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SUMMARY

Marine geodesy (MG) is dic application of geodetic tasks to dic parts of the
earth’s surface covered by oceans. Since they amount to two-thirds of the entire
surface MG is of high importance both to theoretical and practical geodesy. MG
makes .use of cognitions and procedures of continental geodesy (CG) but is dis-
tinguished from the latter by some essential characteristics.

The practical importance of MG follows from an increasing importance of
the oceans as an economic domain and as a reserve of foodstuffs and raw materials
for te world. About one-fifdi of dic crude oil demand of te world is already
being extracted from te shelf region in the eartb crust; by te year 2000 it will
be about one half. On the bottom of dic seas are large quantities of manganese,
copper, nickel, cobald and titanium that exceed te known deposits on continents.
The ]atter are constant]y diminishing by exploitation whereas die former are cu-
rrently increasing by sedimentation. They are added by deposits in the crust below
dic seas te exploitation of which is already technically feasible.

The large quantities of fish and plants living in te seas are already contri-
buting to nutrition of man. Such contribution will greatly increase with the esta-
blishment of fish fanns in te sea and with dic use of oter procedures to obtain
protein fronranimais and plants of the sea. Thus te importance of dic sea as a
foodstuff reserve for the steadily multip]ying mankind will incrase too. Modem
technologies already now permit te erection of industries in the sea, the utilization
of dic sea as a living space for man, te creation of centres for te defence and
for the control of te outer space of earth. In dic future this will be possible on
a larger scale.

* Texto completo del trabajo relatado en el Homenaje a K. Rinner durante la Conferencia
Internacional de Cartografía y Geodesia. Maracaibo (Venezuela) 1992.
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From te statements made hjtherto foflows both an mercase in the economie
value of the sea floor (that in some cases is approaching tbe ground value on land
and may exceed it in the future) and the importance of the sea itself as a foodstuff
reserve and a livíng space for mankind.

The same applies to MG providing the prerequisites for an economic ex-
ploitation of the oceans. Thus the development of MG is an important task of
modern geodesy.

In the paper te problems of MG are discussed. After the description of te
observation data available with MG te deterniination of Controlpoints on te
floor and on dic surface of the sea are investigated. Thereon the topographic survey
of the sea floor, the constructions of topographic maps and methods for te
deternÉnation of the marine geoid and the seasurface topography are discussed.
Finally an outlook on the future development of MG is given. From this the
following future tasks of MG are predicted.

Position determination on the sea, in the sea and on the sea floor, production
of topographic and thematic charts of the sea bottom, determination of the sea
surface topography and of te sea geoid, determinaíion of te geodynamic varia-
tions of the earth’s ernst, of the geoid and of te sea topography, establisbment
of test areas for testing instruments and techniques, conclusion of international
agreements for carrying out experiments and practical tasks. Solutions already
existing and solution sets are to be further developed to increase their accuracy,
complete their statement and reduce te time required therefore.

1. TASKS OF MARINE GEODESY

Geodesy has to fulfil a geometric and a physical task. The geometrie task is
to determine the shape and position of te eartb’s surface arid of natural and
artificial objects situated thereon as well as to describe and represent them by
means of coordinates and maps. (This task also includes engíneering surveying
in conjunction with technical projects, laying out the project, and determining
changes of territory and objects.) Tbe physical task aims at determining the struc-
ture of te field of gravity on te earth’s surface andin outer space. Both these
tasks are to be carried out as completely, accurately and quickly as possible so
that changes taking place and being expected can be distinguished as a funetion
of time. The final aim should be a real-time reporting on the geometric behaviour
and the structure of the field of gravity on and outside the earth.

Marine geodesy (MG) is the application of geodetic tasks to the parts of the
earth’s surface covered by oceans. Since they amount to two-thirds of the entire
surface MG is of high importance both to theoretical ami practical geodesy. MG
makes use of cognitions and procedures of continental geodesy (CG) but is dis-
tinguished from the latter by sorne essential characteristics.

Qn te continents te data can he determined on te surface to be measured
and repeated any time. On the ocean floer this is hardly possible. Measurements
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Continental

have to be carried out on tite constantly moving surface of the sea. Repeats give
new data detennining adjacent but different configurations for the unknown pa-
rameters. MG has to cover more reference surfaces than CG: te surface of te
earthcrust below die oceans (sea floor), te sea surface assumed tobe undisturbed,
and tite geoid as a special potential surface of die earth body (see Fig. 1).

There are also sorne differences ja the type and determination of data. CG
data are obtained in te atmosphere whereas in MG an essential portion of dic
measurements have to be made through te sea. So tite restriction of measuring
means is greater, their accuracy is lower. Refraction of the atmosphere is added
by refraction of tite sea.

Tite practical importance of MG follows from an increasing importance of
the oceans as an economic domain and as a reserve of foodstuffs aud raw materials
br te world. About one-fifth of tite crude oil demand of dic world is already
being extracted from the shelf region in the earth crust; by dic year 2000 it will
be about one half. On the bottom of te seas are large quantities of manganese,
copper, nickel, cobalt and titanium diat exceed te known deposits on continents.
Ihe latter are constantly diminishing by exploitation whereas the former are cu-
rrently increasing by sedimentation. They are added by deposits in te crust below
the seas te exploitation of which is already technically feasible.

The large quantities of fish and plants living in te seas are already contri-
buting to nutrition of man. Sucit contribution wilI greatly increase widi tite esta-
blishment of fish farms in the sea and with te use of oter procedures to obtain
protein from animais and plants of tite sea. Thus tite importance of tite sea as a
foudstuff reserve for te steadily multiplying mankind will increase too. Modern
technologies already now permit the erection of industries in the sea, the utilization
of the sea as a living space for man, the creation of centres for tite defence and
for the control of te outer space of earth. In the future this will be possible on
a larger scale.

From tite statements made hidierto follows both an increase in tite economic
value of tite sea floor (that in some cases is approaching te ground value on land
and may exceed it in the future) and the importance of te sea itself as a foodstuff
reserve and a living space for mankind.

The sarne applies to MG providing tite prerequisites for an economie ex-
ploitation of te oceans. Titus te development of MG is an important task of
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modern geodesy. Its scientific bases will have to be investigated systematically
and tite development of its procedures and instruments carried on with an intensity
similar to that used in CG. Since tite sea is doubtlessly of itigiter importance for
tite furtiter development of mankind than tite moon and te planets of the solar
system it may be demanded to make available similar amounts of money for tite
development of MG as for extraterrestrial geodesy.

Tite general aims of MG described lead to the formulation of actual geodetic
tasks. Having regard to tite increasing value of tite ocean floor it will be necessary
to have a sea lot register to establish, secure and reproduce at any time tite
boundaries between exploitation areas on the sea floor and on tite sea surface. As
a basis for sucit register it will be necessary to establish a system of control points
from witich the boundaries can be determined by means of measuring data. Titese
MG control points may be, as on continents, permanently marked points on tite
sea floor whose space position can be fixed witit itigh accuracy, or a sufficiently
dense system of geodetic satellites with known epitemerides. Topograpitic maps
of tite sea floor will be required for tecitnical-econornic projects. They sitould
contain a complete and accurate representation of tite sea floor and the navigation
systems installed, just as the nautical charts used hidierto. These are navigation
instruments; topograpitic maps should additionally contain dic data required for
tite geopitysical exploration and tite realization of engineering projects.

With te aid of MG control points and maps it will be possible to divide die
sea floor and te seasurface and to substantiate legal rigitts ofproperty, prospecting
licences and servitudes. Also die position of objects on tite sea, in tite sea and on
tite sea floor can be ascertained. These points will also help to fmd lost objects
(sitips, aircraft, satellites) on the surface, in te sea and on the sea bottom. They
may also be used to record natural pitenomena and approaching catastropites, and
to establish warning systems (for Tsunamis).

Tite knowledge of tite geoid, the sea surface topography, te sea floor and
te structure of tite gravity field on the sea, in tite sea and on tite sea floor will
be of importance for scientific and practical problems, likewise te knowledge of
recent changes of titese data in position and height. MG (like CG) will bave to
elaborate a repeatedly controlled and statistically illustrated description of pite-
nomena observed but not titeir interpretation or explanation. This will provide
important bases for tite handling of problems arising in oceanograpity and odier
geosciences in connection with tite sea.

