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Abstract

The present work describes a 44-year integration of a sea level model over the Mediterranean
Sea performed within the framework of the HIPOCAS European Project. As an output of such
long-term hindcast a sea surface residual database containing storm surge events was configured.
Sea level is a very important variable that must be used in combination with wave parameters in
order to properly describe the sea status. Storm surge is a critical parameter in different kinds of
studies, from harbour design to coastal dynamics. Since the climatic trends of total sea surface
elevation depends very much on global processes making it too far beyond the scope of this re-
search project, this work is focused on studying the regional evolution of the contribution of the
atmospheric forcing on the residual sea surface variation. The modeling of sea level residual is
of particular interest in the Mediterranean Sea because the tide amplitude is very low whereas the
response of the sea to the atmospheric forcing can be a significant signal. The integration was
performed by means of the HAMSOM numerical model. It is a three-dimensional, z-coordinate,
finite difference model in Arakawa C grid. In the present research, the model was used in its
barotropic version by integrating vertically the primitive equations. Hourly HIPOCAS hindcasted
wind and atmospheric sea level pressure fields were used to force the sea level model. These
forcing fields were generated by dynamical downscaling from the NCEP/NCAR global reanaly-
sis through the atmospheric REMO model. Main results of the work including trends of mean
residual sea surface as well as that of the extreme events are reported and analyzed.
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1 Introduction

Nowadays, there is an increase in the need of long term oceanographic and atmospheric databases
for wide applications such as offshore industries, fisheries, shipping companies, insurance busi-
nesses, and tourism. With respect to sea level, the necessity of understanding its variation has
been growing. This is because sea level rises have been reported to take place globally (as re-
ported by Churclet al. 2001, Cazenavet al. 1998, Cabanest al. 2001, and much more) and in
regions like the Mediterranean Sea (Resal. 2000, Shriman and Mezier 2002, Cazenaval.

2001, to name but a few) or others (Joyce and Robbins 1996, and Bindoff and McDougall 2000
for example).

The rise in sea level is the result of various processes including global warming which leads
to ice melting and ocean water expansion due to deep and surface ocean warming, vertical move-
ment of land, change in atmospheric forcing, and change in river runoff into the ocean. The
contribution of each process varies depending on the region. For instancawsebe and Rapp
and Sclnwieseet al. found a sea level change change of -0.05 and +0.04 mm/yr between 1960
and 1990 as a result of regional changes in surface pressure.

The EU-funded research project “Hindcast of Dynamic Processes of the Ocean and Coastal
Areas of Europe (HIPOCAS)” is partly fulfilling that need of long-term environmental datasets by
generating more than four decades of atmospheric and oceanographic databases. These hindcasted
datasets include numerous atmospheric variables at different levels, as well as residual sea surface
(hereafter RSS) and wave fields for European waters.

This work analyzes the result obtained by the Spanish harbor offireg Rblico Puertos
del Estado EPPE) for their contribution to the HIPOCAS project with respect to sea-level. It is
organized in the following way: the model setup is briefly described in Section 2, the sea level data
together with its comparison with in-situ measurements is presented in Section 3, the general long
term statistics for the entire Mediterranean Basin is analyzed in Section 4, and the climatological
analysis of the hindcast data is examined in Section 5 followed by discussions about the result
(Section 6) and the conclusion.

2 Modes Set-up

The RSS data had been generated with the HAMSOM (HAMburg Shelf Ocean Model) numerical
model (Backhaus 1983). The version of the numerical model used was similar to that used by
EPPE for its operational storm surge forecast sysbéllva(ez Fanjul 1998). It was developed
within their collaboration with the Institutf"Meerskunden, Hamburg, Germany (Rgdi€z and
Alvarez 1991, Rodguez et al. 1991AIvarez-Fanqu et al. 1997) for an operational applica-
tion. It is presently used in the barotropic mode for routinely computing the 6-hourly RSS in the



Mediterranean Basin. HAMSOM is a circulation model based on the ocean primitive equations
which follow the hydrostatic approximation with a free surface. Spatial grids are defined on the
Arakawa-C grid following Z-coordinates in the vertical. In the model integration, the pressure
gradient and the vertical diffusivity terms are integrated using a semi-implicit scheme while the
momentum advection and the horizontal diffusion using an explicit one. No tidal forcing was
included in the performed hindcast because non-linear interactions of this forcing with residuals
over the simulation domain are weak, and thus neglectAblaréz Fanjul 1998).

