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 7 

The spatial and temporal scales of variability of ocean bottom pressure (Pb) in the 8 

Mediterranean Sea are characterized and their relationship with sea level assessed using 9 

a high resolution eddy-permitting regional ocean model spanning the period 1999-2011. 10 

It was found that rapid (periods of a few days) bottom pressure fluctuations are coherent 11 

with sea level and are decoupled between the eastern and western basins as a result of 12 

topographic constraints. In the longer periods, steric processes gained relevance away 13 

from the coast and partially broke the coherence between sea level and Pb, especially on 14 

the western basin. Results confirm that sea level changes are predominantly barotropic 15 

over most of the basin and at all time scales, except for the annual cycle. Along the 16 

coasts sea level fluctuations reflected local steric processes taking place in their vicinity. 17 

This effect was stronger on the western basin, whereas the coasts of the Eastern 18 

Mediterranean arise as the most suitable proxies for basin wide long term (> 60days) 19 

mean sea level (or ocean bottom pressure) changes at non-seasonal periods.  20 
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Highlights: 23 

- Rapid (<2 months) ocean bottom pressure oscillations in the Mediterranean Sea are 24 

coherent with sea level and decoupled between western an eastern subbasins. 25 

- Low frequency steric sea level variability is larger in the western than in the eastern 26 

subbasin. 27 



- Coastal sea level changes in the Eastern Mediterranean are representative of basin 28 

wide ocean mass changes for non-seasonal periods longer than 60 days. 29 

 30 

1 Introduction 31 

Knowledge of ocean bottom pressure (Pb) variability in combination with sea level 32 

changes provides information on the vertical structure of the ocean and on the water 33 

mass distribution. Not surprisingly, the number of studies on the relationship between 34 

Pb (or ocean mass) and sea level has grown in the last decade thanks to the confluence 35 

of various factors: on the one hand, the increasing availability of long term three-36 

dimensional numerical simulations that provide joint Pb and sea level fields; on the 37 

other, an increasing number of Pb observations, including point-wise open ocean sensors 38 

but also the valuable and fruitful space gravimetry observations from the Gravity 39 

Recovery and Climate Experiment (GRACE) mission (Tapley et al, 2004); and in 40 

addition to that, the maturity reached by the processing and analysis of nearly global sea 41 

level altimetric measurements, starting in 1992. The relationship between Pb and sea 42 

level depends on the oceanic response to a given forcing; in a homogeneous ocean (no 43 

density changes in the water column) such response is depth-independent (Gill and 44 

Niiler, 1973). The relative weight of this barotropic response with respect to the depth-45 

dependent (steric) processes changes with latitude and time scales. Earlier model based 46 

studies have established that at short time scales (<~100 days) sea level and Pb are very 47 

much related everywhere in the global ocean, with some exceptions as in the Tropics 48 

and in strongly eddying regions (Vinogradova et al., 2007; Bingham and Hughes, 2008; 49 

Quinn and Ponte, 2012). Conversely, at longer (intra- to interannual) time scales sea 50 

level variance is not generally explained by Pb variance as ocean variability is mostly 51 

related to steric processes over most parts of the ocean (Köhl and Stammer, 2008; 52 

Vinogradova et al., 2007; Bingham and Hughes, 2012). This was also confirmed by the 53 

combination of monthly altimetric and space gravimetry observations at inter-annual 54 

time scales (Piecuch et al, 2013). It must be mentioned here that, at certain spatial and 55 

temporal scales, steric processes can also impact Pb (e.g. Song and Zlotnicki, 2004). 56 

Some regions have, however, been identified where Pb and sea level changes show a 57 

correspondence even at long time scales, namely shallow and shelf areas and semi-58 

enclosed basins (Piecuch and Ponte, 2011). This is the case of the Mediterranean Sea, 59 



which has been identified as one of the few regions worldwide where basin average 60 

water mass (Pb) changes explain to large extent sea level variability (Bingham and 61 

Hughes, 2008; Piecuch et al, 2013).  62 

The Mediterranean Sea is a semi-enclosed basin located at mid-latitudes and connected 63 

to the Atlantic Ocean through the narrow Strait of Gibraltar. Given its relatively well 64 

monitored coastal sea level, it has been an important region for assessment of global sea 65 

level trends, glacio-isostatic adjustment and tectonic processes, among other issues. 66 

