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Mediterranean sea level variations: Analysis

Sixteen years of satellite radar altimeter data are analyzed to investigate the sealevel variation (SLV) of the Mediterranean Sea. The time evolution of the overall mean sea level of the Mediterranean Sea follows its own regional dynamics. The geographical distribution of the seasonal signal (annual and semi-annual) indicates that the major features of the Mediterranean Sea circulation are driving the highest seasonal variability, and that an eastward propagation exists between the western and eastern basins. While in previous studies the trend of SLV has been modeled as linear, in this study with a longer record of observations we found that a quadratic acceleration term is statistically significant for practically the whole basin, especially in those regions where the trend provides a significant contribution to the SLV. The inclusion of the quadratic acceleration term accounts better for the Mediterranean SLV trend, as the residual low frequency SLV in wintertime is highly correlated with NAO at zero time lag in almost the whole basin. The residual high-frequency signal variability, on the other hand, can be explained by mesoscale phenomena, such as eddies and gyres. Our comprehensive analysis of the Mediterranean SLV provides source observations for monitoring and understanding of both regular and transient phenomena.

Introduction

The altimetric satellites provide accurate data of the sea level variations (SLV) useful for the modeling and understanding of their complex spatial distribution and temporal evolution. For the Mediterranean Sea, which is the target of the present study, altimetry data have been mainly used to study annual and interannual SLV. Several A c c e p t e d M a n u s c r i p t 3 studies based on altimetry data for the period 1993-1999 [START_REF] Cazenave | Recent sea level change in the Mediterranean sea revealed by satellite altimetry[END_REF][START_REF] Cazenave | Sea level variations in the Mediterranean Sea and Black Sea from satellite altimetry and tide gauges[END_REF][START_REF] Fenoglio-Marc | Long-term sea level change in the Mediterranean Sea from multi-satellite altimetry and tide gauges[END_REF]) indicated a sea level drop in the Ionian Sea and a sea level rise in the rest of the Mediterranean (although less pronounced in the Western basin). In all cases the reported trend is linear during the time period. This pattern was found to be highly correlated with the Sea Surface Temperature (SST) and explained in terms of steric height variations.

Extending the period of study to 2003, [START_REF] Vigo | Change of sea level trend in the 520 Mediterranean and Black seas[END_REF] reported a reversal in 1999 of the SLV trend on sub-basin scale, suggesting a change in thermohaline circulation in the eastern Mediterranean, in particular with the ending of the Eastern Mediterranean Transient. Covering the period l993-2005l993- , Criado et al., (2008) ) confirmed this trend change, and detected a negative trend from 2001 onwards in the thermosteric component of the mean Mediterranean SLV computed from the output temperature profiles of ECCO ocean model [START_REF] Stammer | State estimation in modern oceanographic research[END_REF].

In this work we take a step further in the analysis of the Mediterranean SLV extending the time period to more than 16 yearsfrom October 1992 to December 2008, for which multi-satellite altimetric data are available. SLV is locally modeled as a sum of the seasonal (annual + semiannual) component, a linear trend, plus a quadratic term. We show that the quadratic acceleration as part of decadal fluctuation is statistically significant within the studied time span. We shall analyze the contribution of the North Atlantic Oscillation (NAO) to the interannual SLV of the Mediterranean Sea, complementing previous studies by Woolf et al. (2003) and [START_REF] Tsimplis | The forcing of mean sea level variability around Europe[END_REF].

The NAO is the most prominent interannual meteorological fluctuation in the North Atlantic with major impacts on, among others, sea-level in the region especially in the winter [START_REF] Hurrell | Decadal trends in the North Atlantic Oscillation: regional temperatures and precipitation[END_REF], as studied by Tsimplis and Baker (2000), Tsimplis and Josey A c c e p t e d M a n u s c r i p t 4 (2001) for the period of the 1960s through the 1990s. We shall also examine the relationship between the residual high-frequency SLV and Mediterranean mesoscale circulation in space and time, and show how a proper modeling of the SLV trend, including the quadratic term, improves the capability of mapping mesoscale phenomena such as eddies and gyres (e.g. [START_REF] Stammer | Global Characteristics of Ocean Variability Estimated from Regional TOPEX/POSEIDON Altimeter Measurements[END_REF] or subbasin-wide Eddy Kinetic Energy variability [START_REF] Pujol | Mediterranean sea eddy kinetic energy variability from 11 years of altimetric data[END_REF]Pascual et al., 2007).

