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 23 

Abstract 24 

 25 

Sixteen years of satellite radar altimeter data are analyzed to investigate the sea-26 

level variation (SLV) of the Mediterranean Sea. The time evolution of the overall mean 27 

sea level of the Mediterranean Sea follows its own regional dynamics. The geographical 28 

distribution of the seasonal signal (annual and semi-annual) indicates that the major 29 

features of the Mediterranean Sea circulation are driving the highest seasonal 30 

variability, and that an eastward propagation exists between the western and eastern 31 

basins. While in previous studies the trend of SLV has been modeled as linear, in this 32 

study with a longer record of observations we found that a quadratic acceleration term is 33 

statistically significant for practically the whole basin, especially in those regions where 34 

the trend provides a significant contribution to the SLV. The inclusion of the quadratic 35 

acceleration term accounts better for the Mediterranean SLV trend, as the residual low 36 

frequency SLV in wintertime is highly correlated with NAO at zero time lag in almost 37 

the whole basin. The residual high-frequency signal variability, on the other hand, can 38 

be explained by mesoscale phenomena, such as eddies and gyres. Our comprehensive 39 

analysis of the Mediterranean SLV provides source observations for monitoring and 40 

understanding of both regular and transient phenomena. 41 

 42 

1. Introduction 43 

 44 

The altimetric satellites provide accurate data of the sea level variations (SLV) 45 

useful for the modeling and understanding of their complex spatial distribution and 46 

temporal evolution. For the Mediterranean Sea, which is the target of the present study, 47 

altimetry data have been mainly used to study annual and interannual SLV. Several 48 
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studies based on altimetry data for the period 1993-1999 (Cazenave et al., 2001, 2002; 49 

Fenoglio-Marc, 2002) indicated a sea level drop in the Ionian Sea and a sea level rise in 50 

the rest of the Mediterranean (although less pronounced in the Western basin). In all 51 

cases the reported trend is linear during the time period. This pattern was found to be 52 

highly correlated with the Sea Surface Temperature (SST) and explained in terms of 53 

steric height variations. 54 

 55 

Extending the period of study to 2003, Vigo et al. (2005) reported a reversal in 1999 56 

of the SLV trend on sub-basin scale, suggesting a change in thermohaline circulation in 57 

the eastern Mediterranean, in particular with the ending of the Eastern Mediterranean 58 

Transient. Covering the period l993-2005, Criado et al., (2008) confirmed this trend 59 

change, and detected a negative trend from 2001 onwards in the thermosteric 60 

component of the mean Mediterranean SLV computed from the output temperature 61 

profiles of ECCO ocean model (Stammer et al., 2002).  62 

In this work we take a step further in the analysis of the Mediterranean SLV 63 

extending the time period to more than 16 years – from October 1992 to December 64 

2008, for which multi-satellite altimetric data are available. SLV is locally modeled as a 65 

sum of the seasonal (annual + semiannual) component, a linear trend, plus a quadratic 66 

term. We show that the quadratic acceleration as part of decadal fluctuation is 67 

statistically significant within the studied time span. We shall analyze the contribution 68 

of the North Atlantic Oscillation (NAO) to the interannual SLV of the Mediterranean 69 

Sea, complementing previous studies by Woolf et al. (2003) and Tsimplis et al. (2008). 70 

The NAO is the most prominent interannual meteorological fluctuation in the North 71 

Atlantic with major impacts on, among others, sea-level in the region especially in the 72 

winter (Hurrell, 1995), as studied by Tsimplis and Baker (2000), Tsimplis and Josey 73 
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(2001) for the period of the 1960s through the 1990s. We shall also examine the 74 

relationship between the residual high-frequency SLV and Mediterranean mesoscale 75 

circulation in space and time, and show how a proper modeling of the SLV trend, 76 

including the quadratic term, improves the capability of mapping mesoscale phenomena 77 

such as eddies and gyres (e.g. Stammer, 1997) or subbasin-wide Eddy Kinetic Energy 78 

variability (Pujol and Larnicol, 2005; Pascual et al., 2007).  79 

 80 

2.  Data and Mean Sea Level 81 

 82 

We study the SLV for the Mediterranean Sea with combined data from several 83 

altimetric satellites: ERS-1/2, Topex/Poseidon (T/P), ENVISAT, and Jason-1/Jason 2 84 