Mean sea level variability in this region has been extensively investigated based on in-67 

situ and remote observations (Tsimplis and Baker, 2000; Tsimplis and Rixen, 2002; 68 

Fenoglio-Marc, 2002; Criado-Aldeanueva et al, 2008; Marcos and Tsimplis, 2008; 69 

Calafat and Gomis, 2009; Marcos and Tsimplis, 2009; Tsimplis et al, 2013) as well as 70 

using numerical models (Somot and Colin, 2008; Gomis et al, 2008; Sannino et al 2009; 71 

Calafat et al, 2012). Consequently, it has been well documented that basin wide inter-72 

annual and longer term mean sea level oscillations are mostly driven by mass variations 73 

(Fukumori et al 2007; Calafat et al, 2010; Landerer and Volkov, 2013) attributed to 74 

exchanges through the Strait of Gibraltar. These are forced either by local processes 75 

such as winds at Gibraltar or steric changes in the nearby Atlantic, or by a remote 76 

forcing, like changes in the atmospheric pressure over the North Atlantic Ocean or mass 77 

addition from land-based ice melting (Fukumori et al, 2007; Calafat et al, 2012; 78 

Tsimplis et al 2013; Pinardi et al, 2014). Indeed, earlier works addressing mass 79 

variability, or alternatively Pb changes, in the Mediterranean Sea have mostly addressed 80 

basin average changes, despite the Mediterranean Sea being a deep basin with its own 81 

ocean circulation and dynamics (see e.g. Schroeder et al, 2013). Fukumori et al (2007) 82 

is one of the exceptions, since their study made use of an ocean circulation model 83 

covering the Mediterranean Sea and a sector of the Northeast Atlantic. However, the 84 

coarse model resolution (1ºx1º) impeded accounting for the steric processes dominated 85 

by mesoscale signals. Other works with a global focus have also provided insight into 86 

the relationship between Pb and sea level in the Mediterranean (Vinogradova et al, 2007; 87 

Bingham and Hughes, 2008).  88 

The aim of the present work is to explore and quantify Pb variability in the 89 

Mediterranean Sea at different time scales and to clarify its relationship with sea level at 90 

the regional and local scales. The presence of steric processes, especially in some parts 91 

of the basin where active mesoscale variability with presence of eddies takes place, is 92 



expected to break the coherence observed between spatially averaged Pb and sea level, 93 

at least at the inter-annual and longer time scales. To achieve this goal an eddy-94 

permitting numerical ocean model has been used. The high spatial resolution in the 95 

model is required to resolve the small scale structures in the Mediterranean Sea, where 96 

the baroclinic Rossby radius is only a few tens of kilometres, and to explore the 97 

relationship between sea level and Pb at different spatial and temporal scales. In this 98 

sense, the present work represents a step further with respect to the aforementioned 99 

studies by Fukumori et al (2007), Vinogradova et al (2007) and Bingham and Hughes 100 

(2008), in which the horizontal resolution was between 0.25º and 1º and did not allow 101 

for a proper representation of the topography of the Mediterranean Sea. 102 

This paper is organized as follows: in Section 2 the numerical model is presented 103 

together with the methodology used throughout the paper. Section 3 is devoted to the 104 

results, which include the characterization of the Pb variability in the Mediterranean Sea, 105 

the rapid Pb fluctuations, the seasonal cycle of Pb and the low frequency behaviour. The 106 

last section summarizes the major findings and discusses its implications as well as the 107 

limitations of the present work. 108 

2 Numerical model and methods 109 

Daily outputs of temperature (T), salinity (S) and sea surface height (ssh) fields were 110 

obtained from an ocean reanalysis for the period 1999-2011 carried out by the 111 

Mediterranean Forecasting System at INGV and freely available at MyOcean web site 112 

(http://www.myocean.eu/, product ID MEDSEA_REANALYSIS_PHYS_006_004). In 113 

this particular simulation the ocean model NEMO was implemented in the 114 

Mediterranean Sea and a nearby sector of the Atlantic Ocean with a spatial resolution of 115 

1/16º x 1/16º in latitude and longitude and 72 unevenly spaced vertical levels (Oddo et 116 

al., 2009). The regional model was nested to a global model (Drevillon et al., 2008) in 117 

the Atlantic box using the Flather boundary conditions (Flather, 1976) for vertically 118 

integrated velocities. This implies that the regional model is not conserving its volume 119 

and mass. In order to ensure global mass conservation the global spatial mean steric 120 

anomalies should be added to ssh at each time step (Greatbach, 1994; Ponte, 1999; 121 

