very usefull tool for
modelling IMU output when aiming at vector gravity disturbances.
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PARTIAL ANALYSIS OF GRAVITY MEASUREMENTS ON THE
FENNOSCANDIAN GRAVITY LINES
M. Becker, E. Groten

Institute of Physical Geodesy
Technical University Darmstadt
Petersenstr. 13

D-6100 Darmstadt, F.R.G.

Abstract

In close cooperation with Finnish, Swedish and Norwegian insti-
tutes the IPG, TH Darmstadt, participated in gravity measurements
on the fennoscandian land uplift lines. Results of these measure-
ments are presented, also including observations on the Gdvie
and Joensuu calibration lines. The accuracy of gravity differen-
ces measured by four gravimeters was found to be 3 to 4 pgal.
Possible error sources, like ocean tidal loading and differences
between different instruments are discussed. The computation of
additional observations on the European Absolute Calibration
line between Gdteborg and Hammerfest indicates accuracies for the
scale factor of some parts in 105. Norwegian gravimeter data
were kindly given by the Land Survey of Norway.

1. Introduction

Since 1971, five years after the installation of the first fenno-
scandian gravity monitoring line by Prof. Kiviniemi (e.g. Kivi-
niemi 1974) the IPG participated in the repeated measurements.
Here we want to summarize our experiences and publish the results
of five campaignsy 1971/72, 1979, 1981 and 1982 when IPG participa-
ted in finnish, swedish and norwegian campaigns. The results, in
combination with others already published, should serve as a ba-
sis for computing the geometric land uplift from gravity and re-
peated levelling data and also for geophysical hypothesis about
the origin of land uplift. These topics are delt with in a paper
to be presented at the IUGG General Assembly by (Groten et al.,
1983). It can now, 16 years after the first gravimeter observa-
tions on the land uplift lines, be assumed that, in spite of

the relatively poor accuracy of a single measurement, combined
gravity measurements of several instruments sampled over a con-
siderable time span are indicating a significant gravity change.

2. Measurements of the fennoscandian part of the European
Absolute Calibration line

In October 1982 the four gravimeters G45, G378 of NGO and D38,
G258 of IPG were calibrated on the European Absolute Calibration
Tine. Starting in Goteborg a symmetric measurement was made up
to Hammerfest and back in twelve days. With the use of interme-
diate stations (see tab. 2.2 and fig. 2.1) the maximum gravity
difference was 167 mgal and so the D-meter could be used with-
out resetting. At first every instrument was adjusted separately
in a Serbetci-type model (see Becker 1981 for computational de-
tails). The linear and quadratic scale factors and the drift
rates of the instruments are given in tab 2.1. In fig. 2.1 the

m.s.e. Drift rate Scale factor Scale factor
{ugal/day] linear quadratic

5 1-(0,15:0,09)-107°

+(25.11%12,8)+10°

( 2.09+ 2.8).107°
( 2.28% 6.9).107°
(

+(16.62¢ 7.3)-107°

G 45 :18.3 - 2.0£10.3 1
G 378 +11.8 +19.3+ 4.3 1-
G 258 +21.1 + 4.4+ 8.8 1-
D 38 +13.0 + 0.7+ 5.0 1

Tab. 2.1

cummulative differences of every instrument are plotted against
the absolute values. We used the absolute values of (Cannizzo et
al., 1978) except for Sodankyld, where, according to (Mdkinen,
Haller, 1982) a new determination of the vertical gradient in-
creased Cannizzo's value by 37 ugal. The peak of all curves at
the Vaasa station can be explained either by a nonlinearity in
the scale factor common to all four instruments or by a wrong
absolute value. We tend to accept the second case which is indi-
cated also in the computations of (Mdkinen, Haller 1982) and
(Torge, Kanngiefer, 1979) where Vaasa shows the largest residual
of the absolute stations in the adjustment. Therefore in the com-
bined adjustment only four absolute values were fixed and the
one in VYaasa was adjusted. The results of the single adjustments
with complete variance-covariance matrix were introduced and it
was solved for the calibration factors and station gravity va-
Tues, see tab. 2.2 and tab. 2.1.
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The value in Vaasa was found to be about 57 pgal larger than
the original value. This corresponds well with the 60 ugal re-
ported by Mdkinen and Haller. The scale factor (see appendix
for a summary of all instrumental corrections used) determined
earlier on this line (G378) or on parts of IGSN are confirmed
for the G-meters. D38 had a significant improvement in the
scale factor of 1.6 parts in 10{
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Gravity value m.s.e.
{mgal) {mgall

Hammerfest (Abs.) 982 617.588

Lakselev 982 557.573 +5

Karigasniemi 982 524.836 +9

Sodankyld (Abs.) 982 362.243

Oulu 982 236.183 ; +2

Vaasa 982 090.845 +5

Gdvie {Abs.) 981 923.528 !
Karlstad 981 828.210 +7 .
Goteborg (Abs.) 981 718.774 ;;
Honefoss (Norway) 981 901.042 +8 \

9817 9818 9318

Fig. 2.1

top:

bottom:

9820 9821 9822 9823 9824 9825 9826 mv];ry

cumulative gravity differences of single
instruments versus Cannizzo's absolute
values

cumulative gravity differences versus
adjusted gravity values

gat

tab. 2.2 Adjusted gravity values of the European Absolute Cali-
bration 1ine and intermediate stations.

The plots of G45 and G258 in fig. 2.2 show some systematic non-
lTinearities which could be caused by long perjodic circular er-
rors of 1206 or 603 c.u. The deviation of G45 can be explained
either with the quadratic calibration function given in tab. 2.1
or as one half of the 1206 c.u. periodic error, but because of
the limited range of the calibration line a final decision can
not be made. A tentatively fit of the 1206 c¢.u. period resul-
ted in an amplitude of 71.4%10.9 ugal and —180190 phase lag.

The tentative fit for the 603 c.u. period of the G258 gave an
amplitude of 21.717.3 upgal and a phase lag of 175.46%:18.34°,
More measurements on an extended line are necessary to confirm
these values. In general the gravimeter measurements on the
calibration line are not accurate enough or not numerous enough
to determine the nonlinearities of the overall scale factor cor-



responding to an improvement of the factory determined interval
factors for the 100 mgal intervalls.

3. The calibration lines in Givle and Joensuu

The calibration line of Gi#vle consists of 8 points with gravity
differences of approximately 0.2 mgal and 7 further points with
0.6 mgal subdivision,all together 5.8 milligal, situated in a
staircase. As the gravity differences on the land uplift lines
are rather small, maximally 1.5 mgal on the line of 632 only the
1 c.u. and 3.94 c.u. periodical errors of the G-meter and the
1.625 and 3.25 c.u. periodical errors of the D-meter take effect
on the measurements. In order to determine these periods in the
gravity range of the uplift lines 164 observations with G45, G378,
6258 and D 38 took place in October 1982. In addition the LMV of
Sweden supplied another 731 observations made with G54, G120 and
G290 earlier on these lines. In tab. 3.1 the gravity values found
inacombined adjustment are given.

STATION G(ugal) Ag (ugal)

1 mgal 4 mgal m,= * 9.5 1 mgal 4 mgal

6806 8807  191.3:1.3

4007 142.0:1.5 2%0.7

3007 620.9:1.5 178.9 808.7

2007 813.1:1.5 192.2

2907 2907 . 1000.0 186.9

3907 1197.7s1.5 1977

1907 1395.8:1.5 12?-1 11005

2807 1586.9+1.5 .
1807  2100.5:1.7 638.0
1707 2738.5:2.2 5977
1607  3336.2:2.0 621 4
1507  3957.6:2.2 579 0
1407  4536.6:2.0 6137
1307  5050.3:2.2 9568
1106  6007.1%2.0

Tab. 3.1: Gravity values and differences on the Gdvle calibra-
tion lines (point 2907 fixed with 1 mgal)

The m.s.e of unit wheight is 9.5 ugal, which is more than twice
as large as the corresponding values of single instrument ad-
justments and therefore indicates systematic differences be-
tween the instruments. However, the attempt to solve also for
periodical errors for single instruments failed. Only for G54
asignificant amplitude of 3.60 ugal and a phase lag of 38.47°
for the 1. c.u. period was found (see appendix for definition
of these values and other instrumental corrections). From our
calculations the following conclusions can be drawn. On one
hand there are some instruments where the observations are not
accurate enough to determine periodical errors at the one to

6 ugal level. This can partly be caused by aftereffects of the
nard environmental conditions during the measurements on the
European Absolute Calibration line. On the other hand even
instruments which have an internal precision of 1 to 2 npgal
during the Givie observations do not have modellable periodic
errors. The differences between different gravimeters are more
complicated in nature and superposed by random deviations. A
further problem are the reference values of the calibration
Yine. Their formal accuracy of 1 to 2 ugals is not sufficient
to determine periodic errors with amplitudes < 4 ugal. There
is a need for quasi "errorless” calibration lines determined
by instruments not affected by cyclic errors, like instruments
equipped with electrostatic or electromagnetic feedback systems
in order to become independent of the assumption of averaging
out of single instruments periodical errors.