(see AVISO release, http://www.aviso.oceanobs.com, 2010). These altimetric data are 85 

weekly sea level anomalies at 1/8ºx1/8º grids from October 1992 to December 2008 (16 86 

years), with respect to the CLS01 Mean Sea Surface estimated from 7 years of 87 

measurements of T/P (1993-1999), 5 years of ERS-1/2 and 2 years of Geosat. State of 88 

the art corrections are applied including ionosphere delay, dry and wet tropospheric 89 

corrections, electromagnetic bias, solid and ocean tides, ocean tide loading, pole tide, 90 

sea state bias, and instrumental corrections. In addition, the so-called dynamic 91 

atmospheric correction is included, undoing the high-frequency (<20 days) response of 92 

the ocean to atmospheric pressure and winds given by a 2D-model and the low-93 

frequency (>20 days) part of the inverted barometer (IB) ocean response to overlying 94 

pressure. Gaps in the data of up to 6 weeks in small areas in the Alboran, North Adriatic 95 

and Aegean Seas (less than 1% of the total data) have been linearly interpolated.  96 

 97 

Figure 1.a presents the spatial mean of the Mediterranean SLV as a function of time, 98 

which clearly indicates a strong seasonal signal composed of annual and semi-annual 99 

http://www.aviso.oceanobs.com/
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terms, as well as interannual variability. The non-seasonal variation, after the 100 

seasonality has been subtracted, in Figure 1.b demonstrates how different time periods 101 

would have different apparent linear trends. Thus, to better account for possible 102 

temporal acceleration/deceleration, the trend will be model as the sum of a linear trend 103 

plus a quadratic term that represents acceleration when positive or deceleration when 104 

negative.  Thus, we model the SLV as the following quadratic acceleration model: 105 



SLV(t)  A
a

cos(
a
t 

a
) A

sa
cos(

sa
t 

sa
)BC(t  t )D(t  t )2 (t)

      
(1) 

 
106 

where 



t  is the mid-point of the time span, 



Aa cos(at a)  accounts for the annual 107 

signal,



Asa cos(sat sa)  for the semiannual signal, and (t) is the un-modeled residual 108 

term with zero mean. We estimate the parameters in Equation (1) by the least-squares 109 

procedure. The least-squares estimate for the annual amplitude is 7 cm with 110 

corresponding phase equivalent to 278 days, and the semiannual amplitude is 1.05 cm 111 

with 130 days for the phase. As a result the minimum and maximum of the seasonal 112 

cycle are reached in middle March and middle October, respectively.  113 

 114 

[ Figure 1 ] 115 

Figure 1. (a) Mediterranean mean SLV time series; (b) non-seasonal signal of (a).  116 

 117 

The interannual variation (Figure 1.b) can be described as a linear trend of 0.16 cm/year 118 

with a slight quadratic acceleration of -0.063 cm/year^2, superimposed to some high 119 

frequency signal that are related to wind-driven water flow through the Gibraltar Strait 120 

(Fukumori et al., 2007; Garcia et al., 2010). 121 

 122 

3.  Seasonal SLV 123 

 124 
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We least-squares fit at each grid location a quadratic model similar to Equation (1). 125 

The estimated annual amplitudes and phases “maps” are shown in Figure 2. The 126 

amplitudes of the annual cycle (Figure 2.a) vary from 4 to 11 cm, except for a small 127 

area of value around 16 cm at the south-east of Crete corresponding to the Ierapetra 128 

gyre activity. High variability is also associated with the two gyres in the Alboran Sea 129 

corresponding to the two foci of amplitude around 8 and 12 cm, and the Bonifacio Gyre 130 

at the southeast of Corsica. On the other hand lower variability is observed in the Gulf 131 

of Lion and the eastern basin at the Adriatic and Aegean Seas, where winter cooling 132 

produces the deep water in the western and eastern Mediterranean, respectively.    133 

[ Figure 2 ] 134 

Figure 2. Seasonal component of SLV: a) annual amplitude; b) annual phase; c) 135 

semiannual amplitude; d) semiannual phase. 136 

 137 

The annual phase map (Figure 2.b) shows that the western basin reaches its annual 138 

maximum in late September, anticipating the eastern basin by approximately two weeks 139 

and the Adriatic by 4 weeks. This pattern evokes the pattern of circulation of the 140 