Table 1 gives a systematic surveyof MG tasks and their practical and scientific
applications (substantially taken from /1/). Tite basic geometric task is supposed
to be tite determination of control points and position points derived from the
latter, tite basic physical task tite determination of a gravity model of eartit. Tite
solution of titese tasks is a previous condition for the subsequent tasks of mapping,
technical investigation, science, geopitysical exploration and oceanograpity. Test
fields will have lo be establisited for testing and calibrating instruments and pro-
cedures.
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POSITIONAL ACCURACY REQUIREMENTS

GEODETIC
OPERATIONS

Precision in m Accuracy in m
±N ±E ±H ±N ±E ±H

Control points
Test nets stations
Gravity base stations
Geoid

1
1

10
—

1
1
10
—

0
0.3

1
0.1

10
10
10
—

10
10
10
—

0
0
0

0.5

OCEAN PHYSICS

Mean sea level
Stationary buoys
Drifting buoys
Seafloorspreading
Ice sheet motion

1

10

50-100

0.1

1-5

1

10

50-100

0.1

1-5

0

0

0

0.1

—

50-100
10

50-100
—
—

50-100
10

50-100
—
—

0.1
—
—
—
—

SEARCH, RESCUE,
SALVAGE

1-lo íí0 — 20-100 20-100 —

OCEAN RESOURCES

Geophysical surveys
Drilling
Pipeline, cable laying
Dredging

10-100
1-5
1-10
2-10

10-100
1-5

1-10
2-10

1
1-5
—
—

—

—

—

—

—

—

—

—

—

—

—

—

TRACKING
STATIONS — — — 10 10 —

N: North E: East H: Height

Table 2

Of importance are tite demands of accuracy made at present by tite various
disciplines interested in tite results of MG. They are contained in Table 2 (as
established on tite basis of enquiries made, first communicated in /11; «precisión»
denoting tite mean accuracy of tite procedure and «accuracy» tite mean position
accuracy in tite coordinate system chosen). Remarkable are tite high demands
made on geoid altitudes and on the horizontal position for recent motions of ±0.1m
as welí as die accuracy of ±1 m for the coerdinates of control points. Similar
demands of accuracy are being made on MG as on CG although measuring
conditions are much more difficult in MG.

16
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2. OBSERVATION DATA

In CG, measurements are (as a rule) carried out from earth fixed stations;
also tite target points are (as a rule) fixed. Thus it is possible to repeat individual
measurements and increase dieir accuracy. In MG, however, most of tite stations
aud target points are (as a rule) situated on moving objects (sitips, platforms,
satellites) aud only few in fixed places (coast, sea floor). Tite data of measurement
belonging to a configuration must dierefore be determined simultaneously, an
increase in accuracy is possible by simultaneous repetition of alí measurements
in adjacent configurations. Simultaneous measurements can only be dispensed
with if the patit curves of moving stations or target points are known witb sucit
precision that centering canbe carried out. In MG, tasks witit time-dependent data
of measurement are considered as a míe diat in CG are termed dynamic.

Is MG, only pan of the measurements are made on or outside the sea, i.e.
in tite atmosphere, most of them are carried out in tite sea. On principle, alí
dynamic measuring techniques can be performed on and outside die sea: distances
(ligitt and micro waves), Doppler data, directions (by pitotograpitic extension of
tite astronomic system), space angles and gravimetric data. In most cases it will
be necessary to stabilize die measuring device. Only teodolite measurements
cannot be made at present.

In dic sea, tite techniques used for direction and distance measurements on
land cannot be applied because of tite poor propagation conditions of ligitt and
micro waves. Light and micro waves are dierefore replaced by ultrasonar (US).
Since US is moving in tite sea along a patit curve to be determined by density
measúrement at determinable velocity tite space distance between tite measuring
points can be ascertained by integration frnm tite running time measured for a US
signal. A density profile has to be establisited in addition to te running time. As
a rule, tite measurement is made from objects on the surface or in dic sea to fixed
points on tite sea floor. Reflectors are installed at diese points witicit on receiving
an (acoustic) signal emit a US signal of certain frequency. Reside tese devices,
called transponders, titere are beacons and pingers which emit signals constantly
or at intervals, or are induced to do so by electric signals ¿oming via cables.

Measurement of tite US distance can (in case of fixed end points) be repeated
any time. It is also possible to simultaneously measure distances from one point
to a number of points and to determine distance differences by means of acoustic
Doppler tecitniques. Quotients of distances follow from running-time quotients if
tite velocity distributions are equal for bodi distances. In titis case it is possible
to do without tite expensive measurement of density profiles.

By measuring adjacent distances it is possible to determine dic direction of
tite measuring beam (like in tite Minitrac technique) but tite accuracy obtained is
still very poor.

Gravity data on tite sea surface can be measured witit sea gravimeters. On
account of constant vertical and horizontal accelerations titeir precision is about
100 times worse titan on land, in spite of stabilization of die platfonn. Gravity
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measurements on the ocean floor provide more accurate values butdiey are difflcult
and expensive. Also measurements in submarines are possible; on account of
gravity dependence on latitude tey are mostly used for navigation.

Summarizing dic following can be said: In MG, ah measuring instruments
and tecitniques can be used to determine points in, on and aboye tite sea that bave
beendeveloped br dynamic CG. Jn dic sea, only US measurements of te dynamic
version are possible. Hence it follows titat alí MG tecbniques are dynamic tech-
niques in witich tite timeof measurement has to he considered as anotiter coardinate
or eliminated by dic demand for simultaneousness.

Tite accuracy of gravity measurements on or indic sea is limited, tite physical
tecitniques on and in tite sea are titerefore not of the sanie importance for MG as
for CG.

3. DETERMINATION OF CONTROL POINTS ON THE SEA FLOOR

MG control points are transponders installed on te seafloor tite space position
of witiclt, is defmed in a unified geodetic datum. From sucit MG control points it
is possible to derive the space position of points on and in te sea by means of
US measurements. They are starting points for detailed surveying and te coar-
dination of objects on and in te sea. Titey may be used to control navigation
tecitniques and permit die finding of lost objects in the sea. Therefore te esta-
blishment of a sufficiently dense system of control points is to be regarded as an
important task of MG.

Since position determination with OS distances is only possible if distances
to at least tree known points are available MG control points are arranged in
groups of at least tree points (transponders).

On principle, tite position of control points could be determined by US
trilateration in tite sea. For practical reasons diis metitod is, as a rule, not usetl.
Metitods are being used that establish, wit tite aid of measurements on the sea,
dic connection between known points (coasr, satellite) to tite control points on tite
sea floor. From (surveying) sitips, US distances are measured to te control points
(on tite sea floor) and. at the same time, electromagnetic (EM) distances, direc-
tions, Doppler data (distance differences) to die starting points (coast, satellite).

MG control points may be defined by two metods. In the first niediod,
precise local coordinates for te MG points are first determined by local US
measurements and fixed in titeir relative position. By means of measuring data to
known starting points the elements of a linear transformation are ten determined
by means of which tite local coordinates are transferred into tite final geodetic
datum. In the second metod, te local measurements are only used to determine
approximate coordinates for dic MG control points; tite final coordinates for te
control points are defined in one founding by means of adjustment. Subsequently,
tite theory of the two metitods is described at first, and dien te determination of
tite local coordinates and of tite orientation of tite local system is being dealt widi.



1. Marine Geodesy and its future 19

3. 1. General solution

S be the measuring place on te ship, C1 die i ~ 3 control points to be
determined (mcasuring centres of transponders) on die sea floor; P be te starting
point witit tite known coordinates x (on tite coast or in die satellite). In 5, te US
distances s1to tite points C, and te EM distance s toP are assumed to be measured
at te same time (Fig. 2). Resides it is assumed titat in special cases instead of
or in addition to s also tite direction r = (PS) itas been determined by pitotograpitie
extension of die stellar sky. Also die case witere distance differences As from 5
to points P, P (with Doppler instruments) are determined is to be included.

The task is now to determine te coordinates x1 for dic MG control points
from tite known coordinates x of a number of points P and the respective j groups
of simultaneous mcasuremcnts (s,, s~) or ~ r~) or ~ As~).

Each measuring group gives risc to conditional equations of te fon:

= (x~ — x)
2, i = 3

= (x — x,)2 (1)

As = — s

1r = (x — xj, n = 1

One of tite measuring groups (su, sl), (su, As) provides n = (i+ 1) conditional
equations for tite u = 3(i+l) unknown coordinates of S~ and C. If tite measurement

p

Seo surtace

Figure 2
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is made j times there will be a total of n~ j(i+ 1) equations for u~ = 3(i+j)
unknown coordinates of C, and S3. Determination is possible if n, ? u,. Hence
follows a relation between tite number i of control points and tite nurnber j of
measuring groups required for titeir determination.

3i

1—2 (2a)

Thus, j9 measuring groups are required for i=3, for 1 > 3 tite number j of
necessary measuring groups decreases.
A measuring group (s,~, r,) provides n = (i+2) equations for u=3(i+j) unknowns.
Therefore, for j measuring groups tite following relation itolds:

3i
(2b)

In titis case, at least5 measuring groups are required fordetermining i=3 points C.
Since in tite Eqs. (1) tite unknowns x and x~ are present in nonlinear form we
sitalí itave to start from approximations x[ and x. They can be determined by
applying navigation techniques. From three known ship places S~ follow appro-
ximate values x[ for tite points C, by measuring tite US distances. Tite ship place
5, belonging to a measuring group can again be determined from tite known
apoproximations x[.

