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FOREWORD

GEOMED is a project for the determination of the geoid and of the
Sea Surface Topography in the Mediterranean Sea. The existing set of
data available on the Mediterranean in already quite significant and it
is going to be improved in these years because of the new altimetric
data coming from ERS1 and the TOPEX-POSEIDON missions. In the execution
of the project we use, mainly, radar altimetric data (from SEASAT,
GEOSAT and ESR1 missions) gravimetric data, bathymetric models, as well
as land gravity data set and DIMs of surrounding regions: these data
sets are generally poor on the southern side of the Mediterranean. More
geophysical data, like tidal and Moho depth models, will be user too.
The particularity of this project is in that the dynamics of the
Mediterranean, as a closed sea, cannot be easily modelled, so that the
time dependent part of the altimetric signal has to be modelled
empirically together with the radial orbit error; on the other hand,
since the satellite arcs are very short, this choice is well justified.
The separation between the stationary Sea Surface Topography and the
geoid can be done in such an area using both data sets, the altimetric
and the gravimetric one, which is available contrary to the situation in
open oceanic areas.

The groups that are working on this project are:

Dept. of Environmental Engineering, Milan, Italy. (Coordinator);
Dept. of Geodesy and Surveying. Thessaloniki, Greece;

Inst. of Astronomy and Geodesy, Madrid, Spain;

Inst. of Mathematical Geodesy, Graz, Austria;

Dept. of Geophysics, Copenhagen, Denmark;

National Survey and Cadastre, Copenhagen, Denmark;

Finnish Geodetic Institute, Helsinki, Finland.

This project in supported by a contract within the Program Science of
the European Economic Community.

This volume, the second of the MARE NOSTRUM Series, collect the works
done by many groups involved in the GEOMED organization, in the last
year, as informed in the GEOMED Meeting held in Madrid at october 1992,
and will be followed by others with new contributions.
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The Geomed Project: the state of the art

M.A. Brovelli*, F. Sans6**
* 1.Ge.S. - Istituto Nazionale di Geofisica (Milano)
** D.I.LILA.R. - Politecnico di Milano

1. Introduction

It was more than one year ago that 7 scientific groups from 6 nations (Spain,
Italy, Austria, Greece, Denmark and Finland) met with the purpose of setting
up an international cooperative effort to determine the geoid and the Sea Sur-
face 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 surface in Geodesy to which orthome-
tric heights are referred; a good knowledge of the geoid could for instance allow
for a much better reattachment of the different national height systems usually
conventionally referred to some tide gauges as zero points.

The SST, i.e. the stationary height of the sea above the ellipsoid, is a fundamental
parameter of physical oceanography strongly related to the steady circulation pat-
tern involving surface as well as deep water streams (geostrophic flow) (cfr. e.g.

C. Wunsch, [1992]).

These two surface can nowadays be separated because the geoid can be determined
by measurements related to the gravity field only, while the physical surface of the
ocean can be achieved by the radaraltimetric measurements performed by dedi-
cated satellite missions (like the now flying ERS1 and Topex Poseidon satellites)
after several corrections (firstly the radial orbital correction) and time averaging
are applied (cfr. G. Balmino, [1992] and V. Zlotnicki, [1992]).

In the most advanced approaches the global analysis of the available data sets
(gravimetric, altimetric, satellite tracking, etc.) proceeds as follows (cfr. R. H.
Rapp, [1989b)): '

let us call Ag the field of mean block values of gravity anomalies usually known
on land areas (e.g. over 1° X 1° blocks), T the anomalous gravity potential, ¢
the stationary sea surface topography, h the measured heights of the sea above
the ellipsoid (already corrected by the time varying components), Tp a reference
(prior) model of the anomalous potential developped in spherical harmonics up
to some degree N4, (€.8. Npmar = 50) and derived from the adjustment of pure
satellite tracking data, £, the radial orbital error of the orbit computed for the
flying altimetric satellite from T'p (this error is due to both imperfect knowledge
of the initial state and errors contained in Tp propagated to the orbit); then we
can write observation equations of the form:

MARE NOSTRUM 2, (1992), pp 1-33
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or 2
T
h=—+t+& +vn (1.2)
Y
Tp =T + vr, (1.3)

where «v is the normal gravity and vy, v,,vr are independent noises; (1.1) holds
on continental areas, while (1.2) holds on oceanic areas.

in the above equations usually T is modelled as a sum of spherical harmonics up to
the same degree Np,q, as Tp, t is also represented by some truncated development,
e.g. again by spherical harmonics up to some degree which in principle can be
as high as N, but usually is much lower (e.g. degree 12 or 20), ¢, is also
parametrized by a small number 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
(cfr. C. 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 7' is
separated from ¢ mainly by virtue of the equations (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 &,.

Once t and ¢, are known, track by track, they are subtracted from h at block
averaged to obtain estimates of mean values of T' with a much higher resolution;
from the mean values of Ag on land and of T on sea one can derive high degree
global models (e.g. up to Ny, = 360) of T' by applying one of several known
techniques (see for instance R.H. Rapp, [1992] or M. A.Brovelli and F.Migliaccio,
[1992] and F. Sansé , [1992]). This approach, although criticizable in some point,
has certainly contributed an enormous improvement in the knowledge of global
gravity field models. Unfortunately however 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 ocean where simpler tidal corrections hold;

b) the orbital corrections ¢, are more difficult to be estimated because of the
shortness of the arcs which cannot last longer than few minutes before hitting
continental areas; moreover the bad performance of global models on Eastern Eu-
ropean countries (due to the non availability of gravity material there) makes the
radial orbital error to display systematic effects and larger values (cfr. P. Knud-
sen and M.A. Brovelli, [1991]). On such a sea however there are available many
gravity measurements derived from marine gravimetry; this allows for an indepen-
dent computation of the gravimetric geoid which compared with the stationary
surface rising from altimetric measurements can supply the sought SST. Very sim-
ilar reasons and reasonings apply to the case of Baltic sea and this, beyond the
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scientific and personal closeness of the groups, is another justification for their
cooperation. We conclude this paragraph by mentioning that also other groups
have decleared their interest for the project and cooperate directly or indirectly
in it like: CERGA- France (Dr. F. Barlier), University of Barcellona (Dr. M.A.
Andreu), Institut of Cataluna (Dr. I. Colomina), General Command of Mapping,
Geodetic Computing - Ankara (Dr. A. Ayhan)

2. Data

We try to summarize in this paragraph the type of data we have been able to
collect till now focussing 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 F.A. anomalies given on the sea surface (Fig.
1), mainly derived by digitizing the famous maps by Morelli (cfr. C. Morelli,
[1970]; T.D. Allan and C. Morelli, [1971]; C. Morelli et al., [1975a], C. Morelli et
al., [1975b]; C. Morelli et al. [1975¢c]; D. Arabelos, [1980]; D. Arabelos, [1987];
D. Arabelos and C.C. Tscherning, [1988]; D. Arabelos and I.N. Tziavos, {1989]),
although 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 data have all
been scrutinized and essentially submitted to internal validation, so that doubious
or possibly spourious data are now properly flagged in our files.

Land Gravity Data: we have (available) the national archives of Spain, Portu-
gal and Italy; the Greek gravity data are not open, however they can be used by
the Thessaloniki University in computations of the geoid in the Eastern Mediter-
ranean. To these a few more data must be added, mainly provided by the Bureau
Gravimetrique International which is considering 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. (see Fig. 2)

Digital Terrain Models: these include both topographic heights on land and
the bathymetry of Mediterranean (Fig. 3). 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, including bathymetry, we have two global models, namely
TUGS87 and ETOPO5U both with a resolution of 5 x 5.

Moreover the bathymetric maps of Morelli (resolution 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 particularly in Southern Italy. Furthermore looking at any
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contour map, it seems quite obvious that it is unrealistically too flat in the whole
central Mediterranean; the good point on the other hand is that there seems to be
a fair agreement with the shore line and with the islands locations, proving that
in applying a remove-restore technique the highest frequency contribution to the
geoid should be possibly guessed. Some work will be done in the next future in
order to obtain an improved bathymetry by merging the existing data.

Altimetric Data: we have collected the available altimetric data for Mediter-
ranean concerning the Seasat mission (Fig. 4) as well as the Geosat mission (Fig.
5), the last restricted to the (ERM) Exact Repeat Mission (of periof 17 days) for
the first 22 repetitions. These data have already been cleaned and processed in
global adjustments by the OSU University and in particular for Geosat the radial
orbital error has been corrected for (Y.M.Wang and R.H. Rapp, [1990]). Natu-
rally the correction for the radial orbital error in a global treatment suffers of the
drawbacks we have already discussed in §1, as a local postprocessing has made
clear.

A new altimetric data set is now in the process of being collected and validated,
namely that produced by the ERS1 mission; for the moment our files include the
ERM(1-4) with a 35 days period (Fig. 6) and the ERM(1-4) with a 3 days period
(Fig. 7).

Global Geopotential Models: many global models are availbale in the Geomed
Files, including IfE 88, OSU78, GPM2, OSU81, OSUS6E, OSUS6GF, OSUSIA,
0OSU89B, OSU91A, DGFI92A, GEM10C . All these models have been tested sta-
tistically 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 (cfr. Fig. 8) as, although its performance was comparable to that of
IfE88, it is credited to have superior global representativity.

Beyond these data which are essential either in computing 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 corrected by the Madrid and the Thes-
saloniki groups and attempts are now made to set up an empirical tidal model for
the Mediterranean, split into 3 basins (Western, Central, Eastern);
Geophysical Data: in particular we have collected information on the Moho
depth in order to be able to smooth as much as possible the gravity field and to be
able to predict it as accurately as possible. The Graz group has already performed
some experiments in this direction.

3. Methods and first results

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

A) For altimetry only

This treatment is essentially an adjustment of cross-over values based on the ob-
servation equations
h=(N4+t)+(&+1)+v, (3.1)

where N = T'/4,t,¢, have the same meaning as in (1.2), while 7 is a time varying
component. Let’s assume that £, and 7 are so smooth that on a time span of a few
minutes (so long can last at the maximum a track on the Mediterranean before
hitting a land) they can be well approximated by a linear function of time

&Etr=adl 4 b (3.2)

this is certainly true for ¢, (cfr. E.J.O. Schrama, [1989]) and probably true, at
least roughly, for 7 at least when the subsatellite point is not too close to a coast.

Due to the very regular shape of the satellite orbit which is close to a circle, in
(3.2) the variable time T can be substituted by 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 interpo-
lation along the track), then since (N + ¢) is the same in both tracks ¢ and ;7 we
can write

hi — hj = (aid +b;) — (a;A +b;) + vi; (33)
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 surface (z = Azy + Bz + Cy + D in planar coordinates) cannot be
determined by this system of equations (cfr. R. Barzaghi et al., [1990]) so that
some constraint has to be imposed. The most convenient of such constraints is to
minimize the sum of the squares of the differences:

hi — NMod — (ai/\ 4 bz) = Ay (34)

on condition that realistic weights be chosen for (3.4) (on this subject cfr. R.
Barzaghi et al., [1992]).

It is interesting to observe that to strengthen the solution also different data sets
can be adjusted, while ”almost” separated tracks can be stacked together (collinear
analysis) to obtain stronger profiles.

In this way for instance an altimetric geoid for the Mediterranean has been com-
puted by the Copenhagen and the Milan groups jointly from the available Seasat
and Geosat data.

To perceive the effectiveness of the adjustment we can say that (cfr. P.Knudsen
and M.A. Brovelli ,[1991]) from row data to adjusted we have discrepancies A with
the model (see (3.4)) with s.d. going from 60 cm down to 36 cm and, even more
important, crossover residuals v (see (3.3)) with s.d. decreasing from 30 cm down
to 5 cm.
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B) The gravimetric geoid

This can be computed in several different ways following the classical approach of
the collocation method; in either cases it is convenient first of all to modify the
gravity data set by a process, called remove-restore, which has the effect to smooth
and regionalize the gravity field.

Essentially first of all the free air anomalies Agp are filtered at the long wave-
lengths by subtracting the anomalies computed by a global model Agys; with this
manipulation the data set is regionalized in the sense that in principle it becomes
devoid of signals at wavelengths larger or even comparable with the sides of the
window where the data are given.

The remaining signal is therefore well estimable with the available data and we
can neglet the data outside the window, which are not available.

Second we reduce considerably the power of the signal by further subtracting the
effect of the Residual Terrain Modelling, Ag,, (cfr. R. Forsberg, [1985]) i.e. the
high frequency part of the Terrain correction; therefore we are left with a residual
field

Agr = Agr — Agm — 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 estimate of the anomalus potential
T.. As a final step we add back to T} the contribution of the global model, Ty,
that of the RTM, T}, to obtain a final estimate of the geoid through

1
N = ~(Tr+Tu +T0). (3.6)

Just to give an idea the model undulation Ny; is of the order of 45m + 3m in the
Western Mediterranean (but it goes down to 10m £ 5m in the Eastern part) while
the topographic correction N and the residual part N, are in the order of 1 m.

B1) Stokes formula by FFT

Two test computations have been performed by this method which is nothing
but the application of the Stokes formula, to the window where we have data,
computed by the FFT techniques exploiting its shape of a quasi-convolution (cfr.
M.G. Sideris ,[1987], G. Strang van Hees, [1991]).

The two geoids refer one to the Western Mediterranean (0° < A <10°;37° < ¢ <
50°), and it has been computed by the Milan group, the other is in the Eastern
Mediterranean (14° < X\ < 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 9.
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B2) Collocation

One of the drawbacks of this approach was till a few time ago its limited capacity
of treating a number of points together (~ 3000 points) since the method implies
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 (cfr. G.P. Bottoni
and R. Barzaghi, [1992]) which allows a very fast solution even for very large
systems of this kind on condition that the data be regoularly gridded, so that a
suitable combination of Toeplitz and FFT methods can be applied.

A large experiment with 17557 points has been performed in the Western Mediter-
ranean by the Copenhagen and Milan groups (cfr. Fig. 10), comparing the results
with those obtained with the Stokes/FFT approach; the comparison is satisfactory,
since the mean square difference between the two geoids is 13 cm as compared to
66 cm of signal. These numbers ignore the 45 cm of bias which is due to the fact
the FFT techniques works with data referred to their average.

B3) Pure collocation

Since in open sea the topographic correction 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 very accurate in coastal regions.

When the data are treated in their original locations no fast algorithm is available,
so the computational burden has to be controlled by limiting the area of compu-
tation; the Madrid 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 prediction was per-
formed from a (2° X 2°) block covering the estimation area. The computed geoid
is displayed in Fig.11. The prediction error is in most cases around 5 cm, apart
from some coastal regions where it grows to tens of centimeters.

C) An integrated approach

This approach, pussed by the Thessaloniki group, is essentially a full collocation
procedure, with adjustment of parameters, applied to the set of equations

h

Ag
The interesting point in (3.7) is specially that the density of data referring to the
anomalous potential, is extremely increased by the 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 (aX + b), giving
rise to a bilinear surface and in part it can deform T, i.e. the geoid. The first

ST+ (ar+b) +e

3.7
—(5et T+ G
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part is certainly the biggest and probably a bilinear model for a window like
26° < X < 36°,31° < ¢ < 37° is good for it, as one would infer from a global
model of SST like the one by R. Rapp (cfr. R.Rapp, [1989a]); the second part,

though smaller, is of interest but not available in this approach.

