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ABSTRACT: The Strait of Sicily separates the Mediterranean Sea into two different basins: West and East
Basins, with important local and regional dynamic singularities, related to the geographic position and the
sea-floor topography. Satellite Altimetry allows a wide global space-temporal coverage of the Mediterranean
basins, including their interaction with water masses coming from the Atlantic Ocean and Black Sea, in the 
Strait of Gibraltar and Marmara Sea, respectively. We present in this communication an analysis of the accu-
racy of the different corrections applied to altimeter data and a study of the results obtained using the com-
plete time series of Topex-Poseidon and ERS-2 altimeters data, in the two different basins described, compar-
ing them with in-situ measurements. 

1 INTRODUCTION

The fundamental problem with tide gauge measure-
ments is that they measure sea level changes com-
pared with a fixed crustal reference point, sufficient 
for measuring some local socio-economic impacts of 
sea level rise but of little interest for climate changes 
studies. This is an important difference, since the 
long crustal rebound and tectonic uplift rates at 
many tide gauges are in the same order of magnitude 
as the expected signal due to real sea level rise. In 
these conditions we need to validate the tide gauge 
results using, as independent global measurement 
techniques, absolute gravimetry and precise space 
geodetic techniques, GPS and SLR, to resolve the 
crustal motions at the required accuracy. 

To do this, we must realize that when an altimet-
ric satellite is tracked and its position computed with 
some centimetres accuracy, and adequately cor-
rected for the geophysical effects, the altimeter pro-
vides the most accurate tool for sea level change 
studies on a global basis. 

Accordingly, the use of geometric methods, such 
as short arc techniques, has the potentiality of giving 
an improvement over the accuracy of the global or-
bit determination, in limited geographical regions. 
The method is independent of the dynamic equations 
and has the advantage that does not require numeri-
cal integrations and that the computed orbit is di-
rectly tied to the position of the tracking stations in 
the terrestrial reference frame. 

The main feature of our technique is a detailed “a 
priori” analysis of the geometrical shape of the 
passes with respect to the laser stations, to have the 
best orbit components determination over an orbit of 
3000-4000 km. The validation of our short arc solu-
tion was made by comparing the standard deviation 
time series residuals (computed-observed), for 
Topex-Poseidon, with the NASA (POE orbit) and 
DGM-E04 for ERS. The results of the comparison 
conclude that our short arc solution presents, in all 
cases, a local improvement in the accuracy over the 
global orbits. 

2 THE MEDITERRANEAN WATER MASSES 

The Strait of Gibraltar is the only significant link be-
tween the Mediterranean and the world's oceans. 
The flows within it affect fundamentally the dynam-
ics and the heat and material budget of both the 
Mediterranean and the Atlantic. 

As in any evaporative process, the loss of salinity 
is zero, the evaporation does not change the salt con-
tent in the Mediterranean, although salinity can 
change if the amount of water in the basin changes. 
So, the excess of evaporation over precipitation and 
runoff over the basin, as a whole, should be balanced 
by a small inflow of fresh Atlantic water through the 
Strait of Gibraltar.

However, since both Atlantic waters inflow and 
the Mediterranean outflow, have substantial salinity 
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differences a much larger volume of Atlantic water 
masses, about 4%, must be exchanged in order to 
maintain the balance of salt. 

The water outflowing through the Strait of Gi-
braltar is a mixture of Levantine Intermediate water, 
formed by deep convection during the winter in the 
eastern Mediterranean, that flows westwards as an 
intermediate layer, and the Western Mediterranean 
Deep Water, which originates in winter in the north-
ern part of the western basin under the dynamical 
and cooling action of the dry and cold cyclonic 
winds Mistral. The water mass exchange through the 
Strait of Gibraltar can be characterized by a two-
layer model. Atlantic water flows into the Mediter-
ranean in the upper layer, while a flow of colder and 
saltier water exits through the Strait in the lower 
layer. Although qualitatively this simple model is 
useful, it does not show important features related to 
velocities and other physical properties across the in-
terface.

In the initial stages after leaving the Strait, the 
Mediterranean water outflow descends close to the 
bottom of the westwards sloping topography, to-
wards the Gulf of Cadiz, being deflected to the right 
as a consequence of Coriolis force and mixed with 
the surrounding Atlantic water. Consequently, the 
thermohaline characteristics of the Mediterranean 
outflow are gradually modified. The salinity de-
creases and becomes less and less dense reaching, at 
a certain stage, the density values corresponding to 
mid-depth layers.

In the Gulf of Cadiz, some authors describe the 
Mediterranean outflow as a gravity current along the 
Iberian continental slope. Further west the flow 
splits into two branches. The denser branch goes 
westward off the continental slope and the less dense 
one follows a way several tens of kilometres onshore 
from the former.  

Although the branching is observed at about mid 
distance between the Strait and Cape St. Vincent, 
eventually both branches meet again as a conse-
quence of the isobaths convergence occurring at 
about Portimao Canyon (60 Km Southeast of Cape 
St. Vincent). In general, we can consider that the 
main water masses present in the Gulf of Cadiz un-
der the seasonal thermocline, that is located between 
100 and 200 m depth, can be classified as: 

1- Eastern North Atlantic Central Water 
(ENACW), which extends down to 400-500 m 
depths, showing a decrease with depth in both, tem-
perature and salinity.  