Griffies and Greatbach, 2012). Unfortunately this correction for the global model was 122 

not available and therefore was not applied. Nevertheless, it is expected to be small in 123 

comparison with regional changes and minimized by the fact that the analyses have 124 

http://www.myocean.eu/


been performed on detrended time series. This numerical setup has been evaluated in 125 

earlier works. Oddo et al. (2009) compared modelled T with Argo data and modelled 126 

ssh with tide gauge and satellite altimetry and demonstrated the improvement in the 127 

nesting with respect to a closed model in terms of the characteristics of the outflow 128 

waters and the seasonal sea level variability. Adani et al (2011) assessed the quality of 129 

an 18-years simulation in terms of hydrographic properties and sea level anomalies with 130 

the aim of exploring two different data assimilation schemes. Their analyses resulted in 131 

a preferred scheme that  was then used in this product. 132 

Daily fields of ocean bottom pressure Pb were computed at each grid point as: 133 

𝑃𝑏 = ∫ 𝜌𝑔𝑑𝑧
0

−𝐻
+ ∫ 𝜌0𝑔𝑑𝑧 = ∫ 𝜌𝑔𝑑𝑧

0

−𝐻
+ 𝜌0𝑔𝜂

𝜂

0
     (1) 134 

Where  is the ocean density, computed using T and S, 0 is the density at the sea 135 

surface, H is the water depth, is the sea surface elevation and g is the gravity 136 

acceleration. Neither the regional model nor the global model to which it is nested at the 137 

boundaries are forced by atmospheric pressure and, therefore, the term is not accounted 138 

for in this equation. The first term in the right hand side of equation (1) corresponds to 139 

the steric contribution. Likewise, the thermosteric (halosteric) term is defined using the 140 

same expression but with  determined only by T (S) changes and S (T) being kept 141 

constant at its initial value. Pb anomalies are computed by removing its time-mean field 142 

and are then normalized into water height equivalent as: 143 

𝑃𝑏 − 𝑃𝑏̅̅ ̅

𝜌0𝑔
 

The percentage of variance of sea level explained by Pb was computed as: 144 

1 − 𝑣𝑎𝑟(𝑠𝑠ℎ − 𝑃𝑏)

𝑣𝑎𝑟(𝑠𝑠ℎ)
× 100 

When stated in the text, as part of the analysis daily values of ssh and Pb fields were 145 

high-passed filtered using a Butterworth filter of order 2. The low-passed component of 146 

each variable was then estimated by subtracting the high-passed filtered series to the 147 

total signal. The mean seasonal cycle was obtained by fitting an annual and a semi-148 

annual signal to the low-passed component using harmonic analysis.  149 



Additionally, daily 10-m wind fields were obtained from ERA-Interim (European 150 

Centre for Medium-Range Weather Forecasts – ECMWF - Re-Analysis), available at 151 

the ECWMF web site (http://data-portal.ecmwf.int/data/d/interim_daily/). The wind 152 

fields are the same that were used to force the model. 153 

3 Results 154 

3.1 Scales of variability of Pb in the Mediterranean Sea  155 

Standard deviations of detrended daily Pb and sea level anomalies are mapped in Figure 156 

1. Pb variability ranges between 4 and 8 cm, whereas sea level presents higher values up 157 

to 12 cm. These results are qualitatively in agreement with those inferred for the 158 

Mediterranean Sea in the global analyses of Vinogradova et al (2007) and Bingham and 159 

Hughes (2008). Spatially averaged sea level variability is higher (7.9 cm) than Pb 160 

variability (6.2 cm). According to numerical results, the Mediterranean Sea is a region 161 

with large Pb variance in comparison with the global ocean, where the range of Pb 162 

anomalies is around 1 cm or less at these time scales (Bingham and Hughes, 2008). 163 