- 081

The Joensuu calibration line has accurately the gravity diffe-
rences occuring on the line of 63%. It was planned to eliminate
systematic differences between instruments on the basis of si-
multaneous measurements on this line. The 5 points are situa-
ted in a distance of only about 30 m and the gravimeters can
be carried by hand from one station to the other. However, due
to the heavy drift of most of the instruments (e.g. G 258 had
about 1 mgal/month) readings changed rapidly and the direct
relation of deviations at a certain counter position in Joen-
suu and the corresponding ones on the land uplift lines was
lost. For the four instruments used in 1979 and 1982 we could



not reduce the discrepances on the land uplift lines by use of
the Joensuu results. The gravity values for Joensuu of the com-
bined adjustment of 157 observations with 4 gravimeters in 1979
and 1982 are given in tab. 3.2.

Station G (upgal) Ag (ugal)
m0=15.2
1001 1637.1:1.5
65362 1245.1:1.5 -392.0
1002 1000.0 -245.1
1003 . 650.8:1.5 -349.2
1004 164.0:1.5 -486.8

Tab. 3.2 Gravity values of the Joensuu calibration line

4. Evaluation of the measurements on the Tand uplift lines.

Here we will present the results of the campaigns in 1971, 1972,
1979, 1981 and 1982. A1l computations were done using the model
mentioned in section 1. For combined adjustments the instruments
where weighted according to 1/(m.s.e.)2. This was done mainly be-
cause of the big discrepancies 1971 where 6258 suffered from
some disturbances. In the other years weighting changed the ad-
justed gravity values by less than 1 pgal. In 1979 and 1981 the
drift during driving was significantly different from the one
during the nightly rests, therefore the drift curve was compu-
ted not considering these quiescent drifts. In 1982 there was

no significant difference and hence we did not eliminate the
nocturnal drifts. One drift polynomial was used for the whole
duration of the campaign, the order varying from one to three.
The results given here for the 1971 measurements are slightly
different from the ones published earlier in {Gerstenecker,
1973).

Instrument G258 G142 combined

o £21.7 +13.9
Deg. of freedom 41 43

Station
Kramfors D
Kramfors A (372.97.6)
Vaasa -505.5x11.4 -486.5%6.9  -491.6:6.6
Rinekoski 489.8+10.0 503.846.4 499.716.1
Joensuu -352.7+ 9.5 -348.2:26.1 -349.5:5.8

4.1 Results 1971, line of 63°

Tab.
(Gravity difference Kramfors D -+ Kramfors A
864.5£3.8 ugal according to a priv. comm. with
Prof. Petterson)
Instrument G258 G195 combined
o +26.6 $13.6
Deg. of freedom 80 80
Vggstranda
Meldal 537.1213.0 564.2%6.6 558.3%5.6
Kopperg -3.8+13.1 4.5x6.8 1.4:5.8
Stugun -81.6+13.1 ~77.9:6.6 -80.2:5.6
Kramfors D 48.9213.2 50.8x6.7 49.3+5.7
Vaasa 383.3:13.2  371.216.7 372.0%5.7
Tab. 4.2 Results 1972, line of 63°
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Instrument G258 D38 combined Station 6258 638 645 6378 combined
My +11.1 $17.3 9.7 +13.7 £11.6 9.9
. of d 57
Deg. of freedom 58 73 74 74 74
Vggstranda
Kopperd Meldal 543.0+5.8 563.4:8.0 534.1¢6.8 545.2:5.8 545.0:3.6
s -56.946.2 -66.2:9.7 -59.6%2.4 e
Follinge Kopperd 8.5+6.4 0.1:8.8 7.7+7.5 16.426.4 9.4+4.0
-36.6:5.5 -29.6%8.6 -34.6%2.1 opp
Stugun ous 13 308 6 o 0so 1 F&11inge -59.2:+6.2 -50.2¢8.8 -65.3:7.5 -57.0£6.4 -58.424.0
(Kramfors D) 919.9:5. 913,348 918.0+ . Stugun -45.2:6.4 -30.8:8.8 -45.4s7.5 -44.8:6.4 -42.8¢4.0
N Lot4,
kramfors A (63.5:4.3) cranfors 0 2-7¢6.4  50.0:8.8  57.1:7.5  57.8:6.4  52.3:4.0
-492.1£5.5  -495.2:8.6 -493.022.1
371 504.3) Vaasa 378.84¢5.6 386.1:7.7 362.6¢6.6 374.4:5.6 375.1:3.5
Vaasa (371.5+4. Kuortane 48.21+5.6  46.0:8.4  64.0:8.4  51.B26.]1  52.6:3.8
A 51.9:5.3 54.318.3 52.6+2.0
Kuortane o aas 2 o 2 ean 0 Alajirvi -88.0+6.0 -93.9:8.4 -85.6:7.1 -92.8+6.1 -89.9:3.8
. - . . - .J10. - .ote.
Alajarvi 97 615 i 9 *8 i 98 6 2 Minekoskj  548-4:6.4  532.2:8.8  552.0:7.5 532.7:6.4 -541.9:4.0
Kinekoski 537.615. 539.0:8. 538.0:2. Joensuy  ~354.7¢6.0 -306.4:8.4 -366.5:7.1 -355.2:6.1 -356.1:3.8
Joensuu -352.445.8 356.3:9.0 -353.542.2 ‘
Tab. 4.5 Results 1982, one drift through the campaign, line of 63°

Tab. 4.3 Results 1879, line of 630, values for the main station

Kramfors D in brackets Station G255 D38 all instruments
westreast  eastowest west-east east-west Ccombined
Instrument G258 D38 combined equal weight
m, +11.9 £19.1 v8gstranda
Deg. of freedom 37 16 Meldal 545.5% 6.8 537.9£#17.9 576.3¢11.7 545.4+ 7.9 546.0£5.0
Kopperg 0.0+27.5 19.8+ 5.0 -10.5:10.7 -6.1% 6.9 5.5t4.0
Korgen 5114 -61.1+ 0.7 -57.1+ 1.8 -38.1t 5.6 -58.8420.6 -58.1:3.4
15.0+8.0 9.4+13.0 13.4£2.0 Follinge
Lumbukta 5 -38.7+ 1.6 -43.6: 3.9 -25.3:13.0 -38.7+ 1.8 -41.5%5.0
-~9.,1+7.3 -11.3£11.8 -9.,7:1.8 tugun
Sensele f 40.3+ 6.6 52.0:+ 9.8 49.5+ 6.9 52.6+ 1.4 51.9+1.9
-74.3:6.8 -71.2411.0 -73.4:1.7 Kramfors D
Lyksele v 367.1+£15.5 383.9+ 6.8 391.0:15.4 386.0+ 7.2 374.8:4.5
. -36.826.8 -33.5+12.1 -36.0x1.8 aasa
Sdvar Kuort 49.9+ 3.5 45.7: 4.1 45.0x 3.1 45.5+ 8.8 51.9:3.3
- 127.1:7.0 120.8212.2 125.6+1.8 uortane
Kalajoki Alaiirvi -85.5+ 3.4 -91.4:x 4.1 -99.2: 3.0 -84.1+ 8.8 -89.2:2.0
. -30.516.8 -34.4211.0 -31.6x1.7 ajarvi
Haapavesi Kinekoski 548.3+ 4.0 549.6+ 1.0 533.4x 3.7 536.3z 2.2 541.0:3.9
i s -62.4:6.8 -65.0+11.0 -63.1+1.7 Anexoskl
Ristijarvi J -347.0+ 7.9 -363.5¢ 5.2 -340.4x 4.6 -354.5:14.4 -356.2:3.5
Kuhmo -90.8+7.7 -88.7:12.3 -90.2¢1.9 oensuy

Tab. 4.6.a Results 1982, line of 630, daily drifts f inst nt
Tab. 4.4 Results 1981, line of 65° , ¥ or every instrume
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Station G45 378 all instruments
combined weighted
westreast east-west westreast eastowest p=1/(mo)2

Vﬁgstranda
Meldal 539.4+. 6.3 528.7+ 9.6 541.1x 9.7 553.7x 2.4 550.2%¢4.2
e
16.1x11.6 1.7¢19.4 17.7#11.6 5.4:12.0 9.0£7.0
Kopperg
£5111nge -64.4+20.3 -69.7+ 3.7 -51.3z 6.9 -64.3:x 1.7 -60.1£1.3
Sty ung -63.9+ 6.6 -29.6+ 2.9 -60.9+ 5.8 -31.4x 8.8 -42.3:2.2
Kraifors D 57.2:+ 9.9  56.7+ 2.2 53.6+ 0.7 53.1:13.6 53.4£1.2
vaasa 362.1:20.4 358.0+ 4.2 383.5: 1.6 366.4+ 1.7 374.6:2.4
Kuortane 52.3:12.8  73.5+25.1 52.4x 5.7 50.6x 5.4 47.9:3.8
Alajarvi -86.3+12.6 -82.8+24.8 -90.8: 5.6 -93.4x 5.3 -92.2#3.7
Rinekaski 549.0+ 0.2 550.6x 2.5 518.5¢21.1 542.6:21.7 548.9:0.4
-373.4+14.4 -359.1+ 6.9 -354.2+12.2 -357.5¢ 7.2 -353.215.5
Joensuu

Tab. 4.6b Results 1982, line of 630, daily drifts for every instrument

Because of restrictions like ferryboat timetables and hotel re-
servations there is only a limited choice of observation schemes.
In 1979 and 1981 the lines were measured 4 and 3 times respec-
tively forth and back, from one end to the other, taking about
three days without drift control for one way. In 1982 we mea-
sured 3 ties between adjacent stations a day, once on the way
eastbound and a second time on our way back to Norway. This
means that we had the same number (8) observations on every sta-
tion as in 1979, but distributed over 4 days instead of 8. The
daily drift controls were thought to allow a better monitoring
of the instruments behaviour and a better drift elmination. In
tab. 4.6 the results of daily adjustments for the gravity diffe-
rences of every instrument are given with two results for the
common adjustment of all instruments. Comparing to tab. 4.5 it
can be concluded that the computation of daily drifts did not
change the results more than 1 ugal in almost all cases when
using equal weights for every day. Using weights equal to
1/(m0)2 for every day there are deviations of 1 to 7 ugal. How-
ever, in the special case of gravimeter measurements and their
unknown systematic errors the m.s.e. is not necessarily a mea-
sure for the accu}acy of the instrument, therefore it is not

clear which result should be recommended as the final one.
Possibly the comparison with other measurements performed si-
multaneously by Prof. Kiviniemi on this line will be helpful.