2- Mediterranean water (MW), which shows a 
higher temperature and salinity, lying immediately 
under the ENACW and extending down to depths 
between 1200-1300 m. 

3-North Atlantic Deep Water (NADW), located 
below the MW, shows a slight decrease with depth 
in salinity and temperature. 

Within the Alboran sea, in the western Mediter-
ranean a strong frontal region, the so called Almería-
Oran front, offers a convenient surface demarcation 
between the two participating water masses in the 
exchange. After leaving the Alboran sea the Atlantic 
water masses flow into the western and eastern 
Mediterranean basins and becomes saltier and 
denser under the influence of intense air-sea interac-
tions forming the Levantine intermediate water, dur-
ing the winter convection in the Levantine basin. 
These water masses recirculate at intermediate depth 
in the Mediterranean and eventually exit via the 
Strait of Gibraltar. The Mediterranean Deep Water 
(MDW) formation occurs during the winter convec-
tion in the Gulf of Lion and circulates through the 
channel of Ibiza towards the Atlantic. All Mediter-
ranean sub-basins are connected by straits allowing 
mass transportation to the adjacent one (Rossenov et 
al 1995). Following Larnicol et al 1995, we could 
consider that the Mediterranean circulation is a 
combination of mesoscale and seasonal scales. In the 
west after flowing eastward along the coasts of 
Spain it veers south from Almería to Oran, through 
the Alboran sea, and forms the unstable Algerian 
current with an intense mesoscale activity of eddies 
and meanders. Other components of the western 
Mediterranean system are the cyclonic gyres in the 
Tyrrenian sea and in the Balearic and Liguro-
Provenzal basins. 

The Atlantic water that passes east through the 
straits, south of Sicily enters the Ionian sea and 
forms the Mid-Mediterranean jet. Several sub-basin 
gyres can be identified on both sides of the jet as the 
cyclonic Rhodes and Peloponesus gyres at north and 
the mesa-Matruh and Shikmona gyres at the south. 
the seasonal variability could be related with wind 
stress, heat flux, rivers outflows and changes in the 
Atlantic water masses through the Strait of Gibraltar. 

For the purpose of this study we have divided the 
Mediterranean into the following sub-basins: the 
western basin between the Strait of Gibraltar and the 
Strait of Sicily with the Lion gyre to the north and 
the Tyrrenian gyre to the east; the central and eastern 
basin including Aegean and excluding Adriatic, with 
the Ionian eddies north and Mersa-Matruh gyre to 
the south and Shikmona gyre, Rhodes gyre to the 
east and the Peloponesus gyre at the entrance of the 
Adriatic; the Adriatic basin and the Black Sea. 

3 THE ALTIMETER DATA 

Satellite altimeter measurements should provide im-
proved measurements of sea level changes because 
their direct tie to the geocentre, allows comparing 
the absolute sea level with the precise reference 
frame realised through the Satellite Tracking Sta-
tions, whose origin also coincides with the Earth 
centre of masses. In these conditions we can use the 
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altimeter mean sea level variation time series to ana-
lyse the mean sea level variation in the different 
Mediterranean basins, to conclude their time and 
spatial variations in relation with its physical charac-
teristics and possible interactions. 

The data and corrections applied to the altimeter 
range measurements were: 

1-Orbit: T/P NASA JGM3 orbits (Tapley et al 
1994).

2-Dry Troposphere and Inverse Barometer: from 
the European Centre for Medium range 
Weather Forecasting (ECMWF). Wet Tropo-
sphere: from Topex Microwave Radiometer 
(TMR).

3- Ionosphere: from dual frequency altimeter 
ranges. Poseidon from DORIS beacon net 
data.

4-Sea State Bias: from the semi-empirical BM4 
formula (Gaspar & Ogor,1996). 

5-Ocean tides: CSR3.0 tidal model. 
6-Loading effect, solid earth and pole tides: ap-

plied as recommended by AVISO in GDR 
serie C and CORSSH products. 

7- Instrumental bias and drift: applied as recom-
mended. 

8-The height of the HMSS-OSU95a mean sea ref-
erence surface has been removed from Sea 
Surface Height data at each location. 

4 MEAN SEA LEVEL VARIATION IN THE 
MEDITERRANEAN SEA 

All Mediterranean sub-basins are connected by 
straits that allow mass transportation to the adjacent 
one. To study the different basins sea level time se-
ries variations, we have averaged the satellite altime-
ter data, including its corrections, over a window of 
1º × 1º around each satellite cross points over each 
basin.

Most of the Mediterranean sea level rise origi-
nates in the Levantine basin, with a well defined 
maxima of about 2.5 cm/yr, located Southeast of 
Crete and in coincidence with the Rhodes gyre zone 
and Mersa-Matruh gyre. In the north-west of Crete 
towards the Adriatic, covering the area from the 
Western Ionian and Peloponesus gyres, the sea level 
tendency has been falling between -0.3 and -0.8 
cm/yr (Fig 1). 