Larger variability in sea level is found at regions of intense mesoscale activity (i.e. 164 

strong presence of eddies), such as along the African coast in Western Mediterranean 165 

following the Algerian Current, and south of Crete in Eastern Mediterranean. It is thus 166 

concluded that the spatial distribution of sea level variability is primarily due to the 167 

regional distribution of steric processes. In the case of Pb, larger variability is confined 168 

to coastal and shallow areas. Part of these coastal Pb signal is originated by the water 169 

redistribution over the topography towards shallow areas induced by open ocean steric 170 

changes (Landerer et al., 2007; Bingham and Hughes, 2012). It is noticeable that Pb 171 

variability in the western basin (5.3 cm) is smaller than in the eastern basin (6.7 cm), 172 

whereas this difference is not apparent in sea level. 173 

When basin averages were computed, local steric processes were filtered out and the 174 

basin wide mean sea level signal showed high correspondence with its barotropic 175 

component (Figure 2). This is an expected result, since for increasing spatial scales at a 176 

fixed frequency the oceanic response becomes increasingly depth- independent (Gill 177 

and Niiler, 1973; Frankignoul et al., 1997). The correlation between the two curves was 178 

0.75. A spectral analysis was performed on both curves using a Hamming window with 179 

length 2
11

 days (Figure 2b). Results revealed that the energy content of sea level and Pb 180 

was almost the same for the high frequencies and differed at the lower frequencies (at 181 

http://data-portal.ecmwf.int/data/d/interim_daily/


the 95% confidence level). A cut-off period of 60 days was defined in order to examine 182 

separately the high and the low frequency components. Overall, the contribution of the 183 

high frequency fluctuations to Pb variability is smaller (standard deviation of 1.7 cm) 184 

than that of the low frequency (5.4 cm); however, the latter is largely contributed by the 185 

seasonal cycle (3.2 cm when deseasoned), as expected from the prominent seasonal 186 

oscillations observed in Figure 2a. 187 

It must be recalled that Pb accounts for changes in total ocean mass, that is, fresh water 188 

and salt content. The contribution of the salt content (halosteric term) to Pb was 189 

computed and it was found that its standard deviation was only 0.3 cm, that is, much 190 

smaller than the standard deviation of the basin average Pb (6.2 cm). Thus, the 191 

contribution of changes in the salt content to Pb variability is negligible in comparison 192 

with the contribution of water mass changes. Interestingly though, basin average Pb 193 

displays a linear trend during the modelled period of 6.7±0.3 mm/yr, that is entirely 194 

accounted for by the halosteric term, indicative of a gradual increase of salt content. 195 

Whether this trend in the model is realistic or not does not affect the calculations 196 

presented in this work and the determination of its origin is certainly beyond the scope 197 

of the present study. 198 

3.2 Rapid Pb fluctuations 199 

Rapid Pb and sea level variations were correlated using high-passed filtered time series 200 

with a cut-off period of 60 days (Figure 3). There is a clear evidence that high frequency 201 

sea level oscillations are mostly barotropic in the Mediterranean Sea, in line with results 202 

for most of the global ocean (Vinogradova et al, 2007; Bingham and Hughes, 2008). 203 

The basin average standard deviations of Pb and sea level are 2.2 and 2.5 cm, 204 

respectively, thus nearly the same. At these time scales the sea level variance explained 205 

by Pb was larger than 85% over half of the basin. The explained percentage would be 206 

even higher if the atmospheric pressure forcing was included in the modeled sea level 207 

variability. The southern sector of the western basin, where high energy mesoscale 208 

eddies activity has been reported (Millot et al, 1997), displayed correlations below 0.8. 209 

In spite of this, the values were still relatively high and the sea level variance explained 210 

by its barotropic component was more than 50%, except along the African coast in the 211 

path of the Algerian Current. Particularly low correlations were found along the 212 

Southern coast of the Iberian Peninsula, an area under the direct influence of the 213 



Atlantic inflow (see e.g. Viúdez et al, 1998). Such distinct behaviour of coastal sea level 214 

at this site corroborates that it is not representative of any regional sea level, as 215 

previously pointed out by Marcos and Tsimplis (2008).  216 

Correlations between sea level at two coastal sites, one on each subbasin, and Pb over 217 

the domain were computed (Figure 4). According to Figure 3, high-passed filtered 218 

coastal sea level and Pb at the two selected points are equivalent and sea level was 219 

preferred because it is the variable usually measured at the coast. The results, mapped in 220 

Figure 4, revealed an interesting feature: rapid Pb oscillations are uncorrelated between 221 

the eastern and the western subbasins, separated by the natural boundary at the Strait of 222 