In any way the internal consistency of the results is certainly very good as it has
been tested by living 73 altimetric heights h out of the treatment and then com-
paring them with quantities predicted in the processing; the differences between
the two turned out to be zero in the average (as it ought) and have a s.d. of 4 cm.

D) 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 riliability of our models is sufficient to produce a significant
estimate of the SST?

In western Mediterranean we have computed a SST by subtracting the gravimetric
geoid from the altimetric one; the result is shown in Fig. 12. As one can see we
have a surface waving from -0.80 m along the African coast to -0.20 m along France
and 0.20 m in Cataluna. 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, whether there are undetected systematic effects distorting our solutions
we are not yet able to say.

4. Comparisons

There are two prossibilities of making external 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:

geoids comparisons: an external comparison has been performed between the
Geomed geoid in the Western Mediterranean and another gravimetric geoid sup-
plied by the Bureau Gravimetrique International. This last has been computed
(J.P.Barriot, [1987]) over a large window (—15° < A < 28°,25° < ¢ < 55°) by
applying a truncated Stokes formula, with a 6° cap; terrain effects have not been
considered (cfr. Fig 13).

The difference, on 17557 points, shows that there is a bias of 0.49 m and an r.m.s.
of 0.81 m. This suggest rather pessimistic conclusions; however by looking at the
contour plot of these differences (cfr. Fig 14) 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 attributed to the different treatment of the contribution of
topography.
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In particular we believe that in Corse, where we have the maximum differences,
there might be a problem with the gravity material;

isostatic topographic corrections: some work has been done by applying dif-
ferent isostatic-topographic corrections to the field of free air gravity anomalies, to
verify which one would produce the best smoothing and homogeneization of the
gravity field.

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 Mediterranean as a test
area, it has been proved by the Graz group that the Airy-Heiskanen corrections
have a much higher performance, while the seismic Moho produced very large
descrepancies 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:

new data: in particular it seems essential to acquire new gravity data, may be
not at a high resolution, in north Africa and in France, Croatia, Turkey, etc. It
also been decided to collect GPS, levelling data and deflections of the vertical,
particularly along the coasts;

validation: a project has been established to validate our marine gravity data
sets with gravimetric profiles owned by DMA; very essential is the validation of
ETOPO5U by comparing it with Morelli’s bathymetry as well as with national
DTM'’s; mean-while the new ERS1 data will be validated and included in the
altimetric adjustments;

new computations: the computation of the geoid and SST in the Central
Mediterranen, will be completed in one year.

After these intermediary goals wilt be reached we will have at least a geoid and a
SST over the whole Mediterranean.

The problems at that poiﬁt will be to homogenize the solutions and to proceed to
their interpretation at least in terms of geostrophic circulation.
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Figure captions:

Fig. la - Distribution of the free air anomalies in the Eastern Mediterranean.
Fig. 1b - Distribution of the free air anomalies in the Central Mediterranean.
Fig. 1c - Distribution of the free air anomalies in the Western Mediterranean.
Fig. 2 - Available land gravity data.

Fig. 3a - Bathymetry (on the left) and ETOPO5U Model (on the right) in the
Eastern Mediterranean.

Fig. 3b - Bathymetry (on the left) and ETOPO5U Model (on the right) in the
Central Mediterranean.

Fig. 3c - Bathymetry (on the left) and ETOPO5U Model (on the right) in the
Western Mediterranean.

Fig. 4 - Seasat observations.

Fig. 5 - Geosat observations.

Fig. 6 - ERS1 35 days period observations.
Fig. 7 - ERS1 3 days period observations.

Fig. 8a - OSU91A model in the Eastern Mediterranean: geoid (on the left) and
free air anomalies (on the right).

Fig. 8b - OSU91A model in the Central Mediterranean: geoid (on the left) and

free air anomalies (on the right).

Fig. 8c - OSU91A model in the Western Mediterranean: geoid (on the left) and
free air anomalies (on the right).

Fig. 9 - Geoid computed by FFT techniques in the Eastern Mediterranean.

Fig. 10 - Geoid computed by fast collocation in the Western Mediterranean.
Fig. 11 - Geoid computed by pure collocation in the Mediterranean sea.

Fig. 12 - Sea surface topography in the Western Mediterranean sea.

Fig. 13 - Gravimetric geoid in the Western Mediterranean (J.P. Barriot, [1987]).

Fig. 14 - Differences between Geomed geoid and the geoid supplied by the BGI in
the Western Mediterranean.
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Abstract.

New, five months about, repeat ERS-1 altimeter data have been preliminary processed in
the Mediterranean Sea with respect to selection criteria in order to avoid data influenced
by errors caused mainly by orbit errors and altimeter signal uncertainties, and of course
due to presence of land. After the removal of a number of erroneous observations and in
order to assess the quality of the data a crossover analysis has been carried out and a
crossover root-mean-square (rms) error discrepancy was found equal to 1.785 m. After a
crossover adjustment model was applied introducing bias and tilt into the computations,
the rms crossover discrepancy decreased to 0.046 m. Furthermore, a first collinear
analysis was performed and some indicative results were outlined.

Introduction

The ERS-1 satellite has been launched during 1991 in order to investigate the
environment. It has a sun-synchronous, near polar orbit, and operates in a 3 days, a 35
days and a 176 days cycle (ESRIN, 1992). Altimeter data for the Mediterranean Sea
[30°< ¢ <50°, —5°< A< 40°] from ERS-1 mission were recently available to us in the
frame of the participation of the first of the authors in the ERS-1 project DK2. The time
period covered by this data set is April 4, 1992 to August 31, 1992 (four repeat periods).
Data were delivered as records in ascii format. Each of the records put in our disposal
contains the revolution number, time (UTC since January 1, 1985, midnight), latitude,
longitude, corrected sea surface height He, standard deviation of H, significant wave
height Hy, and standard deviation of Hy,. The correction applied to sea surface height is
given as follows (O. Andersen and C.C. Tscheming, personal communication):

H; = H - (ionosphere + dry + wet troposphere + solid Earth tide correction )

It is worth mentioning here that the sea surface heights have not been corrected for ocean
tide effect.

Concerning the satellite orbits it is interesting to note that they have been computed
using the GEM-T2 model instead the newer PG4491 model in order to enable mixing the
altimeter measurements from GEOSAT and ERS-1. The ERS-1 orbital frequency is

MARE NOSTRUM 2, (1992), pp 35-42
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6035.9287 secs. The duration of each Exact Repeat Mission (ERM) is 35 days or
correspondingly 501 revolutions. In our test area and for the five months mission period
a number of 25757 subsatellite points (one second mean values) is available. These
points are distributed in the four ERM periods mentioned above.

From the altimeter data the influence of the OSU91A geopotential model complete to
degree and order 360 and the influence of the OSU91 Sea Surface Topography (SST)
complete to degree and order 10 have been subtracted. The results from the statistical
analysis of the residual altimeter data are summarized in Table 1.

In our preliminary analysis of the first ERS-1 altimeter data the following selection
criteria have been adopted:

- The test area has been restricted to the Mediterranean Sea omitting subsatellite points
found above latitude 43° and western of longitude 0°, as well as parts of the tracks
located above latitude 40° and eastern of longitude 27°.

- Short tracks (having less than 5 points or equivalent length less than about 33.5 km)
were eliminated.

- Residual altimeter heights (ERS-1- OSU91A - OSU91SST) larger than 10 m were con-
sidered as outliers and have not been taken into account in the computations.

- Altimeter heights with a standard deviation larger than 0.25 m were also omitted from
the further data elaboration.

Table 1. Results of ERS-1 altimeter data reduced to OSU91A1F and the OSU91 SST (unit=m)

ERM No.of data  Min. value  Max. value  Mean value  Standard dev.

1 6157 -4.163 6.110 0.367 1.618
2 6864 -4.416 6.953 0.353 1.483
3 6142 -4.660 6.170 0.420 1.675
4 6594 -35.479 7.112 -0.787 4.491
4* 6450 -5.210 7.112 0.161 1.588

* ERM 4 after the removal of values (ERS-1 — OSU91A — OSU91 SST) > 10m

According to the criteria constructed above a number of 5992 observations was
detected and removed. From these observation only a number of 144 outliers has been
detected (i.e., reduced values > 10 m). A number of 21 short arcs were detected and the
58 observations contained to these arcs were neglected. The rest ones are located outside
of our test area or were detected as erroneous data using the standard deviation of the
satellite points.

Following the above mentioned selection criteria a number of 19765 observations
was resulted showing a mean value equal to 0.47 m and standard deviation equal to
1.364 m. These observations are distributed in 315 tracks (see Figure 1). From Figure 1
it is clear that the ERS-1 35 days repeat period provides altimetry with a significantly
improved coverage compared with GEOSAT 17 days ERM data (see, e.g. Arabelos and
Tziavos, 1990). The distance between the tracks in the ERS-1 mission is about the half of
the corresponding distance of GEOSAT mission in the Mediterranean area.
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Figure 1. The distribution of ERS-1 altimeter data.

Data analysis

Crossover analysis

For the processing of the data selected by the method described above, a crossover
analysis has been carried out. Owing to the large number of available data, we adopted
crossover, when the distance between two neighbouring points of each of the two
crossing tracks was less than 16.75 km. Finally, 842 crossovers were found belonging
to 278 tracks (139 ascending and 139 descending). These crossovers were used in the
crossover analysis, which the results are given in Table 2. From the results of Table 2 it
seems that the ascending tracks present a small bias (offset equal to —0.188 m and a
slightly larger mean tilt value (-0.271 m/100 km). The crossover analysis of the
descending tracks shows a larger bias (0.763m) in comparison with the ascending tracks
and a smaller tilt (0.137 m/ km) with respect again to the ascending tracks.

Table 2. Results of the crossover analysis of the ERS-1 altimeter data

Ascending Descending All
Mean value (m) before the - - -0.906
R.M.S. (m) adjustment - - 1.775
Mean bias (m) -0.188 0.775 0.294
Mean tilt (m/100 km) -0.271 0.125 -0.073
Mean value (m) after the - - 0.000
R.M.S. (m) adjustment 0.046

When the crossovers are treated simultaneously (both the ascending and descending
tracks) the crossovers were found with a rms crossover discrepancy 1.775 m and a mean
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value of differences —0.906 m. The mean value has been eliminated after the crossover
analysis, while the rms crossover discrepancy has been considerably reduced (0.046 m).
Concerning the bias (0.294 m) and tilt (-0.073 m/100 km) detected by the crossover
analysis we could say that the descending tracks had larger bias (two times about) than
the ascending ones. In Figures 2 and 3 the biases and tilts for both ascending and
descending tracks are plotted. It is obvious from Figure 2 that the individual bias values
are generally less than 3 m in absolute sense. From Figure 3 it is observed that tilt values
rarely exceed 2 m/100 km.

Collinear analysis

Another treatment of the ERS-1 altimeter data has been carried out using observations
from collinear tracks. A typical example of such an analysis is presented below,where
three of the longest collinear tracks edited in this study are examined through a number of
numerical tests. The starting point of these descending collinear tracks is (¢ = 40°.5, A=
24°.7) and the end point is (¢ = 32°.9, A= 22°.4). The track have a length of 128.4 secs,
or 864.6 km.

In Figure 4 the three descending collinear tracks are plotted by a solid line and the
mean track is presented by not connected triangles. The long straight line parts between
subsatellite points are due to the lack of altimeter data due mainly to presence of land. In
Figure 5 the average resulted track denoted by crosses has been depicted simultaneously
with the orbits derived by adding (or subtracting) the standard deviation of the mean
subsatellite points from their original values. It is worth to comment here that the standard
deviation of the subsatellite points from the three individual tracks is generally small,
while the signal (reduced sea surface height) presents a large variation.

In Figure 6 the differences of each subsatellite point from the corresponding mean
value are plotted. The major part of these discrepancies is included between -6 cm and +6
cm. In Figure 7 the covariance function of the above mentioned discrepancies is
presented with respect to the distance for each of the three individual collinear tracks as
well as the covariance function of their mean values (denoted by X ). From this Figure we
observe that the correlation length of the error covariances is considerably small. This
means that the errors do not present a systematic behaviour and consequently these errors
have rather a random character than a systematic one.

This preliminary analysis has shown that the quality of the ERS-1 altimeter data is
extremely high and the future analysis of more repeat orbits will give best information
concerning the geoid and different oceanographic effects, as, e.g. SST, ocean tides, etc.
This will lead to a more fine representation and structure of the gravity field in the
Mediterranean Sea.

Conclusions

In this paper a preliminary analysis of five months ERS-1 altimeter observations has been
carried out. More specifically, a preprocessing of the data has been done in order to
validate the observations and to assess their quality. The altimeter data have been edited
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following a number of selection criteria in order to exclude erroneous data due to errors
caused by orbit errors, altimeter signal uncertainties, and of course due to presence of
land.

In a second stage of the processing of the ERS-1 altimeter data a crossover and
collinear analysis were performed. The main conclusions from this analysis can be drawn
in the following. The ERS-1 mission provides altimetry with a significantly improved
coverage compared with GEOSAT 17 days ERM data. In the future, when the satellite
enters more days repeat orbit, the coverage will be denser (Knudsen and Brovelli, 1991;
Knudsen et al., 1992a; 1992b) and superior for a more accurate computation of mean sea
surface heights, geoid heights and fine structure and representation of the gravity field. It
is interesting to note here that the present coverage of ERS-1 in Mediterranean Sea can
not be used for tidal studies in the test area and we await that the improved coverage to
aid the investigation of tidal effect in the basin of the Mediterranean Sea (Arabelos and
Spatalas, 1992).

The preliminary crossover and collinear analysis of the ERS-1 altimetry in the
Mediterranean Sea indicated the high quality of the data in comparison with the data from
previous satellite missions (e.g., GEOSAT). The results from the above analysis clearly
demonstrate the potential of these new ERS-1 altimeter data which already permit the
determination of the sea surface topography in the test area.

Acknowledgement We would like to thank ESA for releasing the ERS-1 altimeter
data and the Geophysical Institute of the University of Copenhagen for making available
to us these altimeter data files.
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ABSTRACT

The research developed by the Madrid GEOMED Group
in the field of the Gravimetric Mediterranean
Geoid computation is outlined. The incorporation
of new gravity data and the analysis of the
merging zones allow to complete the gravimetric
geoid in the whole area.

1. INTRODUCTION

Recently, new data has been added to the original dada bank which has
been used to compute a geoid in the Mediterranean Sea following the same
method as shown in Sevilla et al. (1992) and presented in the GEOMED
Meeting held in Vienna in 1991. The new data has been provided by BGI
corresponding to the area of limits 37<¢<48 and 10<A<16 .There are 1104
free-air anomalies irregularly distributed.

After having checked the new data, a comparison has been done to see
their ‘goodness which resulted in the same precision about 6 mgal. These
gravity anomalies have been changed to IGSN71 and GRS80 systems and
divided into several zones to be validated.

Having validated the data a new geoid has been computed in the area
mentioned before and several analysis have been carried out as shown in
the sequel.

MARE NOSTRUM 2, (1992), PP 43-54
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2. SOURCE DATA BANK AND VALIDATION

The updated available Mediterranean gravimetry data bank is formed as
show Table 1 and Figure 1.

