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ABSTRACT

In order to evaluate the vertical displacement of the Sea Surface
Topography due to the ocean tides, we have made the modeling
of the four main constituents M2, 52, 01 and Kl for the whole
Mediterranean Sea and the local model N2 corresponding to the
western area. This paper concludes with a brief discussion of some
results of the computed surface tide.

1. INTRODUCTION

Precise ocean tide models of the Mediterranean Sea require tide gauge
observations in combination with the study of particular hydrodynamical
response of the different basins to the tidal forces. This last factor is
determined mainly by the irregular form of the coast, the strong
batimetric differences and the numerous straits and island chains, that
modify the normal propagation of the tidal waves. At the same time it
is necessary to consider, in the tide solar frequencies, periodic non
tidal vertical displacements induced by atmospheric and radiational
perturbations.

Based in the preceding considerations, we have developed a modelling
process, widely described in the anterior GEOMED Meetings (C. de Toro
et al.; 1992, 1993).

The process is initiated with the access to the harmonic constants
stored in a data bank by means of an application programs aggregate. At
present, the data base is integrated by the information concerning to 336
mareographic stations (See Table 1). We have also analiced ten tide
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gauge observation series obtained in the spanish stations (C. de Toro,
1989; R. Vieira et al. 1991; 1.M. Carvajal, 1993), with a program carried
out by our working group, which are based on the least square technique
(A.P. Venedikov, 1984,
mareographic data bank.

1986), and we have included them in our

53 Pelagic tidal constants
ATLANTIC OCEAN 211 Stations 158 Shore stations

20 Gibraltar strait
7 Mediterranean spanish stations

20 Mediterranean african coast
MEDITERRANEAN SEA 125 Stations 66 Lion gulf; Ligurian, Adriatic,

Tyrrhenian and Ionian Seas
12 Greece and Minor Asia Coast

Table 1. Mareographic data bank

In order to take into account the local hydrodinamical features and, at
the same time, to deal the observations in a homogeneus way, the
Mediterranean Sea has been splitted into several modelling areas defined
by natural barriers imposed by the batimetry. For each zone we have
selected the amplitudes and the phase lags corresponding to a gi ven
harmonic. On these constants are detected the discrepant observations
taking into account the fact that, in the open seas, the space
distribution of the tidal parameters should be uniformo On this base the
detection of singular observations is made through the comparison, for
every mareographic station, of their observed and theoretical tidal
parameters with the corresponding to the all nearby stations situated in a
variable radius whose magnitude depends on the regional gradient. A
discrepant station is eliminated only if the posterior analysis has
revealed its situation in the non representative singular area.

Under these conditions, the modelling for the amplitudes and the phase
lags is carried out through the smooth surface fitting with irregular
distributed data points constituted by the non singular stations. The
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interpolation function (H. Akima, 1978) has been estimated for the nodes
of a grid chosen in order to adapt itself in a best possible way to the
coastal boundaries. At the moment, the number of polygons which
constitutes the ocean models is 1211 (Table 2 and Figure 1). Finally, a
file which contains for every central point of the polygons the t í.daI
amplitude, the phase lag with respect to the equilibrium tides in
Greenwich meridian, the geographic coordinates of each center and the
surface and size of the polygons is created.

l:J.</> x l:J."A N

0?5000 x 0?5000 840
0?2500 x 0?2500 213
0?1250 x 0?1250 156
0?0625 x 0?0625 2

TOTAL 1211

Table 2. Number and size of the spherical polygons.
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Figure 1. Central points distribution of the spherical polygons.
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2. TIDAL MODELS

According to the described procedure, we have made the modeling of the
four main constituents M2, S2, 01 and Kl for the whole Mediterranean Sea
and the local model N2 corresponding to the western area.