Sicily. Within each subbasin, high frequency Pb changes are highly coherent and can be 223 

represented by any local point-wise measurement. These subbasin modes are stationary, 224 

as the maxima correlations among grid points were found at zero lag. The same picture 225 

was found when deep ocean points were used instead of coastal locations, thus 226 

reaffirming that rapid Pb oscillations are coherent within each subbasin. This result 227 

contrasts with the single basin wide oscillation reported by Fukumori et al (2007); the 228 

discrepancy is explained by the coarser spatial resolution of their model (1º) which does 229 

not represent the detailed topography at subbasin scale and by the fact that they did not 230 

high-passed filter the data and, thus, the longer term Pb oscillations could mask the 231 

higher frequency changes. 232 

The decoupling between subbasins is suggestive of a topographic effect. In order to 233 

identify the signals, spatial averages over the western and eastern subbasins of high-234 

passed filtered Pb were computed and analysed separately using spectral and wavelet 235 

analyses. Power spectra were computed using a Hamming window with length 2
10

 236 

(Figure 5a). Only the frequency band between 2 and 125 days has been plotted in order 237 

to focus on the rapid oscillations. Results show that the two subbasins present different 238 

energy distribution, with the eastern basin peaking at 41 days and the western basin at 239 

48 and 31 days with lower energy content. A wavelet analysis was also carried out. The 240 

mother function used was Morlet and the energy contents between 5 and 200 days were 241 

represented (Figure 6). The results revealed that oscillations occur simultaneously in the 242 

two subbasins, which is indicative of a common forcing. Despite the resemblance of the 243 

temporal variability of the signals, they differed in intensity and, more remarkably, in 244 

their frequency, in agreement with spectral analyses. The origin of these rapid Pb 245 

fluctuations was explored using zonal wind stress from a grid point at the Atlantic side 246 



of the Strait of Gibraltar. A wavelet analysis was performed onto the time series in the 247 

same way as for subbasin averaged Pb (Figure 6, top).. The resulting distribution of 248 

energy resembled that of the Pb at the frequency bands where fluctuations were 249 

observed. Indeed, when the coherence between subbasin averaged Pb time series and 250 

zonal wind stress was computed (Figure 5b), it was found to be maximum at the 251 

frequency band between 35 and 55 days.  These results demonstrate that energy pulses 252 

in local zonal wind stress had a response in terms of rapid barotropic oscillations in the 253 

entire basin. The wind stress at Gibraltar transmits energy to the basin in the form of Pb 254 

oscillations, which in turn excite the natural modes of the two subbasins. This 255 

mechanism is thus similar to the generation of seiche oscillations, typically observed at 256 

small coastal inlets. In the case of the Mediterranean Sea, the two subbasins act as a 257 

system of coupled oscillators, separated by the Strait of Sicily. This implies that the 258 

natural modes of each subbasin, defined by the topographic features, are affected by the 259 

presence of the other subbasin, as demonstrated by Marcos et al (2005) for a system of 260 

small inlets.  261 

3.3 Seasonal cycle of Pb 262 

The mean seasonal cycle was computed at each grid point using Pb and sea level time 263 

series low-passed filtered with a cut-off period of 60 days. Amplitudes and phases of the 264 

annual cycle are mapped in Figure 7. It is remarkable that the mean annual signal in Pb 265 

was significantly smaller in the western basin (2.3 cm on average) than in the eastern 266 

basin (4.2 cm on average), with nearly constant values within each subbasin. The 267 

smaller annual cycle in the western basin is partly responsible of the lower values of 268 

standard deviation of non-filtered Pb shown in Figure 1. Conversely, annual amplitudes 269 

of sea level displayed a high spatial variability, but without significant differences 270 

between subbasins. Annual phases were fairly constant over the entire domain for both 271 

Pb and sea level. While Pb mean annual cycle peaked by the end of November, the 272 

annual cycle of sea level reached its maximum at beginning of October. These results 273 

are consistent with the annual sea level cycle being predominantly of steric origin and 274 

resulting from the combination of two sinusoidal-like signals, one peaking in September 275 

associated with thermal expansion/contraction due to heat fluxes at the sea surface and 276 

another peaking in December and representing the water mass variations within the 277 

basin (Marcos and Tsimplis, 2007; Fenoglio-Marc et al, 2012). The differences in the 278 

mean annual cycle of sea level and Pb are in agreement with the lack of coherency 279 



between the two signals reported by Bingham and Hughes (2008). In contrast, 280 

Vinogradova et al (2007) found coherency at the annual period over most of the 281 