A typical example for the discrepancy between instrumental pre-
cision and accuracy can be seen in the difference HRinekoski -~
Alajdrvi. Besides G378 3 instruments show very good agreement
in the measurements forth and back, with small standard errors
< 4 upgal. Nevertheless the mean values of G and D-meters are dif-
ferent by 16 ugal. The purpose of this rather detailed presen-
tation is to give every reader and possible user of the data

an insight in how the results are gathered and how careful one
should be in their interpretation.

5. Environmental perturbation in the gravity differences

The well designed land uplift lines and the careful planning of
repeated measurements eliminates several environmental error
sources of precise gravimetry. The bedrock chosen for most of
the stations makes it unnecessary to consider groundwatertable
changes and moisture content of the upper soil. Repeated mea-
surements are always made in autumn in order to get rid of
seasonal gravity variations and to ensure similar and stable
temperature conditions. Regional atmospheric pressure varia-
tions are reduced to a standard atmosphere using the factor
of 0.35 ugal/mbar. The main factors still inherent in the gra-
vity measurements are the water level variations of the coastal
stations and ocean tidal loading effects.

Anderson (1980) quotes a maximum response of about 1 pgal per mean cm
of water level variation for the Gulf of Bothnia. However, com-
puting the attractional effect of a Bouguer plate for the sta-
tions in Vaasa and Kramfors we obtained 0.0003 ugal/cm and 0.026
ugal/cm respectively. This means that Tong and short term varia-
tions of the sea surface up to 50 cm are allowed without distur~-
bing gravity more than 1 ugal.

Intensive studies about the ocean tidal loading effect are under
progress for fennoscandia. For the Blue Road Geotraverse {(Jentsch,
1981) gives the following residual values due to loading:
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Norway Mid Sweden Mid Finnland

[ugall 7...9 3...5 1...3

Tab. 5.1

As we did not use any empricial « and & factors in our computa-
tions we made an estimation of a possible bias in a gravity dif-
ference. Fig. 5.1 is taken from (Jentsch, 1982), considering the
driving time between these two stations the maximum effect in

the gravity difference is < 3 wgal and ~ 1.5 ugal in west-east
and east-west measurements respectively. As the two stations

are the ones closest to the atlantic ocean the effect should be
smaller in the subsequent differences. In our measurements there
is no indication of a tidal loading effect, as for examplie would
be a greater standard deviation of gravity differences in Nor-
way or Sweden than in Finland. Summarizing it can be stated

that presently instrumental perturbations are covering the ef-
fects of tidal loading so that not clear cut conclusion about
this effect can be drawn from relative measurements. However,
when the final empirical amplitudes and phase lags are available
for all land uplift stations they should be used in order to
avoid any possible bias in the results.

6. Drift behaviour of the instruments

Looking at the drift behaviour of the G-meters brought from
Germany to Fennoscandia they are exhibiting a typical common
feature {see fig. 6.1). G258 and G195 both have an abnormal
large negative drift ob about 1 mgal/month which becomes smal-
ler with time and after about 25 days turns to a more normal
slightly positive drifting. This effect is probably caused by

a mechanical internal adjustment in the measuring system of

the gravity meter associated with the change of the counter
reading corresponding to an increase in gravity of about 1000
mgal. The major part of the readjustment seems to happen during
the rest times at night, whereas during the daily transportation
effects due to temperature and vibrations are superposed. The
readjustment of the measuring system is closely related to the
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7. Conclusion

In tab. 7.1 all measurements on the land uplift line of 63°
are summarized. Some sources and single results are included
in the appendix. The average mean square error of a gravity
difference observed with 1 to 9 gravity meters is * 3.4 pgal.
This accuracy is achieved in spite of much larger differences
for single measurements by averaging out short term distur-
bances in the drift using several repetitions and several in-
struments simultaneously. Besides these short term drift-
jrreqularities which are probably caused by temperature vari-
ations and vibrations during driving, systematic errors of the
instruments also have to be averaged out. Systematic environ-
mental effects, mainly the ocean tidal loading are in general
of smaller size but nevertheless have to be considered because
they can cause a bias common to all simultaneous measurements
in one campaign.

The aim of repeated gravity measurements is the detection of
possible gravity changes associated with the fennoscandian up-
1ift. Model calculations indicate an expected change of about
-0.2 pygal/mm of uplift. Fig. 7.1, which is taken from (Groten,
et al., 1983), shows the changes of gravity at the main sta-
tions of the line of 63°. They are computed from tab. 7.1, re-
ferring the differences to the Vaasa station (because Vaasa is
included in almost all campaigns) and eliminating a trend com-
mon to all measurements in each campaign. The final siope of
the lines of regression was found by assuming a zero gravity
variation in Vggstranda; which was indicated by mareograph

records.

One can see clearly the decrease in gravity and also the de-
creasing slope of the lines of regression due to the larger
distance from the center of uplift. Both in HKdnekoski and in
Kopperg there may be local disturbances because the scatter of
measurements is higher than on the other main stations. Looking
at fig. 7.1 it should be clear that there is a significant
change in gravity at most of the stations, even if the figures
might be uncertain. Tab. 7.2 finally gives a comparison of
model calculations and the observed values.

Year 1966 1567 1967 19 1972 1372 1973 1975 1977 1978 1973 1982
observer AX.SE 3 e AK,CG '3 e Ax R8 A Ax AX,EG,LP AM,HB
publ. Ax,1978 A, 1978 ,1978 Fab. A AK.1978 Tsb.A 2 AX,1376  AX,1928  A4,1978 &K, 1982  Tab.A.) )
0. of grav. 4 3 3 H 2 i 2 t $/3 t 574 ¢
Station ugal w4t o rgel ngal ~gai wgat ugatl ugal ugal vgal ugal
Joensuu )
2356.7:6.7 35169 152.02.1
Kidekoski § +353.8:1.9 +359.7:).0 2353.822.3 -356.113.8
Aajervi . -§39.0£1.0 -548.824.1
4921224 -4B8.4 4.1 -484.8:02.1 -428.4 4 .
Kuortane 4.8:12.1 -428.440.0 “481.6:4.9 -136.7:2.2 (»:gg.g:;.g -487.5:3.4  +94.6:3.0 +89.9:1.8
Vaisa - -54.3:1.7  -§2.6:3.8
SI7AS:3L MASA6 3720 . .
Kranfors A 302218 -312.4:0.3 SML6rL.E -175.123.6
-55.015.3 .51.0+ .
Stugun 3.3 51.0¢1.8 -53.821.% -49024.5 -S2.414.1
Follinge 13.9:3.8 +86.2:5.0 +33.6:2.3 +40.025.5 44 7:4.1
Xooperd +87.8:1.3
2.6:3.5
“aldal 2.6:40.2 S16.9:3 3 .
-§52.6:6.5 . . s R
vigsteanda 32:8:8 252.011.7 -560.2:1. 536.203 1

Abbreviations:

EB « Or. Rudolf 3reins, lastitut fiir Anqewandte Seodisie

3E = Mr. Sven Ernberg, Oefense Mapping Agency Topographic Center
€G = Prof. Carl Gerstenecker, Technische Hochschule Darastadt
8H = Mr. 8.G. Harsson, Geographical Survey of Norway

Lit = Mr, Lars-Ake Haller, Geogriphical Survey Office of Sweden
AK = Prof. Almo Kivinieal, Finnish Seodetic lnstitute

EK » Dr. £rik Lingele, Swiss Federal [nstitute of Technolagy
G4 s Mr. Jaakko Mikinen, Finnish Geodetic lnstitute

Al » Mr. Age Midtsundstad, Geagraphical Survey of Norway

LP » Or. Lennart Pettersson, Geographical Survey of Sweden

£G « Prof. Erwin Groten, Technische Hochschule Darmstadt

Dipl.-Ing. Matthias Becker, Technische Hochschule Darmstadt
"} see Tab, A.4

Tab. 7.1 Suseary of gravity aeasuresents on the line of 617
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Fig. 7.1 Regression lines of observed gravity

variations at the land uplift line

od 63°

Station obs. r# mode] difference

Joensuu -0.67 0.85 -0.70 +0.03
Kinekoski -0.55 0.65 -1.24 -0.69
Vaasa ~1.25 0.94 -1.56 -0.31
Kramfors -1.54 0.97 -1.54 +0.00
Stugun -1.28  0.93 -1.30 -0.02
Kopperd -0.30  0.49 -0.82 -0.52
Meldal -0.46 0.63 -0.56 -0.10
v8gstranda +0.04 0.05 -0.26 -0.30

r* = Regression-coefficient of observed
values

Tab. 7.2 Comparison of observed and modeled gravity changes
fugal/year}
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Appendix

A.l. Instrumental corrections

A.1.1 Scale factor

Instr. Scale factor
G54 1.000

G120 1.00025

G290 1.000

G45 1.00084

G142 1.00009

G195 1.0000

G258 1.00037

G378 1.00058

D38 1.00122

A.1.2 Periodic errors

Instr.