Tite formulas for computing tite coordinates of a point from titree measured
distances are given in Annex 1. Tite approximations obtained are conveniently
corrected by adjustment according to variation of coordinates. If y denotes tite
correction of tite measured value m, m’ tite value following from tite approxi-
mations x according to Eqs. (1), and dm tite variation caused by dx, dx~ tite
following equation will itold:

m + y = m’ + dm or
v=dm+i (3)
[=m —m

For direction coordinates

t hour angle
¿ declination

Eq. (3) is a vector equation corresponding to two scalar equations (see Annex 2).
Tite combination of alí equations gives tite system

v=Adx~+A2dx±I (4)

for tite unknowns dx~ and dx, of alí sitip and control points. Observing tite weigitt
matr¡x P and tite adjusting requirement vr Pv mm., a systemof normal equations
follows for the determination of dx~ and dx~ of the 3(i+j) unknowns.
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[Al PA, Al PA] [dx] [AlPI]
¡ II =0

Al PA, Al PA2J Ldx,J + [Al ~íJ (Sa)

Herewitit, corrected values

-A-= x’ + dx,, = xk dx, (5b)

can be computed. Tite iterative application gives final coordinates x,, x, titeir
errors and correlations.
Since only tite coordinates x of tite control points C, are needed tite corrections
dx, of tite sitip positions can be eliminated eititer in tite course of numerical
computation or by analytical metitods.

Tite analytical elimination reduces the number of unknowns and is terefore
of practical use. In tite tecitnique described in tite following it is first assumed
that i=3 control points are existing and tite system (4) contains only titree con-
ditional equations for dx,.

rT dx, = 4
From tite latter, dx, can be represented explicitly witit dic aid of tite reciprocal
vectors r* of r1 (see Annex 3).
1 and y be tite vectors of the absolute terms and corrections represented in tite
system r~

3 3

y = X~ (óa)

W a matrix formed with (r,~’, r1)

W = (W,, NY2, NY3) NY = (r~ 4) (6b)

and finally

dxT = (dxl , dxl , dxl) (6c)

tite vector of alí corrections dx. Witit titem follows (according to Eq. (6b), Annex
3) tite explicit relation:

dx, = NY dx +1+ y (6d)

Tite latter can be simplified if titemutual position of tite control points C, is known
from local measurements (line crossing, cloverleaf maneuver). In this case, only
tite parameters of tite linear transformation bave to be detennined by whicit tite
local system is transformed into tite geodetic datum of tite starting points (origi-
nates). Adjacent systems, i.e. differential parameters (sitift dc, scaling du and
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rotations da), are always existing. According to te derivations listed in Annex 4
tite following equation of transformation holds:

dx=dc+gux1+Xda (7a)

Substituting titis into Eq. (6d) tite following will hold wit 27 r* r
T — E

dx=dc+4uNYx+NYXda+I+v (7b)

witere x, X are quantities defined by tite vectors x
1.

x = [x2] , x, = [~], x = [x] x = [z o (7c)

In most cases, the scale of tite LS distances is known and dius da = o; in sorne
cases, also tite orientation (from tite local measurement), then also da = O. Unk-
nown remains tite shift dc, and from Eq. (7b) follows the simple relation:

dx,= dc+I+v (7d)

Substituting tite Eqs. (6d) or (7b,d) into Eq. (4), a system of correction equations
follows of tite form:

Av+Bz+w=O, (Sa)

witere y is tite vector of tite corrections and z die vector of tite nine coordinate
vanations dx, and of tite seven parameters (dc, dy, da) of tite transformation. A,
B are fully occupied matrices dependent on tite point coordinates and te obser-
vation data, w is the vector of tite absolute terms. Titis is added by tite weigitt
matrix P of tite observation data. Tite system (Sa) corresponds to die general case
of adjustment calculation in witich each observational equation contains several
corrections and tite unknowns. Titerefrom follows, according to tite requirement
yTpy = mm., tite system of normal equations:

B
T (AP<ATf’Bz + BT (AW’ATY’w = O (8b)

By eliminating tite dx,, tite adjustment problem by variation of coordinates goes
over, according to Eq. (Sa), witit (9+3j) unknowns into a general adjustment
problem witit unknowns.

Tf more titan i=3 MG control points are to be detennined at tite same time Eq.
(6d) or (7b,d) must also be substituted into dic remaining (i-3) equations (4).
Hence follows a system of observational equations for tite (ij) LS distances in
whicit alí corrections of 3i unknowns dx occur in each equation.

Av + B’x + w’ = O (Sc)
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The combination widi Eq. (Sa) gives ageneral adjustment problem with (3i+7)
unknowns dic solution of witicit is described by equations in tbe form of Eq. (Sb).

3.2. Deterndnation of ¡ocal coord¡nates

Local coordinates for te MG control points C1 can be determined by US and
EM trilateration from various positions S~ of a su~ey ship. Fromj ship places,
US distances to C, i.e. a total of n=ij US distances, are measured at te same
time. Since u = 3(i+j)—6 coordinates are to be determined and n ~ u, te
following relation holds:

i—2

j~3 i—3 (9a)

Titus, te fixation of i=4 control points is possible by simultaneously measuring
four quadruples each of distances s~ to tese points j =6 ship places. The deter-
mination beconies, bowever, uncertain (critical case) if te points C1 lic in one
plane. Since tis will often occur in an approximate way te tecbnique can be
only employed to a limited extent.
The uncertainty will be eliminated by additionally determining k distances between
tite sbip places 5,. In tis case, dic counting of the conditional equation and
unknowns gives dic inequation (see /2/):

3i .2 k — 6
i—3 (9b)

Since tis is satisfied for i=4, j=4, j=(6-k), tite coordination of four control
points C1 of j =4 ship places, for instance, is possible by measuring k=2 EM
distances between te 5, along witit te quadruples of dic US distances. Titis is
simply done by using two survey ships measuring simultaneously te US distances
to te C and dieir mutual EM distance. From two such measuring groups follows
te detennination of te four MG control points. Any furtiter meas uring group
yields redundant information.
For i=4, k=3, Eq. (9b) gives j=3. If diree survey ships are available simulta-
neously measuring quadruples of US distances to te four MG points and tite EM
distances between dicir points of measurement, tite local position of titeMG points
wilI be determined by one sucit measuring group; one more will give redundancy
in determination.
If dic topograpity of dic sea surface is known, only te horizontal coordinates of
te points 5, and alí tree coordinates of tite points C1 will be unknown. Besides,
only dic horizontal shifts and te rotation around dic z-axis, i.e. tree parameters,
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cannot he determined. n = (ij+k) observation data are faced witit u = (3i+2j—3)

unknowns. Hence follows tite condition

3i — k — 3

i—2 (9c)

whicit, for i=3, has tite solution j = (6-k). In tis case, tite space position of
titree MG control points can be defined by six triples of simultaneous US distances
or by four sucit triples and two EM distances between points 5,.
Any range determination provides a conditional equation of tite type of Eq. (Annex
2, lb). Since for tite local position six coordinates can be chosen freely, tite
altitudes of tite sitip places 5, are citosen equal to tite geoid altitudes (or equal to
zero), and tite position of a point and tite orientation of a side are determined by
navigation. Tite observational equations itave tite form:

= ,f, dx3 — rT dx + y (lOa)‘3 1

1 = 5. — 5..‘3 ‘i ‘1

The combination gives tite system:

y = Az + 1, weigitt matrix 1>

Hence follow tite normal equations

A
TPAz + ATPI = O, (lOb)

from witich te coordinate corrections, their errors and correlations can be com-
puted.
A special case exists if tite US velocity is not known but may be assumed to be
constant in the operational area.
If s” denote titedistances computed witit approximate velocity the correct distances
s can be obtained titerefrom witit tite aid of a scale factor fi.

fis” = 5 ,fids” = ds ,¡¿‘4’ = y, (lía)

From tite relation according to Eq. (1)

= (x, — x)2 (lIb)

follows tite observational equation:

= — dx) — s, —

rT(dx, (llc)
fi

ls~ = si — 5,

The unknown da can be eliminated titerefrom with tite aid of tite equation for a
distance s~. Tite resulting equation
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— sy,1 — (;r7 — s1r)dx, + s,r¡d; — s¡<dx1 + w = O (lid)

w =S~l,~ —

conesponds to a more general case of adjustment where every observation equation
contains several corrections and unknowns. Tite same result is obtained by cli-
minating tite seale factor from te equations (lib) ami starting from tite relation:

s1
2 _ (x, x, (ile)

~; (x, —

The geometric significance of Uds relation as defined by distance relations has
been toroughly dealt wit in /3/. En titis case, the counting of te conditional
equations and unkinowns gives:

3i — k — 5

i—3 (110

Tite position of faur MG control points can terefore be determined for k~O (one
survey ship) by j=7, and for k= 1 and k2 (two survey ships) witbj=6 and j=5
quadniples of US distances, respectively.
Por tite case of known z

1 — values dic relation

3i — k — 2

i—2 (llg)

holds which for i=3 has te solution j ?~ (7-k). The detennination of tree MG
control points is titereforepossible from seven triples of simultaneous US distances.
Tite relative position of MG control points can be determined also by measuring
titeir horizontal distances and depths by une crossing and cloverleaf mediods. In
te former, dic survey sitip crosses te side to be detennined (C, Ck) on an
approximately rectangular course, and measures in points 5, at te time; simul-
taneously te distances s» and

5jk to C,, Ck. The minimum of dic distance suna

(si, + ~ik) = P(;) (1 2a)

coaesponds to dic values (s~, s, tm) measured in te normal plane through (C
1

C~) in te point of intersection M (see Annex 5). With known depths z,,~, z1, z~,
te horizontal or space distance between C, and C~ can be computed titerefrona.