TABLE 1. Source Data Bank

FILE DESCRIPTION NUMBER OF DATA  DISTRIBUTION

G1MED Eastern Mediterranean 3652 irregular
31<¢<37, 26<A<36

G2MED Central Mediterranean 15062 gridded
31<¢<48, 10<A<26

G2BGI BGI Data 37<¢<48, 10<A<16 1104 irregular

G3MED Western Mediterranean 8390 gridded

31<¢<48, -6<A<10

46 .

3%

30

20

#2 4

Figure 1. Distribution of the available gravity data in October 1992

In the new file G2BGI the measured gravity g is referred to IGSN71
system and the theoretical gravity ¥ to GRS67. The reference ellipsoid
to which the coordinates of the points are referred, is unknown. The
points are irregularly distributed. There were 87 duplicate points.
These new free air anomalies have been validated using the IFE88E2
geopotential model. The complete results of validation are shown in the
Table 2

%6



TABLE 2. Results of validation at
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october 1992

Number of Mean Standard Minimum Maximum Corre-
points (mgal) deviation lation

MEDIGRAY  30<¢<46, -6<A<36. (26949)

FREE AIR 26949 -10.09 45.79 -226.96 142.52

0sus1 26949 -7.43 42.64 -173.34 122. 45

FREE AIR-0SU81 26949 -2.66 25.41 -125.84 136. 40

MEDGRAS? 30<¢<46, -6<A<36. (26575) (vaiidated, 374 outliers detected)

FREE AIR 26575 -10. 42 45. 46 -226.96 124.00

0sus1 26575 —758 42.48 -173.34 122.45

FREE AIR-0SU81 26575 -2.84 24.96 -125.84 122.80

PREDICTION 26575 =10. 32 45.16 -228.57 127..37

FREE AIR-PRED. 26575 -0.10 4.14 -23.85 30.59

GIMED 31<¢<37, 16<A<36. (4244) (With margin points)

FREE AIR 4244 =50:31 56.02 -220.48 113:79

0osu81 4244 -40. 18 57.08 -172.74 118.69

FREE AIR-0SU81 4244 -10.14 32::51 =133. 97 104.91

GIMED 31<¢<37, 26<Ar<36. (3652)

FREE AIR 3652 -47.83 53.35 -220.48 113.79

0sus1 3652 -38.23 54.90 -172.74 117.25

FREE AIR-0SU81 3652 -9.60 33.03 -133. 97 104.91

GIMED 31<¢<37, 26<A<36. (2587) (gridded)

FREE AIR 2587 -45.95 53.24 =216.31 96.78

0osu81 2587 -36.68 55.17 -172. 49 116:35

FREE AIR-0SU81 2587 -9.27 30.99 -125.84 102.02

GIMED 31<¢<37, 26<a<36.

FREE AIR 2583 -45.94 5325 =216. 31 96.78 0.63
0su81 2583 -36. 59 55:12 -172. 49 116.35

FREE AIR-0SU81 2583 =9. 35 30593 -125.84 102. 02 0.07
PREDICTION 2583 -45.68 53.45 =215: 15 93.58

FREE AIR-PRED. 2583 -0.26 4.71 =28: D 30.60 1.00
GIMED 31<¢<37, 26<A<36. (2566) (gridded-validated, 21 outliers detected)
FREE AIR 2566 -45.81 53.16 ~216. 31 96.78 0.63
osus1 2566 ~36. 36 55.05 -172. 49 116..35

FREE AIR-0SU81 2566 -9.44 30.61 -125.84 102.02 0.06
PREDICTION 2566 -45.57 53.40 —215.15 93.58

FREE AIR-PRED. 2566 -0.24 4.32 -19.66 19..65 1.01
G2MED 31<¢<46, 10<A<26. (15062) (Original data)

FREE AIR 15062 -10.68 50. 42 -226.96 142.52

0su81 15062 -8.03 47.62 -173.34 122. 45

FREE AIR-0SU81 15062 -2.66 24.12 -114.45 136. 40

(2583) (gridded-validated,

4 outliers detected)
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G2MED 31<¢<46, 10<A<26.

FREE AIR
0osus1

FREE AIR-0SU81
PREDICTION
FREE AIR-PRED.

G2MED 31<¢<46, 10<A<26.

FREE AIR
0su81

FREE AIR-0SU81
PREDICTION
FREE AIR-PRED.

14861
14861
14861
14861
14861

14806
14806
14806
14806
14806

(14861) (validated, 201 outliers detected)

=11.. 13
-8.28
-2.85

-10.98
-0.14

50.21
47.58
23.55
49.83

4.55

-226.
-173.
-114.
-228.

=33.

96
34
45
57
82

124.
122.
114.
121.

31.

00
45
63
39
65

0.52

0.15

0.99

(14806) (validated, 256 outliers detected)

=11.03
=8. .17
-2.86
-10.89
-0.14

50.12
47.53
23.50
49.77

4.30

G2MEDBG| 31<¢<46, 10<A<26. (15972) (Original

FREE AIR
0osug1
FREE AIR-0SU81

15972
15972
15972

-8.63
=651
=2:12

G2MEDBG| 31<¢<46, 10<A<26. (15753)

FREE AIR
0osus1

FREE AIR-OSU81
PREDICTION
FREE AIR-PRED.

15753
15753
15753
15753
15753

-9.16
-6.82
-2.34
=9.02
-0.14

G2MEDBG| 31<¢<46, 10<A<26. (15698)

FREE AIR
0Ssus1

FREE AIR-0SU81
PREDICTION
FREE AIR-PRED.

G3MED 35<¢<45,

15698
15698
15698
15698
15698

-9.05
-6.71
-2.34
-8.92
-0.13

-6<A<10. (8390)

FREE AIR 8390 ~1.81
osus1 8390 -0.17
FREE AIR-0SU81 8390 -1.64
G3MED 35<¢<45, -6<A<10. (8327)
FREE AIR 8327 -2.04
0sus1 8327 -0.29
FREE AIR-0SUS81 8327 =1.75
PREDICTION 8327 -2.07
FREE AIR-PRED. 8327 0.03
G3MED 35<¢<45, -6<a<10. (8311)
FREE AIR 8311 -2.08
0su81 8311 -0.33
FREE AIR-0SU81 8311 =1.75
PREDICTION 8311 -2.08
FREE AIR-PRED. 8311 0.00

50.06
47.19
24.64

(validated,

49.79
47.11
24.07
49.41

4.59

(validated,

24.95
18.55
24.63

(validated,

24.73
18.50
24.45
24.24
3. 7TT

(validated,

24.67
18.49
24.43
24.24

3.59

=226.
-173.

-114
-228

=23,

data

-226.
=173
-114.

219

-226.
~173.
-114.
-228.

=33

274

-226.
=173.
-114.
-228.

-23.

-131

=5S.
-114.

96 124.
34 122.
45 114.
«57 121.
85 25.
plus BGI
96 142.
34 122:
45 136.
outliers
96 124.
34 122.
45 122.
57 127.
.82 31.
outliers
96 124.
34 122,
45 122.
57 127.
85 30.
.92 84.
57 50:
83 79.

0o 0.52
45

63 0.15
39

66 0.99
data)

52

45

40
detected)
00 0.52
45

80 0.16
37

65 0.99
detected)
00 - 0.52
45

80 0.16
37

59 0.99
19

16

15

63 outliers detected)

-131.
=55,
-114.
=121,
=27.

92
57
83
50
09

79.
50.
7.
74.
32.

79
16
84
74
56

0.41

0.04

0.98

79 outliers detected)

=131.

=55
-114.
=121;

92
57
83
50

=19.02

79:
50.
1T
74.

79
16
84
74

23.93

0.41

0.04

0.98
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3. GEOPOTENTIAL MODELS IN THE MEDITERRANEAN SEA

The computations of free air gravity anomalies have been made by using
three geopotential models namely IFE88E3, OSU89B and OSU91A, then these
anomalies have been compared to the observed ones to see the goodness of
the models. The results are presented in Tables 3, 4, and 5. The
statistic is repeated for the gravity points in the Mediterranean Sea
with and without removing the suspected data provided from validation

TABLE 3. Row data

Mediterranean Sea (26949 points)

MEAN SD MINIMUM MAXIMUM RANGE ZEROS
LATITUDES 37.33 3. 16 31.08 45.58 14.50 0
LONGITUDES 14.85 9.00 =5.. 75 35.58 41.33 0
DEPTHS -1639.16 1149.76 -4700.00 0.00 4700.00 617
FREE-AIR ANOMALIES -10.09 45.79 -226.96 142.52 369. 48 2
IFES88S8E2 ANOMALIES -9.22 44.44 -220.43 137.13 357.56 S
OSUB9B ANOMALIES -9.40 41.49 =177+:36 - 121,07 298.43 2
OSU91A ANOMALIES -9.33 41.56 =179.57 118.53 298.10 3
FREE-AIR-IFE8S8SE2 -0.87 16.33 -119.51 114.30 233.81 8
0SU91A-0SU89B =0. 07 1.82 =605 6.51 12.56 61

Free-air regression line: 21.52012 + 0.01928*h

Standard deviations: 40.07 (of the coefficients: 0.43, 0.00)
Free-air correlation coefficient: 0.484

Free-air minus ife88e2 regression line: 0.62496 + 0.00091*h
Standard deviations: 16.29 (of the coefficients: 0.17, 0.00)
Free-air minus ife88e3 correlation coefficient: 0.064

Gross errors detected: 0

TABLE 4. Validated data (flag 1)

Mediterranean Sea (26663 points)

MEAN SD MINIMUM MAXIMUM RANGE ZEROS
LATITUDES ‘387. 31 3.17 31.08  45.58 14.50 0
LONGITUDES 14.84 9.02 =5.75. 35.58 41.33 0
DEPTHS -1646.26 1150.73 -4700.00 0.00 4700.00 608
FREE-AIR ANOMALIES -10.50 45.56 -226.96 124.00 350. 96 2
IFES88E2 ANOMALIES -9.47 44.38 -220.43 137.13 357.56 5
OSU89B ANOMALIES -9.64 41.39 -177.36 121.07 298.43 2
OSU91A ANOMALIES -9.57 41.46 -179.57 118.53 298.10 3
FREE-AIR-IFESSE2 -1.02 15.83 -119.51 101.15 220. 66 8
0SU91A-0SU89B ~0. 07 1.82 -6.05 6.51 12.56 60

Free-air regression line: 21.01652 + 0.01914%*h

Standard deviations: 39.88 (of the coefficients: 0.43, 0.00)
Free-air correlation coefficient: 0.483

Free-air minus ife88e2 regression line: 0.41842 + 0.00087*h
Standard deviations: 15.80 (of the coefficients: 0.17, 0.00)
Free-air minus ife88e3 correlation coefficient: 0.064

Gross errors detected: 286
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TABLE B. Validated data (flag 2)

Mediterranean S ea (26575 points)

MEAN SD MINIMUM MAXIMUM RANGE ZEROS
LATITUDES 37.32 3.17 31.08  45.58 14.50 0
LONGITUDES 14.83 9.01 -5.75 35.58 41.33 0
DEPTHS -1646.42 1151.31 -4700.00 0.00 4700.00 604
FREE-AIR ANOMALIES -10.42 45.46 -226.96 124.00 350.96 2
IFES88E2 ANOMALIES -9.39 44.30 -220.43 137.13 357.56 5
OSU89B ANOMALIES -9.56 41.31 -177.36 121.07 298.43 2
OSU91A ANOMALIES -9.49 41.38 -179.57 118.53 298.10 3
FREE-AIR-IFESSE2 -1.02 15.74 -119.51 101.15  220.66 8
0SU91A-0SU89B -0.07 1.82 -6.05 6.51 12.56 60

Free-air regression line: 21.03456 + 0.01910*h

Standard deviations: 39.78 (of the coefficients: 0.43, 0.00)
Free-air correlation coefficient: 0.484

Free-air minus ife88e2 regression line: 0.39730 + 0.00086*h
Standard deviations: 15.71 (of the coefficients: 0.17, 0.00)
Free—air minus ife88e3 correlation coefficient: 0.063

Gross errors detected: 374

These tables confirm that the election of the IFE88E2 model to make
the geoid calculation in this area is correct.

4. COVARIANCES OF THE NEW ZONES

To complete the report given in Sevilla et al., (1992) we present in the
Tables 6 and 7 the covariance functions obtained from the new data.
These update the covariance calculations. These tables include the
covariance functions of the two blocks that we have named Alternative 1
and Alternative 2 and which use will be explained in the sequel.

TABLE 6. Empirical Covariances

Zone Number of Mean Variance Correlation First zero
Number points (mgal) (mgal®) length(a m) length(a m)
100 54 2.61 472.70 3.70 7.07
101 77 -2.14 474. 40 4.63 10.91
102 196 0.07 646. 90 7.40 20.08
103 219 -3.:22 839. 80 7.60 17.17
104 245 -4.00 649. 40 7.64 19.91
126 181 2.42 513.20 4.30 13.00
127 l64 -0.76 609. 00 5.31 11.78
128 252 -3. 19 841.70 7.72 17.03
129 287 -11.25 981.20 11.06 22.41
130 364 -6.36 708. 40 9.79 18.16
157 226 -10.93 710.70 7.80 51.29
158 326 =11.21 823.10 11.91 25.69
159 506 -1.49 474.90 10. 45 19.90
187 390 -1.29 500. 90 8.84 18.18
188 472 -1.29 535.70 8.64 15.77
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ALT-1 392 =105 670.75 8.10 15.52
ALT-2 703 -6. 06 790. 47 11,90 17.52

TABLE 7. Fitted covariances

Zone Variance Order A R - R
Number signal noise (mgalz) ?km)
100 463. 46 0.49 719 1751. 967 -3.497
101 467.21 1. 03 496 1175.007 -3.996
102 636. 90 6.00 269 758. 687 -3.804
103 832.82 3,15 317 1144.077 -3.758
104 646. 68 0.09 258 612. 560 -2.862
126 506. 36 3.99 414 546. 593 =2. 237
127 604.13 1.4 454 2855.670 -6.503
128 832.99 5.36 314 1232.294 -4.090
129 976. 30 1.49 246 2084. 206 ~-7.203
130 701.50 4.92 323 2984. 357 -9.156
157 707.43 0.12 93 243.956 -0.833
158 820. 17 0.37 210 1501. 499 =, 296
159 469.11 4.87 284 1586. 663 -8.926
187 496.18 3.43 312 1352.471 -6.981
188 533. 39 1.22 377 2913. 165 —-9. 130
ALT-1 670.11 0.29 346 1090. 18 -4.06
ALT-2 788.77 1.69 309 2643.23 -7.79
A = scale factor of degree variance model

RB= Bjerhammar radius

5. ZONES PATCHING CRITERIA

5.1. CHOICE OF BJERHAMMAR SPHERE RADIUS

The prediction of the geoid must be done by choosing a unique Bjerhammar
sphere radius which defines the harmonicity domain of the function
approximating the gravity field. There are large discrepancies in the
values of this radius for each single zone as shown in Table 7. So, it
is difficult to take a unique value.

To the election of the Bjerhammar radios we have applied several
criteria based in the use of the mean value of the zones considered
normal zones. This normal zones are the rest zones after having removed
the zones included in the following cases.

1.- Coastal zones with fewer than 200 points.

2.- Zones with observed gravity minus implied model anomaly larger
S5 mgal.

3.- Zones with standard deviation of reduced anomalies greater
than observed ones.

4.- Zones whit standard deviation of implied model anomalies
larger than observed ones.

5.- Zones with fewer than 250 points in any region.