Period P

Amplitude A Phase x

e reading + x,)

c.u. [ugall [} °
G45 1.0 3.0 317.0
G142 1.0 3.8 272.0
D38 1.625 3.13 145.8
3.25 2.79 52.9
¢}
periodic errors are given as Assin (320
A.2 Partial results
observer [oe] weighted
publ. AK,1978 mean
number of grav. n=3 n=2
Station ugal ugal
Joensuu
Kinekoski +355.1 3.3 +349.5 5.8 +352.9 2.7
Vaasa -474.9 1.3 -499.7 6.1 -484.8 12.1
Kramfors -371.5 4.0 -372.9 7.6 -372.1 0.7

Tab. A.1 Measurements in 1971 on the line of 63°
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observer LP Ca weighted

publ. AM,1978 mean

no. of grav. n=2(7?) n=2

Station ugal ugal ugal

Vaasa

Kramfors -368.3:2.7 -372.05.7 ~370.2%1.8

Stugun -52.8:2.3 -49.3+5.7 -51.0:1.8

Kopperg +92.122.5 +80.225.6 +86.2+6.0

Meldal -3.722.3 ~1.4:5.8 ~2.6%1.2

Vggstranda -565.7+2.5 -558.3:5.6 -562.0£3.7

Tab. A.2 Measurements in 1972 on the line of 63°

observer AK EG LP weighted
LP,

publ. AK,1982 priv.comm. mean

no. of grav. n=1 n=2 n=2

Station pgal ugal pgal

Joensuu

Kinekos ki +347.8%26.4 +353.5#2.2 +357.0+8.0 +353.822.4

Alajervi -538.0+2.0 -540.0+8.0 +539.0:z0.4

Kuortane +97.6+2.0 +91.5x10.5 +96.422.3

Vaasa -52.6£2.0 -56.0x1.0 +53.0x1.5

Kramfors -375.925.0 -371.5:4.3 -369.5+3.9 -371.6%1.6

Stugun -53.5:4.3 -44.5+3.8 -49.0%4.5

Follinge +34.6%2.1 +45.520.5 +40.05.5

Kopperg +59.62.4 +56.0%6.0 +57.821.8

Tab. A.3

Measurements in 1979 on the line of 63°

observer AK LP,LH AM weighted
publ. AK,1978 AK,1978 AM,1978 mean
no. of grav. n=2 n=4 n=3
Station ugal ugal ngal ugal
Joensuu
+357.4£2.0 +356.332.6 +365.7:6.4  +359.7:3.0
Ranekoski
-503.4:6.5 -495.3:4.1
Vaasa -489.3:0.2  -492.2¢1.9 449 g.5.5% -490.9:0.8
-372.8+£3.5 -372.0 ~372.8:4.6 ~372.420.3
Kramfors
* ysing only 2 gravimeters
Tab. A.4
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Abstract

Non~linear calibration terms for three LaCoste-~Romberg model D
gravity meters have been investigated using the recently established
300 mgal calibration line "Cuxhaven - Hannover - Harz", which

is an enlargement of the "“Hannover - Harz" calibration line.
Significant quadratic and cubic calibration terms have been
detected, vhich produce deviations up to * 30 ugal from a linear
calibration function. The accuracy of observed gravity differences,
estimated by adjustments of gravity networks, improved by approxi-

mately 30Z when regarding the non-linear calibration terms.

1. Introduction

Since several years, LaCoste~Romberg (LCR) gravity meters wmodel D are
available, possessing a limited measuriu§ range of approximately

200 mgal (1 mgal = 1000 ugal = 1072 meg™ ), which can be ghifted over

the earth's gravity range by turning a veset screw. The model D meter

is a modification of the model G meter by reducing the transmission

ratio of the lever system by a factor of 1:17. This modification results
in reduction of periodic errors compared to model G meters, produced

by the masuring screw and the gears (HARRISON and LaCOSTE 1978). Although
the manufacturer determines only a uniform calibration factor for model D
gravity meters, there is no reason to suppose an elimination of non-lineari-
ties in the lever system, as a result of this modification.

To investigate non-linear effects at LCR model D gravimeters, the
following methods can be applied:

1. The “"Cloudcroft—Junior" method used by the manufacturer for the relative
calibration of Model G meters (KRIEG 1981) is transferable to model D -
meters calibration (LAMBERT et al. 1981). By this purely laboratory method,
a constant gravity change is induced to the gravity meter, when a small
auxiliary mass is added to the beam's weight and removed. Because the
gravimeter's beam acts as a lever, different gravity ranges can be
simulated by moving a second, displacable mass which changes the center
of the mass of the beam. This enables to observe a constant gravity
difference at different measuring screw positions and to determine relative
scale factors which have to be converted to absolute values by measuring
a known gravity difference. The disadvantage of this method is, that it
can only be applied by the manufacturer.

2. A constant gravity difference of about 30 mgal is observed at diffevent
positions of the measuring range by small changes of the reset screw
position. If the gravity difference is known with high accuracy, this
is an absolute calibration method. Otherwise it gives only relative
scale fators. This method allows not the separation of possible
effects produced by changing the reset screw position from non-linear
effects in one reset screw position. Advantageous is, that the obser—
vations can be carried out inside a multy-storey building under good
environmental conditions.

L

Observations on & high accuracy calibration line covering the measuring
range of model D meters are used at the third method. For that purpose,
the calibration line “Cuxhaven - Hannover — Harz" (see gection 2) can
be used. Advantageous hereby is that possible effects caused by resets
can not influence the results, when the observations are made in one
reset screv position. A disadvantage of the method shows itself in

th? larger effort of collecting a reasonable number of data and in the
existence of only a very limited number of calibration lines, suitable
for the intended purpose.

NontlineaF effects at LCR model D gravity meters have been found by a number
of investigators. STEINHAUSER (1978) got non-linearities up to 72 pgal at
LCR D-9, when comparing measurements of the game gravity difference carried
out at different reset screw positions. At LCR D~6 and LCR D-13, LAMBERT

et al. (1979) found a dependence of the scale factor from the dial reading
of gome parts in 10% applying the same method; but application of the deter—
mined scale factor functions in a network resulted in deterioration in
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agreement between the two instruments. A dependence of the scale factor
function from the reset screw position is not ruled out. The same effect
is supposed by TORGE and KANNGIESER (1980) after analyzing observations
with LCR D-14 on the European absolute calibration line, introducing

a constant scale factor for different reset screw positions. Quadratic
calibration functions for LCR D-14 and LCR D-23 have been determined by
KANNGIESER et al. (1983), giving up to 30 ugal deviations from the manu~-
facturer calibration.GUTZE and MEURER (1983) found non-linear effects up
to 60 pgal at LCR D-8 and LCR D-9 using observations of a single gravity
difference at different reset screw positioms.

In the presented report a description of our investigations concerning
non-linear calibration terms for thé instruments LCR D-8, D-14, and D-23

on the calibration line'Cuxhaven - Hannover - Harz"as well as a description
of this calibration line is given.

2. The calibration line “Cuxhaven - Haanover -~ Harz"
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Fig. 1: Calibration line Cuxhaven-Hannover-Harz

The aim of the gravity meter calibration system Hannover (KANNGIESER et al.
1983) is to establish a number of stable gravity stations with high accuracy.
The calibration line "Cuxhaven - Hannover - Harz" (Fig. 1) is an enlargement
of the former "Hannover — Harz" line and is part of this system. The gravity
meter calibration system Hannover allows the determination of all periodie,
linear and non-linear calibration terms for LCR model D and G meters. The
calibration line "Cuxhaven - Hannover - Harz" utilizes the gravity variation
with latitude and height, extending from station Cuxhaven no. 811 (¢ =
53°950'19", H=9 m) to station Oberharz no. 571 (& = 51947'10", H = 824,844 m).
The stations are monumented with concrete pillars (45 cm x 45 cm), allowing
simultaneous observations with four LCR gravity meters. The maximum gravity
difference is about 300 mgal and neighboured stations have an average gravity
difference of 10 mgal.