The most detached points of modelling steps are:

1. Elimination of singular observations
The detection program has revealed 12 singular observations. The
analysis has shown that they are situated in the Venice Lagoon and
the interior of AIgeciras, Ceuta, Gibraltar, Tarifa and Villa Nador
Bays. In these singular points, a strong increase of the phase lags
with respect of the values obtained in nearby stations situated in
open sea, is observed. The elimination of these stations is very
important because they are not representative of the zone and they
are affecting the resulting ocean model. In Figure 2 the model
of Kl phase lag of the Adriatic Sea is shown in two variants:
(A) including the singular points inside the Venice Lagoon and
(B) without the singular points. The difference is rather important.

2. The detection of possible amphidromic points
Although the metodology used in the building up of our models does
not detect amphidromic points in open seas, it is possible to detect
them in closed areas taking into account the values of the amplitude
and phase lag in the boundary. Such is the case of the Mediterranean
sea.

The resulting spatial distribution of the semidiurnal ocean tides for
the Mediterranean area is shown in Figures 3 and 4. As we had to expect,
due to the irregular form of the boundaries imposed by the coast and the
important batimetric differences, we have met strong variations in the
amplitudes and phase lags of the three harmonics. There can be seen that
the maximum amplitudes are in the Gibraltar Strait as well as in the
Venice and Gabes Gulfs, the minima being in the Balear basin and Bardia
area, in the northeast coast of Africa. The results confirm also the
raising of the propagation velocity in the straits. This increment
produces some singular points in which the phase lag could become zero.
Such cases are the extreme north and south of Corsica and Sardinia as well
as Messina Strait.



C. de Toro, R. Vieira, M. Sevilla 119

(A) STATIONS INSIDE THE VENICE LAGOON INCLUDED
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Figure 2. Adriatic Sea. Kl tidal models. Phase lag in degrees.

(B) SINGULAR POINTS EXCLUDED
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(A) Aro litudes, (B) Phase lag.Figure 4. Mediterranean Sea. 52 component. p
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In Figures 5 and 6 are presented the spatial distribution of the
diurnal waves. It is substantially different from the semidiurnal
components. The differences are surnmarized in thefollowing points:

- The strong Balear minimum decreases.

The Tobruk-Bardia minimum remains.

- The strong maximum of the Gabes Gulf vanishes, as consequence of the
smaller effect of the non linear interaction between harmonics in the
shore zones over the diurnal frequences.

The maximum situated in the Adriatic Sea, determinated by the
interaction of the boundary basin and the tide waves propagation,
remains ..

We present in Table 3 the maxima and minima distribution of ocean tides
in the Medi terranean Sea of the five principal consti tuents. The last
column shows the strong variations of the tidal regime, determinated by:

H + H
01 J::1

R
H + H

112 S2

with the following classification:

R < 0.25
O.25 :S R < 1.50
1.50 :S R < 3.00
3.00 :S R

Semidiurnal, with similar high-tides.
Semidiurnal, with two maxima of different height.
Mixed.
Diurnal.

ZONE M2 S2 N2 Kl 01 R

GIBRALTAR 36.4 14.1 7.7 3.8 2.1 0.12
BALEAR 2.0 0.8 0.5 3.0 1.4 1.57
GABES 48.0 34.3 11. 1 3.8 1.0 0.06
TR 1ESTE 26.5 15.8 4.3 17.5 5.0 0.53
TOBRUK-BARDIA 1.0 1.0 0.0 0.0 0.0 -

Table 3. Maxima and minima distribution of ocean tides.
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Figure S. Mediterranean Sea. 01 component. (A) Amplitudes. (B) Phase lag.
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Figure 6. B) Phase lag.Amplitudes. (Kl component. (A)ean Sea.Mediterran
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In these results we would like to emphasize the mixed tide regimen of
the Balear basin.

2. VALIDATION PROCESS

We have proceeded to validate our models in two ways discussed in
the following:.