Atlantic water into the Mediterranean Sea as provided by Millot et al., (2005). Thus, it 141 

suggests that the redistribution of the Atlantic water influences the annual cycle to a 142 

certain extent, reaching the maximum progressively in time depending on the distance 143 

from the Gibraltar Strait.  144 

 145 

For most of the Mediterranean Sea the semiannual amplitude (Figure 2.c) is small 146 

except for isolated pockets where it reaches values close to 3 cm (e.g., south of 147 

Peloponnesus peninsula, southeast of Sicily, in the Gulf of Lyon and some location in 148 

the Alboran Sea). In terms of the semiannual phase (Figure 2.d), an abrupt phase change 149 
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between western and eastern Mediterranean is shown, reaching the latter with maximum 150 

in May.  151 

The above seasonal behaviour of the Mediterranean SLV agrees with previous 152 

results from altimetry data (Cazenave et al., 2001, Fenoglio et al., 2002, Vigo et al., 153 

2005). It is consistent also with seasonal variability of the Mediterranean circulation as 154 

modeled by Rossenov et al.(1995). The major features of the Mediterranean Sea 155 

circulation are driving the highest seasonal variability. 156 

 157 

4. Linear trend and quadratic acceleration in SLV 158 

 159 

Limited by the available time span, previous studies of spatially averaged SLV for 160 

the Mediterranean reported the estimated linear trend at rates between 7± 1.5 mm/year 161 

and 2.1 ± 0.6 mm/year depending on the period of study (e.g., Cazenave et al., 2002; 162 

Vigo et al., 2005). Here a longer time span of 16 years of altimetric record allows to 163 

detect not only a linear trend but also a quadratic acceleration.  164 

Goodness of fit of the proposed quadratic acceleration model at each location has 165 

been measured in terms of R-squared which, in our case, represents the proportion of 166 

SLV variability explained by the quadratic fit (for a formal definition of R-squared and 167 

its interpretation as measure of model fit see appendix A).  As shown in Figure 3, the 168 

proposed model describes quite well the variance of the SLV – the proportion of 169 

explained variance exceeds 50% for 86% of the region. Note that the small areas of poor 170 

fit (small R-squared) all correspond to well-known areas of mesoscale phenomena (see 171 

section 6 and Figure 9.b ).  172 

 173 

[ Figure 3 ] 174 

Figure 3. R-squared value for the quadratic trend model fitted at each grid location  175 
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 176 

The use of the quadratic acceleration model raises the question as to whether or not 177 

it is worthwhile to include a quadratic acceleration term in modeling SLV. We 178 

addressed the statistical significance of the quadratic acceleration term by comparing at 179 

each location the SLV variance explained by the quadratic model with the 180 

corresponding variance explained by the model without the quadratic term, properly 181 

accounting for the number of free parameters in the two models by means of a F-test 182 

(see Draper and Smith, section 2.7 page 97).  For each location we obtained the value of 183 

the statistic for extra sum of squares, F, which is a measure of the extra sum of squares 184 

(explained variance) due to the inclusion of the quadratic acceleration term. A “large” 185 

value of the F statistic at a certain location indicates that for that location the extra sum 186 

of squares due to the inclusion of the quadratic term is significantly large and the 187 

quadratic term should be included in the model. The results are shown in Figure 4.a. It 188 

can be observed that for more than the 80% of the region the quadratic acceleration term 189 

is statistically significant. This means that at most locations the quadratic model should 190 

be preferred over just the linear trend model.  191 

A comparison of the two models can also be performed by comparing the adjusted 192 

R-squared (see appendix A) of the models at each location. The adjusted R-square is 193 

also a measure of model fit but includes a penalty for the number of parameters in the 194 

model (comparison of the two models based on R-squared would be meaningless since 195 

R-squared, by definition, would always select the more complex model). For a formal 196 

definition of adjusted R-square and its interpretation as measure of model fit and model 197 

comparison see appendix A. Figure 4.b shows the difference at each location between 198 

the adjusted R-squared values for the two models (with and without the quadratic term).  199 

Again, we observe that for most of the locations the adjusted R-squared value for the 200 
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quadratic model is greater than that without, favoring the quadratic model, despite the 201 

penalty for the larger number of parameters. In particular, the largest gain is for the 202 

Ionian Sea and other small regions in the eastern basin. Incidentally, as a simple 203 

experiment we tested the analysis adding the 2009 data, and confirmed that cubic terms 204 

become significant in addition to quadratic terms, but only for regions where the trend 205 

contribution to SLV is negligible (see Figure 5).  206 

 207 

[Figure 4] 208 

Figure 4. (a) F test for the statistical significance of the quadratic acceleration term. 209 

