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METHODS DEVELOPED AT G.S.C.

(J.D. Rupert)

J. Rupert’s presentation concentrated on the validation of marine gravity data,

After pointing out the crucial difficulties illustrated by a few examples, the emphasis was on the various softwares
developed, their characteristics and performances.

1. EDPLOT Software
- Interactive editing of dynamic sea surface gravity data (1984)
- INPUT : Index sequential file (indexed on time)
- DISPLAY :
. free air
. observed gravity
. Ebtvis
. depth
. G accuracy
. time (day, hour, minute) - US data

- QUTPUT : listing of deleted points
- HARDWARE : VAX, TEKTRONICS 40XX
- SOFTWARE : FORTRAN, Data plotting DPICT, UNIRAS Version ?

. delete one point

. delete an interval of points
. restore points

. rescale plot.

2. ASSOB Software
- Adjustment of sea surface observations
- Time sequential data =» line segments.
- Line segments sorted by longitude.
- Crossovers found.
- Observation records created between crossovers.
- Gauss-Seidel interactive method or matrix inversion.
- Data discarded when observation rejected.

- Test for disconnected network :
. add 1 milligal to grial g-values, .
- adjust if trial g’s do not return to previous value-network disconnected.

- Used to adjust 600.000 points off the East coast of Canada.

3. EDGRAY Software
Interactive editing of data using colour contours (1985).
- triangulation and contouring (Watson algorithm).
- Input : national gravity data base standard retrieval record.
- Output : data file + listing of deleted points used to update the data base.
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DIGITAL MAPS WITH CONTOUR MAPS | [CONTOUR LATE
DATA POSTED VALUES WITH STATIONS MAPS DATA
l
N/
DIGITIZED REAL LOCATIONS| |GRIDDED I
VALUES WITH INTERPOL- | | VALUES
ATED VALUES I
/
ADJUST - DATUM, |
GRAVITY FORMULA,
DENSITY l
FREE AIR FREE AIR BOUGUER |
ONLY & DEPTH ONLY l
FREE AIR FREE AIR INTERPOLATION DBDBS5 |
ONLY & BOUGUER PROCESS [* |BATHYMETRY |
CHECK FOR EXTREME |
VALUES & EDIT
CHECK GRADIENTS OF
FREE AIR & BATHYMETRY \L
& EDIT CALCULATE
COES FOR
CALCULATE COES SMOOTHED NEW CRUISE
FOR NEW CRUISE VALUES
EXAMINE & EDIT
CORRECTION CALCULATE
RUN FINAL INVERT | Jvarmeeron | C?iii?g !
CULATION d
COE CAL COES DC & DRIFT SURVEY

Overview of Procedures (1)
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DIGITAL
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DATA
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PROCESS
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REPROCESS | paw

CREATE
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COMPARE WITH
EXISTING DATA

DATA

Shifed

REMOYE DUPLICATE
DATA. ASSESS
INTER-SURVEY SHIFTS
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HEIGHTS

MAP

CONTOUR
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COPY DUMMY BINS
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DATA

FINAL CHECK
& EDIT
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PRIOR TO
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Overview of Procedures (2)
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Processing of Land Data

1 Introduction

2 Raw Gravity Data

3 Accuracy of Land Gravity Data
4 Adjustment to Common Datum
5 Binned Gravity Data

6 Data Verification

127



8¢C1

Adjustment to Common Datum

The original technical specification of the African Gravity Project stated that wherever possible all the land and
marine gravity should be reduced using the following parameters:

‘Observed Gravity will be adjusted to the IGSN71 datum. New international gravity ties currently being
made for Africa and subsequent improvement of IGSN71 base station values will be incorporated into the
project as and when they become available to ULIS.

Theoretical Gravity () will be based on the International Gravity Formula IGF 1967 where:
Y = 978031.85 (1 + 0.005278895 5in0 + 0.000023462 sin?0) mGal
where 0 is the geodetic [atitude of station.l

Locations of stations will be given in degrees (and decimals) latitude and longitude as well as UTM co-
ordinates.

Free air Correction will assume the value of 0.3086 mGal m-1.
Bouguer Correction will use a reduction density of 2.67 g/cc on land and 1.64 g/cc at sea.

Terrain Corrections where already Known and applied will be incorporated in the Bouguer anomaly maps.”
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Sample Land Data

1
5.365C 27
5.3583 27
5.3383 27
Sample Marine Data

5.7592 54
5.7575 54
5.7565 54
1 F10.4

2 F10.4

3 F10.1

4 F10.1

5 F6.1

6 F6.1

7 Al

8 I1

9 F5.1
10 A5
11 A3
12 A3
13 18
14 2X

2 3 4 5 6 78 9 10 11 12 13 14
.0317 977823.5 728.0 -28.9-110.3L0 0.0 ORSCARORS

.0750 977829.0 700.0 -31.9-110.2L0 0.0 ORSCARORS

.1100 977831.7 684.0 -33.8-110.3L0 0.0 ORSCARORS

.9859 978077.0 -4976.0 -6.9-335.1M0 V1910AFRLAM19731600
.9492 978068.3 -5021.0 -15.5-329.6M0 V1910AFRLAM19735200
.9430 978068.4 -5049.0 -15.4-331.7M0 V1910AFRLAM19738800

LATITUDE (DEGREE)
LONGITUDE (DEGREE)

.OBSERVED GRAVITY (mGal)

ELEVATION (m) -32000.0 = NO VALUE
FREE AIR ANOMALY (mGal) 9999.9 = NO VALUE
BOUGUER ANOMALY (mGal) 9999.9 = NO VALUE

TYPE OF DATA 'L' -->  ON-SHORE
'M' -->  OFF-SHORE

CONFIDENTIALITY 0 --> NON CONFIDENTIAL
1 --> CONFIDENTIAL

TERRAIN CORRECTION (mGal)

SURVEY CODE

COUNTRY CODE

SOURCE CODE

TIME IN SECONDS OF MEASUREMENT FROM START OF YEAR (MARINE ONLY)
BLANK - 2 EXTRA DATA FIELDS

Table 1 Examples of non-confidential gravity data and format

for land and marine areas
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Example

AGP - LAND DATA

No. of Bouguer Anomaly Data Points
No. of Free Air Anomaly Data Points
No. of Smoothed Bouguer Anomaly Points
No. of 5' x 5' Grid Squares Containing Data

% of 5' x 5' Grid Squares Containing Data

132

777,552
750,913
245,374
124,266

33%



TECHNICAL DISCUSSION A :
DATA BASES - SOFTWARE INTERFACES

The discussion concentrated on the following items :

- APPROACH

Volume, utilization...

