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Abstract

The paper presents the program of an International Project, supported by the European community, aiming at
the determination of the geoid and the sea surface topography in the Mediterranean area. The Project, named
Geomed, involves seven scientific groups from six countries: University of Madrid, University of Thessalo-
niki, University of Copenhagen, University of Helsinki, Technical University of Graz, the National Survey
and Cadaster of Denmark and the International Geoid Service of Milan. The first results obtained are
illustrated, the state of the art of the project and its perspectives are discussed.

Key words Mediterranean Sea — geoid — sea surface geoid can be determined by measurements re-
topography lated to the gravity field only, while the phys-
ical surface of the ocean can be achieved by
the radaraltimetric measurements performed
by dedicated satellite missions (like the now
flying ERSI and Topex Poseidon satellites) af-
ter several corrections (firstly the radial orbital
correction) and time averaging are applied
(Balmino, 1993 and Zlotnicki, 1993).

In the most advanced approaches the glob-
al analysis of the available data sets (gravi-
metric, altimetric, satellite tracking, etc.) pro-
ceeds as follows (Rapp, 1989b):

1. Introduction

It was more than one year ago that seven
scientific groups from six nations (Spain, Ita-
ly, Austria, Greece, Denmark and Finland)
met with the purpose of setting up an inter-
national cooperative effort to determine the
geoid and the sea surface topography (SST)
on the Mediterranean sea. The geoid, or better
some equipotential surface of the gravity field
suitably fitting the physical surface of the
Mediterranean, is determined as the basic sur- I) let us call Ag the field of mean block
face in geodesy to which orthometric heights values of gravity anomalies usually known on
are referred; a good knowledge of the geoid land areas (e.g. over 1°X 1° blocks), T the

could for instance allow a much better reat- anomalous gravity potential, ¢ the stationary
tachment of the different national height sys- sea surface topography, A the measured height
tems usually conventionally referred to some of the sea above the ellipsoid (already correct-
tide gauges as zero points. ed by the time varying components), T, a ref-

The SST, i.e. the stationary height of the erence (prior) model of the anomalous poten-
sea above the ellipsoid, is a fundamental pa- tial developed in spherical harmonics up to
rameter of physical oceanography strongly re- some degree N, (e.g. N,.. = 50) and derived
lated to the steady circulation pattern involv- from the adjustment of pure satellite tracking
ing surface as well as deep water streams (ge- data, &, the radial orbital error of the altimetric
ostrophic flow) (Wunsch, 1993). satellite orbit computed from 7, (this error is

These two surfaces, i.e. the geoid and the due to both imperfect knowledge of the initial
SST, can nowadays be separated because the state and errors contained in 7, propagated to
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the orbit). We can write observation equations
of the form:

A o2 T+ (1.1)
=———- % .
8 ar r #
T
h=—+t+¢& + v, (1.2)
14
T,=T+ v, 1.3)
where ¥ is the normal gravity and v,, v,, V;

are independent noises. Equation (1.1) holds
on continental areas, while (1.2) holds on
oceanic areas.

2) in the above equations usually 7 is
modelled as a sum of spherical harmonics up
to the same degree N, ,, as Tp, ¢ is also repre-
sented by some truncated development, e.g.
again by spherical harmonics up to some de-
gree which in principle can be as high as NV,
but usually is much lower (e.g. degree 12 or
20), & is also parameterized by a small num-
ber of parameters (e.g. 5 ~ 6) over some time
span (e.g. 1 day) in consideration of the fact
that most of the power of this perturbation is
known to be concentrated at the frequencies
of once per rev and twice per rev (Wagner,
1989); all these unknowns are then estimated
by applying a big least squares process to
(1.1), (1.2) and (1.3) where, as one can easily
recognize, &, is separated from T and ¢ as it is
the only time varying unknown, while T is
separated from ¢ mainly by virtue of the equa-
tions (1.1) and (1.3). All this happens at the
degree of resolution given by N, _, which is
supposed to be enough to get a good estimate
of ¢t and €.