Between 1977 and 1983, more then 3000 gravity differences have been observed
on the calibration line, employing altogether 10 LCR model G and 3 LCR model D
gravity meters. The calibration line has been connected by 7LCR model G and 1
LCR model D gravimeter to 10 absolute stations, observed by the Istituto di
Metrologia << G. Colomnetti <<, Torino (CANIZZO et al. 1978, Fig. 2) and by

2 model G gravimeters to the absolute station Paris A.

161

NORDSEE

)

Fig. 2:; Gravity measurements on the northern part of the-European
gravimetric absolute calibration line used for the gravity
meter calibration system Hannover



The data preprocessing comprises the transformation of the gravity meter
readings to gravity units, using the manufacturer's conversion ?ables for agal
the model G instruments and the manufacturers constant calibration factors

: . . 20 J— —amerms 198371
for the model D instruments,the tidal reduction and the correction of air __m_zﬁg ________ R LCR D-23
pressure influence. For the calculations of earth tides, the CARTWRIGHT/ 10
TAYLER/EDDEN tidal potential development with 505 waves (CARTWRIGHT and 50 100 150 200 €U

TAYLER 1971, CARTWRIGHT and EDDEN 1973) has been used, including the
time independent terms M, S,. The program has been developed by WENZEL (1976).

Common adjustments have been performed introducing the preprocessed gravity
differences and the absolute gravity values. The standard deviation of the
absolute values of CANNIZZO et al. (1978) is estimated to % 10 ugal and of
SAKUMA (1976) to % 2 ugal. The quality of the calibration line is documented
by the standard deviation of the adjusted gravity differences, which is about
+ 2 pgal for the Hannover-Harz division of the line and % 5 ugal for the
Cuxhaven—Hannover division due to the low number of observations carried out
in this part up to now. The precision of the division Cuxhaven-Hannover will
be improved by subsequent measurements.

Fig. 3: Empirical calibration functions for LCR D~23 obtained in

. . . different epochs and at different reset screw positions
A gravity calibration line should guarantee stable gravity values for a long

time. This requires a stable monumentation of the stations, the non-appea-
rance or the control of height variations, and the absence or control of
gravity variations due to environmental conditions. The monumentation and
height control of the calibration line Cuxhaven-Hannover-Harz is excellent,
because the stations are integrated within the height control network of the
Niedersdchsisches Landesverwaltungsamt - Abt. Landesvermessung — and thus
being regulary coantrolled and surveyed. Possible gravity variations due

to ground water table changes will be controlled for five stations in the
division Cuxhaven-Hannover, because they are situated in direct neighbourhood

For the processing of gravity observations with a computer, it is
convenient to have a continous calibration function, defined bY a set
of parameters. Moreover, a parametrized function is necessary in ovder
to adjust a calibration function from calibration measurements. Bec?uae
no physical assumptions for the structure of the D meter's calibration
function are available, we have chosen the following polynomial model:

F(z, =zt + AF(z)) (1)

of ground water gauges. (=) 1 it
' = .oz, 2)

zg F, : z (

3. Non-linear Calibration Terms for LCR Model D gravity meters and AF(zi) - X Zik - By (3)
k=1

Between 1977 and 1983 in total about 1100 gravity differences have been
observed in-different reset screw positions w%th LCR model D—8t D-14 and with z. = gravimeter's reading at station i,
D-23 on the Hannover—Harz division of the calibration line, suitable for 1 . .
the determination of non-linear calibration terms. By selecting the obser- F(z;) = calibrated reading
vations carried out §§ a specific reset screw positiog for a a%ngle ingtru~ : 2! = gravimeter's reading multiplied by the
ment, free network adjustments can b? carrx?d‘out, which contain only 1 manufacturer's calibration factor
readings at approximately the same dial position for the observed sites. . . ]
The comparison of the gravity values determined in this manner, with values AF(z}) = corrections to be applied to z;
determined in a common adjustment using all instruments (KANNGIESER et al. o « maximum degree of the calibration polynomial

1983), gives a number of differences, named in the following '‘bmpirical . . ..
calibration function", for the reset screw position in question. Carrying B = polynomial calibration coefficient of degree k
out free adjustments for all used reset screw positions of an instrument, F = manufacturer's calibration factor.

a number of empirical calibration functions for each ingtrument can be °

collected. An example for LCR model D-23 is given in Fig. 3; deviations

from the manufacturer's calibration up to 50 ugal are apparent, but can

reach up to 160 pgal for other instruments, The standard déviations of the
sample points of the empirical calibration functions are estimated to

+5...10 pgal; the empirical calibration functions, sampled in different

epochs and at different reset screw positions, agree within the noise level. An
influence due to changing the reset screw posit.on caunot be recognized,

but naturally we cannot exclude reset screw effects beyond the noise level

of 5...10 ygal. The investigations of LCR D~8 and LCR D-14 gave similar
results.

in Fig. & are shown the corrections AF(z!) computed from the adjusted pqu-
nomial calibration model .of degree 1, 2 and 3 for the instrument D-23 in
comparison with the corresponding empirical calibration gunctlons. ?he

1. degree and 2. degree functions have been ghifted vertically. Obvxoumly!
the calibration function cannot be sufficiently approximated by a polynomial
of dagree 1 or 2 to the empirical calibration functions becauge of I?tge
discrepancies.The approximation by a third degree polynomial is sufficient,
the deviations to the empirical calibration functions are in the oydar of
the 5...10 pgal noise level. The adjustment of calibration polynomials,
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valid for the whole measuring range of the instruments, is only possible
if the introduced observations are regulary sampled within the whole
measuring range of the instrument. Otherwise, the adjusted calibration
function is only valid for the part of the measuring range covered with
observations and large errors are produced in the other parts. This
problem increases with the degree of the calibration polynomial, thus
higher degree polynomials have not been determined.

ugat
20 e 98 mtmmin

1978 198341 LCR D-23
w0 e 1979 e 198372

50 100 150 200 Cy
"

Fig. 4: Adjusted polynomial calibration functions of different
degrees k in comparison with empirical calibration functions
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Fig. 5: Calibration functions of 3rd degree for LCR D-8, D-14 and D-23

In Fig. 5 are given corrections AF(z!) computed from a third degree poly=—
nomial calibration model for the instruments LCR D-8, D-14 and D~23. Remar-
kable deviations from the manufacturers calibration up to 160 ugal are
displayed for the LCR D-8, which are mainly produced by an error of the
manufacturer'scalibration factor of about one part in 103. The calibration
for that instrument could be much improved by consideration of a more
accurate calibration factor, i.e. a first degree calibration polynomial.
But the restriction to a first degree calibration polynomial can not
approximate the calibration function sufficiently, as shown in Fig. 6

by the differences between third and first degree polynomial calibration for
the three investigated instruments.

Hgat
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Fig. 6: Differences between adjusted 18t degree and 3rd degree
calibration functions for LCR D-8, D~14 and D-23

The quality of polynomial calibration models of degree |, 2 and 3 may be
expressed by the standard deviation of & gravity difference beeing once
observed in a network. The standard deviations given in Table | are only
comparable for a specific instrument in a specific network because they
strongly depend on the particular configuration of the observations.

Even if the considered networks - containing mainly small differences
€10 mgal) - are not very sensitive for the verification of different
calibration models, the advantage of calibration by 3. degree polynomials
becomes clear (Table 1).

The transfer of the determined polynomial calibration model to a different
gravity range has been investigated by the evaluation of observations
carried out at the Cuxhaven-Hannover divigion of the calibration line. These
observations had not been introduced in the adjustment of the calibration
parameters. Preliminary gravity values of the stations have been computed

by a common adjustment of the three instruments introducing the adjusted 3.
degree polynomial calibration parameters; by carrying out adjustments. intro-
ducing only observations for a specific instrument, the differences between



gravity values from the common adjustment and from the adjustment of the
specific instrument® observations should be random, if the non-linear

effects have been successfully modeled. This can be assumed for the 3.

degree calibration parameters, as shown in Fig. 7a; the 1. degree cali-
bration parameters produce a worse agreement between the three instruments.

as shown in Fig.7b. The rms deviations for the specific instruments (table 2)
are between + 3 and £ 7 ugal for the 3., degree calibration polynomials and
between £ 9 and % 14 ugal for the |. degree polynomials,

a: Instrument Standard deviation [ugal]

. ; Hanufacturers Calibration polynomial of
b: observacion period calibration degres K adjusted

K =1 K o= 2 K= 3

a: LCR D-8 + 36 + 17 + 12 + 11
bt 1983 *
a: LCR D-14 + 14 t13 [t fx 10
b: 1977-1983
as LCR D-23 + 12 +32 fs11 |+ o9
b: 1978-1983

Table 1: Standard deviations obtained for LCR D-8, D-14 and D-23 when
adjusting polynomial calibration functions of different degrees.