Locations where the quadratic term is significant at the significant level of 0.05 are in 210 

red.  (b) Difference between the adjusted R-squared values with and without the 211 

quadratic acceleration term.  212 

 213 

Figure 5 shows the contribution to the explained SLV variance of the seasonal and 214 

the quadratic term. The seasonal contribution is obtained as the ratio of the variance of 215 

SLV predicted by the estimated quadratic model to that of SLV predicted by the 216 

seasonal component of the estimated quadratic acceleration model. The trend 217 

contribution is measured as the difference between the estimated SLV variance and the 218 

seasonal contribution. It can be seen that the seasonal component explains most of the 219 

estimated SLV variability in areas where the linear trend and quadratic models perform 220 

almost equally well. For those regions where the trend provides a significant 221 

contribution to the SLV, the linear trend is inferior to a quadratic acceleration. 222 

[Figure 5] 223 

Figure 5. Contribution to the explained SLV variance of: (a) the seasonal component 224 

(annual + semiannual), and (b) the trend component of the quadratic acceleration model. 225 
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 226 

Combining the information in the linear trends and quadratic accelerations maps 227 

(shown in Figure 6) we find that, in agreement with Figure 4.b and 5, for most of the 228 

Mediterranean region linear and quadratic terms are close to zero and the trend 229 

component has a negligible contribution to SLV variability (dark blue area in Figure 230 

5.b). The highest values of acceleration are observed in the Ionian Sea where the 231 

(negative) linear trend is also high in absolute value. As a result the trend component in 232 

the Ionian is very strong and can be described by a (negative) linear trend with 233 

(positive) quadratic acceleration. Large (positive) values for the linear trend are also 234 

observed south of the Peloponnesus peninsula where the acceleration term is close to 235 

zero.  236 

[ Figure 6 ] 237 

Figure 6. Mediterranean SLV maps of: (a) linear trends, and (b) quadratic 238 

accelerations as estimated by the quadratic acceleration model. 239 

 240 

The geographical distribution of various trending of SLV in the Mediterranean is 241 

given in Figure 7. Except for 13% of the area (in red) of monotonic rising in SLV and 242 

small pockets of apparent drop of SLV (in green, 0.6% of area), the majority 68% of the 243 

whole region (in blue) sees rising of SLV at the beginning of the period and then drops 244 

due to negative acceleration while 19% of the area (in violet) sees SLV drop first 245 

followed by a rise giving the positive acceleration. 246 

[ Figure 7 ] 247 

Figure 7. Geographical distribution of various trend curves of SLV observed in the 248 

Mediterranean Sea. Four types of trend are observed: convex upward (in violet, SLV 249 
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drops first and then rises); convex downward (in blue, SLV first rises and then drops); 250 

monotonic increasing (in red); and monotonic decreasing (in green).  251 

 252 

Figure 8 shows the distribution of the range of the SLV (in centimeters) in the 253 

quadratic trend (i.e. difference between minimum and maximum values of SLV 254 

associated with the linear plus quadratic terms) during the study period, and the epoch at 255 

which maximum/minimum is reached. Not surprisingly the largest variations are 256 

observed in those areas where the contribution of the trend is more significant. For most 257 

of the locations the inversion of the SLV trend curves happens between late 1999 and 258 

2003. The latter is in agreement with previous results reported in Vigo et al., (2005), 259 

who observed an SLV change in late 1999 from dropping to rising in the Ionian Sea and 260 

the opposite in the Levantine, Adriatic and Aegean Basins. There are a few areas where 261 

the inversion is observed at the very beginning of the period or at the very end. 262 

[ Figure 8 ] 263 

Figure 8. (a) The distribution of the range of the SLV (in centimeters) in the 264 

quadratic trend during the study period; (b) the epoch at which maximum/minimum 265 

SLV is reached, for the convex (upward and downward) trends. Areas where the trend is 266 

monotonic (increasing or decreasing) are represented in white. 267 

 268 

5. Interannual SLV and NAO 269 

 270 

North Atlantic Oscillation (NAO) is a leading mode of climatic variability in the 271 

Northern oceans through ocean-atmosphere interactions. Several studies have 272 

demonstrated the influence of the NAO on the SLV around Europe (Tsimplis and Josey, 273 