1. Coastal zones.
The mareographic observations utilized to building up a model
correspondig to a given zone have been eliminated successively. A
new computation in every case of the oceanic map and the
determination of the difference between the observed value and the
predicted value has been made. The residuals thus determined have
been analyzed independently. As it was expected, it has been found a
strong dependence on the gradients and on the number of the
mareographes situated in the proximity (Table 4). In the results we
are presenting here can be seen high prediction errors in the phases
of the points situated at northwestern of the Corsica island (Table
S). There are strong variations of the phase lags. Our conclusion is
that it is necessary to create more local models in the singular
zones, including mareographic observations as well as hydrodynamics
conditions. This is a work which we are developing at the present
time. In non-anomalous zones the prediction errors do not exceed
2 cm.

2. Pelagic zones.
The validation of the models in non-coastal zones had to solve the
problem of a lack of pelagic observations in the Mediterranean Sea,
which have been used in the modeling of our atlantic maps. Therefore
we have studied the space distribution of the indirect effect of the
ocean on the Earth tide observations. In Figure 7 is shown the space
distribution over the Iberian Peninsula of the indirect effect of
the ocean computed by using the NSWC maps (Schwiderski; 1980, 1983)
for the deep atlantic ocean regions, atlantic Iberian and Canary
charts for the coastal regions (R. Vieira and C. de Toro; 1986,
1989, 1991) and the actual Mediterranean modelo
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M2 TIDAL COMPONENT

MS LAT LON AC GC AO GO AD GD

16007 42.2333 3.2667 5.67 231. 95 5.5 250.4 -0.17 18.45
16003 41. 5167 2.0000 4.08 202.99 4.4 207.2 0.32 4.21
16001 38.3333 -0.4833 4.33 69.46 2.0 58.0 -2.33 -11. 46 •
16002 36.8333 -2.4833 9.79 57.82 9.0 51. O -0.79 -6.86
16005 36.7167 -4.4167 17.99 51. 03 16.3 60.5 -1. 69 9.47
16004 35.1833 -2.4333 13.37 87.41 11.7 99.6 -1.67 12.19
16006 39.5500 2.6333 2.76 192.05 2.8 210.2 0.04 18.15
17005 36.7833 3.0667 2.98 217.33 2.4 219.3 -0.58 1.97 •

S2 TIDAL COMPONENT
-------------------------------------------------------------------------
MS LAT LON AC GC AO GO AD GD

-------------------------------------------------------------------------
16007 42.2333 3.2667 2.17 269.99 2.2 268.0 0.03 -1. 99
16003 41. 5'167 2.0000 1.41 224.97 1.5 222.6 0.09 -2.37
16001 38.3333 -0.4833 0.93 113.02 1.0 80.0 0.07 -33.02 •
16002 36.8333 -2.4833 4.67 83.13 4.0 78.0 -0.67 -5.13
16005 36.7167 -4.4167 6.92 74.94 7.3 65.1 0.38 -9.84
16004 35.1833 -2.4333 4.96 130.06 4.5 128.8 -0.46 -1. 26
16006 39.5500 2.6333 0.83 210.44 0.8 216.9 -0.03 6.46
17005 36.7833 3.0667 0.72 232.71 0.8 239.7 0.08 6.99 •

N2 TIDAL COMPONENT
-------------------------------------------------------------------------
MS LAT LON AC GC AO GO AD GD-------------------------------------------------------------------------

16007 42.2333 3.2667 1.38 239.91 1.0 249.2 -0.38 9.29
16003 41. 5167 2.0000 1.27 189.16 1.1 191. 7 -0.17 2.54
16001 38.3333 -0.4833 1.83 120.00
16005 36.7167 -4.4167 5.78 57.00 5.4 64.1 -0.38 7.10
16004 35. 1833 -2.4333 1.90 72.47 2.9 84.7 1.00 12.23
16006 39.5500 2.6333 0.94 178.25 0.7 191. 6 -0.24 13.35
17005 36.7833 3.0667 0.73 191. 03 0.5 219.3 -0.23 28.27 •

(AC,GCl
(Ao,GOl
(AD,GDl

AHPLITIJDES ANO PRASE LAGS CALCULATED IN TIIE VALIDATION PROCESS
OBSERVATED AHPLITIJDES ANO PRASE LAGS
DIFERENCES OBSERVATED - CALCULATED AKPLITIJDES ANO PRASE LAGS

• - STATION IN AREA WITHOlIT OTHER KAREOGRAPHIC OBSERVATION.