6.- Zones with rough gravimetry, i.e. with standard deviation of
free-air anomalies greater than 35 mgal.
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7.- Zones with large correlations to depths.

8.- Very deep zones with values over 2000 meters.
9.- Zones with negative noise.

10. - Zones with data irregularly distributed.

The value for RB- R is the mean value of the normal zones.

RB-R = -4.6105 km

5.2. THE ZONES PATCHING. COMPARISON OF GEOID UNDULATIONS

As a general rule, the mean value is considered in the common
boundary of two zones. This is applied when

a) The difference of gravity anomalies is under 4 mgal.
b) The difference of geoid undulations is under 15 centimeters.

When this is not satisfied, the following criteria are applied:

The general criterion in to take the closest result to the observation
data, i.e. with the least residual anomalies. As the prediction points
are not in correspondence with the observation ones the criteria is
based in the comparison between the closest points or the comparison of
the mean values in each prediction zone.

Others criteria are:

a) Take the prediction of the zone whose covariance function has a
better behavior

b) Take the zone with more points inside. or in the corresponding
zone used for prediction

c) Take the zone with no coast.

d) Take the zone with least prediction error.

e) If the differences are larger It is not sufficient to treat only
the common line, It is necessary to extend the prediction zones to get
enough overlapping.

f) If the former do not solve the problem, news dimensions of the
zones and news covariance functions must be taken.

5.3 RESULTS OF COMPARISON OF NEIGHBORING ZONES

Comparisons in the four boundaries of each zone have been done. The most
of them give differences under 15 cm. Those differences greater than
this value were analyzed individually, and in each case some action was
taken to get a new value under the 15 cm. Nevertheless, in some areas
this results are not completely satisfactory, showing the parts of the
Mediterranean Sea which have some different characteristics.

The next Table shows: ZONES, number of the zones compared; DIFFERENCES,
number of centimeters in the differences; POINTS, number of points with
large differences and number of compared points; ACTION, shows the
characteristics of the problematic zones in order to explain the
differences obtained, and the action taken to correct o flaged as
especial zones for particular geophysical analysis.
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ACTION

14 coast zone
Coastal points

24 coasts zone

39 coast zone

BGI zone

BGI zone

Point next to island
Point next to island
70 island zone

BGI zone

BGI zone

BGI zone/Alternative 1

Coastal zone BGI/Alternative 1

Coastal points
Coastal zone

83 island inside and few data

Island zone

Sicily zone/Alternative
Sicily zone/Alternative
Sicily zone/Alternative

1
1
1

Calabria zone/Alternative 1
Coastal zone/Alternative 2

Conflictive zone
Coastal zone

Sicily zone

Sicily zone/Alternative
Sicily zone/Alternative
Sicily zone/Alternative
Sicily zone/Alternative
Sicily zone/Alternative
Sicily zone/Alternative

N

1

Calabria zone/Alternative 2

Calabria zone/Alternatives 1 and 2

Conflictive zones
Coastal zone

Coastal zone

Coastal zone

Coastal zone

Sicily zone/Alternative
Sicily zone/Alternative
Sicily zone/Alternative
Sicily zone/Alternative

Coastal zone

Island zone. Boundary
Island zones

Coastal zone

Coastal points
Coastal points
Coastal points
Coastal points -
Island zone. Boundar
Island zone

NN

G

1-G2MED

G1-G2MED

RESULTS

Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted

Admitted
Admitted
Admitted

Admitted
Admitted
Admitted
Admitted
Admitted
Admitted

Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted

Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
Admitted
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205-237 16 a 18 3 de 13 Island zone Admitted
207-239 18 1 de 10 Island zone Admitted
232-233 18 a 20 2 de 13 Island zone Admitted
234-235 18 1 de 13 Island zone Admitted
236-262 16 a 20 2 de 13 Island zone Admitted
239-240 162 de 13 Coastal zone Admitted
254-255 14 a 24 2 de 13 Crete zone Admitted
256-257 16 a 22 S de 13 Crete zone. Boundary G1-G2MED  Admitted
256-281 16 a 24 2 de 12 Boundary G1-G2MED Admitted
257-258 20 a 70 9 de 13 Few data. Boundary G1-G2MED Admitted
257-282 22 1 de 12 Few data Admitted
258-259 18 a 26 3 de 13 Few data Admitted
258-283 16 1 de 12 Few data Admitted
262-263 18 1 de 13 Cyprus zone Admitted
275-276 18 a 24 3 de 13 Coastal zone Admitted
281-282 18 a 22 4 de 13 Few data. Boundary G1-G2MED Admitted
291-292 18 3 de 12 Coastal zone Admitted
306-322 18 1 de 12 Coastal zone Admitted
322-323 16 a 18 2 de 4 Coastal zone Admitted

S5.4. ALTERNATIVES USED IN ZONES WITH PROBLEMS

There are two regions with a lot of problems as shown in the last Table.
These zones were joint in two blocks in order to avoid these problems.
This solves the numerical part but no the geodetic one. These two zones
were called Alternative 1 and 2.

ALTERNATIVE 1

[

This block is formed by zones 100, 101, 102, 103, 126, 127, 128 and
129, it is between the limits 38<¢<40 y 12<A<15.5.

2. A covariance function is computed.

3. The geoid is predicted in this block.

4. A new check is done in the boundaries.

ALTERNATIVE 2

1. This block is formed by zones 104, 128,129,130, 157, 158, 159, 187 and
188

2. A covariance function is computed.

3. The geoid is predicted in zones 129,130, 158 and 159.

4. A new check is done in the boundaries.

The geoid in these two regions is shown in Figures 2: 2a geoid from
single zones and 2b the geoid with the alternatives

5.5 GLOBAL RESULTS IN THE ZONE PATCHING
There are 151 points whit differences between 16 and 30
centimeters distributed in 57 boundaries of 571, and 10 points
with differences between 30 and 88 <c¢cm in 2 boundaries. 154
boundaries give differences under 15 cm.
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6. NEW RESULTS

TABLE 6. Statistical information MEDIGE092

LIMITS: 30.5<¢<45.7, -6.0<A<35.6
NUMBER OF PREDICTED POINTS: 35226

Mean Standard Minimum Maximum Range

(cm) deviation
LATITUDES 37.18 3.32 30.58 45. 67 15.08
LONGITUDES 16. 60 9.43 -6.00 35.58 41.58
GEOID PREDICTION 33.38 13.76 0.19 50. 97 50.78
IFE88E2 GEOID 33.38 13.76 0.15 50.93 50.78
(IFE-PRE) GEOID -0.00 0.20 -1.38 1.30 2.68
PREDICTION ERROR 0.04 0.06 0.00 0.76 0.76
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ABSTRACT

We present in this paper a synthesis of the first stages of
modeling the main  constituents of the ocean tides in the
Mediterranean sea. We have initiated our work with the construction
of the M2 harmonic chart for the whole sea. At the present stage we
have obtained the results corresponding to its western basin, from
the Gibraltar Strait till the islands of Corsica and Sardinia.

1. INTRODUCTION

The need of a good modeling of the ocean tides in areas close to the
Iberian Peninsula came out as a consequence of the Earth Tide
investigations carried out by the I.A.G. since 1973. Since 1981, the ocean
effects, which greatly disturbs the observations of the gravimetric,
clinometric and extensometric tides, especially in stations close to the
coast, have been determined on the bases of the NSWC global models
(Schwiderski, 1980) of eleven most important harmonics of the tidal
potential. However, these charts need to be completed for two reasons:
first, because Schwiderski, in his models, does not consider some seas
such as the Mediterranean and, second, because it is generally problematic
that the global charts can reflect some of the geographic and hydrodinamic
characteristics with important influence on the tides in the coastal
areas. For these reasons, like other groups of investigators used to do in
their close areas, we started an investigation for the creation of the so
called Iberia charts. The investigations were later extended to the
atlantic area of the Canary Islands (Vieira et al. 1983, 1986, 1991; Toro,
1989).

MARE NOSTRUM 2, (1992), pp 55-74
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The charts built up to now are based on tidal observations in coastal
and deep stations, in the nearby areas of the studied zone, as well as in
distant areas. The handling of a great number of records has made
necessary a data base whose design and logical organization has been built
up by taking on account the different applications of those data. Now a
days, the data bank is integrated by the information of 291 tidal stations
among which 105 coastal stations located in the Mediterranean sea, 20 are
in the  Gibraltar Strait and the remaining are located in the atlantic
region next to the Iberian Peninsular and the Canary Islands; 53 of the
later ones correspond to pelagic observations. The number of the records
in the data bank in its actual state is of 30975.

In the Iberia and Canary charts we have imposed as a boundary condition
the phase and amplitude isolines to link without discontinuity with the
charts of the global model NSWC (Schwiderski, 1983). This is a logical
consequence of the certified accuracy of such charts and the
recommendations of different International Commission to use them as a
standard tool for geodesic and geophysical applications. Obviously, in the
case of the Mediterranean sea, we are only interested in linking through
Gibraltar Strait with the near atlantic area.

With this work we are offering the results corresponding to a first
modeling of the main semidiurnal component with lunar origin M2 for the
western area of the Mediterranean sea between Gibraltar and the 8° E
meridian. As we have already commented, in this first trial model we have
only used tidal data from the coast as we do not have information
available from pelagic observations from the Mediterranean sea. In spite
of it, when continuing this work, once its influence evaluation will be
carried out, we will take into account some other factors such as
bathymetry, shape of the basin, the amplifying effects and non-linear

interactions between the harmonics in shallow waters, etc.

2. SETTING LIMITS AND DIVISION AREAS

The area of our interest includes not only the Mediterranean sea, which
is not modeled by Shwidersky, but also the atlantic regions near the
Iberian Peninsula and the Canary islands. Confining our work to the

Mediterranean sea, we have carried out a division by zones taking mainly
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into account what we can call natural barriers (figure 1). This zonal
division is also indicating the progression in our modeling work,
initiated by the indicated figure as the first one, which corresponds to
western Mediterranean. Obviously, the lack of homogeneity in the number
and quality of the data as well as the singularities of each area, mainly
due to its bathymetry, will give rise to the definitions of the

corresponding reliable parameters in the modeling process.

3. DESIGN AND LOGICAL STRUCTURE OF TIDAL DATA BASE

To build up the tidal data base has been, up to the moment, one of the
main problems of the works we are carrying out. This is due to the
difficulty to obtain the information, the lack of its uniformity and the
versatility with which we want to provide the data base in relation with
the variety of applications in the geodesy, oceanography and geophysics.

With the intention to obtain a flexibility and optimize the range of
applications, the base has been provided with a set of characteristics

which we summarize in the following points:

1.- Data bank is made of an exhaustive and ordered collection of
information, jointly loaded avoiding harmful and unnecessary redundancies.
Presently the number of stations included in the bank proceeding from many
different sources is 291 (figure 2).

2.— The ENDIF program has been carried out to include new observations
and modify or extract those already loaded. This program allows a
permanent actualization of the data bank.

3.- Its logical structure (figure 3) allows an easy restructuring which
is of a great utility if there is new information to add for some other
applications. However, in its actual state it collects almost all existing
data.

4.— Access to information is obtained with a suitable speed which

allows to have the requested answer immediately delivered.

The 291 tidal stations presently included in the data bank come from

the following sources:

*  International Association for the Physical Sciences of the Ocean

(IAPSO) of the IUGG.(Cartwrigth et al., 1979, 1985).
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Instituto Espafiol de Oceanografia (Frutos Fernandez, 1973; Garcia
Lafuente et al., 1987).

International Hydrographic Bureau (IHB).

International Hydrographic Organization. IHO Tidal Constituent
Bank.

Instituto Hidrografico de la Marina (IHMC).

Silva (IHMC), personal comunication.

Instituto Hidrografico de Portugal (IHP). Tabla de Mares.

Liverpool Tidal Institut (LTI).

Cartwright, D.E., Edden, A.C., Spencer, R. and Vassie, J.M., 1980.
Admiralty Tides Tables. The Hydrographer of the Navy, 1993.

The information with an overall of 30975 records has been collected in

10 different files (table 1) which were the sources to build up the data

bank through the UNIM program. Among some other utilities, this program

allows:

where

To determine the Time Zone.

To easy the observation epoch.

To inform about the predominant tidal regime in the station area.

To wunify all the units adopted by the different organisms as
information sources.

To transform the observed phase lags through expressions

G P
G1(¢’M =¥ Y,
P P

ki(¢,7t) = G1(¢’M + mA = wle— !l"

gl(¢,7t) = G1(¢,7\) + o S(¢,2)
m is the order of spherical harmonics,
w, the angular hour velocity of the corresponding harmonic
S the time zone
G, the phase lag of the partial oceanic tide with respect

-

to the equilibrium tide in Greenwich,

k the phase lag of the partial oceanic tide with respect
to the equilibrium tide in the observation point,

phase lag with respect to the equilibrium tide in
Greenwich when we have expresed the observation time
in local time.
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- Provides the amplitude in centimeters and the various phase lag G,
k, g for every one of the 60 har‘rnonic’ included in the bank.

- Informs about the method of analysis used and the number of days
used in such analysis. .

- Provides the information about data variances and about residuals
for every frequency band. These two statistics allow us to evaluate
the ratio signal/noise and, therefore the standard deviation of the
harmonic constants.

- It includes as an output of the program some other complementary
information which can be of interest for some applications of the
tidal bank such as:

* the altitude in centimeters of the mean level over the
hydrographic zero of the local chart of a higher scale (Zo),
* the link with the leveling network (ENR),

designation of the reference and the height (So) above it of the

mean sea level observed,

* the Altitude Unity (UA) and

* the Common Establishment of the Port (EP).

4. APPLICATION PROGRAMS

The following are three application programs we have created (figure3):
SAEDIF program which allows complete or partial access to the
information loaded in the bank with a bibliographic format.

SANIM program which provides the information about the mean levels Zo

and the heights So over the reference of the observed mean level. ‘

SAMAR program, which allows the loading in CMS files of the

information necessary to initiate the modeling process of a given

harmonic.

Some other programs are not included in the diagram of figure 3, as
they do not affect the building up process of the data bank and its
applications. However, they are interesting for the investigations like
those related to the analysis of ocean tidal observations. With this idea
in mind, the authors have carried out in the I.A.G. two programs which are
based on two different methodologies of analysis.They are: the MO88
program, mainly based on the least square technique and the LEMAG program
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which uses the Fourier analysis. Both programs are operative and with
them we have analyzed some of the tidal data series incorporated in the
BAMAG bank of the I.A.G.

S. MODELING

The modeling process initiates from the information provided by the
data base of the SAMAR program.

First of all, by starting with the DERAP program we proceed to study
and eliminate, when necessary, the harmonic constants which we can
consider aberrant, either as a consequence of mistakes or, more often, due
to the singularities of given tide records. It is well know that many of
the tide records of the coast are located in ports, bays, river estuaries,
etc., places where the local phenomena produce amplitude and phase values
which are representative of such place and its surroundings. For that
reason, they are singular observations which we must eliminate from the
process of regional or global modeling we are working on, although they
may have a great importance _at a local level. The criteria followed for
this selection is to consider that in a radius of around 100 km the
spatial distribution of the gradients from different parameters should be
homogeneous and uniform except for places such as straits where such
regimes may substantially vary over lesser distances. '

A second elimination program also carried out through the DERAP program
consists of comparing every one and all of the parameters observed and
calculated in one station (H, He, ¥, e, G, k, g) to those of other
stations located in an area of one degree in latitude and longitude. The
LEMAG program allows to calculate the theoretical parameters such as
amplitudes and phases of the equilibrium tide for every one of the tidal
stations (table 2). On figures 4 and 5 the spatial distribution of the
harmonic constants which passed through the different tests for
singularities detection can be seen.