2001; Woolf et al., 2003). Over the past several decades NAO has been mostly in the 274 

state of strong warming and wetter-than-normal conditions over much of northern 275 
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Europe, while colder and drier conditions have prevailed over much of southern Europe 276 

and northern Africa (Hurrell, 1995, Hurrell and Deser, 2009). In this section we 277 

investigate the relationship of the Mediterranean SLV with NAO, the latter in terms of 278 

the NAO Index (NAOI) defined as the time series of the primary mode from a Rotated 279 

Principal Component Analysis of the mean standardized 500-mb height anomalies 280 

(provided by the Climate Prediction Center of NOAA, 281 

http://www.cpc.noaa.gov/data/teledoc/teleindcalc.shtml).  282 

We only concentrate on the extended wintertime from December to March, when 283 

NAO influence is the strongest. Figure 9.a compares the NAOI time series (actually the 284 

negative of NAOI according to the usual convention) with the mean non-seasonal SLV 285 

for the extended wintertime; Figure 9.b presents the cross-correlation function between 286 

the two time series as a function of time lag of SLV versus –NAOI. 287 

[ Figure 9 ] 288 

Figure 9. Extended wintertime only: (a) Mean SLV versus –NAOI (zero lag); (b) 289 

cross correlation function between mean SLV and –NAOI time series. 290 

 291 

The correlation coefficient (at zero time lag) reaches 0.61 and is statistically 292 

significant at the significance level 0.01 (p-value < 0.001 with 95% confidence interval 293 

[0.43, 0.74] at 62 degrees of freedom). The R-squared is 0.37, which means that after 294 

removing the seasonal signal, NAO nominally explains 37% of the mean sea level 295 

variance.  296 

Geographical details of the above relationship between NAO and non-seasonal and 297 

detrended residual wintertime SLV are given in Figure 10. Figure 10.a shows the zero-298 

lag correlation map. In general, sea level is lower in NAOI positive winters. To describe 299 

the influence of NAO on SLV we have regress wintertime residual SLV on –NAOI. 300 

http://www.cpc.noaa.gov/data/teledoc/teleindcalc.shtml
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Figure 10.b shows the sensitivity map of SLV to NAO as the regression coefficient for 301 

the –NAOI. Note that the influence of NAO progressively increases from west to east 302 

over the Mediterranean Sea. 303 

 304 

 [ Figure 10 ] 305 

Figure 10. Geographical distribution of the correlation between –NAOI and non-306 

seasonal detrended residual SLV: (a) zero-lag correlation map; (b) sensitivity map for 307 

the regression of residual SLV on –NAOI.  308 

 309 

Comparison of correlation maps of –NAOI with residual SLV separately for the 310 

quadratic acceleration model and the linear trend model (maps not shown) indicates that 311 

the correlation increases notably when the quadratic term is adopted compared with 312 

otherwise. 313 

High correlation of NAO with non-seasonal Mediterranean SLV was already 314 

reported in previous studies but using different observables and for different time 315 

periods (e.g., Tsimplis and Josey, 2001; Tsimplis and Shaw, 2008; Woolf et al., 2003). 316 

Although the IB correction (the hydrostatic effects of atmospheric pressure loading) has 317 

been applied to the data, it is known that significant departures from IB can be observed 318 

over restricted seas or basin such as the Mediterranean Sea for periods shorter than 6-10 319 

months (Le Traon and Gauzelin, 1997). Nevertheless, the discrepancy becomes 320 

negligible as far as interannual SLV are concerned. The response of the Mediterranean 321 

to NAO can be attributed in part to both the southern node of the pressure dipole and to 322 

the effect of NAO on surface fluxes (Tsimplis and Baker, 2000; Tsimplis and Josey, 323 

2001; Woolf et al., 2003). SLV in the basin represents a response to changes in the 324 

surface pressure associated with the reversal of the NAO state. It has also been linked in 325 
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the past to the Eastern Mediterranean Transient (EMT) that occurred between 1987 and 326 

1992 (Klein et al., 2000; Roether et al., 1996), with the change in the freshwater flux in 327 

the basin caused by the consistently stronger NAO during the 1990s (Tsimplis and 328 

Josey, 2001). The demostrated influence of NAO in the circulation of the northwestern 329 