3) Once ¢t and & are known, track by
track, they are subtracted from %~ and block
averaged to obtain estimates of T mean values
with a much higher resolution; from the Ag
mean values on land and 7 mean values on
sea one can derive high degree global models
(e.g. up to N, = 360) of T by applying one
of several known techniques (see for instance
Rapp, 1993 or Brovelli and Migliaccio, 1993
or Sansd, 1993). This approach, although crit-
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icizable in some point, has certainly contrib-
uted an enormous improvement in the knowl-
edge of global gravity field models. Unfortu-
nately it cannot contribute as much in an area
like the Mediterranean for two reasons:

a) the time dependent pattern of the sea
surface is generally more complicated in
closed seas than in open oceans where simpler
tidal corrections hold;

b) the orbital corrections & are more diffi-
cult to be estimated because of the shortness
of the arcs which cannot last longer than few
minutes before hitting continental areas. More-
over, the bad performance of global models
on Eastern European countries (due to the non
availability of gravity material there) makes
the radial orbital error to display systematic
effects and larger values (Knudsen and Bro-
velli, 1993). On such a sea there are however
many gravity measurements available derived
from marine gravimetry; this allows an inde-
pendent computation of the gravimetric geoid
which compared with the stationary surface
rising from altimetric measurements can sup-
ply the sought SST. Very similar reasons and
reasonings apply to the case of the Baltic Sea
and this, beyond the scientific and personal
closeness of the groups, is another justification
for their cooperation.

We conclude this section by mentioning
that also other groups have declared their in-
terest for the project and cooperate directly or
indirectly in it. They are: CERGA - France
(Dr. F. Barlier), University of Barcellona (Dr.
M.A. Andreu), Institut of Catalufia (Dr. I. Col-
omina), General Command of Mapping, Geo-
detic Computing — Ankara (Dr. A. Ayhan)

2. Data

We try to summarize in this section the
type of data we have been able to collect till
now focusing on their validation and on the
need of new data to solve some ambiguous
case. The main data files used for the purpose
of Geomed concern:

Marine gravity data — These are free air
anomalies given on the sea surface (fig. la-c),
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mainly derived by digitizing the famous maps
by Morelli (Morelli, 1970; Allan and Morelli,
1971; Morelli et al., 1975a, Morelli et al.,
1975b; Morelli et al. 1975¢; Arabelos, 1980;
Arabelos et al., 1987; Arabelos and Tschern-
ing, 1988; Arabelos and Tziavos, 1989). Other
gravity files are now available and in future
they will be compared with the above for the
scope of validation. By the way the actual da-
ta have all been scrutinized and essentially
submitted to internal validation, so that dou-
bious or possibly spourious data are now
properly flagged in our files.

Land gravity data — We have (available)
the national archives of Spain, Portugal and
Italy. The Greek gravity data are not open, but

they can be used by the Thessaloniki Univer-
sity in computations of the geoid in the East-
ern Mediterranean. A few more data must be
added to these, mainly provided by the Bureau
Gravimetrique International which is consider-
ing to deliver a set of low resolution gravity
for France. Moreover, there is a possibility to
get similar data for Northern Africa from the
University of Leeds (table I).

Digital terrain models — These include
both topographic heights on land and the bathy-
metry of Mediterranean (fig. 2a-c). As for
land data, only a small part of what would be
needed with the proper resolution is available.
On the other hand on the whole region, in-
cluding bathymetry, we have two global mod-
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Fig. 1a. Position of the free air gravity anomaly observation points in the Eastern Mediterranean.
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Fig. 1b. Position of the free air gravity anomaly observation points in the Central Mediterranean.

els, namely TUGS87 and ETOPOSU both with
a resolution of 5’ X 5'.

The bathymetric maps of Morelli (resolu-
tion 5’ X 7.5', equidistance 200 m) are also
available in a digitized form thanks to the
work of the Thessaloniki group.