We have processed the values of the amplitudes and the phases through a
graphic program and we have plotted the isoamplitude and isophase lines
for the western Mediterranean area, from the Gibraltar Strait till the
natural barrier made by the Islands of Corsica and Sardinia and the group

of small islands and bathymetric heights which we can consider that shape
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and close the western area of the "Mare Nostrum".

In parallel we have proceeded a subdivision of the area in trapeze
shaped zones of 0.5 x 0.5 degrees and smaller ones in the coast band, in
order to take into account, in this way, the real boundaries of this
coast. The number and the dimensions of the spherical polygons for the

area we are considering are:

197 —- 025000 x 05000

81 —— 092500 x 072500

156 —— 071250 x 0. 1250

2 — 070625 x 070625
The central points of all polygons shape the digital network of the
chart to which values are assigned by interpolation between the amplitude
and phase lines next to that very center. The group of these values
ordered by geographic coordinates forms the digital chart of the studied
area (figures 6 and 7). The whole modeling process is carried out through
the MODEL ARMONI program which allows to create a file which contains for
every polygon the average amplitude of the tide, measured in centimeters,
the average differences with respect to the equilibrium tides in Greenwich
meridian measured in degrees, and the geographic coordinates of the center

and surface of the polygon calculated from the DESUP program.
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Figure 3. BLOCK SCHEME OF THE MAREOGRAPHIC DATA BASE.

INFORMATION INPUT

FILE: BAMAG NES TERMINAL
New mareographic stations Modify stations data base
ENDTIF
PRFA CPIA CAFA INSA CFRA
ESGI ESME NAME FIYA ELAM
VANG BAMAG UNIM
RS T BN R R
|l BaMAaAG IAG |
e e s ]
[ ]
SAEDTIF SANIM SAMAR
ERROR ARMONT DERAP

MODEL ARMONI




Table 1. MAREOGRAPHIC DATA BANK. LOGICAL DESCRIPTION OF THE SOURCE FILES.

CODE DESIGNATION TIDE GAUGES RECORDS DESCRIPTION
FILE NUMBER

20 PRFA 53 5800 Pelagic Tidal Constants. Northeast Atlantic
Ocean.

11 CPIA 48 5296 Shore mareographic stations located along
the atlantic Iberian Peninsula coast.

12 CAFA 14 1487 Shore stations located along the atlantic
African coast.

13 INSA 29 3114 Atlantic island stations.

14 CFRA 22 2303 French atlantic stations.

15 ESGI 20 2185 Gibraltar strait.

16 ESME 7 760 Spanish stations in the Mediterranean Sea.

17 NAME 20 2098 Mediterranean African coast: from Gibraltar

strait to Syria - Turkey border, including
spanish stations.

18 FIYA 66 6886 Mediterranean shore stations of France,
Monaco, Italy, Yugoslavia and Albania.

19 ELAM 12 1046 Greece tide gauges, mareographic stations
in the Mediterranean coast of Minor Asia
and Black Sea area.
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Table 2. M2 COMPONENT. STRAIT OF GIBRALTAR AND MEDITERRANEAN SEA.

MAREOGRAPHIC STATION ZONE LATITUDE LONGITUDE D/S H(CM) G(GR)
15001 ALGECIRAS (1) 11.1.2011.111 36.1333 -5.4500 .0 31.3 52.0
15002 ALGECIRAS (2) 11.1.2011.111 36.1167 -5.4333 .0 33.5 51 .5
15003 ALGECIRAS (3) 11.1.2011.111 36.1333 -5.4500 .0 3243 43.8
15004 BARBATE 11.1.1033.111 36.1833 -5.9167 .0 45.8 62.1
15005 CABO ESPARTEL 11.1.2011.111 35.7650 -5.9433 .0 75.8 67.0
15006 CABO TRAFALGAR 114152011111 36.1717 -6.0300 .0 76.2 53.5
15007 CEUTA (1) 11:14520114111 35.9050 -5.2983 .0 29.9 47.5
15008 CEUTA (2) 11.1.2011.111 35.8833 -5.2667 .0 28.8 55.0
15009 GIBRALTAR 11.1.2011.111 36.1333 -5.3500 .0 29.8 46.2
15010 SANDY BAY (GIBRALTAR) 11.1.2011.111 36.1333 -5.3333 .0 27.0 46.0
15011 PUNTA ALBOASA 11.1.1033.111 35:8333 -5.7000 .0 52.0 69.0
15012 PUNTA CAMARINAL 11.1.1033.111 36.0833 -5.8000 .0 65.0 49.0
15013 PUNTA CARNERO 11.1.201%.111 36.0717 -5.4283 .0 31.1 47.5
15014 PUNTA CIRES 11.1.2011.111 35.9117 -5.4800 .0 36.4 46.5
15015 PUNTA GRACIA 11.1.2011.111 36.0900 -5.8100 .0 64.9 49.0
15016 PUNTA KANKOUSH 11.1.2011.111 35.8417 -5.7000 .0 51.8 69.0
15017 TANGER (1) 1141430334211 35.7500 -6.0167 .0 68.9 69.9
15018 TANGER (2) 11.1.1033.111 35.7833 -5.8000 .0 68.2 66.7
15019 TARIFA (1) 11.1.1033.111 36.0033 -5.6067 .0 41.5 57.0
15020 TARIFA (2) 11.:1+1033:211 36.0033 -5.6067 .0 40.2 41.1
16001 ALICANTE 11.1.2211:113 38.3333 -.4833 .0 2.0 58.0
16002 ALMERIA 11.1.2211.112 36.8333 -2.4833 .0 9.0 51.0
16003 BARCELONA 11.1.221%1.213 41.5167 2.0000 .0 4.4 207.2
16004 CHAFARINAS 11.1.2211.116 35.1833 -2.4333 .0 11.7 99.6
16005 MALAGA 11,1.221% ;112 36.7167 -4.4167 .0 16:3 60.5
16006 PALMA DE MALLORCA 11.1,2211,.115 39.5500 2.6333 .0 2.8 210.2
16007 ROSAS 11.1.2211.113 42.2333 3.2667 .0 5.5 250.4
17001 ALHUCEMAS (1) 11.1.2211.116 35.2333 =3.8833 .0 18.5 60.7
17002 ALHUCEMAS (2) 11.1.2211.116 35,3333 -3.8667 .0 17.9 54.7
17003 VILLA NADOR - 11.1.2211. 16 35.0900 -2.9167 .0 6.0 163.0
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Figure 4. MEDITERRANEAN SEA. TIDAL CONSTITUENT M2. AMPLITUDE H (cm).
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Figure 5. MEDITERRANEAN SEA. TIDAL CONSTITUENT M2. PHASE LAG G (degrees).
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Figure 7. WEST MEDITERRANEAN SEA. TIDAL CONSTITUENT M2. PHASE LAG G (degrees).
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W. First
W. Hausleitner
E. Hock
W.-D. Schuh
H. Stnkel

Institute of Mathematical Geodesy
and Geoinformatics
Graz University of Technology
Steyrergasse 30, A-8010 Graz, Austria

Abstract

In the frame of the GEOMED project various problems related to crossover adjustment are in-
vestigated. Interpolation techniques which are currently in use, are dealt with numerically. The
dependence of the rank of the linear system of equations for crossover adjustment on the area
size and on the geographical location is studied. Three methods to repair the rank deficiency
are investigated and the pro’s and con’s are identified.

1 Introduction

In order to exploit the information which is contained in satellite altimeter data from satellite
missions such as SEASAT, GEOSAT, ERS-1 or TOPEX-POSEIDON as much as possible, the
satellite’s orbit must be known with utmost accuracy. A method of orbit correction which is
being widely applied is the method of crossover adjustment of altimeter data. Such an ad-
justment procedure requires altimeter data at the intersection of northgoing and southgoing
satellite groundtracks and a proper procedure to solve the singular linear system of equations.
The present contribution addresses these two issues.

In particular interpolation techniques are compared against each other regarding the interpola-
tion accuracy depending on the size of the data gap, the smoothness of the interpolator, and the

MARE NOSTRUM 2, (1992), pp 75-90
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smoothness properties of the function to be interpolated.

The system of linear equations which results from the adjustment of the crossover discrepancies
is rank deficient with two eigenvalues being numerically zero in any case and one or two eigen-
values being very close to zero, depending on the size and on the geographical location of the
data area in consideration.

Three methods to repair the rank deficiency are compared against each other, the track fixing
method, the geoid fitting method, and the singular value decomposition technique supplemented
by surface fitting. The quality of these methods is judged on numerical investigations which are
based on GEOSAT exact repeat mission (ERM) data.

2 Interpolation of crossover points

Before crossover adjustment of satellite altimeter data can be pursued, crossover points and cor-
responding crossover discrepancies must be available. The identification of a crossover point is a
simple matter of intersection between a northgoing and a southgoing satellite groundtrack. The
assignment of proper altimeter data to such an intersection point is less trivial, unless altimeter
measurements are performed exactly at the intersection point (which is indeed a very unlikely
event). Therefore, the data have to be interpolated at the crossover points using some kind of
interpolation technique.

Numerical investigations with available satellite altimeter data such as SEASAT and GEOSAT
data using existing software have revealed some weeknesses which are related to the applied
interpolation technique. Since the quality of the crossover adjustment results depend to some
extent on the input data (crossover data), an investigation of simple interpolation procedures
suggested itself.

In particular two alternative interpolation methods have been investigated: linear interpolation
as applied in existing satellite altimeter processing software, and altérnatively, cubic interpola-
tion. Obviously interpolation results are not only dependent on the interpolator (linear, cubic, or
more sophisticated) and on the data gap which is spanned by interpolation. Interpolation results
depend also to a large extent on the properties of the underlying function to be interpolated
(smooth versus rugged). In order to account for these facts, the two interpolators mentioned
above have been used both for smooth and rugged geoid profiles with the interpolator spanning
between 3 and 31 data points. The interpolated values were compared against the given data
(which, of course, were not used in the interpolation procedure).

The respective results are summarized in Table 1 in terms of mean, rms and maximum inter-
polation error. In Figure 1 mean interpolation errors are presented for two geoid profiles, a
smooth one (lower curve) and a rugged one (upper curve). The histograms in Figure 2 provide a
comparison of interpolation errors between linear and cubic interpolation bridging a single data
gap. The interpolation errors are broken down according to their size.
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Qualitatively the results are in agreement with what one should expect: cubic interpolation is
superior over linear interpolation and is therefore recommended to be used for the interpolation
of altimeter data in any case. A smooth profile may be bridged by cubic interpolation up to a
gap of about 10 data points with sufficient accuracy, while only about 7 points may be bridged
in a rugged profile. The interpolation error increases with increasing length of the data gap with
a much higher rate for a rugged profile than for a smooth one.

Quantitatively it is obvious that interpolation errors over a moderately small data gap are of
the order of about 4 cm with an rms of about 5 - 7 cm and maximum absolute values of several
decimeters, depending on the smoothness of the geoid profile.

linear cubic cubic cubic cubic
Interpolation || 3 points | 5 points | 7 points | 13 points | 31 points
Mean C4 4 4 7 19
RMS 6 5 5 10 27
Maximum 52 32 39 83 173

Table 1: Interpolation errors depending on interpolation technique and size of data gap

0400 -

meters
meters

Data points spanned by interpolation

Figure 1: Interpolation error depending on smoothness of interpolated profile and on
size of data gap



78 MARE NOSTRUM 2

DISCREPANCIES OF RECOVERED DATA
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3 Crossover adjustment - the principle

The crossover technique relies on the requirement that a measured geoid height at a given
geographical location must be independent of the tracking instant. Crossover differences d;;
of corrected altimeter data are therefore essentially identical to the radial orbit error of the
respective satellite tracks:

d.'j=h.'-—hj=d.'-dj+€,'—€j (1)
with

hi,h;j ... Measurement at the crossover location of the satellite tracks z und j

d;,d; ... Orbit errors of the satellite tracks at the crossover location

€,€; .. Measurement error

It is well known that in sufficiently small areas the radial orbit error may be modelled by either
a time- or a distance-dependent polynomial, leading to the following observation equations at
the crossover points:

k 1
v = ) ot — tio)* — ) aje(ti — tjo)* —dij + & — ¢ (2)
e=0 e=0
with
k,l ... Degree of chosen polynomials
a ... Polynomial coefficients
(t —to) ... Time parameter

Since differences of measurements are used as observations and those differences are invariant
with respect to certain transformations, the corresponding adjustment problem is singular.

The parameters J; , used in the bias and tilt model, represent relative geographical longitudes
of the crossover points, counted from the mean geographical longitude of the respective satellite
track:

Ahij = (a; + biA;) — (a5 + bj\) + 7y (3)
with

Ah;; ... Height difference at the crossover point of the tracks 7 and j

a;,b;,a;,b; ... Bias and tilt parameters

A Aj ... Relative geographical longitudes of crossover point

5 ... Residual
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The bias and tilt coefficients a; and & and a; and b;, respectively, have to be determined
such that the residuals r;; of crossover height differences are minimized in the least squares
sense. The observation equations

Ah=Az+7 (4)

with the vector of unknown parameters z (bias, tilt) leads to a least squares adjustment prob-
lem which is singular and has a rank deficiency to be dealt with in the next chapter.

4 Rank deficiency: global versus local

The adjustment problem of crossover differences is known to be singular. The singularity is
characterized by four vanishing eigenvalues in the planar case, while in the spherical case the
rank deficiency is just two. In our particular situation of the Mediterranean Sea we have neither
a planar case nor a full spherical case. Therefore, two eigenvalues will be zero and two others
very small, but numerically not zero.

In order to understand the behaviour of the smallest eigenvalues, two investigations have been

performed using simulated GEOSAT ERM tracks:

a) The latitude dependence of the smallest eigenvalues was studied for a diamond shaped
system consisting of 6 X 6 crossover points. The diamond was located at various latitudes
between 0° and 72° . The location of the diamonds is depicted in Figure 3. The behaviour
of the eigenvalues no. 4 and 5 (eigenvalues are here ordered with increasing magnitude),
depending on the geographical location of the diamond, is presented in Figure 4. The first
three eigenvalues are not presented here - they are practically zero.

It is obvious that the 4th eigenvalue is almost zero in the neighborhood of the equator,
increasing towards the middle latitude range, and again approaching zero towards the pole
(due to the degeneration of the diamond). Also the 5th eigenvalue decreases when the
diamond moves towards the pole.

b) The dependence of the smallest eigenvalues on the size of a diamond shaped crossover
system, consisting of between 10 x 10 and 80 x 80 crossover points, with the diamond
centered at latitude ¢ = 20° , was studied. Three out of a total of eight diamonds are
depicted in Figure 5. The behaviour of the eigenvalues no. 3, 4, and 5, depending on the
size of the diamond, is presented in Figure 6. The first two eigenvalues are not presented
here - they are practically zero. ’

It is obvious that the 3rd eigenvalues increases only little with the size of the diamond,
while the 4th eigenvalue becomes significantly greater than zero with increasing diamond
size.
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area size

Fig. 4: Smallest eigenvalues dependent on latitude of crossover diamond
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Fig. 6: Smallest eigenvalues dependent on size of crossover diamond
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5 Solution of rank deficient systems

As mentioned above the adjustment problem of crossover differences has a rank deficiency be-
tween two and four. The rank deficiency can be repaired either by hard or by soft methods.