- TECHNIQUES

Computer, systems
In house vs. commercial DBMS

- FILES

Main working file (s)

Additional files : sources, countries
Archive

Formats, accuracy...

- UPDATING

New sources
Obsolete data
Flagged (erroneous data) « validation

Participants expressed their opinion on some or all of these points.

J.D. Rupert
Data bases :
1. Canadian data

600.000 data in base (canadian) : production uses S2K (SIS/CDC) —to go to ORACLE (Vax) in 1990 - tests
already made.
+ 20 000 new points/year.

2. Additional data non distributed.
Requests : = 300 external requests/year.
Archive :
On magnetic tapes => optical disks in the near future (worm drive).

C.C. Tscherning
Data base :
= 10° points in the base.
Few requests from outside (= S/year).
Large data sets are coming from oil/mining companies.
Data retrieval S/W :
Non integrated to graphics
Uniformisation of D.B. systems is desirable
Most efficient systems : all based on geographical keys.
Archives :
No archive except original data on tapes (not duplicated, nor re-read).
If a big data set comes in, KMS has to re-create the data base...
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Wishes :
BGI should publish in the Bulletin d’Information the new sources of data acquired and the list of the newly validated
data.

M. Sarrailh
Comments on adding data to the base : current DBMS updated for this purpose (efficient).
ULIS philosophy : good for regional data base, not for worldwide.
Cost : 1 000 poinis in 1 sec retrieved on the CYBER 992.

Terrain correction is not stored in the CGDF... a mistake from the begining | = could be interpolated in precomputed
grids (where available) when needed.

I Windle
In the near future :

- Bin philosophy kept but extraction by source added.
- Marine data might be stored by survey instead of bins.

M. Mennechet

Two systems are currently used at BRGM, one is ORACLE.
(present status as far as gravity is concerned is not known by the BRGM representant).

Ch. Poitevin
Change of computers soon to happen in Brussels (Apollo main stations + 8 Apollo mini-stations), with optical fiber
links ; ORACLE will likely used.

Mme Legeley
Archaic system still in use at ORSTOM.
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TECHNICAL DISCUSSION B :
ACCELERATION TECHNIQUES FOR MEASUREMENT SELECTION

M. Sarrailh, leader of this panel, gives an account of various techniques :

- Equal block decomposition.

- Triangulation : minimum parameter algorithm-Gerstl - see next page. Delaunay decomposition.
- Tree organisation.

- Tricks to be used when data cannot be all in core (overlapping blocks).

- Accelerated procedures for grid generation.

The discussion mostly runs on the interest of the triangulation approach and various applications.
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ANNEX TO THE MINUTES OF TECHNICAL DISCUSSION B : Gerstl Triangulation Algorithm

From: Gerstl, M., G. Heindl, E. Reinhart : "Interpretation and Approzimation by Piecewise Quadratic Smooth Functions
of Two Variables”, paper pres. 17th IUGG General Assembly, Canberra, 1979.

e Minimum Weight Triangulation
We give a brief description of the concept of 2 minimum weight triangulation.
Let be given a set, V, of N points in the plane, called vertices. In the set of the (*,) possible straight line segments,

called edges, between vertices in V, we consider subsets such that no two edges intersect in a point which is not an endpoint
of both of the edges. A wwiangulation T of V is defined to be maximal™  among such subsets.

This definition implies : Each mesh of a triangulation T is a triangle which contains no point of V but its three
vertices. Each edge of the convex hull of V is in T. We take advantage of this property when constructing a triangulation
of V. The edges on the boundary can be cancelled afterwards if not required.

We are interested in a triangulation of which the sum of the edge lengths is minimal among all the triangulations
of V, for it is known from the theory of f{inite elements that such a minimum weight triangulation has better numerical
properties.

Our algorithm for constructing a minimum weight triangulation from a given set of vertices was inspired by the
Voronoi diagram algorithm of M. Shamos and D. Hoey. For that purpose, the points z = (%;, ¥), i = 1,..., N, have to be
ordered such that z,,, is not contained in the convex hull of {z,,..., ]} which is assured for instance if for every i z is
lexicographically smaller than z,,,, i.e.

LA VE=X gAY <V

If we have formed a minimum weight triangulation of {z,...., z;} for some i < N and marked its convex boundary
H;, then the point z,,, must be connected with all the vertices of H; which it sees. Any edge seen by z,; must be cancelled
ititcan be intersected with a shorter edge originating at z,,, (see fig. 1). In this way the edges surrounding z,,, are successively
processed. This algorithm is dual to the construction of the Voronoi polygon of z,,, and works also in those cases where
the Voronoi diagram is not the dual of a triangulation.
Fig. 1.