Data and Mean Sea Level

We study the SLV for the Mediterranean Sea with combined data from several altimetric satellites: ERS-1/2, Topex/Poseidon (T/P), ENVISAT, and Jason-1/Jason 2 (see AVISO release, http://www.aviso.oceanobs.com, 2010). These altimetric data are weekly sea level anomalies at 1/8ºx1/8º grids from October 1992 to December 2008 (16 years), with respect to the CLS01 Mean Sea Surface estimated from 7 years of measurements of T/P (1993)(1994)(1995)(1996)(1997)(1998)(1999), 5 years of ERS-1/2 and 2 years of Geosat. State of the art corrections are applied including ionosphere delay, dry and wet tropospheric corrections, electromagnetic bias, solid and ocean tides, ocean tide loading, pole tide, sea state bias, and instrumental corrections. In addition, the so-called dynamic atmospheric correction is included, undoing the high-frequency (<20 days) response of the ocean to atmospheric pressure and winds given by a 2D-model and the lowfrequency (>20 days) part of the inverted barometer (IB) ocean response to overlying pressure. Gaps in the data of up to 6 weeks in small areas in the Alboran, North Adriatic and Aegean Seas (less than 1% of the total data) have been linearly interpolated. would have different apparent linear trends. Thus, to better account for possible temporal acceleration/deceleration, the trend will be model as the sum of a linear trend plus a quadratic term that represents acceleration when positive or deceleration when negative. Thus, we model the SLV as the following quadratic acceleration model:

 SLV(t)  A a cos( a t  a )  A sa cos( sa t  sa )  B C(t  t )  D(t  t ) 2 (t) (1) 
where  t is the mid-point of the time span,



A a cos( a t   a ) accounts for the annual signal,



A sa cos( sa t   sa ) for the semiannual signal, and (t) is the un-modeled residual term with zero mean. We estimate the parameters in Equation ( 1) by the least-squares procedure. The least-squares estimate for the annual amplitude is 7 cm with corresponding phase equivalent to 278 days, and the semiannual amplitude is 1.05 cm with 130 days for the phase. As a result the minimum and maximum of the seasonal cycle are reached in middle March and middle October, respectively.

[ Figure 1 ] The interannual variation (Figure 1.b) can be described as a linear trend of 0.16 cm/year with a slight quadratic acceleration of -0.063 cm/year^2, superimposed to some high frequency signal that are related to wind-driven water flow through the Gibraltar Strait [START_REF] Fukumori | A near-uniform basin-wide sea level fluctuation of the Mediterranean Sea[END_REF]Garcia et al., 2010). The above seasonal behaviour of the Mediterranean SLV agrees with previous results from altimetry data [START_REF] Cazenave | Recent sea level change in the Mediterranean sea revealed by satellite altimetry[END_REF][START_REF] Fenoglio-Marc | Long-term sea level change in the Mediterranean Sea from multi-satellite altimetry and tide gauges[END_REF][START_REF] Vigo | Change of sea level trend in the 520 Mediterranean and Black seas[END_REF]. It is consistent also with seasonal variability of the Mediterranean circulation as modeled by Rossenov et al.(1995). The major features of the Mediterranean Sea circulation are driving the highest seasonal variability.

Seasonal SLV

Linear trend and quadratic acceleration in SLV

Limited by the available time span, previous studies of spatially averaged SLV for the Mediterranean reported the estimated linear trend at rates between 7± 1.5 mm/year and 2.1 ± 0.6 mm/year depending on the period of study (e.g., [START_REF] Cazenave | Sea level variations in the Mediterranean Sea and Black Sea from satellite altimetry and tide gauges[END_REF][START_REF] Vigo | Change of sea level trend in the 520 Mediterranean and Black seas[END_REF]. Here a longer time span of 16 years of altimetric record allows to detect not only a linear trend but also a quadratic acceleration.