Rank deficiency repair using fixed tracks

One method of rank deficiency repair consists in the fixing of orbit tracks. In order to obtain
a nonsingular solution it is necessary to fix either two northgoing or two southgoing tracks. By
such a rank deficiency repair method a behaviour is imposed on the entire track system and
therefore on the orbit corrections which is purely dictated by the two chosen tracks. Therefore,
such a method is called a hard rank deficiency repair technique. As a matter of fact, the quality
of this correction depends on the quality of the chosen (reference) tracks.

Rank deficiency repair using a reference geoid model

Another rank deficiency repair method consists in a regression analysis such that the offset be-
tween the altimeter determined ocean surface and an available geoid model is minimized along
each track. Here the orbit correction, as induced by the crossover adjustment, is dictated by
the used geoid model in the area of consideration. Therefore, also this method is a hard rank
deficiency repair technique. As a matter of fact, the quality of this correction depends on the
quality of the chosen (reference) geoid model. Note that the reference tracks in the previous
case are replaced by the reference geoid in the present case.

The combined adjustment of the crossover differences and the fitting of the altimeter data to a
given reference geoid model may be achieved by a combined minimization procedure which is
controlled by a weighting parameter w.

Adjustment of Regression analysis
Crossover differences ( by track )
Ahij = (‘1:' + b:'/\j) - (aj + bjA,‘) + 755 Ailk =a®+ b,-o/\k + R
Z(m)’ — Min Z(R;k)z — Min
a; = a°b; = b° (5)
2o(r)* +w o (Ra)’ — MIN (6)

(ATQ'A+wATA) 2 = ATQ'Ah + w ATAR (1)
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with

Q™! ... Diagonal matrix of a priori covariances
A ... Design matrix of regression model (ATA ... block diagonal matrix).

The design matrix follows from the chosen bias and tilt parameters which are used for the cor-
rection of the satellite tracks. The effect of the weighting parameter w which controls the
stability of the solution is demonstrated in Figure 7: A small weighting parameter minimizes
primarily the crossover differences, while a large value for w minimizes the offset of the cor-
rected altimeter data from the used geoid model. An optimal weighting factor is obviously of
the order of about 107¢ .

The main drawbacks of this solution are the non-transparence of the rank deficiency, particularly
in topologically strongly structured areas such as the Mediterranean Sea, and the mixing of
altimeter information with the reference system.

WEIGHTING FACTOR
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Fig. 7: Effect of weighting factor on crossover minimization and geoid fitting



Fiirst, Hausleitner, Héck, Schuh and Siinkel 87

Rank deficiency repair by singular value decomposition

An entirely different rank deficiency repair procedure is rendered possible by a singular value
decomposition (SVD). The SVD method enables a representation of the entire solution space
without imposing any restrictions. It is therefore called a soft rank deficiency repair technique.
The final solution may be obtained by transformation of the so adjusted track system onto any
reference surface.

Compared to the two hard solutions presented above, the solution of the adjustment problem
employing SVD is enabled by a direct processing of the error equations. It relies on the orthogonal
decomposition of the design matrix in terms of

A=UsVT (8)
with

U .. Orthogonal matrix of left eigenvectors u;

V... Orthogonal matrix of right eigenvectors v;

¥ .. Diagonal matrix of nonnegative eigenvalues o;

The solution manifold is delivered by SVD through

Pseudoinverse A" for the construction of a
particular solution z, (least norm)
D ’
8 Complete representation of the nullspace
(homogeneous solution z4)

N(A) = {v;|o; =0}

The general solution is then provided by

,-TAh
20+ Y ey 9)

gi v;EN(A)

Ty = Tp + TH = Z
i #0

The crossover differences are minimized by @, . The transformation of the corrected altimeter
data onto an arbitrary reference surface (by incorporating the nullspace) leads to the minimum
condition

3 (ARw)? - Min ' (10)
with
ARik = href,k - hwrr,k (11)

and
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heorr ... Corrected heights (using the parameter vector z,)
hyey ... Heights of reference surface

The solution of the adjustment problem delivers the unknown parameters a;, j =1,dim(N(A)
and provides a solution which minimizes both the crossover differences and the offset of the cor-
rected altimeter derived surface from the reference surface.

Compared to the previous solution the SVD solution requires a high numerical effort and may
cause problems in areas with very short tracks. However, these drawbacks are well balanced by
the very advantageous properties of the SVD solution in terms of transparence and flexibility.

In the following Table 2 the result of numerical investigations using crossover adjustment so-
lutions with various rank deficiency repair techniques are summarized. Here “v” stands for
residual, “P” for the used weight matrix (derived from the altimeter noise of 2 - 10 c¢m, as pro-
vided in the GEOSAT ERM data files), “C” stands for crossover observation, “I” for observed
altimeter data” and “CT” for altimeter data at the crossover points. The numbers given in the
table are meters.

vT= v vT Py, v’;vcc ernPuvgt V‘Tt’: U,TP:W
ne ne net net nt ne

0.926 | 25.787 | 1.103 46.126 | 1.021 | 49.761

C_Norm+w T_Norm

0.045 1.073 | 0.580 23.475 | 0.577 | 28.175

SV D(rank4) + null space datum

0.045 1.073 | 0.588 23.656 | 0.578 | 28.154

T _surface + T Track = Al
Jw curveg = 0

0.055 1.329 | 0.033 1.015 | 0.022 0.671

Table 2: Results of various crossover adjustment solutions
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6 Conclusions

The numerical investigations have clearly shown that the nonlinear (cubic) interpolation is su-
perior over the linear interpolation of altimeter data, particularly in rugged, but also in smooth
geoid areas. Therefore, cubic interpolation is recommended for the interpolation of altimeter
data at the crossover points.

The rank deficiency of the linear system of equations, resulting from the adjustment of crossover
discrepancies, depends on the area size and on the geographical latitude of the area in considera-
tion. Two eigenvalues are always zero (even in the theoretical case of a complete coverage of the
sphere), while one to two eigenvalues may become very close to zero under certain circumstances.

Three methods to repair the rank deficiency have been investigated: a conventional technique
which uses fixed tracks (both northgoing or both southgoing), a method which fits the tracks to
a given reference geoid model, and a singular value decomposition solution supplemented by a
transformation onto a reference surface.

As usual, all techniques have their advantages and disadvantages. The latter technique is
very transparent and flexible because the rank of the linear system is exactly analized and the
nullspace provided, the orbit parameter information is strictly separated from the subsequent
transformation onto the reference surface. Its main drawback is the very high computational ef-
fort. Despite this fact SVD can be recommended for the solution of further crossover adjustment
problems.
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First analysis of gross-errors in ERS-1 altimeter

data in the Mediterranean Sea.

by

C.C.Tscherning and M. S. Seierup
Geophysical Department
Haraldsgade 6
DK-2200 Copenhagen N, Denmark.

Abstract: Radar altimeter data from the first 35-day repeat
tracks of ESA’s ERS-1 satellite have been analyzed for gross-
errors in an area covering the Mediterranean Sea. Pairs of
values which after the subtraction of the OSU91A geoid were
more than 0.3 m different were extracted for a first inspec-
tion. If the difference could not be explained by the depth
variations, and did not occur on repeat tracks then the largest
value was marked as an outlier. Using this procedure ap-
proximately one per mille of the data was identified as pos-
sible gross-errors.

1. Introduction.

Satellite radar altimeter data include just as all geophysical
data gross-errors. These errors are generally due to an er-
roneous land mask, so that data which are supposed to be
collected at sea really are partly at sea and partly on land,
see e.g. Tscherning (1990).

It is in the nature of gross-errors, that they may not be
errors, but be real observations. They should therefore not be
eliminated, but have assigned a large error estimate (down-
weighted) or simply flagged as gross-errors. We will in the
following describe the procedure we have used to detect pos-
sible gross-errors of ERS-1 altimeter measurements in the
Mediterranean Sea, which is the area of interest for the GEOMED
project.

Our analysis has been limited to the area bounded by latitude
30° in South and 47° in North, -5° in West and 40° in East which
fully includes the Mediterranean Sea. We describe here the
analysis of the tracks from the first four 35-day repeat
periods. There were totally 23279 data points in the area from
this period. The data distribution corresponding to the first
35-day repeat period is shown in Fig. 1.

2. Method for gross-error detection used.
Gross-errors will here be measurements, where the by us es-

timated error largely exceeds the error estimate associated
with the data as supplied by ESA. This error estimate expresses

MARE NOSTRUM 2, (1992), pp 91-97
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a scatter of the data, which originally is formed as the mean
value of 20 0.05 sec values. This means that the quantity also
includes information about the signal variation in the 1 sec
period.

We have in earlier investigations in the Norwegian Sea (see
Knudsen et al. (1992a,b)) used the criteria that the scatter
should be below 0.20 m in order to identify a possible gross-
error. However, due to the strong variation of the gravity
field in the Mediterranean Sea large values could simply
signify a strong local geoid variation. We therefore decided
not to use the value of the scatter in order to identify a
possible gross-error.

A gross-error may be masked by a large bias. We therefore
subtracted the contribution of OSU91A (Rapp et al.,1991) from
the data. Values which after this subtraction numerically
exceeded 10 m were then deleted, since we in this area expect
the standard deviation of the values (after subtraction of
OSU91A) to be below 3 m (cf. Arabelos & Tziavos, 1992, Table
9).

The data were then divided in segments, where a new segment was
identified if the distance to the last point was more than 22
km, corresponding to approximately 3 sec time difference. This
gave 977 segments in the area to be further analyzed.

They were analyzed by comparing consecutive pairs of points, so
that pairs where the difference was larger than 0.3 m were
marked for further analysis. Such a difference corresponds to a
deflection of the vertical of slightly more than 3", which
generally only occurs due to large variations in the bottom
topography. Converted to gravity units it corresponds to a
change of about 20 mgal over the distance of 22 km. This again
correspond to a Bouger plate effect produced by a change in the
bottom topography of 200 m.

Since we had to our disposal the bottom topography with a 5’
resolution (ETOPO5), we could then compare the topographic
signal with the altimetric visually, see Fig. 2. However, this
procedure was not always succesful due to the bad quality of
the bathymetric information.

Inspecting Fig. 3, it is clear that the bottom topographic
information is erroneous. The part of the measurements from
degree 42 to degree 43.5 must surely be caused by the
topography, but nothing shows up. Here we should remember that
older bathymetric measurements were not very reliable at large
depths. 200 m height changes were difficult to measure at 3000
m depth.

However, the procedure turned out to be useful, since some
large data variations clearly were caused by the topographic
variations.

This procedure could have been improved using an improved geoid
model, computed from gravity data and topographic data as
described in (Tscherning, 1990), and it will be tried later.
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We have, however, from the repeated measurements several es-
timates of the height of the sea surface. And it is obvious,
that if large spikes are not repeated (and if we are not close
to the coast), then there is something wrong. The comparison of
repeat tracks is illustrated in Fig. 4 and 5, where gross-
errors easily are seen.

3. Detected gross-errors.

Following the above described procedure 349 of the 977 tracks
were found to include point pairs with numerical differences
exceeding 0.3 m. Of these only 16 were identified as having
gross- errors, and totally 46 points were identified, see Table
1. 17 of these values had assigned a standard deviation larger
than 0.20 m. (Of the total dataset 20 % has assigned a standard
deviation larger that 0.20 m).

Table 1. Gross-errors detected in the Mediterranean area from
the first 4 35-day repeat tracks. The track number 1 is the
first track in the 1 35 day repeat period.

Observation time track no. Observation time track no.
230289643.8 0074 230289727.5 0074
230549266.5 0117

232147011.0 0382 to 232147023.7 0382
232581703.8 * 0454 232581704.7 * 0454
232581734 .2 * 0454 232835079.7 0496
232879191.1 0503 233313706.7 0575
234736395.8 0811 235649592.9 0962
235734196 .5 0976 235943516.1 1011
235943518.1 1011 235949655.7 1012
235949656 .7 1012 235949657, 7 1012
237500901.6 1269 to 237500920 ,7 1269
237894861.7 1334 237894925..9 1334
237894932.7 1334 237985528.6 1349
237985529.6 1349 239408213.2 1585
239408216.2 1585 239711720.6 1635
289711727.5 1635 239790155.7 1648
240490356 .8 1764

NOTE ! points with an * are located in the Atlantic.

However, of the tracks, a large number (406) included 3 or less
datapoints. Here more errors may be hidden. These points must
be further analyzed using supporting data such as gravity data
and other altimeter data (from other ERS-1 tracks or other
missions) .

The list of suspected errors will be updated when new data are
analyzed and stored on a computer with access possible via
Internet. We would appreciate if other investigators send us
information about other values which they would regard as
possible gross-errors.
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4., Conclusion.

Approximatly 1 per mille possible gross-errors have been
detected in the ERS-1 altimeter data from the first tracks
analyzed. This is very typical for geophysical data. The cause
of these errors is still unclear, since it only in a few cases
seems to be related to a wrong land mask.

The second author of this paper has had the tedious task of
inspecting all graphs showing possible errors. We hope that the
task will be nearly 100 % automatized in the near future. Then
we will also be prepared to inspect the global set of altimeter
data with the purpose of detecting gross-errors.

Acknowledgement: This is a contribution to the GEOMED project
sponsored by EC contract no. SC1*-CT92-0808. The ERS-1 data has
been made available by ESA through the project DK-2.
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Figure 2. This figure shows a segment of track 2221, where the variations in the track (
full line )

and the seafloor topography ( dotted line ) corresponds nicely.

Note that the track height is exaggerated by a factor 1000.

3000.00

L]

2000. 22 J
1000. 00

.o

Dep th

-1002. 202

-2000.00

S i e
g g e e 9 R S e nmm T

-3000. 20 T T T T T T ]
37 .00 z8. 00 z%. 20 42. 00 41 .00 a2. o0 RENT 44.00
Lattittude

Figure 3. This shows a graphical comparison between track 89 and the seafloor
topography.
Note that the ssh-values of the track ( full line ) are exagerated by a factor 1000.
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Figure 4. This is a graph comparing two tracks, 454 & 955 (full & dotted line). Two
errors are clearly seen on track 454, namely the start of the graph at 44.30 and the spike
at 46.20. ( Note that this example is situated in the Atlantic )
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Figure 5. Shown here are the tracks 103 & 604 ( full & dotted lines )

It’s the same track but for two different 35 day periods.

It is seen that track 103 differs from track 604 by being more ragged and spiky, looks
like there’s a lot of noise on the track. The track has not been included on the error list
but maybe it should.



Evaluation of the Ocean Tides in the Mediterranean Sea
in a Collinear Analysis of Satellite Altimetry.

Per Knudsen (National Survey and Cadastre (KMS), Geodetic Division, Rentemestervej 8,
DK-2400 Copenhagen, Denmark. Fax: +45 3587 5052)

Abstract. In this paper the ocean tides in the Mediterranean Sea have been
evaluated. The tidal signal was expressed as H(t) =E(Ucos(wt+x;) + Vsin(wt+x;)
where w; and x; are the tidal frequencies and astronomical arguments respectively,
associated with M,, S,, and N,. The estimated tides (except N,) look very coherent
Jrom track to track. The magnitudes of the M,, S,, and N, tides are 2.9 cm, 2.4
cm, and 1.9 cm respectively. Along each track the collinear analysis method
leaves unknown trends in the tide components, which may explain these low
values. However, amplitudes around 10 cm are quite common on long tracks
covering 2-3 ocean basins. The results display the complexity of the tides and may
valuable in a future utilization of tide gauge data.