Zi ll Z; Zi

—= zi+1
/ ;
z z z z

i-1 i-1 i-1 i-1

e NLER

The storage required by this procesure consists of an ordered list of the vertices on the boundary of the actual
convex hull and, for each point z;, of a clockwise ordered list of the vertices connected with z; at the present time.

ssssDenoting the system of all such subsets by S, a mazimal subset is defined to be an element of S which is not a proper
subset of any other subset in S.
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TECHNICAL DISCUSSION C:
ACCURACY OF PREDICTION METHODS
IDENTIFICATION OF ERRONEOUS DATA

The panel leader makes an extensive presentation which covers most aspects of the subject. The main facts are
related below :

1. GENERAL COMMENTS
- A comparison of a "geographicaly located" quantity to quantities in the vicinity is a general test for error
identification.
- Interpolation program modified so that values closer than e.g. 1 m are not used for prediction/interpolation.
Error detection procedure : | OBS.— PREDICTED b LIMIT?

=5 which Jimit ?
- Main tool : collocation (Wiener-type estimation technique, here related to integral equations with reproducing
kernels in physical geodesy).
2. STATISTICAL PROPERTIES OF OBSERVATIONS

Gravity data without long wavelength information and without topographic influence are, in the absence of (too-
many) gross errors :

- normally distributed.
- of mean value = 0 mgal.
- of standard deviation = 10-20 mgal.
Histogram (%)
1

\
IR RRERSSRY

.20 -10 0 10 20 eeveene

Difference (OBS-PRED) %

4

Normally distributed data

tinear oparator
(prediction)

o

Normally distributed numbers
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3. LEAST SQUARES COLLOCATION

Pred = {covariance obs; with pred.}” {covariance obs; - obs;}” . {obs}
Co ‘ + exror. var Cy Ag;
Error estimate :
o(obs—pred) =C_, — {C,}" {C;} " {C,}
=> Is this 2 good estimate 7

Not for an individual quantity but O.K. for "many” quantities |
Mot "good” because covariance function changes from area to area :

—> Estimate covariance function for all small areas 77
Too complicated : =

(1) Update C, everytime ?
(1) Update mean-value or local polynomial trend 7

Local collocation used in software "GEOGRID" : (N closest points).

Cly)=C,(1+yloe™

"Second order MARKOV covariance function”

C, = local variance

W = spherical distance

0. = correlation distznce * 0.595 (typically 5-20 km).

Suspected gross-error detected if :
|OBS~PRED k2 3%(C, - CL{T, +Er}'C,)”  and  given limit
This gives many suspected errors.
= (A) update C, locally using
N
Co= i§1 Ag
N closest points

= (B) use very short correlation distance = pessimistic error estiinate.

4. DISTANCE - WEIGHTED INTERPOLATION :

N
WSUM = 3 D}

j=1

N
WF = ¥ OBS/D;

j=1
n = power of interpolator (2 in general for harmonic functions - from Poisson kernel).
D; = distance to j° th obs.
P = WF/WSUM
No error estimate available !

=> construct error estimate with :
D, = distance to first zero point of covariance function
D, = distance to the closest point.

Then,if D, <D,:

6(OBS — PRED) = (D_./D,)’C,, +E%,)"”
(Err,,, : error-estimate of observed quantity to be evaluated).
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1/2

[
O

Distance
-
D
O
(ex. if 360 x 360 reference field removed ¢ 50 km resolution,
D, should be = 25 km).
5. FURTHER TEST

One should have :
10bs—pred| | _ distribution

error

T estimated from collocation.

'I‘hiscanbeusedtocheckstaﬁstics!(requireslocalmeanvaluetobezuo!)

The discussion mostly runs on the local properties of the covariance function, on the estimated error in distance -
weighted interpolation (C.C. Tscherning outlines the proof), on the estimation of the measurement errors from the variogram
in kriging (nugget effect) - can be effective.

It would be important to describe statistical characteristics of gross-errors ! and have the possibility to use position
dependent covariance-functions.

Theory still not clear !
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GRAPHIC TOOLS AS A HELP TO DATA VALIDATION

TECHNICAL DISCUSSION D :

The discussions ran on the items listed below.

TOOLS :
- Hisiograms

- flg) f} AZras A8ps 11, D, ...

8

Agg(h) is the most indicative plot.
-> clusters, polygonal seleciion, interpretation

- CrOss-overs (marine, aerial data)

- contouring (without gridding)
- coloured maps : Ag’s
€ITOrS
-3-D’s
LANGUAGES with respect to :
- Completeness
- User friendly characteristics
- Efficiency : machine dependent
=5 GSC uses: UNIRAS (needs losts of core, is slow, non efficient, full of bugs, has no good scaling
routines...)
DATAPLOT (developed by a private group in Toronto)
PLOT10 (basic package)
VERSAPLOT (some disadvantages).
KMS uses : an old package writien in Algol
The Graz package (based on GKS)
ULIS uses : VERSAPLOT
GEQSOFT
(UNIRAS will be installed).
BGluses: IGL (used in VERSET — fumre conversion to GKS ? - portability)

UNIRAS.

Poitevin (Obs. Royal de Belgigue) points out the SURFER software available on PC and PS2 computers, which
performs very well on small data sets ; for example, 500 points processed all at a time (this a a maximum) need only 3
minutes on a PS2 | The package is cheep (= 300 $ U.S.) and is recommended in developing countries agencies.
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COMMENTS ON THE DEMONSTRATION OF SOFTWARE CAPABILITIES

1. BGI SOFTWARE : PFATES (batch), VERSET (interactive)

Demonstrations were performed on tuesday 17, afternoon, with just one practical incident (interruption of the
ethernet line : to be investigated by BGI later).

The tests shown with a first file of the belgian data brought by Ch. Poitevin ran well.
Scales need to be added in all graphics.

The gradient map could be better utilized and as efficient as the collocation prediction.
The local re-triangulation and re-prediction takes long — ways to optimize it ?

A subset of data showed anomalous detection of erroneous points by PFATES : later investigated in the course of
the workshop, this was shown as being due to wrong choice of the covariance function parameters ; after correction,
results appeared very satisfactory.