Mediterranean Sea (Vignudelli et al., 1999) establishes the basis of the connection 330 

between NAO and the recent changes in both the Mediterranean SLV and thermohaline 331 

circulations.  332 

 333 

6. Residual high-frequency SLV and EKE 334 

 335 

Besides the NAO-related interannual SLV variability, Figure 11.a presents the map 336 

of the standard deviation of the high-frequency residual SLV after removal of all the 337 

fitted signals above from Equation 1. The generally low residual values mean that the fit 338 

does explain most of the SLV signal power, but there remain a few isolated locations 339 

showing remaining but significant high-frequency signals, most of which correspond to 340 

well-known regions of mesoscale phenomena which play an important role in the 341 

formation and spreading of water masses in the Mediterranean Sea (Alhammoud et al., 342 

2005; Demirov and Pinardi, 2006; Millot and Taupier-Letage, 2005). Figure 11.b shows 343 

the geographical distribution of the mean Eddy Kinetic Energy (EKE) derived from the 344 

geostrophic currents from SLV, as distributed by Aviso: 345 

EKE(t) = 1/2 [ U²(t) + V²(t) ]                                (2) 346 

where U(t) and V(t) are respectively the meridional and zonal geostrophic velocities as 347 

functions of time. This result is in agreement with those discussed in detail in the work 348 

by Pujol and Larnicol (2005), where EKE maps were deduced from altimetry data but 349 

using the standard deviation of the original SLV as opposed to that of the residual SLV 350 

(as we did here) which we argue to be more effective. For example, we found that the 351 
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Ionian Sea has very high SLV standard deviations only because of the seasonal and 352 

strong trend signals, with almost no accumulation of EKE (see Figure 11.b).   353 

[ Figure 11 ] 354 

Figure 11. (a) Standard deviation of our processed residual SLV; and (b) Mean EKE 355 

in the Mediterranean Sea according to AVISO. 356 

 357 

Similarity between the two maps in Figure 11 (with spatial correlation of 0.80) 358 

evidences that the residual high-frequency SLV variability is mainly driven by the 359 

mesoscale oceanic phenomena, such as eddies and gyres. For the period of study, 360 

accumulation of eddies are particularly prominent in the west Levantine and the east 361 

Algerian subbasins as well as the gyres in the Alboran Sea, and, to a lesser extent, the 362 

central Ionian, the east Levantine subbasin, and around the Balearic Islands.    363 

Thus, the eddy evolution in time and space can be studied from the residual SLV. In 364 

Figure 12 we show the N-S latitudinal profile along longitude 26.5º E, and the E-W 365 

Longitudinal profile along latitude 34.25º N as a function of time, corresponding to the 366 

Ierapetra gyre southeast of Crete. The residual SLV at this location fluctuates with 367 

amplitudes range more than 60 cm. During 1999 when SLV showed a stable positive 368 

anomaly higher than 15 cm, the Ierapetra gyre moved southwest-ward. On the other 369 

hand, a notable increase in the size of the gyre can be seen in early 2003 -- after a more 370 

or less stable behaviour in 2002 the gyre increased by three-fold its diameter in 371 

longitude and doubles in latitude in the first half of 2003.  372 

 [ Figure 12 ] 373 

Figure 12. Time profiles of the residual SLV along longitude 26.5º E and latitude 374 

34.25º N.  375 

 376 
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7. Conclusions  377 

 378 

We conduct a comprehensive study of the sea-level variation (SLV) of the 379 

Mediterranean Sea using satellite radar altimeter data for the period October 1992-380 

December 2008. We identify the signals in terms of their geographical distribution and 381 

temporal evolution, and found that: 382 

 383 

(1) After removing the seasonal signal, the temporal trend including the quadratic 384 

acceleration of the mean sea level displays an overall increase of 2.6 cm in the study 385 

period, peaking at mid-June 2003 by 3.6 cm and then dropping 1 cm from there till the 386 

end of 2008. This change is not consistent with the global SLV that has been rising at a 387 

rate of 3.0 - 3.5 mm/yr since 1992 (e.g., Ablain et al. 2009; Beckley et al. 2007, 388 