TabIe 4. VaIidation process. Mediterranean Sea, zone 1. 38 coastal Stations
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M2 TIDAL COMPONENT

MS LAT LON AC GC AO GO AD GD
18004
18003
18002
18001

43.7000
43.1167
43.3000
42.5167

7.2833
5.9333
5.3667
3.1000

8.63
7.88
7.97
6.01

275.10
267.95
255.00
247.29

7.0
8.0
7.0
5.0

244.0
266.2
217.0
288.0

-1.43
0.12

-0.97
-1. 01

-31.10
-1. 75

-38.00
40.71

52 TIDAL COMPONENT

MS LAT LON AC GC AO GO AD GD
18004 43.7000 7.2833 3.19 17.58 3.0 254.0 -0.19 123.58
18003 43.1167 5.9333 2.81 340.72 1.0 276.0 -1.81 -64.72
18002 43.3000 5.3667 2.74 335.68 2.0 236.0 -0.74 -99.68
18001 42.5167 3.1000 2.19 278.60 2.0 300.0 -0.19 21.40
-------------------------------------------------------------------------
(AC,GC)
(AO,GO)
(AD,GD)

AMPLITUDES ANO PHASE LAGS CALCULATED IN TIIE VALIDATION PROCESS
OBSERVATED AMPLITUDES ANO PHASE LAGS
DIFERENCES OBSERVATED - CALCULATED AMPLITUDES ANO PHASE LAGS

Table 5. Validation process in the singular areas.

4. EVALUATION OF mE TIDAL VERTICAL DISPLACEMENTS

Having developed ocean tide models for the Mediterranean Sea, it is now
possible to predict the evaluation of the tidal vertical displacements. It
allows us to obtain a correction to the satellite altimeter measurements.
In order to get this correction we have made a program, that calculates,
optionally, the two types of vertical displacements h

1
and h

2
of the ocean

tide <, according to the following formulation:

where:
(a) h

1
is a constant displacement originated by the lunar and solar

terms M and S :o o

1
g

L

G K
20 Masa

with GL the geodetic function and K the coefficient of the
20 MaSa
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(A) AMPLITIJDES IN MICROGALS
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Figure 7. Indirect Oceanlc Effect.
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partial tide. The theoretical estimation is computed on the
basin of the equilibrium tide.

(b) h
2

is a displacement originated by the periodic terms of the
tidal potential, according to the express ion:

h
1

1
g

L H cos ( w t + ~G - G )¡ ¡ ¡e ¡

where:

H¡ the modeled amplitude of the tidal constituent,

w the angular hour velocity of the corresponding armonic,¡

G~¡e the initial phase of the equilibrium tide in
Greenwich,

G¡ the modeled phase lag of the partial ocean tide wi th
respect to the equilibrium tide in Greenwich.

The resulting precision of the tide prediction depends on several
factors, among them, the number of the modeled harmonics. Figure 8 shows
the calculated tidal height to correct the Track 10 of the ERS-l altimeter
data from the semidiurnal models. It also plotts the partial contributions
of each harmonic to the vertical displacement of the Sea Surface
Topography and we have verified that principal anomalies correspond to the
data gaps (Figure 9) and to the altimeter data in island areas.

o

f'"

#~
~

V
-t l

-2
229901624.3 2299016-48_8 229901673 3 229901697_8

Figure 9, Track 10. Tidal correction from M2+S2+N2 models. Gaps included.
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