Goodness of fit of the proposed quadratic acceleration model at each location has been measured in terms of R-squared which, in our case, represents the proportion of SLV variability explained by the quadratic fit (for a formal definition of R-squared and its interpretation as measure of model fit see appendix A). As shown in Figure 3, the proposed model describes quite well the variance of the SLVthe proportion of explained variance exceeds 50% for 86% of the region. Note that the small areas of poor fit (small R-squared) all correspond to well-known areas of mesoscale phenomena (see section 6 and Figure 9.b ).

[ Figure 3 ] Again, we observe that for most of the locations the adjusted R-squared value for the A c c e p t e d M a n u s c r i p t quadratic model is greater than that without, favoring the quadratic model, despite the penalty for the larger number of parameters. In particular, the largest gain is for the Ionian Sea and other small regions in the eastern basin. Incidentally, as a simple experiment we tested the analysis adding the 2009 data, and confirmed that cubic terms become significant in addition to quadratic terms, but only for regions where the trend contribution to SLV is negligible (see Figure 5).

[Figure 4] given in Figure 7. Except for 13% of the area (in red) of monotonic rising in SLV and small pockets of apparent drop of SLV (in green, 0.6% of area), the majority 68% of the whole region (in blue) sees rising of SLV at the beginning of the period and then drops due to negative acceleration while 19% of the area (in violet) sees SLV drop first followed by a rise giving the positive acceleration.

[ Figure 7 ] Figure 8 shows the distribution of the range of the SLV (in centimeters) in the quadratic trend (i.e. difference between minimum and maximum values of SLV associated with the linear plus quadratic terms) during the study period, and the epoch at which maximum/minimum is reached. Not surprisingly the largest variations are observed in those areas where the contribution of the trend is more significant. For most of the locations the inversion of the SLV trend curves happens between late 1999 and 2003. The latter is in agreement with previous results reported in [START_REF] Vigo | Change of sea level trend in the 520 Mediterranean and Black seas[END_REF], who observed an SLV change in late 1999 from dropping to rising in the Ionian Sea and the opposite in the Levantine, Adriatic and Aegean Basins. There are a few areas where the inversion is observed at the very beginning of the period or at the very end.

[ Figure 8 ] SLV is reached, for the convex (upward and downward) trends. Areas where the trend is monotonic (increasing or decreasing) are represented in white.

Interannual SLV and NAO

North Atlantic Oscillation (NAO) is a leading mode of climatic variability in the Northern oceans through ocean-atmosphere interactions. Several studies have demonstrated the influence of the NAO on the SLV around Europe [START_REF] Tsimplis | Forcing of the Mediterranean Sea by atmospheric oscillations over the North Atlantic[END_REF]Woolf et al., 2003). Over the past several decades NAO has been mostly in the state of strong warming and wetter-than-normal conditions over much of northern A c c e p t e d M a n u s c r i p t

Europe, while colder and drier conditions have prevailed over much of southern Europe and northern Africa [START_REF] Hurrell | Decadal trends in the North Atlantic Oscillation: regional temperatures and precipitation[END_REF]Deser, 2009). In this section we investigate the relationship of the Mediterranean SLV with NAO, the latter in terms of the NAO Index (NAOI) defined as the time series of the primary mode from a Rotated We only concentrate on the extended wintertime from December to March, when NAO influence is the strongest. High correlation of NAO with non-seasonal Mediterranean SLV was already reported in previous studies but using different observables and for different time periods (e.g., [START_REF] Tsimplis | Forcing of the Mediterranean Sea by atmospheric oscillations over the North Atlantic[END_REF][START_REF] Tsimplis | The forcing of mean sea level variability around Europe[END_REF]Woolf et al., 2003).