For determining diree MG points, dic crossing courses shown in Fig. 3a,b are
conveniently used. In tite case (a), te points of intersection are determined only
once but titey fulfilí tite demand F(t) = mm. in ahí severity. In dic case (b), dic
points of intersection are determined twice; diey coincide only approximately with
te points following frona dic minimum demaud.
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For detennining dic depdis z1 according to te cloverleaf maneuver, tite survey
sitip steams on a rectilinear course as closely as possible to point C,. A new course
is followed dirougb te computed point ofclosest approacit (CPA) wididie smallest
distance, and its CPA is determined (see Fig. 4a). Finally, te iteration yields die
point C situated avove C~ and its dept value. Widi known sea surface topography,
a depdi in te geodetie system can be derived terefrom. me sanie tecitnique is
repeated for dic end point Ck. A control relation follows from simultaneously
measuring die distances

5i’k and 5k from tite second end point (see Fig. 4b).

s~—sÑ+z~ —4=0 (12c)

By nicaus of tite cloverleaf maneuver, te position of te points C, aud tite course
of te sides (C, C~) can be determined by navigation in an approximate way. mus
it becomes possible to choose convenicnt courses for line crossing.

4. POSITION DETERMINATION ON THE SEA SURFACE

The determination of control points on tite sea surface makes only sense if
we succed lii f¡xing such points permanently. This is possible, to a limited cxtent,
by means of ancitored buoys, platfonns and ships. Additional stabilizing equipment
is required for te mcasurement of geodetic data. Control points on tite sea surface
can be determined wit die aid of control points on te sitore or in space (satellite),
or also with te aid of control points on te sea floor.

4.1. Initial po¡nts outs¡de the sea

The spacc position of points on tite sea surface can be determined by tite
tcchniques of two- or thrce-dimensional CG. Since dic altitudes are always known,
cidier appmximately or —widi known sea topography— even prccisely, tite pro-
cedure will generally be simpler tan in CG. Particularly suited are te trilateration
and accurate navigation techniqueswitit distances, distance differences or quotients
because tite observation of diese data is less disturbed by motion of dic observing
station tan diose of directions or angles.

Using a greater number of survey ships, platfonns or airplanes it is possiblc
to occupy te nodes of a trilateration net to connect dic points on tite sitore wit
dic new points. Support can be given by measuring individual angles by dic sextant
metod; frequent repetition of die dynamic configuration will result in increased
precision. The adjustment gives horizontal coordinates for dic new points. Tite
nodes situated between tcm and dic starting points on tite sitore are different for
every configuration due to tite sitip’s motion. The altitudes of tite points cannot
he determined by such techniques (cf. /4/).

Tite space position including tite altitudes can be detennined by dic metod
of geometric or semidynamic satehite triangulation. Tite satellite, tite epitemerides



25 K. Rinner

of which are defined by dynamic methods and are dierefore known, is regarded
as a space target to whicit distances or distance differences can be measured. Tite
satellite orbit represents a system of control points from witich tite positions and
altitudes of terrestrial points can he determined.

An example tIxerefor is te TRANSIT system used in tite USA in whicit
Doppler measurements can be carried out to several satellites circulating along
polar orbits. Distance differences As from tite observing station 5 to points P, P
can be determined by integration of tite Doppler frequencies. Each measurement
As defines a rotation ityperboloid witit te focal points P, P as geometric locus
for 5. Tite space position of 5 in die geodetic datum of tite satellite orbit is defined
by n = 3 sucit measurements (Fig. 5).

In te GEOLE project, distances s are detennined in addition to Doppler data
As (Range-Rate system). The points 5 are defined in titis case by n=2 measuring
groups (s, As). Each measuring group defines a triangle (P, P, 5) that can be

1
1

1

5

P-F,

•~5

Figure 5
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rotated around PP. Heuce follows a circle as tite geometrie locus for S. Additional
n > 2 measuring groups provide redundancy in determination (see /5/).

If dic sea topography is assumned to be known, two Doppler or two distance
measurements As or s or one measuring group (As, s) wilI be sufficient to define
a point S. Repeated measurement will mercase titeaccuracy in point determination.
Besides, random motion of observing stations is eliminated statistically by a sui-
table array of measurements widi respect to time.

In sorne cases it will be possible to define dic motion of observing stations
by (acoustic or inertial) navigatibn in a local system as a funetion of time. Tite
orientation of the system will, as a rule, be known from navigation but not its
absolute position. lii diis case, te centering vector u(t) required for te reduction
of dic eccentric measurements on E(t) to S(t0) can be expressed by local coor-
dinates. Between u, tite position vector y tite local system aud tite position vector
x in te geodetic datum of te starting points (originates) exists dic following
relation:

u(t) = T {y(t) —, y(o» = x(t) — x(o) (1)
T transformation matrix

Tite data are centered by geometric relations in te triangle (S,E,P). Wit dic
designation according to Fig. 6 dic following vector equation holds:

sr = sErE + u (2a)

Hence follow equations for computing tite data a and r reduced on dic center 5.

s=rTrnsz+rTu (2b)

1 (2c)
r = — r~ + U

5 8

¡o

s

s

r

SÉ

9

Figuró



30 PC. Rinner

For eccentric Dopplerdistances As (~-~)E the following itolds according to Eq.

(2b):

As = As5?’?5 + (1 — r)’u + (¡Sj — rTr5)s5 (2d)

In Eqs. (2d,b,c), also die angles a, a~, fi in dic triangle (S,E,P) may be introduced.
Since, in general, only U, 5~ or are known tite missing data must be derived
from te approximate coordinates x’ of 5. Titey are r, rE for Eq. (2b), s, s~ for
Eq. (wc) and r, r5, ‘E~ 55 for Eq. (2d).
Centering is also possible ib te scale and orientation of te local system y are
known only approximately. In Uds case, a linear transformation is introduced widi
te parameters fi = (1 + dp), R = E + dA (dA = axiator of da).
Hence follows from Eq. (1) because of

x(t) — x(o) = R(y(t) — y(o)) = Ru(t)

for tite centering vector:

x=u+cWu+Uda (3a)

where u denotes te approximate value following from te approximately oriented
system, da tite seale correction, da tite vector of tite three rotations, and U tite
axiator belonging to u. Tite equation corresponding to Eq. (2a)

sr—s5r5+Ax=s5r5+ii+4uu+Uda (3b)

also contains tite unknowns cl<u, da so tey will also enter into dic centered data.

s = fr5s5 + r’u + r’ud~s + r’Uda (3c)

sE 1 1 1 (3d)r=—r5 +—a+~—-iic4¿+—Uda
5 5 5 5

In addition to tite coordinate corrections dx for 5, tite system of observational
equations also contains the four parameters (d,u, da) of the linear transformation,
te. altogetiter seven unknowns.

4.2. Determination with the aid of control po¡nts on the sea floor

JI MG control points are available on tite sea floor tite space position of
points on te sea surface or in te sea can be determined by acoustic (US) tecit-
niques. They make use of distances measured with US, directions or Doppler
frequencies, and are distinguished by tite kind of observation data and te type
of measuring instruments. Designations and terms are often used that are not
familiar to geodesists. For Uds reason, some terms used inMG have been compiled
(see /6/).
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Baseline — The line or separation between bydropitones, transponders or beacons
comprising an ray of acoustic devices used to determine te position of vehicle.
Continuous Wave (CW) fleacon — An underwater device wbich continuous]y
emits an acoustic signal with precisely known frequency and pitase citaracteristics
(usually a single frequency sinusoid).
Pinger — An underwater device tat repeatedly transmits acoustic pulses at a non-
precise rate (approximately periodic).
Pulsed Beacon — An underwater device which repeatedly (usually periodically)
emits an acoustic pulsed signal at precisely known times.
Responder — An underwater device tat emits an acoustic pulsed signal upon
receipt of an electrical trigger pulse via a wire connection.
Transponder — An underwater acoustic device whicit aher receiving a proper
acoustic pulsed interrogation signal, transmits generally a different acoustic pulsed
signal delayed a precise and fixed period of time after receipt of tite interrogation
pulse.
Reply diversity — lii arder to uniquely distinguish between many transpanders,
te reply signais are usually different (for exainple different reply frequencies)
while ah te transponders in an ray are interrogated by te sanie signal.