RMS daviation [ugal]
Instrument calibration polynomial of degrae K
introduced
K= 1 ) K= 3
LCR D~ 8 + 14 7
LCR D-14 + 10 7
LCR D-23 £ 9 +3

Table 2: RMS deviatious for LCR D-8, D-14 and D-23 obtained in a network
when applaying calibration polynomials of degree | and 3 have
been adjusted
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Fig. 7: Transfer of the calibration model to a different gravity range. |
7a: Deviations for 3. degree calibration polynomials
7b: Deviations for 1. degree calibration polynomials
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The calibration parameters of LCR D-8, determined on the calibration line,

can be compared with non-linear effects investigated by GUYTZE and MEURERS
(1983) for the same instrument, using obervations of an unknown gravity
difference (~-27.3 mgal) at different reset screw positions. The corrections
for the observed gravity differences can be computed from the adjusted 3,
degree calibration polynomial and are compared in Fig. 8 with the results

from GUTZE and MEURERS (1983). The rms discrepancy of + 7 ugal is compatible
with the noise level of the observations as well as the calibration parameters.

pgal
50

40 4

-10

Fig. 8: Non-linear effects of LCR-D-8 for a 27.3 mgal gravity difference.

Dots: Observations of GUTZE and MEURERS (1983)
Line: Computed from calibration polynomial of degree 3



4, Conclusions

Non-linear effects up to * 30 ugal have been found for three LCR D meters,
and have been modeled sufficiently by a third degree calibration polyno-
mial. The application of the calibration model improved the accuracy of
observed gravity differences by about 30% for the investigated gravity
networks. But the adjustment of calibration functions from any gravity
networks may be dangerous; special calibration measurements carried out )
on a calibration line should be used for that purpose. No changes of the
non~linear effects with time or connected with changing the reset screw
position above the noise level of % 5...10 ugal occured in our investigations.
But even by carrying out carefully numerous calibration measurements, the
calibration of a LCR model D gravity meter can only be guaranteed within
% 5...10 pgal accuracy. Thus, larger gravity differences observed with a
single LCR D meter may have an uncertainity of the same order; which means
that the pgal level cannot be guaranteed.
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Consideration about gravity and elevation changes observed
in the Travale geothermal field
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Abstract
Renewal of exploitation in the Travale geothermal

field began in 1973, Since then a precise levelling network

has been set up and several observations made,

In 1973 a microgravity network was established as

well, and reobserved four times,.

Finally in 1983 an absolute gravity site has been

included Into the gravity net,
gravity
Results of combined¥and height measurements have

been indicative of physical phenomena developing within the

reservoire
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Introduction.

The complex interaction between exploitation of a

geothermal field and the enviromments has multiple aspects.

One of them, which plays a quite important role,
is certainly the subsidence effect,

The simple height variation is, of course, associa
ted with a gravity change. Thus in principle, it is possible
to study a subsiding field by means of gravity measurements.

The correlation between gravity and helght varia =
tion is, however, complicated in first place by the diffe~
rent accuracy level achievable by high precision levelling
and microgravitye, This actually limits to about 1 cm the
sensibility of a microgravity network in terms of height

changes,

In second place, the subsidence is not the only ef

- 961

fect to which a gravimeter is sensitive.

Even bigger effects may be due to water table vaw
riations, or fluid movement within the reservoir, In addi~
tion, the subsidence could be the effect of a density va=

riation or could result in a compaction of the first layers.

These considerations suggest cautele in the integp

pretation of gravity changes in terms of helght varlations,

In case of significative residuals, after applying
a free air correction to gravity data, these could be intex
preted in terms of physical phenomena of the geothermal
field,

In this the case of highest interest, because 1t
could be then possible to achleve impoxtant information

about the dynamic of the field,
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Geological sketch map. (1) Recent alluvia; (2) travertines (Quaternary); (3) marine deposits: mainly
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The aim of the project in the Travale geothermal
field, in the most important geothermal area in Italy, was
just to study the actual limits of microgravity networks
for subsidence observations, and to verify the possibility
to achieve information about the dynamic of the reservoire
by means of associated observations of gravity and height

variationse

Data recording and analysise

As already discussed ina previous report (Geri
et ale,, 1982), a precise levelling network has been set up
in the Travale field since 1973, Results of reobservations
performed during 1978 - 1980 indicate a subsidence of the
central part of the geothermal field at an average rate of
20 mm/year (Geri et ale, 1981).

A precision gravity network was set up in 1979 and

reobserved four times,

The survey consists in a first order net which in-~
cludes three external points located on sites considered to
be geologically stable outside the geothermal field,

(Fige 1)o One of this (Z 2) has been replaced in 1981 by an
absolute site observed with the IMGC transportable absolute
gravimetereo

The first order net has been integrated with an
auxiliary net of 27 bases which were distributed within and
around the main geothermal field (Fige 2)o The aim of the
net is to survey points or areas most affected by extractim
activitiese

Field procedure were standard in order to minimize
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the effects of drift, external temperature variations, tawes
in the meterse

The two meter used (D - 18 and G=297) have been
trasported on the seat of a car and exposure of the gravity
meters to temperature gradients have been avoided.

Each pair of stations was linked by four independent
ties according to the scheme A B A B A,

The D meter was reset at the beginning of each
survey, at the same counter reading to avoid periodical er=~
rors effect,

The recorded data have been adjusted by means of

the processing system developed in the Earth Physics Branch,
Dep. of Mines and Resources, Canada (Morelli et ale, 1972),

Because of the unknown effect of non linearities,
mainly on the G meter, the data of the two gravimeter have

been treated separatelyo

Discussion of the results,

a) Accuracy limits.

The romsSoes Of observations of unit weight ranges
from 3 to 4 pcal for the D-meter and from 4 to 5 uGal for
the G meter, From these results it may be said that the im
provement obtained by the use of a model D with respect

to model G is of the order of magnitude of 2,

However more important differences appear if we
look over the residuals hystograms,

In Fige 3 the hystograms of the observed gravity
variations with time are depicted,

Fig. 1 The main gravity nciwork, compnising five siations within the geothermal area and theee external bases located
on geologicaily stable sites
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q 03 ‘;ln
Fig. 2 The auxiliary gravity network, comprising 27 stations distributed over the mamn network ares, for a detailed
monitoring of the points most aflected by extraction activities.

D-i8 G-297

'S
>

frequency
»

trequency
~

-6 6 & 3 aGdl 2 .8 o & 1 wGol

Fig.3aHistogram of the gravity differences observed on the main nciwork between Marcn, 1979 and Scprember, 1980,
without free-air correction. The Ag values arc grouped in classes of 3 uGal. Average standard ¢crors: 3 - 4 uGal Yor the
D18 data, 4 ~ 6 uGal for the G-297 data.
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Fig.3p Histogram of the gravity differences observed on the entire network between March, 1979 and September, 1980,
without free-air correction. The Ag values are grouped into classes of $ uGal. Average standard errors: § ~ B pGal for
the D-18 data, 6~ 12 pGal for the G-297 data.



It appears clearly that while with the D meter it
is possible to identify a normal gauss distribution curve
and lobs which lie outside the confidence interval, the
curves with the G model results are not easily interpre-
table in this sense.

It is our opinion that the main difference between
the quality of the results of the two meters is mainly due
to periodical errors in the reading screw and to problem
related to ite

As known the D meter reset screw allows to obser=
ve gravity always in the same counter range, so that the
periodical errors effect can be avoided, even if it is un=-

knowne

b) Observed gravity variations with the timeo

The highest gravity variation observed in the Tra=-

vale field range from 30 to AO/uGal (Fige 4)o These figures
are well outside the confidence interval and could be than

considered a physical phenomenume

As already noticed, the geothermal field is subsi
ding with a rate of 20 mm/year,

The gravity changes may be than related with the
subsidence, throught the free air gradient, or be related
with density variations or mass movements within the reser

voir,or both.

In all these cases the phenomena have an arel.
pattern, and the net design allows to follow an areal va-

riation of the potential field,

Thus, in order to give a more intelligible pictu~-
re, a contouring of the height and gravity variations with
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-
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Fig. 4 Schematic cross-section. (A) Impermeable cover complex; {B) main seservorr; (C) meramorphic complex: (1

drilter® wells; (2) observed gravily variations (Marsch, 1979 ~ September  1980); (3) gravity ~ariations correcied o

tapographic changes; (4) topographic changes (November, 1978 - October, 1980}, Stratigraphic data from Cataldi er o/
(1970), Burgassi er ol. (1975) and Casertano et al. (1977},



time has been performede.

As can be seen from the position map, the station
density is enough to describe the “rime' anomalies quite
well in the central~southem part of the map where the more

important exploitation activities occoure

By means of contouring program developed by dre
Eo Klingele, Eidgenossische Technische Hochschule, Zurich,
maps of height variations, gravity changes and residual
gravity variations with respect March 1979 have been pro-
duced for the Nove 1979, September 1980 and November 1982
surveyse (Fige 5 to 13)e

The height variarions with the time show a pro =
gressive land subsidence with a general trend which agrees

with the trend observed over a longer period (1973 - 1980),

The central part of the field shows an heigh varia

tion of 87 mm over three yearse

1f now we look over the observed gravity varia=.

tions, some important features may be seene

In first place, the main characteristics of the
subsidence field are maintened by the gravity changes iso

lines; to0,

The gravity field locates the area of highest sub-

sidence rate with the same regional trend as welle

Applying a free air gradient correction however,

an important difference appearseo

From Fige 11 to 13 it may be seen that the resi
dual gravity variations isolines for the march 79 and No-
vember 1980 surveys have the same pattern as the total
field, It might be than argued that the height variation

doesn't fully explain the observed gravity changeo

Fige 13, relative to the 1982 survey however shows
residuals which are not longer significative. AL this time
all gravity changes are explained be the associated helght

variations,

It is evident that the subsidence effect cannot
be solved by a simple relationship between height and gravi

ty variationse

it is more likely that exploitation activity ¥e -
sults first in a density variation within the reservolr
which has the land subsidence as effects Thus the graviiy
change may be enhanced by the density variatione

Now, results of 1982 survey which, on the other hand,
are quite fully explained by height variations, could be indi

cative of a slowing down of the process, source of the densl

- 00¢

ty variation hypotized in the previous surveySe

Furthermore, the south -~ west area of the survey

indicates another interesting phenomenume

As shown in Fige 8 to 10 in this avea a large gra-
vity change, which has reached the highest value (QQ‘FGal)

in 1980, can be observed,

The gravity change is not associated with levelling

variation.