INTRODUCTION

Ocean tide corrections of altimeter data in the Mediterranean Sea have not been available on
the standard altimetric data files. Compared with other region the tides in the Mediterranean
are quite small. At Naples the amplitudes of the four major constituents: M,, S,, N,, and K,
are 11.6, 4.3, 2.4, and 2.6 cm respectively (PALUMBO & MAZZARELLA, 1982). With the high
precision of altimetric products, however, such magnitudes may affect estimates of the mean
sea surface and the sea surface height variability significantly (e.g. THOMAS & WOODWORTH,
1990). In this paper the ocean tide signals are analyzed in the Mediterranean Sea using Geosat
altimetry from ERM 1-22 (NOV 1986 - NOV 1987) in the form of 2 seconds averages.

COLLINEAR ANALYSIS

An altimeter derived observation of the sea surface height, 4, may be described in terms of
the mean sea surface height, 4,, the time varying sea surface topography, {;, and an error,
€, by

h=hy+¢ +e€ (6]

where the error, e, accounts for the radial orbit errors and other altimetric errors. Along a
set of collinear track segments (denoted as the j’th set) height observations 4, are found at
a distance along the tracks of y, at a time ¢,. The distance p, is related to time relative to the
time of e.g. the equatoer erossing (~ 7 km/s), while (he Limes 7, depend on the repeat period
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of the satellite (~ 17 days) - e.g. the times of equator crossings.

The major differences between the heights of different tracks are caused by radial orbit
errors. In order to reduce the effects of the radial orbit errors the tracks may be merged. This
was done by removing a trend from each of the tracks, so that the differences between the
tracks, are minimized. In this case the trends were modelled using 1 cycle per revolution
cosine and sine terms. Such a procedure leaves a common trend in the j’th set of collinear

tracks, Ej(p) , unsolved. Therefore the adjusted heights are expressed as

he = hy + 87, + Be + €p) 2

where 8¢, and de are those parts of {; and e respectively, that have not been removed together
with the trends. If the mean values of the heights, eq.(2), in each point along the tracks are
subtracted both the mean sea surface and the unsolved trend cancel out. If, furthermore, the
residual errors are ignored (except for the noise of the measurements, n) then sea surface
height anomalies, Ah(t), are obtained. That is

Ah(®) = 8¢, + n ©)

Analysis of these height anomalies are usually carried out in a single points, where the height
anomalies form a time series, or along a single track, where the height anomalies form a
profile (FU & ZLOTNICKI, 1989). Furthermore, the height anomalies may be analyzed in both
dimensions simultaneously. Note (!) that the spectral contents of the data strongly depend on
the lengths of the track segments, i.e. values of &¢; and not {; are available.

EXTRACTION OF OCEAN TIDE SIGNALS

The variations of the sea surface heights due to ocean tide may be expressed as (e.g.
CARTWRIGHT, 1992, MAZZEGA, 1985, and WOODWORTH & THOMAS, 1990)

N
H@) = Y [Uicos(w+x) + Visin(w t+1,)] Q)
i=1
or
N
He =Y, Afcos(P)cos(wt+,) +sin(Psin(w t+,)]
1 ®)
N
= A,cos(wt+x,-P)
i=1
where

A, = V(Ui2+Vi2)’ By = tg_l(gi) ©)

i

are amplitudes and Greenwich phase lags respectively, and w, and x; are the tidal frequencies
and astronomical arguments associated with the tidal constituents. In an estimation of the
ocean tide two surfaces, U(¢,\) and V(¢,\) in eq.(4), are estimated for each constituent.
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Then amplitudes and phase lags can be computed using eq.(6), so that the ocean tide can be
expressed using eq.(5) in terms of amplitudes and phases.

In this type of analysis it is assumed that the height anomalies are due to ocean tide.
Note (again), the trends cannot be estimated, since they were removed, when the tracks were
merged. That is using eq.(3) and eq.(4)

Ah(®) = Ah, + 3H(?)
i @)
= Aho+2[5 Ugos(wt+x)+dVsin(w2+x))|
i1
where
U, = U;-Uyp), 8V, = V-V ®)

are the tidal components relative to their trends along the j’th set of collinear tracks. In eq.(7)
an additional parameter has been introduced. That is a correction term, Ah,, which in this
case reveals a possible aliasing of the mean sea surface height.

Before the tidal residuals are estimated
from the Geosat ERM data it is important to
consider the aliased periods of the tidal

Table 1. Aliased periods of ocean tides due to
the repeat period of the Geosat ground track
(from WOODWORTH & THOMAS, 1990).

constituents due to the sampling of the

altimetry. In Table I such periods are listed.

The tidal constituents treated in this paper Constituent Aliased Period
M,, S,, N,, and K,) have aliased periods of K, 175 days
317 days, 169 days, 52 days, and 175 days 0, 113 days
respectively due to the repeat period of Q 74 days
Geosat. Tl_ler_efore, a separation of the S, P, 12.2 years
and the K, is impossible (ZLOTNICKI, 1992).

Here the K, tide is omitted, but together M, 317 days
with a semi-annual variation it may affect S, 169 days
the estimation of the S, tide. Furthermore an N, 52 days
annual variation may affect an estimation of K, 88 days

the M, tide, when altimeter data covering
one year only are used.

RESULTS

The coverage of the observations were analyzed in order to determine selection criteria, so
that tracks with a too poor sampling (too few repeats) and short tracks can be eliminated.
Figure 1 showing a histogram of the sampling shows that in average about one half only of
the 22 repeats are available. Most locations are sampled between 9 and 15 times. This makes
an estimation of the M, tide, which has an aliased period of 317 days, uncertain. A histogram
of the lengths of each set of collinear tracks is shown in Figure 2. The average length is
about 1000 km. In this study sea surface height anomalies are computed at location, where
at least 9 of the 22 repeat data are available and tracks shorter than 500 km were deleted.

The results show that the estimated M,, S,, and N, ocean tides have RMS amplitudes
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of 2.9, 2.4, and 1.9 cm respectively. The
individual (U, V) parameters estimated in each
point along ascending and descending tracks
are shown in Figure 4-9.

When these (U, V) vectors are evaluated
it is important fo have in mind that most of the
tidal signal may have been removed together
with the orbit errors. The problem is sketched
in Figure 3. Here one track segment crosses
one ocean basin with one tidal (amphidrome)
system. On the northern hemisphere the tidal
wave (a Kelvin wave) moves with the coast (or
equator) on its right hand side. Hence, it
moves out of the paper in the left side of the
profile shown in Figure 3. Since only one
ocean basin is covered most of the tidal signal
will appear as a linear trend of the track and,
subsequently, most of the signal will be
removed when the collinear tracks are merged.
Therefore the remaining signal are much
reduced and, furthermore, the characteristics
have changed, so that both the amplitudes and
the phases of the tide may change rapidly along
the profile (3 times instead of 1).

The above considerations may explain
why the RMS values of the estimated tides are
so small. A value around 10 cm for the M,
would be more suitable. Actually, on the long
tracks covering 2-3 ocean basins several values
around 10 cm are found. This is also the case
for the S, tide. The lack of signal is clearly
seen on the short tracks in the eastern part of
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Figure 1. Histogram of the sampling in each

point.
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the Mediterranean.

! Q L
Figure 3. Sketch showing the tide across a
basin and the linear trend that is removed.

Figure 2. Histogram of the lengths of the
track segments.

From track to track the M, vectors
(Figure 4-5) and the S, vectors (Figure 6-7) are
coherent. However, some tracks do not
correlate at all with its neighboring tracks. This
may be due to different data coverage, but
annual and semi-annual height variations may
play a role too. (In fact only seasonal signals
may have been interpreted as tidal signals, see
Table I). The N, tides appear to be quite small
everywhere in the Mediterranean Sea.

The spectrum of the temporal variations
is shown in Figure 10. Also the spectrum of
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Figure 4. M, ocean tide along ascending tracks: (U, V) vectors.
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Figure 5. M, ocean tide along descending tracks: (U, V) vectors.



104 MARE NOSTRUM 2

(31.6).

A 10 cm vector at

S2 Ocean Tide from Geosat.

Figure 6. S, ocean tide along ascending tracks: (U, V) vectors.
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Figure 7. S, ocean tide along descending tracks: (U, V) vectors.
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Figure 9. N, ocean tide along descending tracks: (U, V) vectors.
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the variations after the estimated tides have been removed from the height anomalies is
shown. The frequencies associated with the aliased periods of M,, S,, and N, are 1.15, 2.16,
and 7.02 cycles/year respectively. The temporal covariance functions are shown in Figure 11.
The RMS value of the height anomalies drops from 4.2 cm to 2.6 cm and the temporal
correlations vanish. The spectra show that signals associated with 1 and 2 cycles/year
approximately efficiently have been removed.

Finally, preliminary ERS-1 altimeter data were used in an estimation of the M,, which
has an aliased period due to the 35 days sampling of about 94 days. The result is shown in
Figure 12. This (preliminary) result shown many details that fully agree with the pattern
obtained using the Geosat data (Figure 4-5), so the influence of the annual changes on the
Geosat M, estimate appears to be quite limited.

DISCUSSION

In this paper ocean tide signals have been evaluated in a collinear analysis of altimetry. The
magnitudes of the M,, S,, and N, tides are 2.9 cm, 2.4 cm, and 1.9 cm respectively. The
estimated tides (except N,) look very coherent from track to track. However, along each track
this analysis method leaves unknown trends in the tide components (eq.(8)). Furthermore,
annual and semi-annual changes may have aliased the M,, and S, tides respectively. These
problems, however, may in future be solved by integrating ERS-1 data. Improved results may
be obtained, if parametrizations of the surfaces U, and V, are found, so that the tidal signal
can be estimated taking spatial correlations into account, so that ERS-1 and tide gauge data
can be integrated properly.

Acknowledgement. This study is a contribution to the GEOMED project supported by EEC.
The Geosat data were obtained from the Ohio State University and the ERS-1 data merged
with orbits from DUT/SOM, were obtained from NOAA.
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GEOID DETERMINATION WITH MASS POINT
FREQUENCY DOMAIN INVERSION IN THE
MEDITERRANEAN

Martin Vermeer

Finnish Geodetic Institute

Helsinki, December 14, 1992

ABSTRACT

We describe some tentative work done to show the
possibility of geoid recovery in the Mediterranean using a
frequency domain technique based on the representation
of the geopotential by buried masses.

The technique, which has been described in many earlier
publications, is flexible in allowing data input of many
types, e.g. gravity anomalies, disturbances or satellite
radar altimetry.

In the present study, we use as input gravity anomaly data
compiled for us by Prof. Miguel SEvILLA, of the
Complutense University in Madrid. As the global reference
model to be subtracted we used OSU86F produced by
Prof. Richard H. RAPP of Ohio State University.

1. INTRODUCTION

In the framework of the European Community financed international project
GEOMED we undertook to do some computations on the geoid in the
Mediterranean, using as input a 5' x 5' gravity anomaly grid, mostly based on
shipboard gravimetry, generated by the group of Prof. SEVILLA (personal
communication at the GEOMED meeting in Madrid in October 1992).

MARE NOSTRUM 2, (1992), pp 109-119
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Due to severe time constraints and some difficulty in shifting the software to a
different computer system in Helsinki, Finland, the results presented here are
rather modest. We used the reference model OSU86F rather than the superior
OSU91A, because only the former was readily available in the form needed here
in Helsinki.

We decided to do the full computation on the FGI's VAX/VMS cluster, even
though this meant a rather slow progression, as we knew this system and its
quirks and had experience running part of our software on it. Still, we had to limit
the resolution of our solution to 15" x 30' (while we chose to keep the whole
Mediterranean area) in order to limit the CPU time requirement of the job.

We chose to re-grid the data given to us directly to this coarser resolution, using
software that is actually intended to be used with point data only. As gravity is a
very "rough" quantity on the Earth's surface, this resulted in block average values
that were also pretty rough, also because no terrain effects of any kind were used.
Even subtracting the global reference field OSU86F cannot be expected to
improve this much, as it is, by its nature, global and cannot remove localized, high
frequency, variations.

2. THE AREA OF STUDY AND THE DATA AREA

The area of study was the Mediterranean without the Black Sea. A set of gravity
data has been compiled by M. SEVILLA (personal comm.) and was made available
to us.

We prepared a control file for the FFT runs called grid.dsc which is depicted in
Table 1. Interesting here are only the quantities MaxLat, MaxLon and Lat and Lon
spacing (the latter in minutes of arc) which together define the "frame of

Table 1. Contents of the control file grid.dsc. This sample file actually is for
satellite altimetry.

0 Surface type
0.000 Surface height
41111 Obs.type, "UseParts", Attitude laws

5.0E-02 2.0E+00 1.0E+00 0.0E+00 0.0E+00 Obs. std. devs
6.0 1.0 0 Months, Secs / Pts. / Diff.quant.

90.000 0.000 Inclination, Alpha
1 Regional solution
5000.000 Delta-H of grid sandwich
55.250 -14.750 MaxLat, MinLon
15.000 30.000 Lat, lon spacing
128 Dimension of grid
8.000 Trunc. wavelength (degs)
128 Auxiliary grid dimension

1 No. of topographic models
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computation”, as follows:

Latitude: 55.25 — 23.50
Longitude: -14.75 — 48.75

The spacing is in the latitude direction 15, in the longitude direction 30'.

It can be seen from these figures that the model we are working with has 128
node points in both latitude and longitude directions. In our software we have
chosen to always use the power-of-two FFT transform, as this offers the greatest
effectiveness. Inevitably there is a price to be paid for this: The choice of area
bounds is constrained. We have however software to construct an area grid
coverage meeting our requirements from arbitrarily distributed point data.

3. GENERATING THE GLOBAL REFERENCE FIELD

We generated a reference field for the area of study using the spherical harmonic
expansion OSU86F, produced by the group of Prof. R.H. RAPP of Ohio State
University. In the mean time a better model, OSU91A, has become available, but
within the time constraint of this study, we could only get OSU86F into a useable
form quickly.

For generating values of nine independent functionals of the geopotential, we
used the program leg05. For a more detailed description of this software, cf.
BALMINO et al. (1991), or VERMEER (1989).

The 1eg05 software produced a grid at a resolution in both directions of 0°.5.
From this, a denser grid was produced at the working resolution of 15" x 30/,
implying a 2 x densification of the grid in the latitude dimension. For this purpose
the software frefgrid was used, which densifies a grid by any power of two
using a forward/backward FFT technique.

More general software of this kind could certainly be written or adapted using
cubic spline interpolation; this is one of those projects still in store for the future.

The global reference field OSU86F, in the Mediterranean area, is depicted in
Fig.1.
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Fig.1: The Mediterranean geoid generated by OSU86F. Unit: m. Contour
interval: 5 m.
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4. GENERATING THE DATA WORK GRID

We used a crude technique, which nevertheless produced reasonable results
quickly. The set of 5' x 5' values given by us was simply considered primary point
data, measured at sea level. As the data was given only at sea, this fiction seems
fairly realistic. We fed this data as a stream of point records through our gridding
software £fgridder, which not only binned the values into our 15' x 30’ cells, but
at the same time subtracted out the OSU86F gravity contribution, which was
interpolated from the grid generated as discussed earlier.