Some work has been already done by using
the TUG87 Model, however there are several
doubts about its effectiveness due to a recent
experience in the computation of the geoid in
Italy, where it was shown that there are large
discrepancies with the national DTM particu-
larly in Southern Italy. Furthermore looking at
any contour map, it seems quite obvious that
it is unrealistically too flat in the whole Cen-
tral Mediterranean; the good point on the oth-
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er hand is that there seems to be a fair agree-
ment with the shore line and with the islands
locations, proving that in applying a remove-
restore technique the highest frequency contri-
bution to the geoid should be possibly
guessed. Some work will be done in the next
future in order to obtain an improved bathy-
metry by merging the existing data.

Altimetric data — We have collected the
available altimetric data for the Mediterranean
concerning the Seasat mission (fig. 3) as well
as the Geosat mission (fig. 4), the latter re-
stricted to the (ERM) Exact Repeat Mission
(of a 17 day period) for the first 22 repeti-
tions. These data have already been cleaned
and processed in global adjustments by the
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Fig. 1c. Position of the free air gravity anomaly observation points in the Western Mediterranean.

OSU University and in particular Geosat data
have been corrected for the radial orbital error
(Wang and Rapp, 1990). Naturally the correc-
tion for the radial orbital error in a global
treatment suffers from the drawbacks we have
already discussed in section 1, as a local post-
processing has made clear. A new altimetric
data set is now in the process of being collect-
ed and validated, namely that produced by the
ERSI1 mission; at the moment our files include
the ERM(1-4) with a 35 day period (fig. 5)
and the ERM(1-4) with a 3 day period (fig. 6).

Global geopotential models — Many global
models are available in the Geomed Files, in-
cluding IfE 88, OSU78, GPM2, OSUSI,
OSUB6E, OSUB6F, OSUS9A, OSUS9B,
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OSU91A, DGFI92A, GEMIOC . All these
models have been tested statistically in the
area of interest against gravity or altimetric
data to decide which one could conveniently
represent the data locally. At the end the
choice has been for OSU91A (fig. 7a-c) as,
although its performance is comparable to that
of IfE8S, it is credited to have superior global
representativity (Rapp er al., 1991). Beyond
these data, which are essential in computing
either the gravimetric geoid or the stationary
sea surface, other two data sets are currently
collected in the Geomed Project as, so to say,
subsidiary data, namely:

Tide gauge data — These are currently cor-
rected by the Madrid and the Thessaloniki
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Table I. Number of available land gravity data
(free air anomalies) in the Mediterranean area.

Number of gravity

Country observations
Italy 23633
Spain 27692
Portugal 3859
Egypt 3219
Morocco 5711
Algeria 9725
Libya 705
Tunisia 156
Jordan 988
Syria 108
Turkey 226
Greece 217
Former Yugoslavia 13

groups and attempts are now made to set up
an empirical tidal model for the Mediterra-
nean, split into 3 basins (Western, Central,
Eastern);

Geophysical data — In particular we have
collected information on the Moho depth to be
able to smooth as much as possible the grav-
ity field and to be able to predict it as accu-
rately as possible. The Graz group has already
performed some experiments in this direction.

3. Methods and first results

In this section we try to summarize the dif-
ferent methods proposed to solve our problem
as well as the first results obtained, trying to
make it clear which are the problems still
open.

3.1. For altimetry only
This treatment is essentially an adjustment

of cross-over values based on the observation
equations
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h=WN+D+E+1D+v 3.1
where N =TJ/y, t, & have the same meaning
as in (1.2), while 7 is a time varying compo-
nent. Let us assume that £ and 7 are so
smooth that on a time span of a few minutes
(so long can last at most a track on the Medi-
terranean before hitting a land) they can be
well approximated by a linear function of time

E+t=alT+b (3.2)
this is certainly true for £ (Schrama, 1989)
and probably true, at least roughly, for T when
the subsatellite point is not too close to a
coast.

Due to the very regular shape of the satel-
lite orbit, which is close to a circle, in (3.2)
the variable time 7 can be substituted with
longitude A.