2. KMS Software : GEOGRID (batch)

Sent a few days in advance to BGI (Apollo 10 000 version).
Was successfully compiled and ran on the CDC Cyber.
C.C. Tscherning could quickly validate the CDC version with a test data set he had brought.

GEOGRID was then used with some subsets of the belgian data : results almost agree exactly with those of PEATES.
Future tests by BGI will assess whether it is better, in the operational mode, to use GEOGRID or PFATES...

RESULTS OF THE TEST DATA SET PROCESSING

The table below summarized the results which were presented on the last day of the workshop on the processing

of five files (about 11 000 points).
File number 1 2 3 4 5 Remarks
Number of Points 593 480 6282 3003 568
PFATES output=number of flagged points 6 16 63 5 8
Number of corrections in VERSET 6 16 72 12 No
Points outdated 3 2 46 4 graphic
Points doubtful 0 4 9 5 control
Comments

PFATES does more things that GEOGRID for tuning the covariance function... but the point selection seems not
to take account of the azimuth (distribution in quadrants).

the correlation distance and the variance are very important ! locally, one can adjust the variance (with a few points)
in keeping the correlation length.

BGI should consider adding the t-distribution test (see Technical Discussion C)™"".
PFATES presently needs about 50 sec. for processing 1500 points simultaneously, and GEOGRID 15 s.

ssss22Ref. Tscherning, "Current Problems in Gravity Field Approximation”, Hotine-Marussi Symposium, Roma, June
3-6, 1985.
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OTHER MATTERS

BGIPLANS

1. Software
- Further comparisons between PFATES and GEQOGRID.

- glci)mpah;;esons between the used triangulation algorithms and a new subroutine recently acquired, so as to optimize
s phase,

- Final upgrading of the VERSET sofiware.

- Investigate more about marine gravity validation : usage of GSC sofiware of which M. Sarrailh got some training
(problem of conversion of pre-processor) ; availability of SKV-software ; new developments in house ...

2. Validation ; Operational Phase

A plan will be established soon. The strategy is first to run the PFATES (or GEOGRID) software in a systematic way
on all land data, then to refine the error detection by running VERSET. The main problem is of course the feedback
from the data suppliess...

Report on this major activity will be given next year at the 13th meeting of the 1.G.C.
THE WORLD GRAVITY MAP COMPILED BY BGI AND GSC

J. Rupert presented the first version of the coloured map of gravity anomalies (Bouguer) compiled by the two
organizations.

-3’ x 5’ land average values were computed by BGI (only gross errors were detected). :
.5’ x 5’ marine data come from Haxby’s global solution from satellite altimetry derived geoid, and from ETOPOS
(to compute the Bouguer anomaly).

The current version is at 1:50 million scale in the Van der Gruiten projection (a smaller scale could be used, and the
ﬁobertsoal] projection might look better...). North of Norway, the 5’ x 10° values computed by SKV could be included
if available.

Additional regional 5° x 5’ grids coming from AGP or SAGP being not yet in the public domain, the first publication
of this map (a 1000 set) will not include these data.

BGI and GSC are going to finalize the text to appear on this map (twenty paragraphs - ten in English, ten in French,
of about 10 lines each, will be writien).
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Part IV
CONTRIBUTING PAPERS
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Absolute Gravity Observation Documentation Standards

- July 1989 version -

(G. Boedecker, Chairman)

1. Introduction

Working Group 2 (WG2) 'World Gravity Standards' of the Inte
national Gravity Commission (IGC) has published - after site se-
lection criteria for stations of the International Absolutes CGrav-
ity Basestation Network (IAGBN) - at last "absolute Observations
Data Processing Standards & Station Documentation" in the Bulistin

d'Information {(no. 63 as of December 1988) of the Bureau Gravime-

n

trigue International (3GI): that publication will be refersncsd a

[{)]
|

WG2/1983 here. In continuation of this standardization in the s

i
®

cuel some guidelines for absolute observations documentation a
published as working standards to be applied for observations in
the IAGBN. However, these are recommended for use for all abscluts
observations employing modern free-rise-and fall or free-fall in-

struments.

There have been a number of global absolute observations in the
past few years and it appears necessary to make sure also by ade-
gquate observations documentation, e. g. for the BGI data holdings,
that optimum use can be made of these observations also for lzter

re-analysis and for correlation with any other type of relevant

data.
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2. Basic Viewpoints

- Absolute observations to be published should be made homogeneous

in form and comparable.
- Data exchange should be facilitated.

- The procedures leading from the very original observations to
the published g-value should be made more transparent and

should be published more completelv.

- If in future new standards are introduced it should be possible

to re—evaluate the original processing at least in the more

significant parts.

- Whereas the latter argument would favour a publication of svery
digit used in the whole proceure this would conflict with
transparency. A compromise can be found utilizing the idea

of normal observations (explained below).

- These standards will require the storage of slightly more num=
bers and the application of more complex rules as compared
to conventional gravimetry. However this seems to be accep-

table because:

- the rules have to be implemented in the software only
once
- advanced possiblities always require more complex rules
compared to the absolute instrument itself, the addi-
tional complexity of data handling is totally negligi-
ble
- the additional data are negligible considering the pre-
sent capabilities of mass storage media
- The reading of an absolute gravity meter may depend on - besides
the gravity acting - also on the current state of the in-

strument including the physical construction, adjustaent,

calibration and software, the current state of the environ-
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ment as air pressure etc. and the current state of the sta-

+ion. Therefore the most significant parameters of these

have to be referenced or recorded along with the gravity

reading.

- As gravity at a location may change, also the instrument, the
environment and the station may change with time. Therefore
the historv of these has to be recorded as far as it may be

relevant for the ocbservations.

- The costs of absolute observations are quite high. Thus there
should be an adequate effort towards data documentation in

order to guarantee the best possible future exploitation of

the data.