S (Ship)

¡

TIs2

Figure 7
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The tecitniques subsequently descrihed aim at determining tite space position
of points on tite sea surface from US measurements. Tliey are differing in accuracy
and correspond only in partto die requirements usually made in CG fordetermining
control points. Titeir designation in MG is according to tite observation data used
and departs in most cases from tite designation used in CG.
Tite Range-Range Long Baseline tecitnique corresponds to the two- or three-
dimensional resection by distances (Ann. 1). US distances are measured to i ~ 2
MG control points C on te sea floor diat are equipped with transponders or
beacons. Witb known sea topograpity tite position of die point 5 is defined from
i=2 distances; for i=3 te space position can be detennined wititout a prerequisite.
Por i > 3 titere is redundancy in determination giving risc to adjustment. The
measurement is made by determining US travel times and density profiles. Witit
die use of transponders tite number of simultaneously determinable sitip positions
is limited; widi pulsed beacons tis barrier is avoided. Fig. 7 sitows an array for
tite simultaneous determination of a surface point 5 and ob a U situated in die sea
(submerged vehicle) witit tite aid of three transponders. The resolving power of
the measuring instruments is approximately ±1 m, die position accuracy obtainable
in te deep ocean is stated wit ±(5 to 20) m.
The Range-Range Shorr Baseline tecitnique aims at determining die position and
motion of a submerged vehicle U relative to a surface ship 5. Titree itydrophones

are used tat are located in a horizontal planebelow the survey ship (see Fig. 8).
Tite vehicle to be determined is equipped witit a beacon, transponder or responder.
The relative position of U to tite coordinate system of tite titree points H, can be
computed from die measured distances UH, = s~,. To determine te motion of tite
system H1 connected widi tite sitip tite distances sto a fixed transponder on dic
sea floor are measured at tite same time.

u
T~C

Figure 8



1. Marine Geodesy and frs finiere 33

Tite Time-D<fference Short Baseline technique is used to determine tite motion of
a ship relative to a fixed point C on dic sea floor. A pinger installed in C sends
out acoustic pulses. The travel times t1 and teir differebces At are measured on
diree hydrophones H which are ananged in a plane connected wit tite ship (see
Fig. 9). If HC= z denotes die depdi difference, y te velocity of US, and b the
distance of tbe hydrophones, and if z is mucit larger tan b, dic following appro-
ximate relation will hoid:

1
sin fi = — vtxt

b (4)
1

x = z tan fi zvAt

In analogy, die second position coardinate y can be determined witb dic aid of
te titird hydrophone.
Re Range-Bearing technique makes use of die polar determination familiar to
geodesists by measuring direction and distance. In te control point C on te sea
floor, a transponder is installed; itydropitones ti, are connected witit dic ship; titeir
distance b, is about one-diird of the length diat corresponds te te US frequency.
Two itydrophones H, H1 are horizontal, ti, H2, itowever, vertical (see Fig. 10).
Tite travel time t of tite US wave emilted from C and te pitase differences q’,,

93z

as against dic US waves arriving at H,, ti
2 are measured in H. If te distance b

U,, b

2’ AS r VAl’

‘e

ficar

Figure 9
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of die itydrophones is sufficiently small as against die distance 5 tite following
relations itold:

As,=~±~2~=b,cosa, ~2 A=b2cosfl (5)
2ar

The coordinates (a,fi) of die direction (HC) in die system given by H1 can be
computed therefrom. Tite position of U to C is defined by (a,fi, s). me accuracy
of te direction determination is peor (about ±39; an accuracy of ±(5 to 20) m
is indicated for tite determination of te space position of U.
Also tite position determination by two acoustically measured oriented directions
is being used (Bearing-Bearing technique). Tite precision is poor and te appli-
cation hnxited.
An acoustic version of te electromagnetic LORAN mediod is die Range-Range
Hyperbolic tecitnique. Simultaneous signals are emitted ftom two beacons C1, C2
on te sea floor, and tite difference At of titeir travel times is measured in tite
sitip position 5 to be determined. At defines a ityperboloid widi C1, C2 as focal
points. Widi knowñ surface topograpity te position of 5 is defined by two mea-
surements At,; at least diree beacons are required. A determination witout any
prerequisite demands tite measurement of at least titree values Ay i.e. te ms-
tallation of titree pairs of independent beacons.
Also acoustic Doppler systems are being used. As widi electromagnetic waves,
distinction is made between continuous aud pulse tecbniques. Tite former use titree

5urf0ce5ed

o

Figure 10
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bouom-moored cW beacons C, emitting US waves with varicus frequencies By
integration of dic received Doppler frequencies f0 iii te moving ship pasition 5,
tite variations Os, of tite distances SCs are nitasured wbich take place due to tite
motion of 5 <Fig. lía).
Tite following relations hoid:

ds, = ¿f V f (6)
f

A length
‘¡ velocity of tite US wave
f frequency 7

Promtite equations holding aecording to Annex 2 between dic distanee differences

ds,, tite variation dx of tite coordinate vector of 5, and tite direction r1 = (SC1)

ds1 — rf dx (Ja>

dx can be coniputed (set Annex 3>

dx=~r~ds, (7b)
,—1

SA

1~

ce

90

c3

4
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The precision in detennining tite coordinate variations is indicated witit ±10 cm.
Tite Doppler pulse tecitnique corresponds to te Doppler navigation known from
aviation. From a transducer located at a ship position 5, US pulses are emitted
under a predetermined angle fi (see Fig. lib). After reflection from tite sea floor
die frequency variation due to te sitip’s motion is integrated. If f0 denotes te
integral per unit time and v~ die velocity of motion of 5, the following relation
itolds:

2v
— fcosfi (8)

If four simultaneous measurements are made in tite direction opposite to tite sitip’s
motion and normal tereto, tite ship’s velocity will follow from tite mean value.

5. Topograph¡c survey of the sea floar

The making of topographic charts of tite sea bottom (batymetric maps) is
an important task of MG die importance of witich increases wit die economic
exploitation of te oceans. Topograpbic sea maps describe te sea floor by means
of contours and depdi figures. They contain die MG control points, aH data
important for navigation (directions, baselines, zones) and odier remarkable natura]

s
~9
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Figure lib
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and artificial reahities such as mineral deposits, properties of te sea bottom, etc.
The maps are mate in a unified grid, a unified geodetic datum and a unified
mathematic projection. Tite latter is chosenso that navigation data may he entered
or taken widiout any essential reduction. Tite map seale will be chosen according
to te economic importance of te respective area.

Of particular importance at present are dic continental shelf regions, i.e. dic
parts of continents covered by die sca to a dept of about 200 ni (see /7/). From
tite shelf arcas dic continents are rising, te ocean bottom falís steeply down to
tite deep sea. Petroleum and naturalgas are presumed toexist in die shallow shelf
regions tat are mostly covered by sediments; exploration is in fuil swing. Ac-
cording toan estimate (see /6/) petroleum yields of 130 billion tons may be expected
in promising areas of abt. 6.0 million squarc kilometres. Titis is added by arcas
ofabt. 13 million square kilometres witb moderate chances obyield. With a presea
world production of abt. 2.5 billion tons per year, oil reserves for abt. 50 to 100
years may be expected from tite shelf regions.

For die shelf areas, topograpitie maps are denQanded at scales of 1:25,000 to
1:250,000. Since teir surface is about 15% of tite surface of aH continents diis
will mean an enormous geodetic task. For te open sea covering abt. two-tirds
of te entire earth’s surface, scales as from 1:1,000,000 are considered to be
convenient.

Thc standardmetod for surveying the sea floor is dic determination of polar
coardinates wit reference to a survey ship. Tite position of te survey ship is
defined by navigation techniques controfled and conected witb te aid of MG
control points on dic sea floor, on land or in satellites widi known epitemerides
(integrated systems).

ES Echo scunde,

S Shíp y Steered caurse

SLS S’de tocking sonar

Figure 12a
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The simplest case is echo sounding witit vertical surveying direction. To
increase te economy of this «locus navigation», side-looking sonar profiles are
taken at die same time. Titese are added by parallel profiles from auxiliary vessels
witose position witit respect to tite main vessel is defined by electromagnetie
distancemeasurement. Main and auxiliaxy vessels form a multibeam echo sounding
system covering witit higit precision a wide strip of te sea floar (Fig. 12).

The course of titis measuring system is defined by integrated navigation
tecitniques (see /8/). Tbat means titat in addition tote navigation technique proper
(inertial systems, Loran, etc.) data to control points (in die sea, on dic shore or
in space) are observed at certain times t. Each measured value defines one (dis-
tances) or two (directions) observational equations at te time of measurement t.
For tite position vectors x(t1), x(;.) of dic measuring points belonging to t1 aud t~
a condition follows from die equation x = F(t,pk) for te ship’s course. A linear
transformation may be introduced to correct te distances (velocity) and te orien-
tation (course) (cf. Eq. (3), Sect. 4).

Ax(t1,t~) = fiRAF(t, t1,

~¿ scale factor
R orientation matrix

Pk course parameter

In exceptional cases tite sea fiOOT may be surveyed by photogranimeúic
methods. Witit small waterdepts to abt. lOm it is possible to determine te sea

¿St

Figure 12b
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bottom it>’ means ob acrial photographs. For titis purpose tite techniques ob two-
media photogrammetry itave been developed in witicit tite refractionof light beanis
on tite sea surface is taken into account. En greater deptits tite survey can be made
from submarmnes wbile tite object to be surveyed is illuminated. Thís may be of
importance in special cases sucit as tite search for wreckage. Detailed surveys of
tite sea floer are also carried out from submarmnes by means of US profiles. The
position of tite submarmne is defined by one of te described positioning techniques
from tite surface sitip during dic observation, or may be derived from MG control
points on tite sea bottom,

6. DETERMINATION OF THE SEA SUREACE AND THE GEQID

For geodesy tite sitape of tite eartit’s potential surface is important titat co-
rresponds to tite mean sea leve] and is ternied «geoid». Oceanograpby is interested
in te topography of te mean sea surface itsclf (sea topograpity). Titis is tite
fictitious surface te sea surface would accept if aB sitortand long-termed motions
due to tides and winds were eliminated.