The Black Sea communicates with the other sub 
basins via the Bosphorus, receiving important river 
inflows. An analysis of Topex-Poseidon sea surface 
heights on the cross points over the area follows, in 
the basin, a similar behaviour reaching yearly 
maximum of 10 cm and minimum of –10 cm nor-
mally in coincidence with June and November, re-
spectively, presenting sharp peaks at the beginning 
of 1993 and 1997. Maxima appear slightly higher 
Southeast of Crimea area, reaching 20 cm between 

repeating cycles 60 to 65 and 90 to 100. Minima are 
higher at the east part of parallel 43ºN, with extreme 
values that reach -28 cm at cycle 28 and sudden 
changes in the sea level, alternating rises and drops, 
between cycles 112 and 140 (Fig. 2). 

Figure 1. Mean sea level tendencies variation (cm/year) in the 
Mediterranean basins, averaged over the complete set of 
Topex-Poseidon dynamic topography time series data. 

Figure 2. It presents the dynamic signal sea level time series 
(cm), at two points selected in the Black Sea and Libyan Gulf. 
The time difference in phase between the two basins responses 
can be observed. The different behaviour could be explained in 
the independent behaviour of the Black Sea, as an isolated 
closed basin, with strong influence of big rivers inflows. 

5 COMPARISON OF ALICANTE SEA LEVEL 
VARIATION TIME SERIES WITH 
ALTIMETRY OF SATELLITES TOPEX-
POSEIDON AND ERS-2 

The mean sea level recorded at the Alicante tide 
gauge, is the geodetic levelling reference in Spain. 
As the tide gauge bench mark was related with GPS 
in recent campaigns to the ellipsoid WGS-84, it was 
considered convenient to compare the mean hourly 
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values, recorded at Alicante between October 1992 
and October 1995, with the Topex-Poseidon and 
ERS-2 satellite altimeter measurements made at sat-
ellite points, in a window surrounding of 0.5º × 0.5º, 
the closer point of non perturbed satellite tracks 
from Alicante. The aim was to check the long time 
behaviour of the tide gauge and the satellite altime-
ter, by direct comparison of both series.  

To improve the satellite orbit we have used a 
short arc adjustment, when enough satellite laser 
ranges were available. The percentage of orbits that 
could be improved was about 20%, because the only 
Topex-Poseidon satellite orbit, close enough to Ali-
cante and crossing the European SLR net, was track 
number 187. Our short arc formalism has been 
checked with the dynamic orbit with the results 
shown on (Fig. 3) improving both, the mean and 
standard deviation of the residual between the Satel-
lite Laser Station (SLR) range observations and the 
station-satellite ranges, computed from the NASA-
GSFC global orbit. 

Figure 3. Upper figure presents the standard deviation of the 
residuals (T/P) between the laser station range observations and 
the station-satellite ranges using the NASA-GSFC global orbit 
(Black). The same figures present in grey the same information 
using our short arc solution (OSA). The lower figure presents 
the same residual analysis (ERS-2) against the Delft global or-
bit (DGM-E04), in black, and our short arc solution (OSA) in 
grey. 

(Fig. 4) shows the mean hourly dynamic signal 
series at Alicante tide gauge, Topex -Poseidon and 
ERS-2, between October 1992 and October 1997. 
The results of the comparison suggest the stable be-

haviour of the tide gauge and satellite altimeters 
with a standard deviation of 4 cm for the Topex-
Poseidon and 3 cm for the ERS-2, justified for the 
use of Alicante mean hourly values tide gauge data 
and model corrections applied. 

Figure 4. Daily means sea values over HMSS, between Octo-
ber 1992 and October 1997 (CNES days 15614 and 17438) of 
Alicante tide gauge record, Topex Poseidon and ERS-2 satel-
lites in points inside a window of  0.5º × 0.5º from Alicante. 

6 CONCLUSIONS 

All Mediterranean basins mean sea level time series, 
maintain a high correlation in between. A very ener-
getic gyre, south east of Crete, appears stationary 
and well defined in the Topex-Poseidon data. Its 
amplitude presents annual variations that undergo a 
maximum of 15 cm at the beginning of the autumn, 
and weaken to a minimum in spring, over a diameter 
of more than 150 km. This strong structure, called 
the Iarapetra anticyclone, is described in the litera-
ture as a permanent feature that intensifies in late 
summer (Robinson et al, 1991), under the strong in-
teractions of the northerly winds and the Crete oro-
graphy. South Balearic Islands another strong annual 
structure, overpassing the amplitude of ten centime-
tres, develops during late summers under the influ-
ence of winds forcing and thermohaline flux. 

The Mediterranean mean sea level variations, 
analysed with Topex-Poseidon altimetric data, show 
important rise tendencies South East of Crete (> 2 
cm/yr) almost balanced with the extended area of 
mean sea level drop trends (>-0.4 cm/yr.) at the 
Adriatic entrances and South of Balear Islands. 

There are important differences in time phases, 
variable around five months, between  the time dy-
namic signal series recorded in the Black Sea, with 
respect to all the other Mediterranean basins. 
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