3. The Data

Starting from the above considerations, each absolute gravity ob-
servation report prepared as the result of the work of one party
at one station at one epoch (usually taking a few days) should

consist of two parts:

- a header section that contains all the data that may change
from year to year but remain unchanged in the days when an

observation takes place.

- an observation section containing a series of (normalized) ob-

servations.

3.1 Header Section

® station Subsection

- Country
- Station name: Number and/or name of town or habitat

- Identity: Number or name for identical station used by

others
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Description: Reference to station documentation or de-
scription 1included on present state; photograph and
sketch are helpful

History: Reference to relevant information on earlier
states of the station

Coordinates: Latitude and longitude to 0.0001 deg., alti-
tude to 0.001 m incl. height reference system

Gravity: The current final g-value observed for the sta-
tion to 1*10”2 ms™2 for A (0.80 m height above ground
marker), B (definition height of the instrument) and
C (ground marker).

Vertical gravity gradient: Reference to publication or
own observed value

Excentricities: Gravity differences to excentres

General remarks

Remarks to the station subsection:

* Identity: Two stations can only be regarded as
identical if they coincide to the millimetre

* History: As one could learn from the fate of many
IGSN71 stations which made necessary various revi-
sions and updates, it is important to keep track of
the changes of the station, e. g. construction mo-
difications in the near vicinity, changes of the
floor covering, changes of seismic noise etc.

* Vertical gravity gradient: Reference to publication
or details of the determination such as type of in-
struments etc.

* Excentricities: If the/an instrument could not ob-
serve in the plumbline through the station marker,
details should be given as to the relative gravity

ties etc.
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@ Instrument Subsection

- Type/status
- Reference to publication or details on type of freqguency
standard, type of light source, absorbtion line/wave

length, material/weight of falling object, drift rates

Remarks to instrument subsection:

% Type/status: As e. g. in the case of software and
also as is done in a similar way when a relative
gravity meter is modified, one has to define diffe-
rent states in the ongoing development and modifi-
cations of an absolute meter, by a suffix to the
name, e. g. JILAG-6.4 or JILAG 6.1988. The details
for an instrument so defined should either be given
by referencing another publication or in the obser-

vation report itself.

@ Envircnment Subsection

- General situation: Remarks on humidity, power supply etc.

3.2 Observation section

® Reference subsection

- Reference for the standards used for the corrections ap-

plied

© Observation subsection

- For single drop r > 29/&Gal, normalized observations (ex-

plained below), for single drop r < 29&Gal, all obser-
vations should be recorded including:

- Time h:min
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Original or normalized gravity observation to 1 * 1073
ms™2, also for the corrections

Number of drops included

Standard deviation (for normalized observations only)
Height of definition point above marker

Air pressure

Pressure inside vacuum chamber

Temperature

Correction for light travel time

Correction for earth tides

Correction for oceanic tides

Correction for earth rotation changes (polar motion)
Correction for atmospheric masses

For whole data set: Histogramm with 1 * 1077 ms™2

slots

Remarks on the observation subsection:

* The construction of normalized observations is ta-
ken from satellite geodesy, where the normal points
are intermediate filtered wvalues for ©observed
points along the satellite's trajectory. They are
fictitious observations that permit at a high accu-
racy level the analysis and later re-analysis of
all significant effects.

ms ™2

L4 .‘——-_\
4
® ~\~\\\\}\\\\- raw observations

normal observation

/%//—"“1__,——corrected observations

-+’*: —— —¢____ average corrected obs.

t
]
| . time (UT)

As also explained in the above sketch, each obser-
vation within 10 minutes (5 min before to 5 min af-
ter h:min hours) individually undergoes the full
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correction and evaluation procedure. These values,
which should be rather constant except for noise,
are taken (averaged) to yield the representative
gravity value for h:min hrs. UT. Then in reverse
sign the various corrections are applied again to

give the fictitious filtered observation at h:min

hrs. UT.

The interval of 10 minutes seems to be appropriate

because
- atmospheric changes can sufficiently be traced

- groundwater or soil moisture changes also can

be sufficiently traced
- any later changes of earth tide models are un

likely to occur in a higher frequency band
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Information letter :

ABSOLUTE DETERMINATION OF THE VERTICAL GRADIENT OF GRAVITY

(Prof. A. Sakuma, BIPM, Sévres, France)

Using our BIPM type absolute gravimeter, we are now capable of measuring the vertical
gradient of gravity, v, with an accuracy approaching that obtained by calibrated relative spring
gravimeters. The latest preliminary result for y at SEVRES POINT "A" is : (3106 + 31) x 10°
s2or(310.6£3.1) pGal/m where the numbers represent the mean value and the standard deviation
of the mean of approximately 200 measurements throughout the trajectory of about 0.4 m. This
value is in good agreement with the accepted value at this point, (3118 + 6) x 10” 52, which was
obtained as the mean of a large number of relative measurements using 14 spring gravimeters
on the occasion of the second international comparison of gravimeters at Sevres in 1985. This
increase in accuracy in the measurement of 7y is due to a recent improvement in the catapult and
the anti-vibration devices which now make it possible to extract y (involving a t* term) with low
noise level from the free-rise-and-fall motion (¢ term). It is worth noting here that in a series of
g measurements where each ¥ value is well determined, the scatter of each g value decreases to
the = 2 to + 4 nm.s? level (near the present resolution limit) and these g values are very close to
the mean of all. Thus we can consider that the g value obtained together with a well measured
y value has a high probability of being very near to the real value. A full report of this work is
now in preparation.

August5, 1989
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DETERMINATION OF ABSOLUTE GRAVITY VALUE ON MADAGASCAR IN
1988

Arnautov, G.P., Kalish, EN., Stus, Yu.F., Tarasjuk, V.G., Scheglov, S.N.