The model domain covers the whole Mediterranean Basin as well as part of the northeastern
Atlantic Ocean (Figure 1). The zonal boundaries are set°&t BOthe south and at 48l in the
north, whereas the longitudinal ones are aWW4and at 36E. The Black Sea is not studied by
setting its depth to the land mask value. No fresh water runoff and no water exchange between
basins are included, apart from the Strait of Gibraltar which lies within the domain. The grid
resolution is uniform for the whole domain: 15’ by 10’ in longitude and latitude, respectively.
This choice of resolution was made after testing a higher one (10’ by 6’ in longitude and latitude,
respectively) which turns out to unreasonably increase the necessary computer resources without
bringing a noticeable improvement in the result. The HAMSOM model is forced with hourly
hindcasted mean sea level pressure and 10-m wind fields. As part of the HIPOCAS project, this
atmospheric forcing was produced by a dynamical downscaling of the NCEP/NCAR reanalysis
using the REgional MOdel, REMO. A detailed description of this Mediterranean atmospheric
HIPOCAS hindcast, as well as its validation, is presented in the work of Setila. (2005).
This atmospheric hindcast was performed for a 44-year period, from January 1958 to December
2001, with hourly outputs over the whole Mediterranean Basin.

[Figure 1 about here.]

3 Data

The 44-year hindcasted RSS data is currently part of a long term oceanographic and atmo-
spheric database maintained by PE. Before including the HIPOCAS hindcast RSS data within
the database, an exhaustive validation study has been carried out in order to assess its quality.
Such validation consisted on comparing time series from various in-situ measurements with those
obtained from the simulation. In this study, we show the comparison of time series of residuals
from nine different tide gauges located along the Spanish coast. These tide gauges belong to the
PE REDMAR network (Bfez and Rodguez 1994). As can be seen in Figure 1, three of them
located in the Mediterranean (BARC, VALE, MALG), four along the northern coast of the Iberian
Peninsula (BILB, SANT, GIJO, CORU), one on the western coast (VIGO), and a last one in the
southern part of Spain (HUEL). In-situ residuals were obtained by first removing the tidal com-



ponents. These components were computed by means of the Foreman Analysis and Prediction
programs (Foreman 1977). In order to compare the hindcasted RSS with in-situ data, model data
were extracted from the closest grid point to each station. Both sets of data are available with an
hourly time interval. In total, for the whole 9 series, some 69 years of hourly data were available
for the validation of the model result.

Fig. 2 shows the comparison of 4-month measurements with simulated residuals from the tide
gauge at the Barcelona harbour. One can observe that the model is able to simulate accurately the
observed temporal evolution of the residuals. Few underestimations are also found. Nonetheless,
the index of correlation between the two sets of series is relatively high as summarized in the
Table 1. An index of between 0.71 (for station aaldlga harbor, MALG) and 0.88 (for station at
Vigo, VIGO) is obtained. With respect to the root mean square (rmse) it ranges from 5.26 to 6.60
with the highest error found at HUEL and the lowest at BARC. The error found at HUEL might
be attributed to the location of the tide gauge. It is also worth to point out that filtering away from
the series the high and low frequencies, not related to the meteorological effects, the correlation
indexes increase notably their values.

[Figure 2 about here.]
[Table 1 about here.]

Fig. 3 illustrates the geographic distribution of the time correlations. According to the skills
of the hindcast data to reproduce the in-situ measurements representing by the correlation values,
three groups can be splitted, namely the region where the index of correlation is higher than
0.84, the region where it is between 0.75 and 0.84, and finally the area where the index is lower
than 0.75. The first group includes the tide gauges along the northwestern and northern coast of
Spain, namely BILB, SANT, GIJO, CORU, and VIGO. The second group is composed of the
Mediterranean tide gauges located along the eastern Spanish coast (BARC and VALE). And the
last group includes the gauges located south of the Iberian Peninsula, on both sides of the Strait
of Gibraltar (HUEL and MALG). Note that the lower agreement for these two southern stations
may be justified for the location of the tide gauge. In the case of HUEL, the tide gauge is located
close to a river mouth with the consequently changes in the sea level, specially during strong
precipitation events. On the other hand, MALG tide gauge is located in an area highly affected by
baroclinic effects.