Now assume also that the observation (3.1)
refers exactly to a point where two tracks
cross each other (if this is not the case one
can always perform an interpolation along the
track), then since (N + ) is the same in both
tracks 7 and j we can write
h;—h, = (@A +b) — (ad + b) + v, (3.3)

A system of equations of the type (3.3) can
be adjusted by a least squares approach once
the relevant rank deficiency problem is solved.
In practice one can show that a bilinear sur-
face (z = Axy + Bx + Cy + D in planar coor-
dinates) cannot be determined by this system
of equations so that some constraint has to be
imposed (Barzaghi er al., 1990). The most
convenient of such constraints is to minimize
the sum of the squares of the differences:

hi = Nyoa — (@A + b) = A, 34
on condition that realistic weights be chosen
for (3.4) (on this subject cf. Barzaghi et al.,
1991).

It is interesting to observe that to strength-
en the solution also different data sets can be
adjusted, while «almost» coinciding tracks can
be stacked together (collinear analysis) to ob-
tain stronger profiles.
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Fig. 2a. Bathymetry of the Eastern Mediterranean according to digitized Morelli’s map (left); ETOPO5U
digital terrain model on sea and land (right) in the same area (contour interval = 500 m).

In this way for instance an altimetric geoid
for the Mediterranean has been computed by
the Copenhagen and the Milan g'roups jointly
from the available Seasat and Geosat data.

To perceive the effectiveness of the adjust-
ment we can say that (Knudsen and Brovelli,
1993) from raw to adjusted data we have dis-
crepancies A with the model (see equation
(3.4)) with standard deviation going from 60
cm down to 36 cm and, even more important,
crossover residuals v (see (3.3)) with s.d. de-
creasing from 30 cm down to 5 cm.

3.2. The gravimetric geoid

This can be computed in several different
ways following the classical approach of the
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collocation method. In any case it is conve-
nient first of all to modify the gravity data set
by a process, named «remove-restore», which
has the effect to smooth and regionalize the
gravity field.

First of all, the free air anomalies Agp are
filtered at the long wavelengths by subtracting
the anomalies computed by a global model
Ag,;; with this manipulation the data set is re-
gionalized in the sense that in principle it be-
comes devoid of signals at wavelengths larger
than or even comparable with the sides of the
window where the data are given.

The remaining signal is therefore well esti-
mable with the available data and we can ne-
glet the data outside the window, which are
not available.

Second, we considerably reduce the power
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Fig. 3. Footpoints of Seasat observations on the Mediterranean sea.
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Fig. 4. Footpoints of Geosat observations on the Mediterranean sea.
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Fig. 5. Footpoints of ERSI observations on the Mediterranean sea during the 35 days repeat mission.
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Fig. 6. Footpoints of ERSI observations on the Mediterranean sea during the 3 day repeat mission.
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Fig. 7a. OSU91A model in the Eastern Mediterranean area: geoid (on the left, contour interval = 2 m)

and free air anomalies (on the right, contour interval = 40 mGal).

of the signal by further subtracting the effect
of the Residual Terrain Modelling, Ag,
(Forsberg, 1985) i.e. the high frequency part
of the Terrain correction.

We are therefore left with a residual field

Ag, = Agp — Agy — Ag, (3.5)

which is both smooth and regionalized and it
is generally this field to which we apply a
proper operator transforming it into an esti-
mate of the anomalus potential 7. As a final
step we add back to T, the contribution of the
global model, T,,, that of the RTM, T, to ob-
tain a final estimate of the geoid through

1
N==T,+T,+T) (3.6)
Y

Just to give an idea, the model undulation
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N, is of the order of (45 = 3) m in the West-
ern Mediterranean (but it goes down to
(10 £ 5) m in the eastern part) while the topo-
graphic correction N, and the residual part N,
are of the order of 1 m.