Although the IB correction (the hydrostatic effects of atmospheric pressure loading) has been applied to the data, it is known that significant departures from IB can be observed over restricted seas or basin such as the Mediterranean Sea for periods shorter than 6-10 months [START_REF] Le Traon | Response of the Mediterranean sea level to atmospheric pressure forcing[END_REF]. Nevertheless, the discrepancy becomes negligible as far as interannual SLV are concerned. The response of the Mediterranean to NAO can be attributed in part to both the southern node of the pressure dipole and to the effect of NAO on surface fluxes (Tsimplis and Baker, 2000;[START_REF] Tsimplis | Forcing of the Mediterranean Sea by atmospheric oscillations over the North Atlantic[END_REF]Woolf et al., 2003). SLV in the basin represents a response to changes in the surface pressure associated with the reversal of the NAO state. It has also been linked in 1992(Klein et al., 2000;;Roether et al., 1996), with the change in the freshwater flux in the basin caused by the consistently stronger NAO during the 1990s [START_REF] Tsimplis | Forcing of the Mediterranean Sea by atmospheric oscillations over the North Atlantic[END_REF]. The demostrated influence of NAO in the circulation of the northwestern Mediterranean Sea (Vignudelli et al., 1999) establishes the basis of the connection between NAO and the recent changes in both the Mediterranean SLV and thermohaline circulations.

Residual high-frequency SLV and EKE

Besides the NAO-related interannual SLV variability, Figure 11.a presents the map of the standard deviation of the high-frequency residual SLV after removal of all the fitted signals above from Equation 1. The generally low residual values mean that the fit does explain most of the SLV signal power, but there remain a few isolated locations showing remaining but significant high-frequency signals, most of which correspond to well-known regions of mesoscale phenomena which play an important role in the formation and spreading of water masses in the Mediterranean Sea [START_REF] Alhammoud | Surface circulation of the Levantine Basin: comparison of model results with obser vations[END_REF]Demirov and Pinardi, 2006;[START_REF] Millot | Circulation in the Mediterranean Sea[END_REF]. Figure 11.b shows the geographical distribution of the mean Eddy Kinetic Energy (EKE) derived from the geostrophic currents from SLV, as distributed by Aviso:

EKE(t) = 1/2 [ U²(t) + V²(t) ] (2) 
where U(t) and V(t) are respectively the meridional and zonal geostrophic velocities as functions of time. This result is in agreement with those discussed in detail in the work by [START_REF] Pujol | Mediterranean sea eddy kinetic energy variability from 11 years of altimetric data[END_REF], where EKE maps were deduced from altimetry data but using the standard deviation of the original SLV as opposed to that of the residual SLV (as we did here) which we argue to be more effective. For example, we found that the Similarity between the two maps in Figure 11 (with spatial correlation of 0.80) evidences that the residual high-frequency SLV variability is mainly driven by the mesoscale oceanic phenomena, such as eddies and gyres. For the period of study, accumulation of eddies are particularly prominent in the west Levantine and the east Algerian subbasins as well as the gyres in the Alboran Sea, and, to a lesser extent, the central Ionian, the east Levantine subbasin, and around the Balearic Islands.

Thus, the eddy evolution in time and space can be studied from the residual SLV. In 

Conclusions

We conduct a comprehensive study of the sea-level variation (SLV) of the Mediterranean Sea using satellite radar altimeter data for the period October 1992-December 2008. We identify the signals in terms of their geographical distribution and temporal evolution, and found that:

(1) After removing the seasonal signal, the temporal trend including the quadratic acceleration of the mean sea level displays an overall increase of 2.6 cm in the study period, peaking at mid-June 2003 by 3.6 cm and then dropping 1 cm from there till the end of 2008. This change is not consistent with the global SLV that has been rising at a rate of 3.0 -3.5 mm/yr since 1992 (e.g., [START_REF] Ablain | A new assessment of global mean sea level from altimeters highlights a reduction of global slope from 2005 to 2008 in agreement with in-situ measurements[END_REF][START_REF] Beckley | A reassessment of global rise and regional mean sea level trends from TOPEX and Jason-1 altimetry based on revised reference frame and orbits[END_REF][START_REF] Leuliette | Results of TOPEX/Poseidon and Jason-1 Calibration to Construct a Continuous Record of Mean Sea Level[END_REF]. This different behavior indicates that being a semi-enclosed basin the Mediterranean does not respond linearly to the influences of the open ocean on the timescale in question. In fact, previous studies have shown that the mass contribution to the Mediterranean SLV has been decreasing from [START_REF] Montogomery | Introduction to Linear Regression Analysis[END_REF][START_REF] García-García | Steric and mass-induced sea level variations in the Mediterranean Sea revisited[END_REF], despite the increasing mass contribution in the global ocean [START_REF] Ablain | A new assessment of global mean sea level from altimeters highlights a reduction of global slope from 2005 to 2008 in agreement with in-situ measurements[END_REF].

( (3) The linear temporal trends and a quadratic acceleration in the SLV are found to be significant in general. Analyzing the statistical contribution of each component of the model we found that despite the fact that for most of the Mediterranean region the seasonal component explains most of the variability, for those regions where the trend provides a significant contribution to the SLV, the long-term trend is subject to a quadratic acceleration. These results are not in general agreement with previous studies where only a linear trend (for a shorter time span) is estimated.

(4) The interannual signal in the mean Mediterranean SLV is highly correlated with NAO with no significant time lag. We have studied the geographical distribution of the correlation between residual SLV (non-seasonal and detrended) and -NAOI at zero lag, and the SLV sensitivity to NAO, finding a statistically significant sensitivity to NAO in almost the whole basin.

(5) The residual high-frequency signals can be explained by mesoscale phenomena, such as eddies and gyres. Our study suggests that a proper modeling of the deterministic component of SLV might provide a useful tool to study the evolution in time and space of mesoscale structures, considering zonal and meridional profiles of residual SLV at the center of the structure of interest.

Validation and Interpretation of Satellite Oceanographic data) project for providing the altimetry products used in this analysis.

Appendix A

Consider a linear regression model and suppose that a sample of n units has been observed. .

Let

The R-squared can be interpreted as a measure of model fit, it represents the proportion of response variation explained by the model. However R-square is not suitable for comparing models since addition of independent variables (regressors) to a fitted model will generally increase (and will never decrease) the R-square so that complex models would always be preferred to simpler models. This is why in the analysis the comparison of the quadratic and linear model was based on the adjusted R squared, defined as (see, for example, Montogomery, Peck, and Vining G. G. page 90):  The residual high-frequency signal variability is explained by mesoscale phenomena.

 Adjusted R 2  1 (1 R 2 )  n 1 n  p  1 SSE SST  n 1 n  p (3)
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  Figure 10.b shows the sensitivity map of SLV to NAO as the regression coefficient for

  the Eastern Mediterranean Transient (EMT) that occurred between 1987 and

  Figure 11. (a) Standard deviation of our processed residual SLV; and (b) Mean EKE
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 12 Figure 12 we show the N-S latitudinal profile along longitude 26.5º E, and the E-W

  ) The seasonal component explains most of the SLV variability. The geographical distribution of the annual and semi-annual signals are obtained. The western basin reaches its annual maximum in early autumn, anticipating the eastern basin by two weeks and the Adriatic by 4 weeks. In the semiannual signal an eastward propagation over a span of 80 days exists between the western and eastern basins, the latter reaching maximum in May.

  s c r i p t where p is the number of parameters in the model. As shown in (3) the adjusted R-square is also a measure of model fit but includes a penalty for the number of parameters in the model. Thus given two nested models the complex model is preferred to the simpler model only if the gain in model fit for adding extra parameters is superior to the penalty for the large number of parameters. As it can be seen in Figure4.b the difference in adjusted Rsquared for the linear and quadratic model is not always positive but can be negative too.
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  y i be the value the response variable in the i-th individual,The R-squared is defined as (see, for example,Montogomery, Peck, and Vining G. G. page 
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