From titeoretical reflections it is known diat tese two surfaces do notcoincide
and vary in iteight by amounts of up to 2 m approximately. Titis leads to tite
notewortity effect titat geometric levelings along sitore lines give results differcnt
from tite observation of long-year mean water level readings. Since, itowever, te
national geodetic altitude systems are derived from water level readings titis results
in transformation problems in tite connection or combination of titese systems.

Oceanography has set up titeories according to which tite iteigitt differences
between te two surfaces can be computed when tite density, tite salt content and
dic sea currents are known; nevertiteless, tite practical results do not fully agree
widi tese dicories. If tite differences are known it is possible to determine tite
geoid bronx sea topography, aud vire versa.

At dic present state of measuring tccitniques dic difference between te two
surfaces is insignificant for global reflections and can terefore be neglected. Thus,
sea topography is at present a good approximation bor te geoid, and vire versa.
Determination of tite sea topograpity or of tite geoid is a task of high importance
and topicality bot for geodesy and oceanography.

6.1. Sea topography

Sea topograpity cannot be determined with dic methods of classical geodesy.
Only with te aid of satellite altimetry titis task can be carried out witit tite required
gcnerality and accuracy. In titese techniques, a radar altimeter is installed in tite
satellite that emits microwaves in a narrow cone of 0.10 aperture and vcrtical axix.
They are reflected from tite sea surface and sent back to te satellite. From te
travel time difference bctween emitted and reflected wave results tite distance of
tite satellite from dic sea surface. The distance AH measured in tite vertical from
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te satellite to die undisturbed sea surface (sea topography) is obtained by filtering
out the periodic disturbances and averaging aH reflections occurring in tite region
of tite section of te radiation cone witit te sea (footprints) (see Fig. 13). The
accuracy of detennination al present lies at about ±(1 to 2) m, for tite next few
years an increase to ±0.1m may be expected (see /9/).
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Tite distance H of tite sateflite ¡‘mm te reference ellipsoid (heigitt H) can be
computed from its known epitemerides determined separately. Tite difference as
against tite altimeter value AH gives die ellipsoidal heigbt (undulation) N,1, of te
undisturbed sea surface.

Satellite altimetry was successfully tested in tite Skylab experiment (see
/10/). GEOS C is equipped wit an altimeter providing distances with a precision
of abt. (1 to 2) m at a footprint diameter of abt. 5 km. Since in te course of a
year ever>’ square degree of tite oceans is passed about 10 times by GEOS C and
measurements are made at one-second intervals tite resulting mean values will be
free from short-and long-termed influences and correspond to die topography of
te quasistationary undisturbed sea. As from 1978 tite launciting of tite SEA-SAT
series is píanned tat will carry improved altimeters wit an accuracy of abt. ±0.1
m. On tite basis of te resulting measuring data it will be possible to distinguisit
te sea topograpity from te geoid.

6.2. Geo¡d

Qn principle, te dynamic and astrogeodetic tecitniques of terrestrial and
satellite geodesy used on land can be applied to determining tite geoid aboye tite
sea. Determination of te required observation data on te sea is more difficult
aud inaccurate because of te motion of tite sea surface. Qn tite otiter itand,
reduction problems are largel>’ avoided as tite sea surface nearí>’ coincides with
tite geoid.

From te dynamic satellite tecitnique follow te rougit structures of tite field
of gravity and of te geoid aboye te sea. To determine tite fine structures, gravity
measurements or astronomic measurements must be carried out on te sea itself.
Great difficulties arise due to te motion of te observing stations.

Witit te sea gravimeter it is possible to determine gravity values on sitips
witit a maximum precision of ±1 m Gal. This is 100 times worse titan on land
(see /11/). In gravity measurements on dic sea floar or in submarines tite motion
problems are partly omitted. Additional difficulties will, itowever, arise from tite
necessary remote recording and te placement of equipment. Tite distances N of
tite geoid ftom tite reference ellipsoid (undulations) can be derived from tite
determined gravity anomalies Ag according to Stokes’ formula.

]~,, f{AgS (4’) da (1)

R, y mean value: gravity and earth’s rádius
5(4’) Stokes’ function

a surface

me accuracy of titese values is about two tent powers lower titan on land. For
dic astronomic-geodetic detennination of te geoid, deflections from tite vertical
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would have to be determined by astronomic measuremcnt. mis can be done with
suitable pitotographic cameras (see /12/). The accuracy obtainable is again poor;
it is abt. ±16”as against ±0.5”on land. Besides, te procedure is expensive
and time-consuming. Titerefore it can only be applied in special cases aud must
be disregarded for general use. Tite determination of fine structures of tite field
of gravity and of tite geoid cannot be carried out by die classical metitods used
on land. At present tis is only possible by determining dic sea topograpity wit
die aid of satellite altimetry. Witit known sitape of tite geoid, i.e. of tite N values,
tite gravity anomaly Ag can be computed by inveiting Stokes’ fonnula.

Ny _ y _____~‘ ‘k) da
~ sin

2

Knowledge of tite gravity anomalies and of tite deflcctions froni tite vertical
is an important prerequisite for tite improvement of navigation tecitniques, for te
geophysical exploration and for scientific studies on te state and motion of te
earth’s cmst below tite sea.

7. OUTLOOK TO FUTURE DEVELOPMENTS

Witit tite increasing world population and increasing living standards te
deniand fin foodstuffs, energy ami raw inateñais will also mercase steadily. To
cover titis demand tite reserves situated in tite sea aud in tite eart’s crust below
te seawill itave tobe exploited toan increasing extcnt. This will meanan extension
of terrestrial methods for tecitnical, economic and ecological development to dic
oceans. Sinee two-titirds of die entire eartit’s surface are involved te task to be
carried out wili be enormous.

Por geodes>’ tIxis means dic necessity of developing te tecitniques of marine
geodesy and of providing in due time, just as on laud, te bases for projects,
economic decisions anó technical operations. Besides, MG will have to ascertain
dic longtermed geodynamic variations of tite eartit in tite region of tite world
oceans and titus provide tite prerequisites for initiating measures against approa-
ching catastropites, i.e. for protecting our environment.

According to tite statements made in te preceding citapters MG will itave
to be concerned with tite following tasks, also in te future:
Position determination on tite sea, in tite sea and on te sea floor, production of
topographic and diematie citarts of te sea bottom, determination of tite sea surface
topography and of the sea geoid, determination of te geodynamic variations of
tite eartit’s crust, of tite geoid and of tite sea topograpity, establishment of test
arcas for testíng instruments and techniques, conclusion of international agreements
for can-ying out experimcnts and practical tasks. Solutions alrcady existing and
solution setups are to be furtiter developed to increase titeir accuracy, complete
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titeir statement and reduce te time required titerefor. Hence bollowactual guiding
principles to carry on te tasks formulated.

For position determination: Creation of global nets of MG control points on te
sea floor (with four transponders eacit in optimum arrangement), development of
instruments and techniques for fin accurate satellite (Range-Rate) navigation and
for US trilaterations in tite sea. Systematic investigation of tite tecitniques of
terrestrial and satellite navigation for dic position determination on and in te sea.
Combination of individual tecitniques to integrated tecbniques of itigbest precision
taking account of te required datum transformations. Application of te results
ti te creation of a numerical marine cadastre for te delimitation ob sea lots anO
te safeguarding of legal rigitts (servitudes).

Itt rhe production of maps: Production of topograpbic maps at scales as from
1:25,000 for te shelf regions and die deep sea by echo sounding and side-looking
sonar profiles. Investigation of tecitniques for profile taking and position deter-
mination from submerged veiticles, development of survey techniques in te sea
with certain optical anO micro waves anO lIS holography. Investigation of pro-
pagation conditions of EM anO ES waves in tite water. Application of two- anO
multi-media photogramnietry to te surve>’ of objects in special cases. Develop-
ment of remote sensing techniques in tite sea.

For determinarion of the sea topography ant! of ihe geoid: Determination of te
sea surface topography by satellite altimetry wit a precision of ±0.1 m referred
to te datum of tite satellite orbit. Determination of te marine geoid from astro-
nomic anO gravity measurements on anO in dic sea by te metods of pitysical
anO astronomic geodesy in conjunction with techniques of dynamic satellite geo-
desy. Condensation of gravity profiles on anO in tite sea.
Study of tite reduction problems on haud. Determination of te distance between
te undisturbed sea surface and te geoid from oceanograpitie titeories. Comparison
of geoid surfaces foliowing from altimetry anO terrestria] techniques. Determi-
nation of te microstructures of tite ficíd of gravity from te undulations of tite
geold by inverting Stokes’ formula.

For geophysical ant! geodynamic research: Development of tecbniques for finding
mmerals on te sea floor and in tite crust tereunder. Derivation of statements,
on te basis of measurements, on time-dependent variations of te sitape of tite
eartb‘s crust, of tite parameters ob tite geoid anO ob te fields of gravity. Deter-
mination of minimum motions for te early detection of seaquakes (Tsunami) anO
oter catastropites, establislxrnent of an automatic warning system titerefor.