The International Gravimetric Commission in cooperation with the Geodetic Commission for Africa of IAG
have worked out a project for setting up a high-accuracy gravimetric network on the territory of Africa and on the
surrounding islands with the initial basic points determined by means of the laser ballistic gravimeters. In con-
sideration of this project, the USSR Academy of Sciences adopted a resolution to carry out absolute gravity
determinations on Madagascar and through the Soviet Geophysical Commitiee requested the National IUGG
Committee of Madagascar of their view on the possibility 1o carry out these observations.

The National IUGG Commitiee of Madagascar granied the permit for the Soviet Gravimetric Expedition.
After preliminary technical regulations, the Soviet specialists arrived in Antananarivo in the beginning of November
1988 and carried out measurements of absolute gravity values using the laser ballistic gravimeters (GABL) con-
structed at the Institute of Automatics and Electrometry of the Siberian Department, USSR Acad. of Sci., in
Novosibirsk.

The gravimetric measurements on Madagascar would not have been accomplished without the great
assistance and interest shown to these studies on behalf of the National TUGG Commiitee and of Dr. S. Andriamihaja,
its President. Dr. S. Andriamihaja and his collaborators have prepared an excellent observation site in a church
Evzhoeijaeng (33%((1)0{’&3 pillar 1 x 1 m was set on level with the floor and easy access to running water and electricity of

The description of construction of the laser ballistic gravimeter and of measurement technique and the
analysis of its possible errors are given in several publications, in particular in paper /1/.

The principle of operation of GABL is based on measurement of intervals of path and time of free fall of
the optical angle reflector in a vacuum chamber. The free fall of the angle reflector is provided by an automated
system of control with a given program. The movement of the angle reflector is measured by a laser interferometer,
To reduce vibration and seismic effect on measurement results, the reference angle reflector is suspended in the
center of swinging of a low-frequency seismograph. The modulation of brightness of interfering bunches as a result
of movement of the angle reflector is transformed by a photo-receiver into an electric signal whose period of change
corresponds to the movement of the angle reflector for a half of the laser wavelength. Therefore, the path traversed
by the falling body is designated by the wavelength of the laser ray. The helium-neon laser, stabilised by iodine
absorption cell, is used to measure the path of the falling body.

The time intervals were measured by the rubidium frequency standard.

The signals from the photo-receiver and from the rubidium frequency standard are recorded by a computer
unit, which calculates the values of path and time intervals. These data are fed to the micro-computer which calculates
gravity values and statistically generalises the results of repeated measurements.

The methods of work with GABL at the Antananarivo site were as follow. After the mounting of the
gravimeter on the pillar, its adjusting and the obtaining of the necessary vacuum in the chamber where the angle
reflector is installed, the gravimeter was swiiched on. The program determined the number of throws of the angle
reflector in the series of 60 single throws during 10 minutes of automatic operation of the gravimeter. After every
observation series an interval of 10-20 min. followed to check installation and adjustment of instrument.

The result of measurement of each series was entered from a computer display in a log-book where the final
gravity value was calculated for every series of measurements with introduction of the necessary corrections,

The measuremenits at the Antananarivo site were carried out on 9,10 and 15 November 1988, with a total of
22 observation series. The maximum scatter of measurement series was 20 mcgal. The gravity value (g,) measured
by the absolute gravimeter was determined at the effective height of the instrument at the point on the vertical from
the pillar (in this case h, = 0.983). To reduce measurement results, obtained by the absolute gravimeter, to the
surface of the pillar, the vertical gravity gradient was measured at the point of GABL installation. These
measurements were carried out by the Madagascar specialists with the LaCoste-Romberg DN139 gravimeter
belonging to the Geological Service of Madagascar. In all, 70 measurements of Ag were made between the surface
of the pillar and the point in space at the height of 1.001 m. The value of the vertical gravity gradient at this height
was 354 £ 2 mcgal, whereas the reduction value of the measured g, to the surface of the pillar was + 348 + 2 mcgal.

In addition other corrections were also introduced into the g, values (see Appendix 1) :

- for resistance of the residual air in vacuum chamber (Ag),
- for finiteness of light velocity (Ag),

- for tidal gravity changes (Agg),

- for attraction of atmospheric masses (Ag..),

- for movement of the Pole (Agy).

Corrections for Ag,, and Agy, were calculated by formulas given in /2/.
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The measurement technique made superfluous corrections for deviation of the measurement line from the
vertical (), for escape of laser frequency (m,), for errors of time intervals (m,). The Honkasalo correction (Agw
was also not introduced according to IAG Recommendations.

After accomplishment of all measurements the average absolute gravity value (g) was obtained from all
series and also its mean square error (M,) by inner correlation of measurement results (accidental error). The total
value of the mean square error (M) of the absolute gravity value at the level of the pillar was calculated with due
account of accidental error, instrumental errors and errors connected with consideration of external factors. The
major sources of errors and their values are given in Table 1.

As a result of measurements carried out at the Antananarivo site, the absolute value of gravity acceleration
was obtained :

978 207 278 + 6, mcgal, at effective height 0.983 m

978 207 626 + 6, mcgal, at the Jevel of the pillar.

The field sketches, the description of the gravimetric site Antananarivo, and the topographic maps of the
site are given in Appendix 2.