In the first working grid thus obtained, only part of the cells had received a value,
all of them at sea. This grid was then completed using simple inversion-free
prediction by the program ££illin. Of the eight neighbours of every empty cell,
those already containing values were averaged, giving the "diagonal" neighbours
half weight. At the same time, these values were "depreciated” by multiplying with
the value 0.8, or its square for diagonal neighbours. The value thus obtained was
filled into the cell.

Table 2: Statistics of the residual gravity anomalies calculated.

Minimum: -97.514 mGal
Maximum: +84.882 mGal
RMS: +12.115 mGal
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Fig.2 : Residual gravity in 15" x 30" blocks after subtracting OSU86F
contribution. Unit: mGal, contour interval: 5 mGal.

This procedure was repeated a number of times, until the "edge values" started
approaching zero. After that, the remaining missing values were simply zeroed.

We give the residual gravity values thus obtained with respect to OSU86F in Fig.
2. The statistics of these residuals, for the central quadrant of the area of study,
are given in Table 2.

5. THE BURIED MASSES REPRESENTATION

In our method, the external geopotential is represented by a grid of buried
masses, one mass being located in the centre of every 15" x 30' grid cell. Note
that the grid cell centres are always in "even" locations with respect to the 0°.5
resolution grid nodes, which again are in latitudes and longitudes like 0°.25,
0°.75, etc.; this means that the grid cell boundaries are in odd locations. This is
again one of those things that will improve once we have a more flexible way of
interpolating reference model values to data grid node locations.

The depth of the mass points was kept constant at 60 km. This depth is
proportional to the grid cell linear size, a principle that makes physical sense, cf.
HEIKKINEN (1981).

The coefficients between each mass point and each observation type at the
Earth's surface can be derived by the application of Newton's law of gravitation,
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considering the nature of the observation type. The general coefficient is a
function of the difference in longitude and (approximately) the difference in
latitude only between mass point and data location, i.e. it describes a (discrete)
convolution.

6. GENERATING THE COEFFICIENTS

6.1. The transfer coefficients

Our system is built in such a way, that first coefficient sets are generated for a set
of nine standard observables: The disturbing potential, three components of the
gravity disturbance vector, and five independent disturbing gravity gradient tensor
components.

For the true observables then, which are linear combinations of these nine, a set
of transfer coefficients is then derived and stored on ASCIl file for future
reference. Matrix multiplication then yields the final set of coefficients for the
actual observables used.

This approach has the elegance of generality. It makes it also easy, using the
same transfer coefficients, to derive simulated true observables, or (as was
employed by us) the contribution to the observable used by the OSU86F global
reference model, which is used in both the remove (gravity anomaly) and restore
(geoid undulation) step.

More about the transfer coefficients, and a listing of those for gravity anomalies
and for geoid undulations, is given in VERMEER (1992a).

6.2. Generating the observation equation coefficients

The observation coefficient matrix is generated using the program f£syncoef, as
discussed using transfer coefficients from synth. The standard observable
coefficient matrix was generated by fcoef, in five different locations (height,
latitude combinations) to allow iterative interpolation taking both the topography
and the Earth's curvature into account ("Spherical FFT", cf. VERMEER, FORSBERG
(1992)).

The possibility to perform such an iteration was not used, however, in order to
save time; the error made in doing so is small. In this case £syncoef can be
made to extract only the coefficients for reference latitude (mean latitude of area
of computation) and height level 0.



Vermeer 115

7. APPLYING THE FAST FOURIER TRANSFORM

We inverted the system of equations by, for every frequency domain constituent,
dividing the data value by the coefficient value. In case there are several data
values for every grid cell, this division takes the form of the solution of a small
system of normal equations; here, with only one observable, it degenerates to a
simple division.

There are 1282 = 16384 such divisions to be made, i.e. one for every point in the
area. Note that this makes the operation cheaper than the FFT transform itself,
which always requires n2 2ln n operations, n = 128 being the linear size of the
area.

The simplicity of the technique is a direct consequence of the convolution theorem
of Fourier theory, cf. Vermeer.

8. INVERSION WITH REGULARIZATION

It is generally necessary to regularize the problem before a reasonable solution
can be obtained. This is obvious in case of downward continuation, such as
airborne gravimetry: The high frequency constituents of the geopotential cannot
be recovered from measurements at altitude, and thus must be fixed more or less
arbitrarily to find a solution and prevent the system of equations from going
singular. Typically one uses a priori information on the allowed range of values of
some functionals of the solution.

However, also in inversions of our kind it is necessary to apply constraints of this
kind, mainly because of the differing spectral behaviour of gravity and geoid
undulations. Some parts of the spectrum of the geopotential are poorly estimable
because of this.

In our case we constrain both the mass point surface density and its horizontal
gradient to geophysically "reasonable" values. We chose a value of +1000 mGal
for the a priori standard deviation of the mass surface density of our mass point
"blanket" (remember, we work with values GM, which, divided by surface area ¢ =
I b, have the same dimension as Newton's acceleration GMr=2, and can thus be
expressed in mGall). For the horizontal gradient we chose +108 E, i.e. in practice
infinite, so this constraint was not applied at all.

We found for these parameters a "gain factor” (i.e. the amount of original gravity
signal propagating into the solution) of 56%, a little on the low side.
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9. TAPERING AND FILTERING

One other technique which must be used to produce acceptable results is
tapering. With this is meant the smooth transition to zero of the residual input data
by multiplying with a function window going smoothly to zero at its edges. We
used a cubic taper with this behaviour for an edge width of 8°. At the same time, a
frequency filter was applied to the residual solution, clipping off all frequency
content below a limit corresponding to this 8°. Cf. VERMEER (1992a) for
technicalities.

This is not necessarily the best way to handle the problem of low frequency
content: Others prefer to simply remove a bias term from the residual solution.
The choice depends on a judgement on the quality of the high-frequency part of
the global model before proceeding to apply Fourier techniques.

10. PREDICTING GEOID UNDULATIONS
We predict geoid undulations from the mass point solution found by multiplying

with the coefficient matrix for satellite radar altimetry, with the program fpredict.
In this way we obtain accurate geoid undulations expressed in m.

Fig. 3. Residual geoid undulations predicted from FFT solution. Unit:
m, contour interval 0.25 m.
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We refer to Fig. 3 for our results.

The statistics found for these residual geoid undulations are summarized in Table
3, again for the central quadrant of the area of study.

Table 3: Statistics of the residual geoid undulations predicted.

Minimum: -2.961 m
Maximum: +1.301m
RMS +0.357 m

11. RESTORING THE TOTAL GEOID

After computing the residual geoid, it should be added again to the geoid implied
by the OSU86F global reference model. First we have to generate from the
OSU86F standard observables grid file generated above, a grid file containing
geoid undulations. We do this by multiplying with the satellite altimetry coefficient
matrix in the program £synobs. After that, the global and local contributions are
added together by faddrhs. The result is shown in Fig. 4.

£ 2 8
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Fig. 4.  Total geoid undulations, i.e. predictions from FFT solution added on top
of the OSU86F contribution. Unit: m, contour interval 5 m.
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12. RESULTS AND DISCUSSION

It can be seen from Fig. 3 that the residual geoid undulations found are large in
some places, e.g. in the neighbourhood of Crete. They are expected to be large
around Crete, where there is a very strong gravity signature with sharp edges
having a strong high-frequency content.

Then we see a number of extrema in the residual geoid located along the coast
(Algeria) and the coasts of islands. This could also be the result of strong "edges”
in the gravity field occurring preferentially in such places. It is also possible that,
in extrapolating the sea-only gravity data into land, applied a too strong
"depreciation factor" leading to too sharp edges.

It is also seen that the effect of adding the local FFT solution to the OSU86F
geoid is only barely visible in the figures.

It will be necessary to experiment further, both using better global reference
models (OSU91A), and using more refined data processing (gridding) techniques.
At the very least we should be able to use the 5' x 5' data at its original resolution.
Also proper regularization parameters for that resolution should be established by
numerical experimentation.
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CATALAN GEOID 91: SUMMARY OF RESULTS

M.A. Andreu, C. Simé
Dept. Matematica Aplicada i Analisi
Universitat de Barcelona
Avda. Gran via de les Corts Catalanes, 585
E - 08007 Barcelona, Spain

In this paper we summarize some results of the computation of a gravimetric geoid in Cata-
lonia [Andreu, Simé, 1992]. We have used the well known method of Least Squares Collocation
(LSC) [Moritz, 1980] [Tscherning, 1984] and the remove-restore technique [Forsberg, Tscherning,
1981].

1 Data used for the geoid computation

1) Spherical harmonic coefficients: as a first approximation of the gravity field, we took the
spherical harmonic expansion corresponding to the coefficients set OSU89B up to degree
360 [Rapp, 1990]. This is a good approximation of the gravity field in Catalonia. The
figure 1 shows a geoid computed using this expansion and Bruns formula.

2) Topographic data: presently, two digital terrain models (DTM) are availables:

e A detailed grid of 15” x 15” from Institut Cartogrdfic de Catalunya (ICC). This model
originally comes from the Defence Map Agency and it covers the area shown in the
figure 2.

e A coarse grid of 5 X 5 mean heights from NGDC. This grid is part of the ETOPO5
model and it was provided by R.Forsberg. We found that this model needs to be
shifted 7/.5 in longitude and —2'.5 in latitude. After this shift, both models have a
good agreement.

3) Gravity anomaly data: in Catalonia there are a lot of gravity measurements covering all
the land. We have used the data from Servei Geologic de Catalunya (SGC) as the main
set and we have completed this set with data from Bureau Gravimétrique International.
We have selected 1718 gravity anomalies (85 % from SGC) close to a 2.5 x 2.5 grid. The
figure 3 shows the distribution of the selected gravity anomalies.

2 Terrain corrections and residual gravity anomalies

In order to compute the terrain corrections we have used a residual terrain model (RTM). The
reference surface was computed averaging blocks of 35’ X 35’ of the ETOPO5 terrain model. In
the computation of the effect of the RTM on the gravity anomaly it is only necessary to take
into account the topography up to a distance of 40 Km from each station. The table 1 shows the
statistics of the gravity anomaly when we subtract the contribution of the spherical harmonic
expansion and the effect of the RTM.

MARE NOSTRUM 2, (1992), pp 121-131
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Figure 1: Geoid (m) using only spherical harmonic expansion OSU89B up to degree 360.
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Figure 2: The detailed terrain model covers the area not marked. Latitude and longitude in
UTM coordenates.
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Figure 3: 1718 gravity anomaly selected close to a 2.5 x 2'.5 grid.
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Mean | Var. Min. Max.
mgal | mgal? | mgal | mgal
Agobs 10.39 | 980.63 | —70.53 | 210.70
Agoss — Ago ~7.83 | 864.86 | ~122.34 | 143.55
Adoss — Ago — Agy | 4.50 | 133.52 | —27.85 | 43.01

Table 1: Statistics of the residual gravity anomaly. Ages: observed gravity anomaly. Agg:
gravity anomaly using spherical harmonic expansion. Ag,,: contribution of RTM using detailed
DTM up to 20 km and coarse DTM up to 40 km.

But, we have observed that residual gravity anomaly and topographic height are correlated.
The regression line (figure 4) is the following;:

Ag=060+839-10"2H (Agin mgal and H in m).

In order to avoid this trend, we modified the reference surface multiplying each height by a:

m

e
« 0.1119°

where m is the slope of the regression line. The statistics of the new residual gravity anomalies
are shown in the table 2.

Mean | Var. Min. | Max.
mgal | mgal? | mgal | mgal

Agobs — Ago — Agmm | —0.62 | 103.82 | -37.91 | 30.99

Table 2: Statistics of the last residual gravity anomaly. Ag,,: contribution of RTM using the
modified surface.

3 Covariance model

After removing the contribution of spherical harmonic coefficients and the effect of RTM, we
have the residual gravity anomalies. We can compute the empirical covariance function in the
usual way [Knudsen, 1987] averaging products of these gravity anomalies.

The following step in our computation was to fit the covariance model to the empirical
covariance function using the method exposed in [Knudsen, 1987]. The covariance model used
was the following:

360 o (B nt1 o A B, nt1
K(P,Q)= anzz:zan (ﬁ) P, (cos ) +n§61 B DY) (ﬁ) P,(cos®p),

where a,(f) are the error degree-variances related to the potential coefficients set, a is a factor

which represents the quality of the approximation of the potential coefficients set, R is the mean
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earth radius, r and r’ are the radial distances of P and @, Rp is the radius of a Bjerhammar
sphere, P, are the Legendre polynomials and 1 is the spherical distance between P and Q.
The result of the estimation of the three parameters was the following;:

a = 0.3751,
Rp— R = —459 m,
Var. = 103.90 mgal®.

4 Predictions

After fitting the covariance model, we were able to make predictions of several quantities re-
lated with gravity potential as gravity anomalies, geoid undulations and deflections of the ver-
tical. For this purpose, we used the Least Squares Collocation method (GEOCOL program,
C.C.Tscherning). The input data were the selected gravity anomalies, and the covariance model
was the one estimated in the preceding section.

1) Gravity anomaly: we compared gravity anomaly observed and predicted in 33 stations
(not used as input data). The results of this comparison are shown in the table 3.

Obs. | Pred. | Dif.
Mean | 10.93 | 10.65 | 0.28
St.Dv. [ 17.86 | 17.81 | 2.39

Table 3: Comparison of observed and predicted gravity anomalies (mgal) in 33 stations.

2) Geoid undulations: we computed geoid heights on a grid in the zone of latitude between
40° and 43°, and longitude between 0° and 3°.5. The geoid undulations were computed
adding the contribution of:

e Spherical harmonic expansion OSU89B up to degree 360.
e LSC (min.: —0.66 m, max.: 0.69 m).

¢ RTM (min.: —1.56 m, max.: 2.32 m). This effect was computed using a fixed area:
longitude [—2°,5°.5] and latitude [38°,45°].

The figure 5 shows the level curves of the geoid using the ellipsoid of reference WGS84. The
figure 6 shows the absolute error of the geoid estimated by LSC. But we were interested in
the relative error, this means the error in the difference of the geoid undulations between
two points. For this reason, we estimated the error using a fix point (see figure 7) and we
found that the relative error is about 10 cm per 100 km.

3) Deflections of the vertical: we also compared the computed value of 8 deflections of the
vertical with a preliminary determination of this deflections. The differences between both
values show:

0“2
St.Dv. = 0".8.

Mean
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Figure 5: Catalan Geoid UB91 (m). Ellipsoid of reference WGS84. Min.: 46.12 m. Max.:
54.98 m.
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Figure 6: Error estimates of geoid heights computed by LSC. Min.: 0.13 m. Max.: 0.35 m.
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Figure 7: Error estimates of geoid heights using a fix point. Relative error: 10 cm per 100 km.

5 Conclusions and outlook
We are able to make predictions of:
e Gravity anomaly with an error of 2 mgal.
e Geoid height with an absolut error of 13-20 cin and a relative error of 10 cm/100 km.

e Deflections of the vertical with and error of 0”.8.

Improvements:
The next step in our computations will probably include:

e DTM with higher resolution (perhaps 3” ~ 100 m).
e Density data of the crust.

e Gravimetric data at the sea near the coast.

e Deflections of vertical.

¢ GPS data.
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