[Figure 3 about here.]

With respect to RSS longer term variations, Fig. 4 shows a comparison of monthly mean
RSS from the tide gauge located at VIGO for a period of 9 years. One can observe a fairly good
correspondence between the time series although an underestimation is found at the beginning of



1996 or at mid-2001. Such failure is attributed to a tendency of the model to underestimate very
large surges. This shortcoming can be observed at various strong storm events and is also found
at some other locations where the in-situ measurements are available (Figures not shown).

[Figure 4 about here.]

In order to complete the validation, the hindcasted residuals have also been compared with
data inferred from remote sensing measurements. For that, residual sea surface was extracted
from the Topex/Poseidon altimeter data at the location closest to the position of the tide gauge.
Figure 5 illustrates such comparison at the BARC station. Some statistics for this case as well as
for other locations are provided in Table 2. For all the cases, but MALG, the correlation between
the satellite and the simulation data is relatively high (over 0.74) reinforcing the idea that the
hindcast RSS can be considered as representing the RSS around the Iberian Peninsula, and as an
extrapolation over the Mediterranean Basin in general.

[Figure 5 about here.]
[Table 2 about here.]

This high quality of the data is also confirmed by some indirect analysis (&hatuenteet
al. 2002) where the integrated flow through the Strait of Gibraltar was compared with the transport
computed by early studies. In their analysis, Gatcfuenteet al. have shown that the transport
from the HIPOCAS data gives better correlation with the in-situ measurements when the model
is forced by atmospheric pressure together with the wind stress. They also emphasize on the
importance of the wind forcing as it improves the simulation in comparison to the atmospheric-
only forced model case.

4 Longterm statisticsof theRSSover the M editerranean
Basin

In this section, the main features derived from the HIPOCAS RSS long term statistics as well as
its different regional spatial distribution are described.

As illustrated in figure 6, the map of mean RSS over the entire basin shows an interesting
feature. First of all, it slopes upward from the west to the east. The highest mean residual level
is found at the very eastern part of the Basin with a value of 8.5 cm, while the lowest, east of
the Strait of Gibraltar reaches values around 1.8 cm. On the western side of the Strait, the mean

reasidual sea level is lower, with a minimum found along the western African and Iberian coasts.
This characteristic might be attributed to the existence of strong upwelling along these coasts



(Nykjaer and Van Camp 1994) although this upwelling undergoes seasonal variation. The mean
RSS field shows a coincident pattern with the long term mean sea level pressure field derived from
the atmospheric HIPOCAS hindcast (Figure 7), giving an important role to the inverted barometer
effect on the long term residual sea level. The standard deviation (Figure not shown) presents
some features such that a deviation as high as 14 cm is found in the Adriatic Sea, and as low as 3 -
4 cm off the Atlantic African coast. For the Mediterranean Basin, the lowest deviation, between 5
and 6 cm, is observed in the south-east part, offshore of the Libyan and the Egyptian coast. Off the
Spanish Mediterranean coast, the deviation is increasing from the south to the north with values
ranging between 6 and 9 cm.

[Figure 6 about here.]
[Figure 7 about here.]

With respect to minimum RSS at each grid location (Figure not shown), the range of values
is of the order of 110 cm with the lowest minimum (approximately 120 cm below the reference)
observed in the northern part of the Adriatic Sea. The map of maximum RSS shows that the
highest maximum is also found in the north Adriatic Sea with a level of more than 140 cm (Fig.
8). The map of maximum RSS reveals that, the southern regions of the Mediterranean show lower
maximum level in comparison with the northern ones. This latitudinal gradient in the maxima
is in contrast with the map of mean RSS or minimum RSS, where not any special latitudinal
gradient are observed over the Basin. More specifically, around the Spanish Mediterranean coast,
the maximum RSS is approximately 40 cm. The range of maximum values for the entire domain
is over 130 cm with the lowest maximum observed in the southwest domain, in the Atlantic.

[Figure 8 about here.]