Table 1
Sources of errors Symbol Value of error
(mcgal)
Measurement errors of time intervals m, +1
Error of laser wave-length reproduction m, +4
Error due to resistance effect of residual air in m, +3
vacuum chamber ‘
Error of the vertical and non-ideal character of the m, ‘ +2
wave front
Error due to tidal variations of gravity m; +2
Error of reduction of the measured gravity value to m, +2
surface pillar
Accidental emror of absolute gravity value M, +1.2
measurement K
Tota’ (full) error of determination of the mean value M= :t:\/fm? +6.3
of absolute gravity value at the level of pillar

In conclusion the authors wish to express their sincere gratitude to Dr. S. Andriamihaja, President of the
National IUGG Committee of Madagascar, and to his collaborators for their great assistance in the organisation
and accomplishment of measurements and for an extremely hospitable reception of our Expedition.
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Appendix 1
Results of absolute gravity measurements

at Antananarivo-0512 point in 1988

“ Effective height: h = 0,983 'm Corrections for finiteness
of light velocity: Ag, = - 22 mcgal
S mme - T Mean  Number  Correstioms pro
of meas. Measured square of for for Corrected . preg-
by value error falls resis- sure
Greenwich tence tide value value
of air (mm Hg)
R T S T S “Bp L Es_ L& L
1 2 3 4 5 6 7 8 9
9,X1I.1988
h,~m heem
1 177407177557 978 207 259 + 5 90 + 16 - 5 978 207 619 651
2 18 15 =18 25 239 6 60 + 16 + 20 624 "
3 18 40 -18 50 224 7 60 + 16 + 38 627 "
4 18 55 =19 05 . 208 T 60 + 16 + 47 620 "
5 19 20-=19 30 191 6 60 + 16 + 60 616 n
6 19 50 -20 00 187 T 60 + 16 + 11 623 "
7 20 15 =20 25 194 6 60 + 16 + 76 635 "
8 20 35 -20 45 181 7 60 + 16 + 77 623 "
9 21 05 =21 15 189 6 60 + 16 + 72 626 "
10 21 35 =21 45 200 5 60 + 15 + 62 626



661

——-—-—-——-—-—-—.—.—-—c—————.—-—--—-—-——--———-————————-—-————u_
-

1 2 3 4 5 6 7 8 9
11 ezhosm-22h1sm 978 207 222  + T 60 + 15 4 46 978 207 632 651
12 22 35 - 22 45 249 7 60 + 14+ 26 638 "
13 23 05 -23 15 260 - 6 60 + 14 + 3 626 "
14 23 35 =23 45 288 6 60 + 14 - 21 630 650

10.X1.1983
15 005 -0 15 - 308 5 60 + 14 - 44 ' 627 650
16 035 -0 45 323 7 60 + 14 - 65 621 "
17 055 - 105 342 6 60 + 14 - 77 628 "
18 115 - 1 25 348 7 60 +13 - 86 624 .
19 135 - 145 367 7 60 + 13 - 93 636 "
20 155 - 205 355 7 60 + 13 - 97 620 "

15.X1.1983 "

21 16 05 -16 15 212 6 60 + 13 + 50 624 "
22 16 25°-16 35 228 7 60 . + 13 + 38 628 "
Constant corrections: Average: g = 978 207 626
a8, = + 348 mcgal m = + 5,6
pgy = - 2 mcgal M0= + 1,2
8 gpp= + 3 mcgal M = + 6,3



INTERNATIONAL ABSOLUTE GRAVITY BASESTATION NETWORK

(I AGBN)

Station: 0512

Station location: AMBOHIMANORO CATHEDRAL ( St Laurent )

City :  ANTANANARIVO
Country : MADAGASCAR
o] ? 1" o ? "
¥ = 1854 59  South »X = 47 30 59 East Greenwich
H = 1382,445 m

978 207,278 + 0,0060 mgal for hoee = 0,983 m

g

g (Station) = 978 207,626 + 0,0063 mgal

Date: ©November 1988
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DESCRIPTION OF THE STATION 0512 <

One rivet, studdet at the center of a slet of merble (1 m x 1 m),
marks the station which is located in the sacristy of the Anglicen
Cathedral (ST LAURENT) at Ambohimanoro, in Antanansrivo.

OPERATORS

All the measures have been done by:
- the scientific Soviet shift

- Dr Arnautov G.P.
- Dr Kalish E.N.

- Dr Stus Ju.T.

- Dr Tarasyuk V.G.
- Dr Sceglov S.H.

from the USSR Academy of Science

- and the scientific Malagasy shift

- M. Bezandry Charles

- M. Rabemalazamanans

-~ M. Rakotondraompianina Solofo
- M. Rakotoary Jean Chrysostome
- M. Sylvain Juin

~ M. Remilison Andrianarimalals

EQUIPMENT

One absolute gravimeter GABL from the Institute of Automatics and
Llectrometry, Slberlan Department of the USSR Acedemy of Sciences
has been used.

= 978 207 278 + 6,0 mcgal at 0,983 m above the station.,

One gravimeter La Cost~Romberg D 139 has been used to determine
the gradient of the gravity in order to have grav1ty value of the
station:

gstation = 978 207 626 + 6,3 mcgal
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CORRECTION OF A SYSTEMATIC ERROR OF GRAVITY
MEASUREMENTS WITH JILAG-3

W. Torge, R.H. Roder, M. Schniill
Institut fiir Erdmessung
Universitat Hannover
D-3000 Hannover, F.R.G

Abstract: Between March 1986 and January 1988 absolute gravity determinations have been
carried out on some 35 stations in six european countries with the Faller-type gravimeter
JILAG-3. A re-adjustment of the instrument’s interferometer base in J anuary 1988 resulted
in a constant shift of the results obtained up to that time of +22 pgal (1 pgal = 10 nms™?),
which must be treated as a correction to these observations.