The aims for te furter development of MG have also been expressed in
te recommendations given st te MG symposia of recent years. En Columbus in
1974 tite following was recommended:

(1) (a) Establisitment of marine test sites or marine geodetie ranges suitable for
te calibration and verification of precise geodeticand navigation metods,
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(b) Conduct of «controlled-condition» experiments to determine tite best ac-
curacy attainable,

(c) Publication of results ob sucit experiments.
(2) Continued studies on methods of determining tite bonn of the geoid by satellite

altimetry, taking oceanograpitic parameters into account.
(3) Design and conduct of specific marine geodetic experiments and development

ob improved data-analysis techniques, to penit determination of lides, mean
sea level, ocean surface beiglxts aboye mean sea level, and sea floer spreading.

(4) Development of astronomic instrumenis usable at sea to make possible geoid
determination by astrogravimetric and astro-satellite techniques.

(5) Estab]ishment of geometric geodetic systems for determining marine boun-
daries and for positioning based upon existing technology, witit tite capability
for improvement in accuracy witit increasing need and improved tecitnology.

(6) Use of SI units in alí reports, at least parenthetically.
(7) Establisitment of communication witit users relative to titeirneeds and accuracy

requirements.
(8) Development of space systems tbat would make possible better position de-

termination aL sea.
(9) Continuation of efforts to increase tite accuracy of position detennination at

sea by die optimum integration of different navigational aids.

Summarizing tite following can be said: MG is a young discipline, its roots
lying in oceanography and geodesy are, itowever, very oíd. The practica] impor-
Lance of MG is due to tite necessity of integrating die oceans in our living space
and of developing teefinical and geodetic operations on, in and on tite bottom of
tite sea. Moreoven MG itas become an essential component of tite geodetic dis-
cipline that will contribute to answen tite oid geodetic question fon te geometric
sitape of eartlx, tite structure of its f¡eld of gravity and its variations witit respect
Lo time, with higiter accuracy, completeness and wititin sitorter time. Iherefore
MG will itave to be included in te future training of geodesists at universities
and recognized as a separate section of geodesy.



1. Marine Geodesy aud its future 45

ANNEX 1. SPACE RESECTION WITH DISTANCES

1. PROBLEM
given : dic coordinate vectors x, of 3 points C,

measured te 3 distances s~ = C~S from a point 5 to C,

wanted tite coordinate vector x, ob 5

2. GENERAL SOLUTION
5 is tite point in witich 3 spheres with center C, and radius s, intersect. Titere are
two solutions S1 ami ~2 which are symmetrical to tite plane (C1C2C).
The equations for x,

(x~ — x~)
2 =

i = 1, 2, 3
(1)

are not linear. Titerefore a transformationhas to be made toget tite general solution.
Foilowing [Rinner, 111K VI, PP 6991 diis can be done in dic following several
times controlled steps.

2.1. Calculation of the sides, direct¡ons and angles of tite triangle C,, C
2,

Ql

sides:

a = C2CJ = x~ — x2<

directions:
1 1

a = — (x3 — x2) b = — (x, — x3)
a b

1
e — (x, — x,)

c

cl

b=C3C’=ix’—xM c=CIC2.(x2—xIj (2a)

(2b)

pnoof: ~2 = = = 1
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cosa = ~bTc
sina BcI

cosfi = ~cTa
sinfi = Ca~

cosy = aTb
sin>’ = Abt

proof: a + fi + y = l80~

remark

x¡= x2+y2+z2

—e :j
Xy =x )< y

absolute value (scalar) of x

axiator of x = [y]

vector product

2.2. Calculation of the coordinate vector x~ of the intersection point F of

the ¡¡nc (S,, S2) w¡th the plane (C,, C
2, C3)

a. auxiliar parameters

1
(a

2+s~—s~)
2a

1
= — (b2 + s~ —

= — (c’ + s~ —

a~ + a
3 = a,

1
(a

2—s~+s~)
2a

1
___ (b2—s~+ ~t)
2b

1
c
2= (c

2—s~+s~)
2c

b, +b, =b, c, + c, = c

b. ecordinates of F itt 1/te system Ql ~2

(b, — e,cosa)

sin a

= sin2~~ (c, — a
2cosfi)

= (a, b3cos2)
sin

2y

= sin~a (c
1 — b,cosa)

______ (a2 — c2cosfi)
= sin

2fi

1
— a>cosy)

= sin22

(4)

probf:Á:u
2=rb:a, 22:,u,=c:b, 23:u=a:c

2, 222, fi fi=fi3

angles:

(2c)

(3)
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c. coardinate vector x~

x~= x1 — A,b + fi1C =

=x2—12c+fi2a= (5)

= x
3 — Pa + p3h

2.3. Calculation of”~’ X%

a. vector n = (FS)

1 E 1
direction: Ab= Bc= Ca (6a)

sin>’ sirni sino

distance: s~ = s~—(x~—x
1)

2= s~—(x~—x,)2 S~—(Xf—X>)2 (áb)

b. coordjnate vector

= XF ±s~r0 (7)

3. LEAST SQUARE ADJUSTMENT

Ib i > 3 distances s, to known points C, are measured an approximate vector x
is calculated from 3 distances wit te formulas of section 2. ‘Ibis vector will
ten be improved using least square tecitnique of variation of coerdinates.
Be s, tbe distances calculated wit x using equation (1), ¾tite improvement of
tite measured distances s and

= <y’ — xJ’dx, = rydx,.

5.

Each distance yields an equation

si + V. = s( + ds’

aud bronx tese tite system of observation equations follows:

vAdx~—l (Sa)

y = (vi... .vnY, A = [rí... mIT, ¡ = (s~-s’. ..

Introducing te weigitt matrice P fon tite distances s, we get tite normal equation

ATPAdxs — ATPI = O (Sb)

witb solution
dx, = QATPI, Q =(ATPAV’

x,= x+dx
5
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ANNEX 2. DIFFERENTIAL FORMULAS

1. DISTANCES

5.. = PPII 1 3

= (x3 — x)
2, x~ = (x,y,z)

r?í(dx, — dxj

= — (x
1 — x) == (u,v,w4

‘3

(u’ + y’ + w’)~~

2. DIRECTIONS

= (P~ P,)

2. 1. Formulas with direction cosines

= — (x, — x) = (u,v,w)~
‘3

dr~ = — (dxi — dx) — —y- (x~ — x3ds~3
‘3 1J

Introducing ds~, from equ. (Ib) we get:

dr,, = — (E — r,r1§) (dx3 — dxi)
5,3

[1-u’
(E — r~~r?) = =

— uwl

1—y’ —vwl
—vw 1

(la)

(ib)

(1c)

(2a>

(2b)

drq = (du, dv, dw)~
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2.2. Formulas for astrono¡n¡c coordinates

¿ declination
t hour angle

H [cos¿ costí

= = Icosñ sint
lsin¿

dr, =A,da,,

[—sinócost —sint
—sin¿ sint cost

Lcos¿ O J
da = [Z¿dt]

Because of te relation ATA E tite inversion yields

da,, = A dr,i = 1 A~ iNI,, (dis — dx1)
5,~

2.3. Calculatian of tite covariance ¡natrix Q~

Fnom tite orientation procedune of te pitotographic plate we get tite parameters

= (y:, y, c)

R R(a,, a,, a)

(3c)

inner orientation

orientation matrix

and tein covariance matrix

z = z(x, y, c, a1, a,, a,), Q,, (4a)

Be x’ image (plate) coordinates aud x te principal point of tite
plate system. me local direction

r

plate in te local

(4b)
5’

is transformed into tite astnonomic system by tite matrix R

r = Rr’ (4c)

Differentiating titis equation and using equ. (2b) we get

(3a)

(3b)

dr = dR? + —~-- (E — r>r’D (dx’ — dx)
5’

(4d)
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Since dR is a funetion of (da1, da,, da,) and dx0 a funcion of (dx0, dy0, dc) equ.
(4d) is a linear function for dz (see equ. (4a))¶

dr = Hdz

Introducing ahoye equation into equ. (3c)

da = A’Hdz

te matrix <>0 can be calculated using tite law of error propagation:

<>0

Wit t’ = tcos¿ as auxiliar parameter it follows

= [Q6,~Q15j
LQ<a Q11

2.4. Properties of the matrices A, M, It

A
TA = E

AAT = E — rr’ = M

R~ = FwR,M=r

(4e)

= cosñ Q
1~

= cos’6 Q0

ow
—u

AxiatorTI’ —M
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ANNEX 3. RECIPROCAL VECTORS

1. DEFINITION

a, b, e arbitrar>’ 3D-vectors (not complanar)
a*, b*, 9< reciprocal vectors

bxc

(a, b, e)

exa

(a, U,, e)

a >< b vector product

(a,b,c) det(a,b,c)

aTa* — b¡b* — cTc* — 1
— aTc* — b~c’~’ — O

An>’ vector x can be expressed by a, b, e and a*,b*,c*

x = xTaa* + 1TU,U,* + xTcc* =

— x
ta*a + xTb*b + xT&e

2. INTERSECTION OF 3 PLANES

T
x a = a . 19> = fi , te = y

x = aa* + fih* + y&<

3. THE MG-PROBLEM

distances from approximate vectors
measured distances
ímprovements

x’ (annex 2, equ. la)
(4a)

da = rl(dx, — dx
1)

db rl(d; — dx2) (annex 2, equ. ib) (4b)

dc = rl(dx, — dx>)