3.2.1. Stokes formula by FFT

Two test computations have been performed
by this method which is nothing but the appli-
cation of the Stokes formula, to the window
where we have data, computed by the FFT
techniques exploiting its shape of a quasi-con-
volution (Sideris, 1987; Strang van Hees, 1991).

Of the two geoids computed, the first
one refers to the Western Mediterranean
(0°=A1=10% 37° =< ¢ = 50°, and it has been
computed by the Milan group, the other
one refers to the Eastern Mediterranean
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(14°=21=25% 34°=¢=40° and it has
been computed by the Thessaloniki group,
both for the purpose of comparison with the
results obtained by other techniques.

The result of the experiment in the Eastern
Mediterranean is displayed in fig. 8.

3.2.2. Collocation

One of the drawbacks of this approach
was, till a few time ago, its limited capacity
of treating a large number of points simultane-
ously (~ 3000 points) since the method im-
plies the solution of a system of as many
equations as points, with a completely filled in
normal matrix. Fortunately enough we have

now a technique (Bottoni and Barzaghi, 1993)
which allows a very fast solution even for ve-
ry large systems of this kind on condition that
the data be regularly gridded, so that a suit-
able combination of Toeplitz and FFT meth-
ods can be applied.

A large experiment with 17 557 points has
been performed in the Western Mediterranean
by the Copenhagen and Milan groups (fig. 9),
comparing these results with those obtained
with the Stokes/FFT approach. The compari-
son is satisfactory, since the mean square dif-
ference between the two geoids is 13 cm com-
pared with 66 cm of signal. These numbers
ignore the 45 cm of bias due to the fact the
FFT techniques work with data referred to
their average.

%2 =N
IEi9s NN
EC\// \\. ﬂé N
%(if‘ 18y //‘//“‘(fﬁ =
ﬁb o \\\\\\X\\\(\Q\\ °

EZICINNNE

Fig. 8. Geoid computed by FFT techniques in the Eastern Mediterranean area within Geomed Project

(contour interval =1 m).
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3.2.3. Pure collocation

Since in open sea the topographic correc-
tion is not so strong and rough, in this case it
is conceivable to perform a geoid computation
by pure collocation, i.e. with no remove and
restore of the topographic effects, with the
main concern that the estimate will not be ve-
ry accurate in coastal regions.

When the data are treated in their original
locations no fast algorithm is available, so that
the computational burden has to be controlled
by limiting the area of computation. The Ma-
drid group has estimated a geoid in this way
on the Mediterranean by splitting it into 330
(1° X 1°) zones on each of which the predic-
tion was performed from a (2° X 2° block
covering the estimation area. The computed
geoid is displayed in fig. 10. The prediction
error is in most cases around 5 cm, apart from

some coastal regions where it grows to tens of
centimeters.

3.3. An integrated approach

This approach, pushed by the Thessaloniki
group, is essentially a full collocation proce-
dure, with adjustment of parameters, applied
to the set of equations

—_—
-
Il

1
—T+ (@l +b)+ ¢
Y

3.7)

Ag

I 2
L or r 1
The interesting point in (3.7) is specially
that the density of data referring to the anom-
alous potential is extremely increased by the
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Fig. 9. Geoid computed by fast collocation in the Western Mediterranean area within Geomed Project

(contour interval =1 m).
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Fig. 10. Geoid computed by pure collocation in the Mediterranean sea.

altimetric observations, thus filling the gaps of
marine geodesy. Whence the accuracy of the
estimate of the geoid should be better. On the
other hand in (3.7) the sea surface topography
is disappeared, which means that in part it
will enter naturally in (ad + b), giving rise to
a bilinear surface and in part it can deform T,
i.e. the geoid. The first part is certainly the
biggest one and probably a bilinear model for
a window like 26° < 1 < 36% 31° = ¢ < 37°,
is good for it, as one would infer from a glob-
al model of SST like the one by Rapp (Rapp,
1989a); the second part, though smaller, is of
interest but not available in this approach.