5 Climatology of the RSS over the Mediterranean Basin

As part of the objectives of the present study, it is of main importance to assess the RSS climatol-
ogy of the Mediterranean Basin. The HIPOCAS hindcasted RSS data can be very useful to reach
this objective as it covers the entire basin and is available at high frequency (hourly) for a period
of more than four decades.

First, we should mention that the atmospheric fields used to force the circulation model have
been extensively validated (Sotillo 2003, Soti#oal. 2005). Such validation was performed
by doing a direct comparison of the surface parameters such as temperature, wind velocity, and
pressure with measurements and remote sensed data. Special attention was paid on verifying
the homogeneity of the atmospheric fields. Sotillo (2003) verified that the atmospheric HIPOCAS



hincasted fields do not present any kind of inhomogeneity or spureous trends. Taking into account
that the HAMSOM model is kept identical along the whole 44-year hindcast period, as well as the
fact that over this period the atmospheric forcing is homogeneous, one can consider the resulting
hindcasted RSS output will be also pretty homogeneous and therefore an useful tool to carry out
long term climatological studies over the Mediterranean Basin.

A statistical analysis of the variability and long term trends in RSS means and for different
RSS percentile levels were carried out at each grid point. This analysis was performed on annual
basis, being the trends then calculated at each grid point as simple linear trends over the 44 yearly
values. Fig. 9 illustrates an example of such calculations for a grid point located in the Gulf of
Lyon (4.0E, 42.5N). In this figure, seven percentile levels are presented, namely, the maximum
(100th percentile), the 99th percentile, and the 90th percentile, together with their symmetry in
the minimum part (10th percentile, 1st percentile, and minimum or Oth percentile) as well as
the 50th percentile. For this specific grid, one can observe that all the percentiles show negative
trends during the 44 years of hindcast. The yearly RSS maxima have undergone a decrease of
approximately 6 cm over the 44 years giving a change of -1.36 mm/y. For the mean regime (here
given by the 50th percentile), the change is also negative but with a lesser range of the order of 2
cm over the 44 years. Therefore, the mean RSS at this location is lowering at a rate of 0.45 mm/y.

[Figure 9 about here.]

Fig. 10a illustrates the geographical distribution of of RSS change rates for the whole domain.
The maximum decreasing rate (of the order of -0.7 mm/y) is found in the central Mediterranean
Basin (including the northern Adriatic) and the northeastern part of the Basin, north of Cyprus. For
the Spanish Mediterranean region, the RSS is also dropping but with a lower rate (approximately
-0.5 mmly). In the Atlantic, the rate is lower than in the Mediterranean Basin. The lowest change
rates (-0.3 mm/y) are found over the open Atlantic Ocean and along the western Iberian and North
African coasts.

When looking at the RSS extreme values characterized by percentile 99th (Fig. 10b), the over-
all trends for the entire domain is a drop with rates as high as -2.00 mm/yr. Regional differences
are observed. The highest drop is found in the northern Adriatic area and the lowest in the lonian
region (east of Sicily) with a rate between -0.50 and -0.25 mm/yr. Off the Iberian Peninsula, the
rate of drop ranges between -1.00 and -0.75 mm/yr except along the northwestern coast where the
rate is larger than -1.00 mm/yr. These trends are significance at 90% level for most of the areas of
the basin.

[Figure 10 about here.]



6 Discussion

Whereas the hindcasted RSS compares well in general terms with in-situ measurements, the model
shows some difficulties in efficiently simulate very strong storms. This failure might be explained
by some underestimation of the wind fields used to force the circulation model. This under-
estimation is indirectly observed using a wave model which is forced by the same wind fields.
Such experiments were part of the present project (Guedes Saaie8002, Ratsimandresy and
Sotillo 2003). The hindcast of waves in the western Mediterranean has shown that due to an un-
derestimation of the westerly windpdnienteevents), the measured significant wave heights in

the Alboran Sea tend to be undervalued by the hindcast waves. Such shortage takes place in most
of the regions where the wind is blowing offshorewards through an abrupt orography change from
land to ocean. Despite of this shortcoming the HIPOCAS datasets can be seen currently as one of
the best available tool to characterize the Mediterranean RSS climate.