This way interpreted in the past (Geri et ale,
1982) as water saturation level variations within the

reservolr,

Also this time anomaly has been reduced in amplity
de and size in 1981 and 1982,
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in many areas in Italy.
Subsidence control by means of high accuracy le-

velling is an high cost tool,
Results obtained in the Travale geothermal field

are indicative of the fact that a subsiding area can be

studied by means of gravity observations provided that the

10¢

general subsidence trend and the interaction between in~
ternal density variations, or mass movements, and gravity

are knowne

This would led to the conclusion that gravity

observations must be always associated with levelling data.

Even if this should be considered generally true,
it is however possible, in our opinion, to use gravity to
interpolate data between levelling surveys, reducing in

this way the total cost of a land subsidence control pro-

|
graime '.
Furthermore, internal density variations, or mass

movements, could have an effect on gravity data even bigger

than the height variation itself,

These phenomena, if interpreted correctely, could
glve important information about the dynamic of the reser—

voir, or, generally, of the field,
Cila t Tmm

"
Fige 5 ¢ Height variatianec "Na. 70
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Fige 8 : Gravity variations ''Nov, 79"
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Fige 9 3 Gravity variations "Sep. 80"
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Fige 11 : Residual gravity variations
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Fige 10 : Gravity variations
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neasurannt ivly Launched fundamentol gravimes 4

nesvork as weil as wrecise gravimetry require sravity tide
et o : S 1 .

corrcctions. According to paper ], in order to make the

accurcoy of thic correction reach the level of wicrogal, the

accuracy dolcrnined

and that of

should be 095. At present, the density
of tide obscrvotlons heving been carried out in our countvy
has nob met the above-mentioned needs yet. To this end, the

or the gravily tide lactor should be 1%

model of gravity tide correction sot up.in terms of theory
in this paper is to provide for usc. For the sake of tesiing
its effectiveness, the comparison of it with the result ac-
tually obgsarved has been also carried out. The result shows

at the accuvacy of the theoretical velnos of tlde correc-

tion may amount to +2 Pgal.
11, Theocretical uravity Tide Hodel

For the body tidc, the tneoretical Yotaie MmOl

mepy be composed of by complete harmonic eurangions of Car-~
el
isht et sﬂ.[“]:
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i, ﬁ& and Jp are the theoretical amplitude, the initial

may be calculated from

“T

¢ and angulor fregusncy whi

ssironomicel parametors, gi, Afi are ihe tidal factor and

phase lag of 1 constituent, which may Do reduced from the

rth, If we assum the earth

internal structure model of the
. e . L o B

to be totally elastic, it is obvious thet ol $1 = 0; in
the meantime, for the sake of reducing the amount of worl,

aquation (1) can be also simplified as follows:
69,= S Z Moo (wk s X)= 6, - GB) (2)

Yhere Sth denotes the theoretical averag” tidsl factor of
gravity, ¢(t) is the theoretical gravity value calculated
from astronomical pavamelers, whieh can be estimatced by
pmethod 8s everyoae Kaows ™ . attontion should be peid that
witivin the body tide ovtsined Irou formula (2) there exists
apparemtly a cons tant term which has no relation with time,
end in the meentime the permancnk deforma tion of the earth
i s slso assumed to be elastic, l.o. the permanent Love nui-
berz and the

order to avoid th

ic Love numbers are Jdentlcally eaua] in
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necessary to deduct the direct part of tidal gravitation in

cior (2) and not the indirect part of vermanent defor-
(3]

ration, In other words, we use equation
=By G-, (3)
oo=-t8341573 Binif- 15455 psal (4)
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factor i

s the solution ziven out by Wahr frow an ellipticel,
tic and ocesnless carth moﬂelry'. His solution

rotating
shows that, the tidal factor will depend on latitude, as to
diurnal wove, it will also relate to the angular frequency

due to thao dynsmic effect of Tisuid core, Bur according to

the analvad e levant 1itaras ¢

the analysis of relevant literatures, whan comnaring VWahrtg

s

Eheoreticn] valie wiil e . . .
theoreticel value with the resuit actually Observed, it is
Iound the

Cidal
Yovai ar 1 5] 5 s
level of 17 . In this comiection, Melchior and

faclor has systens tcally 2 litils lower

rcker

have given out a statistic theoretical tide formula. During
1ng

our work, wa

will uze these two formules in order to have 3
comparison:
Viahr model;
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According to he above formules, we may calculate the theore-
tical tidal value of .ach vove group in differcnt latitudes,

. U BT
i g Leipd LWL C:

sy
N

vhich will be s the meen tidal factor of station.

Then, subsli 5 Lb dn eguatlion (2), we may find any
instantaneous theoretical graviiy tidal velue at this sta-

T 4

tion, hp, o sre Lhe theoretical amplitude

in equation {

and tidal fac spectivel yo Fherefron,

the values of S*b of /0 ebsolute zgravity stotions in our

Lch have becn found sep
tely from Wahr and eapirical formula
Besides, the effect of ocewn Lide needs algo taliing

into account, fs everyone knows, thisz comprises the effect

of direct attrsction of the ses water and load deformation,
If the global cotidal mep is precise and known enough, the
gbove-mentioned cffact may ve Tfound out from the e yolution
of tidal heightfc;with the Green function, or using minture
method‘zjof convolution and spherical expansion of tidal
height,

The result of gravity tide observations in our country
shows that Schwiderski's cotidal map accords quite well wich
actual observetions; but in the offshore area, consideration
must be given to local tidal influence in areas slong the
set up theoretical gravity

coast, Therefore, in order to
tide model, we Lave used & Schwidorski's diurnal and semi-

diurnal cotiozl meps, i,e, ioy 55y NZ’ KZ’ 01, QI’ P1, K]
and 4 of thos: in coast -l areas, i.e, M2, SZ’ O] and K]. The
amplitudes and rhases of oceonic, loading corrected calculated
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for eight consticuents at 70 stubtions in cur ccuntry arc

listed in Tabie 2. Thus, the oceanic loading corrcctions of
any Instantaneous gravity value at each station may be ca-
lculated from the gollowing equation:

2,
g = ! 3 - g N
89,7 2u A0V o (copt s 1= 2(60)) (6)

4
ot
vihere AT,cKD are the amplitude and phase of ocean tide cor-
5 ¢
Deviioans, & 4 are colabidude and Loagitute o4 eLovions G

ather svmbels ore as before,

o
1

7 up the effects of body tide snd ccear U

may {ind the thecoretical gravity tide correction ol
e o

o

ion Lo be:

bg= 5 Glt)- 5§ 4 z, Ap ces (oyta Y-ty (9)
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IIT, Brror Analysis

In order to inspect the error of model set up according
Lo equation (9), we have compared the grevity tide 1

estimated from wodel (9) with that in actual observations,
the instantaneous variations of tidal gravity observed ars
synthesized by using the tidal factors and phass lags obtaisced
at cach station, The computation results of 4 stations:
han, Shonghei, Hainan and Wulumuchi, are shown in fig

I~4, hore curve 1 represents the error of model (9) and curve
2 shows crror of model (3), without taking the effccts of
ocean tide into consideration., In both cases, velues of th

e Lake

from the Wahr's, The mean square errors obtained

frow five days of data segment are listed in Table %, On the
other hand, wve have used several meters of different type in
each o0f the above-mentioned stations to carry out observations
simultancously, For the sake of comparison, the differences

of different kinds of meters in the same time segment arc

sleo 1isted "n that table.

Fable 1. Dody Tide Model

station

gt n (Walir)

g\th (Bap,)

Wuhan

1.15a5

1.1667

Beijing

1.1613

Shant

1.1665

Kuenming 1.1548 1.1595
Guangzhou 1.1962 1.1710

Qingdao

1. 1490

Chanssha

Zncngzhou 1.1498 1.1642
Vian 1.1501 1.1645

flanning

1.171

Tmable 3. Error dstimation

(unit:

ug

Model (9)

Model {

MeS. L

MAX

M.5. 5

Yulin

4.9

., 7h

tluhan

+1.28

Shanghai

+1,86

3.7

Wulumuqgi

+0,92

1.8
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PTable 2. Ocean Tide Model

amp, — ugal, Yoo,

stuticn

9, M

N,

Ko

Phayltno.[Faa. | lap

LW ARG .