Anyway the internal consistency of the re-
sults is certainly very good as it has been test-
ed by leaving 73 altimetric heights %4 out of
the treatment and then comparing them with
quantities predicted in the processing. The dif-
ferences between the two turned out to be ze-
ro in the average (as it ought) and have a s.d.
of 4 cm.

3.4. The sea surface topography

One of the crucial questions of this project
is: do we really believe that the accuracy of
our data and the reliability of our models are
sufficient to produce a significant estimate of
the SST?

In Western Mediterranean we have com-
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puted a SST by subtracting the gravimetric
geoid from the altimetric one; the result is
shown in fig. 11. As one can see we have a
surface waving from -0.80 m along the Afri-
can coast to —0.20 m along France and 0.20
m in Catalufia. These variations seem to be
certainly higher than the noise we expect in
each geoid, which is of the order of 5 cm for
both of them. However we are not yet able to
say, whether there are undetected systematic
effects distorting our solutions.

4. Comparisons

There are two possibilities of making ex-
ternal checks of our data; namely either we
compare them with independent data of the
same kind but coming from different sources,
Or we try to compare with other geophysical
fields exploiting some mutual relation with the
gravity field.

Only little work has been done till now in
this field, yet we like to mention:

a) geoids comparisons: an external compari-
son has been performed between the Geomed
geoid in the Western Mediterranean and an-
other gravimetric geoid supplied by the Bu-
reau Gravimetrique International. This last has
been computed (Barriot, 1987) over a large
window (—15°= 1 =28% 25°= ¢ = 55°, by
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applying a truncated Stokes formula with a 6°
cap. Terrain effects have not been considered
(fig. 12). The difference, on 17 557 points,
shows that there is a bias of 0.49 m and an
rm.s. of 0.81 m. This suggests rather pessi-
mistic conclusions. However by looking at the
contour plot of these differences (fig. 13) we
find they are quite flat in the marine area and
they become very high and systematic (only
positive signs) on land; this could be attribut-
ed to the different treatment of the contribu-
tion of topography. In particular, we believe
that in Corse, where we have the maximum
differences, there might be a problem with the
gravity data; .

b) isostatic topographic corrections: some
work has been done by applying different
isostatic-topographic corrections to the field of
free air gravity anomalies, to verify which one
would produce the best smoothing and homo-
geneization of the gravity field.

-5%0 0%0

The Moho depths used in the computation
have been derived from the Airy-Heiskanen
theory or an improved version of it; another
Moho model was derived from the analysis of
seismic data. By using the Central Mediterra-
nean as a test area, it has been proved by the
Graz group that the Airy-Heiskanen correc-
tions have a much better performance, while
the seismic Moho produces very large discre-
pancies in the Southern Sicily and along the
Calabrian arc.

5. Discussion

The following points represent the goals
defined by the Geomed groups for the next
period:

a) new data: in particular it seems essen-
tial to acquire new gravity data, may be not at
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Fig. 12. Gravimetric geoid in the Western
(Barriot, 1987) (contour interval = 1 m).
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Fig. 13. Differences between Geomed geoid and the geoid supplied by the BGI in the Western Mediter-

ranean (contour interval = 0.5 m).

a high resolution, in North Africa and in
France, Croatia, Turkey, etc. It has also been
decided to collect GPS data, levelling data and
deflections of the vertical, particularly along
the coasts;

b) validation: a project has been establish-
ed to validate our marine gravity data sets
with gravimetric profiles owned by DMA; ve-
ry essential is the validation of ETOPOS5U by
comparing it with Morelli’s bathymetry as
well as with national DTM’s; meanwhile the
new ERS1 data will be validated and included
in the altimetric adjustments;

c) new computations: the computation of
the geoid and SST in the Central Mediterra-
nen will be completed in one year.

After these intermediary goals will be reach-
ed we will have at least a geoid and a SST
over the whole Mediterranean.

The problems at that point will be to ho-
mogenize the solutions and to proceed to their
interpretation at least in terms of geostrophic
circulation. ’
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