It can be seen that around the Iberian Peninsula, where a more exhaustive HIPOCAS hindcast
validation has been performed, and more specifically along its North and Northwestern coasts
marked by mainly shoreward winds, the atmospheric state is better reproduced than along its
Mediterranean coasts. This different skill in reproducing the prevailing wind conditions is deter-
minant to explain the existance of regional difference in the simulation of the RSS hindcast data.
In that sense, it is expected (and has been confirmed) that over the Atlantic the hindcasted data
better correlates with the in-situ observations than over the Mediterranean or around the Strait of
Gibraltar since the wind fields are more realistic in the Atlantic than along the Spanish Mediter-
ranean coast. This is in accordance with Carre¢tiad. (2000) who highlighted the need of good
wind forcing to improve the correlation between model and observation data.

In this study the residual sea surface is constituted mainly by the inverted barometer and
partially by the wind effects. The hindcast was performed with a numerical model set-up that not
allow to include any heat exchange between the atmosphere and the ocean, nor did it consider
the steric variability due to the variation of temperature of the ocean. Therefore, any long term
variability and trends shown by the RSS will reflect similar change in the atmospheric pressure
and wind fields in the area. In this sense and with respect to the long term variation of sea surface,
the result obtained with the HIPOCAS data over the Mediterranean Basin is concurrent with the
increase in atmospheric pressure stated by Tsimplis and Josey (2001). Their assessment is based
on the Permanent Service for Mean Sea Level database (Spencer and Woodworth, 1993) which
covers a 34 years period (between 1960 and 1994). According to Tsimplis and Rixen (2002)
the 1.3 mm/y sea level drop reported by Tsimplis and Baker (2000) for the period after 1960
should have some inverse barometer components. The present study is showing that in the central
areas of the Mediterranean Basin, almost half part of such components can be explained by the
meteorological forcing consisting of the barometric and the wind stresses effects. In the western



Mediterranean, the role of the meteorological forcing in the sea level trends is weaker and some
other processes should be considered to explain the observation.

In contrast with the other processes such as the changes in the exchange flow through the Strait
of Gibraltar (Rosset al. 2000) and the expansion of the ocean due to increase of temperature
(Tsimplis and Rixen 2002, Cazenagtal. 2001) to which a rise of sea level is attributed, the
atmospheric response of the sea level has been responsible of a drop for the second half part of
the twentieth century.

7 Conclusions

44 years of sea surface residuals have been generated by means of the HAMSOM numerical model
driven by the HIPOCAS hindcasted atmospheric forcing. Both hindcasts were carried out within
the HIPOCAS research project with the objectives of completing and improving atmospheric
and oceanographic databases for Mediterranean waters and off the Atlantic European coast. The
hindcasted RSS is available every hour with a high spatial resolution of approximately 21 km by
17 km in longitude and latitude, respectively.

To the authors’ knowledge, this work is one of the first temptatives to carry out a long term
study of RSS in the Mediterranean with a relatively high resolution. It is of great interest the fact
that the long term mean residual sea surface responds pretty well to the mean sea level pressure
over the Mediterranean. While it confirms the main driving force for the sea surface height in the
Mediterranean, one needs to also have available a good wind forcing as the later is necessary to
improve the skills of the simulation to reproduce very high storm events.

The data generated in the present study has shown to agree well with the residuals computed
from in-situ measurements. As such, it can be used as a helpful tool to verify and to make quality
control of some observation series, especially when these present some kind of inhomogeneities
due to instrumentation failure, or instruments and/or reference changes. This kind of problems
is quite common with data obtained from old instruments or when updates to new method or
instrumentation were made.

The climatologic study of the RSS has shown that its long term mean RSS values ara higher
on the western Mediterranean than over the eastern part. In the Atlantic RSS is even lower with
an upwelling signature (low mean RSS) along the coast. With respect to the long term trends,
the mean RSS for the whole basin shown a drop along the 44-year period (from 1958 to 2001)
with a maximum change rate located over the central part of the basin. In the Atlantic, it has also
dropped but with a lower rate. Although, with a lower order of magnitude than the sea level rise
reported by previous studies for the Mediterranean Basin (Cazeaxtaale 2001, Tsimplis and
Rixen 2002) it should be taken into account when computing the variation of the sea level as it
will give some correction on the role of each process in rising or dropping the level.
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Figure 1: Spatial domain covered by the HIPOCAS sea-level hindcast. Additionally, locations of the
tide gauges where hindcast validation with in-situ measurements is performed are depicted.
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Figure 2: 4-month comparison of the HIPOCAS hindcast RSS (solid line) with in situ observation
(plus mark) (in m) at BARC.
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Figure 3: Spatial distribution of time correlations between tide gauge observations and HIPOCAS
hindcasted data for RSS.