PhadAnp

BPhe.

Amp JPha.

uhen 067\ -5 |0601-33 | 0191-39 | os31-5 lo781-31 [oa7!-25 | ossl-11 008 |-6
Beijin sS4y 20 oS5 L 2 Hogs| -5 |oai| 2o [eq8| 17 |a23) 15 |ou| 22 {c09] 18
5 6y -9 [ 150 =22 [ 043]-32 (0253 (246 ~75 [038 | 244 |e35| =53 |os2 | -50

Sh e ==
ah\r:nbum.x.

e &
SRALL N

012

184

008

004

172

502

uangnion

143 | 267040 | 269 | 224 {-42 | 1.06

230

024

[ X-v4

-64
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043

029

Changsha

48 | 049 | -53 | e20] 3

048

006 |

Zhenszhou

050 | ~16 {015 |24 {el9| 17 | 056
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2401,

008

Xian

ot7i 1§ 039

236

0.12

007

004

Hanning

o5 0141262 {at3 | 10| 046

2./5'5

0.06

a1l

0ol

It may be consldered that the accuracy
.
L,

Lieoretical jravity ¢ide set up according to the model cf

ainevion (9) is zbout :2 ugal,

B=18.17 =105
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Figure 1.
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TEXTS OF RESOLUTIONS PRESENTED BY IAG SECTION III AND ADOPTED

AT THE XVIIIth MEETING OF THE IUGG - HAMBURG (Aug. 27, 1983

Resolution Topic IAG or IUGG
111/1 Release of Land Gravity Data IAG
111/2 Standard Gravity Corrections System IAG
111/3 Comparison of Absolute Gravity Instruments TUGG
111/4 Precise Relative Gravity Measurements IAG
111/5 Global Precise Gravity Net IAG




IT1/1
THE INTERNATIONAL ASSOCIATION OF GEODESY

Recognizing that the study of many geophysical phe-
mena in the 200 - 2 000 km range of wavelength is
severely handicaped by large gaps in the available
surface gravity coverage, especially over land,

urges all countries to release their land gravity
measurements to the scientific community via the In-
ternational Gravity Bureau ; if national interests
prevent the release of detailled data, national agen-—
cies are requested to release 1° x 1° mean values of
free air gravity anomalies and elevations, which are
of fundamental importance for global scientific pur-
suits.

L'A.I.G.

Reconnaissant que 1'étude de nombreux phénoménes gé-
ophysiques dans la bande des longueurs d'onde (200 -
2 000 km) est sévérement handicapée par les insuffi-
sances de la couverture des données gravimétriques,
particulidrement sur les terres émergées,

demande 34 tous les pays de rendre accessibles leurs
mesures gravimétriques & la communauté scientifique
via le Bureau Gravimétrique International ; si des
intér8ts nationaux s'opposent & la cession des don-
nées détaillées, les agences nationales sont invi-
tées 3 fournir les valeurs moyennes 1° x 1° des ano-
malies a4 1l'air libre et des altitudes, qui sont
d'importance fondamentale pour la réalisation de pro-
grammes globaux scientifiques.

- ¢1Z -



I11/2
THE INTERNATIONAL ASSOCIATION OF GEODESY

Recognizing the high level of accuracy of both abso-
lute and relative gravity measurements recently at-
tained ;

considering the necessity to adopt standard correc-
tions to gravity observations in order to allow in-
tercomparisons between measurements at different
epochs of time ;

Recommends :

1. that the tidal correction applied to the gravity
observations follow the final recommendations of
the Standard Farth Tide Committee as presented at
the XVIII IUGG General Assembly, Hamburg 1983 ;

2. that the atmospheric pressure corrections refer
to a common Standard Atmosphere, the sensitivity
coefficient being - 0,3.10"8 m sec“z/mbar (- 0,3
microgal/mbar), unless it is determined by spe-
cial investigations, in which case the value used
must be published together with the results.

The closed formula for the computation of this
Standard Atmosphere will be published in a future
issue of the Bulletin d'Information du Bureau
Gravimétrique International with the correspon-
ding numerical tables and the programming code.

3. that the gravity gradient corrections be publish-
ed with the adopted local gradient and/or the
adopted height difference so that the original
values may be recovered.

L'A.I.G.

Reconnaissant le haut niveau de précision actuelle-
ment atteint 3 la fois par les gravimétres absolus

et relatifs ;

considérant la nécessité d'adopter des corrections

standardis8es aux observations gravimétriques - de

fagon & permettre des comparaisons entre mesures &

différentes époques ;

Recommande :

1. que la correction de marée appliquée aux observa-
tions gravimétriques suive les recommendations
finales du comité de la '"Maré&e Terrestre Standard"
(Standard Earth Tide Committee) telles qu'elles
ont &té présentées 3 la XVIIIe Assemblée Générale
de 1'UGGI, Hambourg, 1983 ;

2. que les corrections de pression atmosphérique
soient référées a la méme Atmosphére Standard, le
coefficient de sensibilité étant de - 0,3.107° m
sec~“/mbar, & moins qu'il soit déterminé par des
recherches spéciales auquel cas la valeur utili-
sée devra &tre publiée en méme temps que les ré-
sultats.

La formule finie pour le calcul de cette Atmo-
sph&re Standard sera publiée dans une &dition fu-
ture du Bulletin d'Information du BGI, avec les
tables numériques correspondantes et le code de
programmation.

3. que les corrections de gradient de pesanteur
soient publiées avec le gradient local adopté et/
ou la différence d'altitude adoptée de telle fa-
con que les valeurs d'origine puissent &tre re-
trouvées.

- %I -



111/3
THE INTERNATIONAL UNION OF GEODESY AND GEOPHYSICS

Considering the importance of highly accurate abso-
Jute gravity measurements for geophysical and geo-
detic research and applications,

Recognizing that future comparisons of different ab-
solute gravity apparatus are necessary Lo study
sources of systematic error,

Requests the support of the Bureau International des
Poids et Mesures (BIPM) (International Bureau of
Weights and Measures) in hosting an international
campaign to compare absolute apparatus, and requests
all countries having transportable apparatus to take
part in-the campaign and the subsequent analysis.

L'U.G.G.I.

Considérant 1'importance des mesures de pesanteur
absolues de haute précision pour la recherche géo-
physique et gé@odésique et leurs applications,

Reconnaissant que les comparaisons futures entre les
divers appareils de mesure absolue sont nécessaires
pour 1'étude des sources d'erreurs systématiques,

Demande 1'appui du BIPM (Bureau International des
Poids et Mesures) pour accueillir une campagne in-
ternationale en 1984 pour la comparaison des appa-
reils de mesure absolue, et demande a tous les pays
possédant un appareil absolu transportable de par-
ticiper i cette campagne et aux réductioms et ana-
lyses qui en découleront.

- S1¢ -~



I11/4
THE INTERNATIONAL ASSOCIATION OF GEODESY

Recognizing that techniques of repeated relative
gravity measurement have achieved increased accuracy
and have been applied

1. as a fast and efficient tool to detect and inves-
tigate gravity changes associated with recent
crustal movements,

2. in combination with other techniques such as le-
velling and VLBI to give a deeper insight into
the underlying dynamic processes,

3. as an element in earthquake prediction research,
and

Noting the success of recent campaigns in various
parts of the world, -

Recommends that high priority is given to this re-
search.

L'A.I.G.

Reconnaissant que les techniques de mesures relati-
ves répétées de la pesanteur ont atteint une plus
grande précision et ont &té utilisées

1. comme un outll rapide et efficace pour la détec-
tion et 1'étude des changements de pesanteur at-
tribues aux mouvements récents de la crofite,

2. en conjonction avec d'autres techniques telles
que le nivellement et l'interférométrie & longue
base afin de mieux connaitre les processus dyna-
miques internes, et

3. comme outil lors de recherches sur la prédiction
des tremblements de terre, et

Notant le succés de récentes campagnes dans diffé-
rentes parties du monde,

-

Recommande qu'une haute priorité soit donnée 3 cette
recherche.

= 91¢ -



I11/5
THE INTERNATIONAL ASSOCIATION OF GEODESY

Recognizing that be physical interpretation of time
variations of the natural coordinates, height above
sea level, astronomic latitude and longitude, requi-~
res knowledge of the time variation of the earth's
gravity field, and

considering that this latter can be determined by a
world-wide net of gravity stations with repeated
precise observations of absolute gravity and height
above the current mean sea level

recommends that efforts be made to observe and re-
observe a large number of such stations favourably
distributed around the globe.

L'A.1.G.

Reconnaissant que 1'interprétation physique des va-
riations temporelles des coordonnées naturelles, al-
titude par rapport au niveau de la mer, latitude et
longitude astronomiques, exige la connaissance de la

variation temporelle du champ de pesanteur terrestre,

et

considérant que cette variation peut &tre déterminée
par un réseau mondial de stations gravimétriques
8tabli par des observations précises et répétées de
la pesanteur absolue et de 1'altitude par rapport &
1'actuel niveau moyen des mers

recommande que des efforts soient faits pour obser—
ver et réobserver un.grand nombre de telles stations
favorablement distribuées autour du globe.
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