Leuliette et al., 2004). This different behavior indicates that being a semi-enclosed basin 389 

the Mediterranean does not respond linearly to the influences of the open ocean on the 390 

timescale in question. In fact, previous studies have shown that the mass contribution to 391 

the Mediterranean SLV has been decreasing from 2006 (García et al., 2010), despite the 392 

increasing mass contribution in the global ocean (Cazenave et al., 2009).  393 

 394 

(2) The seasonal component explains most of the SLV variability. The geographical 395 

distribution of the annual and semi-annual signals are obtained. The western basin 396 

reaches its annual maximum in early autumn, anticipating the eastern basin by two 397 

weeks and the Adriatic by 4 weeks. In the semiannual signal an eastward propagation 398 

over a span of 80 days exists between the western and eastern basins, the latter reaching 399 

maximum in May.  400 

 401 
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(3) The linear temporal trends and a quadratic acceleration in the SLV are found to 402 

be significant in general. Analyzing the statistical contribution of each component of the 403 

model we found that despite the fact that for most of the Mediterranean region the 404 

seasonal component explains most of the variability, for those regions where the trend 405 

provides a significant contribution to the SLV, the long-term trend is subject to a 406 

quadratic acceleration. These results are not in general agreement with previous studies 407 

where only a linear trend (for a shorter time span) is estimated.  408 

 409 

(4) The interannual signal in the mean Mediterranean SLV is highly correlated with 410 

NAO with no significant time lag. We have studied the geographical distribution of the 411 

correlation between residual SLV (non-seasonal and detrended) and –NAOI at zero lag, 412 

and the SLV sensitivity to NAO, finding a statistically significant sensitivity to NAO in 413 

almost the whole basin.  414 

 415 

(5) The residual high-frequency signals can be explained by mesoscale phenomena, 416 

such as eddies and gyres. Our study suggests that a proper modeling of the deterministic 417 

component of SLV might provide a useful tool to study the evolution in time and space 418 

of mesoscale structures, considering zonal and meridional profiles of residual SLV at 419 

the center of the structure of interest. 420 

 421 

 422 

Acknowledgments 423 

This work was partly funded by the Spanish Ministry of Education and Science under 424 

the research project AYA2009-07981, and the Geophysics Program of the National 425 

Science Council of Taiwan. Authors would like to acknowledge the AVISO (Archiving 426 



Page 18 of 35

Acc
ep

te
d 

M
an

us
cr

ip
t

 18 

Validation and Interpretation of Satellite Oceanographic data) project for providing the 427 

altimetry products used in this analysis. 428 

 429 

Appendix A  430 

Consider a linear regression model and suppose that a sample of n units has been observed.  431 

Let  



yi be the value the response variable in the i-th individual, 



ˆ y i the corresponding value 432 

estimated from the model, and 



y   the sample mean for the response variable.  Let SST, 433 

SSR and SSE be the total, residual and explained sum of squares, 434 

2 2 2

1 1 1

ˆ ˆ( ) ;         ( ) ;        ( )
n n n

i i i i

i i i

SST y y SSR y y SSE y y
  

       
 435 

The R-squared is defined as (see, for example, Montogomery, Peck, and Vining G. G. page 436 

39) : 437 



R2 1
SSE

SST


SSR

SST
.  438 

The R-squared can be interpreted as a measure of model fit, it represents the proportion of 439 

response variation explained by the model. However R-square is not suitable for 440 

comparing models since addition of independent variables (regressors)  to a fitted model 441 

will generally increase (and will never decrease) the R-square so that complex models 442 

would always be preferred to simpler models. This is why in the analysis the comparison 443 

of the quadratic and linear model was based on the adjusted R squared, defined as (see, for 444 

example, Montogomery, Peck, and Vining G. G. page 90): 445 

 



Adjusted R2 1 (1 R2) 
n 1

n  p
1

SSE

SST


n 1

n  p                         (3)  446 
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where p is the number of parameters in the model. As shown in (3) the adjusted R-square is 447 

also a measure of model fit but includes a penalty for the number of parameters in the 448 

model. Thus given two nested models the complex model is preferred to the simpler model 449 

only if the gain in model fit for adding extra parameters is superior to the penalty for the 450 

large number of parameters. As it can be seen in Figure 4.b the difference in adjusted R-451 

squared for the linear and quadratic model is not always positive but can be negative too.   452 

 453 
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Research Highlights 

 Mediterranean SLV trend over 1992-2008 is subject to a quadratic 

acceleration (QA). 

  The QA-model outperforms existing modeling based on linear trend 

 The residual low frequency SLV is driven by NAO in wintertime.  

 The residual high-frequency signal variability is explained by mesoscale 

phenomena.  
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