30 E- i =
= ! T =
20E- I T
= f s -
= \ + v\ =
—~ 10 I P + | —
€ = A A 5 N NN, R + i =
O = \ 4 =
L = VA A + A + + V I + \/ / \j/\ \ P \ \ H
%) = At I\ I +\F \ \ \ ! b
—10E- *+ -
E v +] * e
-20 - =
—30E- =
= | | | | | | | | | | | | | | | | | 3
\OfD 0%” \q‘* 00? \q@ 0@@ \q@ 2 \oﬁ 0%@ \oﬁb 009 \q@ 000 \QQ (\Q\ \g\ v
ooy ey e D R 2 e

Figure 4: 9-year time series of monthly mean RSS (in cm) from HIPOCAS hindcast (solid line) and
from in-situ measurements at VIGO (plus marks).
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Figure 5: 5-year comparison of satellite inferred RSS data (plus marks) with that obtained through
the HIPOCAS simulation (solid line) around the BARC station.
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Figure 6: Spatial distribution of the long-term mean of HIPOCAS hindcasted RSS (in cm).
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Figure 7. Spatial distribution of a 44-year (1958-2001) average of montly mean sea level pressure
obtained from the HIPOCAS atmospheric hindcast.
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Figure 8: Spatial distribution of the maximum RSS (in cm) obtained from the whole 44-year
HIPOCAS hindcast. Note that the maximum may not take place at the same time for each grid
point of the spatial domain.
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Figure 9: Annual variation of different percentiles for RSS (in cm) obtained from the HIPOCAS
hindcast at a location in the Gulf of Lyon (4.0E, 42.5N). Similar symbols are used for top and bottom
percentile values, being used thesymbol for maximum (percentile 100th) and minimum (percentile

Oth), open diamond for percentile 99th and 1st, open triangle for percentile 90th and 10th, and open
square for percentile 50th.
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Figure 10: Spatial distribution of (a) long-term RSS change rates (mm/yr), and (b) long-term change
rates for RSS extreme values (represented by the percentile 99th, in mm/yr). Data are derived from
the whole 44-year HIPOCAS hindcast.
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Tide gauges r RMSE bias n
BILB (3.04W, 43.34N) 0.86 5.60 -1.98 77438
SANT (3.78W, 43.46N) 0.85 579 -2.16 78569
GIJO (5.70W, 43.56N) 0.87 577 -3.62 48835
CORU (8.39W, 43.36N) 0.84 6.48 -0.66 59232
VIGO (8.73W, 42.24N) 0.88 6.06 0.23 75219
HUEL (6.83W, 37.13N) 0.74 6.60 -0.52 42494
MALG (4.41W, 36.71N) 0.71 594 -0.76 75903
VALE (0.33W, 39.46N) 0.81 543 -1.71 71982
BARC (2.16E, 41.35N) 0.82 526 4.24 74357

Table 1: General statistics derived from the comparison between tide gauge and model HIPOCAS
data.r is stands for correlation indeRM SE for root mean square errdriasfor differences hindcast
minus in-situ, anah for the number of data used in the statistics.



Name n r | RMSE | Xs| Stds | Stdy, | bias
BILB 329| 0.74 6.7 1.7 87| 94| -1.7
CORU | 331 0.83 6.2 1.3]| 10.5| 104 -1.3
MALG | 293 | 0.68 6.3 10| 6.2| 85| -1.0
VALE | 322 0.79 55 15| 78| 84| -1.3
BARC | 307 0.80 5.9 23| 84| 85| -2.3

Table 2: Statistical comparison of the RSS obtained from the HIPOCAS hindcast (subyevifit

that inferred from Topex-Poseidon (subscsptPeriod of comparison is 1992-2004. Number of
collocated datar: correlation indexRM SE: root mean square erroX: mean RSSStd: standard
deviation,bias. hindcast minus satellite data.