Early 1986 the Institut fir Erdmessung (IfE), Universitit Hannover has received an absolute
gravimeter, constructed and built at Joint Institute for Laboratory Astrophysics in Boulder,
Colorado by Prof. J.E. Faller and his group (Faller et al. 1983, Niebauer 1987). Between
March 1986 and January 1988 some 35 stations have been observed with the instrument,
having it adjusted before to our best knowledge at that time. In course of each single gravity
determination a standard deviation is computed for the mean value of several thousand drops
(single experiments) following the common law of error propagation. Depending on the
total number of drops carried out at the stations, this resulted in values less than =+3 pgal
with only a few exceptions. These standard deviations must not be regarded as the real
accuracy of the obtained gravity values because of remaining systematic errors from which
the existence is known, but not necessarily their amount. They are supposed to be constant
during an observation but some of them might vary with time due to different instrumental
and environmental conditions. From repeated measurements in 1986 /87 on seven stations we
estimated the accuracy of a gravity determination to be +9 pgal on the average which is in
agreement with our early statement (+10 ugal).

Comparisons were performed on eight gravity stations of Deuisches Schweregrundnetz 1976
(DSGN76). This network is based on four absolute stations determined by Istituio di Metrolo-
gia “G. Colonnetti”(IMGC), and by relative ties between the 21 network stations (Sigl et
al. 1981). Other comparisons were possible by a measurement at Bureau International de
Poids et Mesures, Sévres in 1986, where the gravity value was determined by means of six
absolute meters from five different countries in 1985 (Boulanger et al. 1986) and by a measure-
ment in Potsdam, where the GABL-gravimeter of Institute of Automatics and Elecirometry,
Sibirian Branch, USSR Academy of Sciences has observed in the period 1976 to 1986 (Arnau-
tov et al. 1989). From these comparisons our values resulted to be smaller by about 25 ugal,
whereas this systematic discrepancy was not found when comparing directly with results of
the absolute gravimeter of Istituto di Metrologia “G. Colonneiti” (Cannizo et al. 1978) on
seven stations.

During a visit of the instrument’s designer, Prof. J.E. Faller, in January 1988 at IfE, we
went under his guidance through the whole adjustment procedure of the instrument’s inter-
ferometer base again and detected that there was a misalignement in the laser beam path:
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An essential part of the interferometer base is a frequency stabilized laser. After passing
an optical isolator to prevent light reflection back into the laser, the beam is focused on a
pinhole for spatial filtering, and then is collimated to become parallel again. This collimation
was not properly done, i.e. the optical component “focusing lense/pinhole” was disadjusted.
This was supposed to have affected our measurements systematically in the sense of being to
small, but an amount of the error could not be given from the adjustment procedure.

In order to verify the amount some more repeated measurements at the stations Hannover
101 and Clausthal 522 were carried out in 1988 and 1989, A comparison with values obtained
before the re-adjustment resulted in a shift of +22 +4 pgal. This value has to be applied to all
measurements made until January 1988. Its computation and an estimation of its accuracy
is documented in the following (Tables 1-3):

Table 1a: Gravity observations at station
Hannover 101 until January 1988.

Epoch No.of Gravity Std.dev.
drops [pgall [pgall
03/86 6000 981 263 316 1
04/86 8000 981 263 312 2
05/86 3900 981 263 303 1
06/86 6000 981 263 310 2
08/86 6000 981 263 321 3
08/86 1000 981 263 303 8
09/86 3800 981 263 306 ]
12/86 11000 981 263 307 2
03/87 3000 981 263 308 2
06/87 2700 981 263 299 i
12/87 3500 981 263 303 1

Table ib: Gravity observations at station
Hannover 101 after January 1988.

Epoch No.of Gravity Std.dev.
drops [pgall [pgall
04/88 2000 981 263 337 4
07/88 1000 981 263 340 4
08/88 3000 981 263 337 b
11/88 3000 981 263 318 3
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Table 2a: Gravity observations at station
Clausthal 522 until January 1988.

Epech Ho.of Gravity Std.dev.
drops [pgall [pgall

03/86 1037 981 115 721 2

05/87 1600 981 115 709 1

Table 2b: Gravity observations at station
Clausthal 522 after January 1988.

Epoch No.of Gravity Std.dev.
drops [pgall [pgall

08/88 2500 981 115 735 1

02/89 3600 981 115 732 2

Table 3: Comparison of results obtained until and after January 1988.

Hannover 101 until 01/88,
11 determinations, 54900 drops: Mean: 981 263 308.0 +/- 1.9 pgal

Hannover 101 after 1/88
4 determinations, 9000 drops : Mean: 981 263 333.0 +/- 5.1 pgal

-.-———-—--—-.—--..—-.—---—--—--—-.-.-——-—-.-----.---------—-—---—-----’—-———-

Difference: +25.0 +/- B.4 pgal

Clausthal 522 until 01/88, .
2 determinations, 2537 drops : Mean: 981 115 715.0 +/- 6.0 pgal

Clausthal 522 after 1/88,
2 determinations, 3600 drops : Mean: 981 115 733.5 +/- 1.5 pgal

> € T 2 €T 15 > > € e Y T D W IR I e S D D T D = £

Difference: + 18.5 +/- 6.2 pgal

Weighted mean difference: +22.2 +/- 4.1 pgal

Remark: Mean values and standard deviations of the four groups of measurements given
in Table 3 have been computed from the equal weighted results listed in Tables 1a ... 2b.
The standard deviations given in the last columns of these tables have not been taken into
consideration because they do not represent the real accuracies due to residual systematic

errors.
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In the following Table we give some summarizing results of comparisons performed with other
gravity data.

Table 4: Comparison of JILAG-3 observations with other data.

Reference Mean difference R.m.s. discrepancy
gravity values JILAG-3 - reference

[pgall [pgall
DSGN 76 -3 +/- 7

(8 stations)

Sevres A + 4 -
(1976 - 1985,

7 instruments,

18 determinations)

Sevres A -3 -
(1985, 6 instruments,
7 determinations)

Potsdam S14 -5 -
(GABL 1976 - 1986)

IMGC with IfE-gradients + 11 +/- 19
(7 stations)

From this comparison we may state that the 22pgal correction has remarkably reduced the
systematic bias in the JILAG-3 results, found before.
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