Fon te distances a,b,c tite following equations exist:

a’ + da = a + VI

b’ + db = b + y, (5)

axb

(a,b,e)
(la)

(ib)

(2)

a’, ~ e’
a, b, c

(3)

e’ + dc = c + y>
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Introducing equ. (4a,b) a system for x, follows

rldx~ = rJdx, + (a — a’) + y,

rldx3 = rldx, + (b — 1V) + y, (6a)
rldx~ = rldx, + (e — e’) + y,

Therefrom an explicit fonmula for dx, can be conxputed
dx, =v+I+Wdx (6b)

y
1 =(a—a’)r~’+(b—b’)r~’+(c—c’)¡t (6c)

W = (W,,W,,W>) , —

dx
T = (dxfldxl,dxl)
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ANNEX 4. 3 D - LINEAR TRANSFORMATION

1. PROBLEM

P(x) oid system
PL(xJ new system

wanted: linear transformation X e~-

/‘2

Po

POL

XL =~c+,uRx;~+uR(x—x)

e X
0~—fiRX0

c shift vecton

u scale factor

R ontitogonal matrix

Tite 3D-linear transformation has 7 parameters

c(c,, c,, c3), u, R(a,, a,, a3)

Fon die detennination 7 homologous coordinates are necessary:

x0(x. y, z» -. ;L(x, y, z)QL

x,(x, y, z), —. x,jx, y, z),L

x,(x, y. z), —* x,~(—, —, z),L

/2
iL

(1)
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2. GENERAL SOLUTION

given :x0,x,,x1;
wanted : c ji

Icor , x,i~ , x,,f—, —, z)

e — ;, —

sbifted coerdinates = ~, + e

2.2. sealefactor

#~=

scaled coordinates x = ~ + fi(x¿ — x~)

2.3. rotation of plane s” = (P,, P7 P) into plane
tL = (ROL ~íL PZL(z)) by 2

rotations

a. rotation around axix a, liii )‘[ =

a, is perpendicular to plane (P
0~ P7 P,j

— x0~) >< (x,L — ‘43

clx;’ — x03 x (x,L — ‘(031
(2c, 1)

— x0~) (x,~ — ‘(CL)

(‘(7 — xQ’ (x1, — x0.A

axis a, and rotation angle a, define a rotationnxatrix It, (see d.)

transformed ceordinates x7’ = ~ + R,(x[’ — ‘(OL)

b. rotation around axis a, tilí fl =

XIL — ‘(QL _

¡‘(tu — ‘(CL!

2.1. shiftvector

(2a)

(2b)
5

a

cosa, =

(a,,, a,,, a,)
T
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rotation angle a, is given by

Asina2+ Bcosa, + C = O

A = a,,(y” — y~,3 — a,,<x
1 — x~)

+ a,,(z’’ — z
0j} + (z’’ — ZOL>

+ a,,(z” — zOL)} — (4[’— z03

8 =-a,,{ajx” — ‘(CL) + a,/y” —

C = a,,{a,,(x’’ — k~) + a,Áyá” — YOL)

witit tite solutions

a, 1tan—= (-A± A’+B’—C
2)

2 C—B

R=R,R

TI = R(a,a)

a, (1 — cosa)a~
a,, (1 — cosa)a,a,

a,, (1 — cosa)a,a,

= (a,,a,,a,) rotation axix
a rotation angle

R = (1 — cosa)aaT + sinaA~ + cosaE = (alk)

+ cosa
+ a,sina

— a,sina

a,, = (1 —

(1 —

a,, = (1 —

2.4. transformation equation

a,, =

a,,

cosa)a,a, +

cosa)a,a, —

cosa) +a,

(1 — cosa)a,a, —

(1 — cosa)4 +

(1 — cosa)a,a, +

a,sina
cosa

a,sina
(3>

a,sina

a,sina
cosa

‘( C+fiRX
jA-

3. LEAST SQUARE ADJUSTMENT

3.1. problein

Ib n > 7 homologous coerdinates x~, ‘(IL are given, approximate parameters

(z)

c. combined rotation

d. matrix R
1 and R,

(2c,2)

(2c,3)

(2d)
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can be calculated from 7 coordinates with tite formulas of section 2. By a least

square adjustment using aH coordinates improved values

e = (e) + de, ji = (u), R = dR(R)

can be calculated.

3.2. formulas

approximate coordinates:

(‘(IL) = (u)(R)x1 + (e)

improved coordinates:
‘(4 (x3 + dc + ~u(’(L) + (Xjda

(4a)

(4b)

XIL axiator to vector ‘(xL

Tite matrix dR has to be computed from equ. (3) using tite relations

da,= da,
da

Tda
sina

1 da , cosa1 =

discrepancies:

= (~L — x3, = Cdu + w

C=(E~x~XX=¡o
ool

o x o
o y -z

z

o

z y -x OJiL

du
t = (deT, d¡¿, daT)
= {(xL) — XL)

From

(df dj~ = Minimum

tite normal equations follow:

CTCdu + CTw = O

C~)

= (wl, wl wf)

Por coordinates x< related to tite center of mass

1
= ‘( — ‘(,, x, = —[xl , [‘(‘1= O

n

Ví — sin’a.

(4c)

(5)

(6a)
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explicit solutions fon te shiftvector and sealefactor exíst:

1
de =

n

Tite components ob da can

[y’
2 + z”] —[x’y’]
— [x‘y’] [x’2 + z”]

[z’x’j —[y’z’]

= [(xL)Tw

[(‘(¿9]
be calculated from tite bollowing equations:

1 [da,1 [y’w
2 — z’wAl

—[y’z’j f ~da,f + [z’w~ — x’wj~
¡~‘2 + y’iJ da L L[x’w, — >“WJJL

(6b)

=0 (Ec)
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ANNEX 5. THEORY OF UNE CROSSING

The length ob a distance s = C, Ql. tite terminals C,, C, ob wbicit are lying in
different heigitts z,, z,, should be deternxined by tite procedune of line crossing.
Tite crossing line should take a horizontal course f, with tite altitude ZM~ and
endose an angle of 900+fi with tite vertical plane thnough <1 and C,. Fnom points
C,, Ql will be measured.
Required is tite distance u,, of tite point F,,, having a minimum sum 5 =

from tite crossing point M where tite crossing line penetrates through tite vertical
plane.

x

y

The two distances belonging to point M sitould be called m,, m
2 and te dibferences

ob altitude of titis point aud point Ql opposite to Ql with ZM and 22.

Fon fui-titen investigations a coordinatesystem through C, will be selected, with
tite z-axis parallel to tite perpendicular and tite y-axis of titis system being part of
die vertical plane trougit C, and Ql.
In tis system tite followingrelations fon tite position vectorofte points C1, C2, M
and F are valid:T =

(O, O, O)
T =

74 2= (0, y,, z,)

= x~, + uf

Al

cl

f = (cosfi, sirv% O) (1)
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Widi titese relations te distances s,, s, may be expressed as a funetion of tite
parameter u, whicit equals tite required distance between tite points E and M.

st = 4 = u’ + mt + 2uyM siM

= (x~ — ‘(2) u’ + mt + 2u(y~ — y,)sinfl (2)

Tite detenmination ob u,,, demanda a mínimum sum ob distances S(u> =

leading to tite equation:

dS _ 1 1
——(u + YMS~W

9) + —(u + (YM — y,) sinfi) 2=0 (3)
du s, 5=

After several transfonmations as result a quadratic equation fon u.,, follows:

Au~, + Bu,, + C = O

A = (mt — mt) + y,(2y~ + y,)sinfi

B {yM(mt — mt) + y,nit + ~ — yj}sin’fl <4)

C {y~,(m~ — mt) + y~2yM — y,)m~}sin’fl
Tite discuasion of equation (4) gives te following items:

a. Por 6=0, hence, a horizontal crossing line normal to s=C
1C,, nesulting in u,,

— O as a solution of te equation. lii titis case tite crossing point M coincides
with point E,,,, with its mínimum sunx of distances independent of te position
of tite crossing point M.

b. Independent of tite value ob tite crossing angle, te value ob u,,, will likewise
bezero, ib tite points C,,C, have tite same altitude z,=z, and tecrossing point
lies in dic middlle of tite straight une s that means y, 2y~.

c. Fon low values of dic distance u, die following nelation is valid

1 y~(m—m~) + y,(2yM—y,)m~
Uro 2 yM(m2 ni,) + y, nil + y~4 y, (y~—y,) sir~ (5)

¡ixample

Por tite configuration

M

1< 0 0 0
y 0 10000 7000

z 0 80 1 300 (x,y,z in meter)
anO the crossing angles 8, = 5~, 13, = 3<? equation (5) yields tite values u,,, 9
mand u,,, =90 m respectively.
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