Mediterranean basin, probably due to a bad representation of the topography of the 282 

basin in their coarse resolution global model.  283 

The average amplitude of Pb annual cycle is 3.6 cm, in the upper range of the values 284 

derived from GRACE observations over the Mediterranean Sea with different 285 

corrections for the continental hydrology contribution (Calafat et al, 2010; García et al, 286 

2010; Fenoglio-Marc et al, 2012). In comparison with global values, the Mediterranean 287 

Sea exhibits larger annual Pb changes (Johnson and Chambers, 2013). On top of that, 288 

Johnson and Chambers (2013), using the last generation of GRACE data, quantified the 289 

annual amplitude of Pb in the Northeast Atlantic as low as 0.5-1 cm. This discrepancy 290 

between the annual amplitudes in the Mediterranean and those measured in the nearby 291 

Atlantic points towards a different origin of the seasonality in the basin. Indeed, 292 

according to Soto-Navarro et al (2010), the mass-induced annual signal in the 293 

Mediterranean Sea is driven by changes in evaporation, precipitation and river run-off, 294 

among which the former is the dominant (Mariotti, 2009). 295 

In contrast with the annual signal, the semi-annual cycle in sea level and Pb were 296 

essentially identical (not shown). In other words, semi-annual sea level variations in the 297 

Mediterranean Sea are barotropic.  298 

3.4 Low frequency variability of Pb 299 

Low frequency variability was examined using low-passed filtered with a cut-off period 300 

of 60 days and deseasoned sea level and Pb fields. Point-by-point correlations are 301 

mapped in Figure 8a. Overall, correlations are much lower than for high frequencies 302 

(Figure 3), as expected since the oceanic response becomes increasingly depth-303 

dependent for increasing periods at a given spatial scale (Gill and Niiler, 1973; 304 

Frankignoul et al, 1997). Over shallow areas and along most of the coasts, Pb explains 305 

more than 90% of the local variance of sea level, indicative of the barotropic nature of 306 

sea level oscillations in shallow waters (Bingham and Hughes, 2012). Once again, as in 307 

the high frequency, this was not the case along the southern Iberian coast, where even 308 

coastal sea level was found to respond to the strong steric changes in the area associated 309 

with inflow of Atlantic surface waters. Also, poor correspondence was found in the 310 

southern Ionian and Levantine basins and over most of the deep part of the western 311 



basin. In Central Mediterranean Pb explains more than 50% of the low frequency sea 312 

level variance. The lower correspondence between sea level and Pb in the western basin 313 

is indicative of the presence of larger steric changes than in the eastern basin. Overall, 314 

the correlations found are large in comparison with other regions in the world ocean of 315 

similar depths (Bingham and Hughes, 2008; Piecuch et al, 2013).  316 

The non-seasonal low frequency variability was also explored (Figure 8b-c). Standard 317 

deviations ranged between 2 and 7 cm for sea level and less than 4 cm for Pb.  It is 318 

worth noting that Pb values in the western basin were still smaller (2.9 cm) than in the 319 

eastern basin (3.6 cm). The averaged difference has therefore reduced from 1.5 cm to 320 

0.7 cm. This may respond to the fact that only the mean seasonal cycle was removed, 321 

despite significant inter-annual changes in the annual and semi-annual sea level signals 322 

have been previously reported in the Mediterranean Sea (Marcos and Tsimplis, 2007). 323 

In order to address the question of to which extent low frequency Pb variations are 324 

coherent within the basin, the correlations between sea level at two single deep ocean 325 

grid points and Pb over the rest of the domain were evaluated (Figure 9). Correlations 326 

higher than 0.7 were found almost everywhere, which demonstrated that the Pb signal 327 

appears coherent within the domain. Lower correlations (although still significant at the 328 

95% confidence level) were found along coastal locations. The reason is that coastal Pb 329 

variability is influenced by steric changes in the deep ocean that induced bottom 330 

pressure changes (i.e. water mass redistribution) in shallow waters (Landerer et al, 331 

2007; Bingham and Hughes, 2012). As observations are by far more frequent along the 332 

coast, the extent to which this Pb signal can be captured by coastal sea level records was 333 

also investigated. The same two locations as in Section 3.2 were chosen; as for the high 334 

frequency, low-pass filtered sea level and Pb were essentially the same at these two 335 

coastal sites (correlation of 0.97). The resulting correlations between coastal and open 336 

ocean Pb, mapped in Figure 10, revealed a surprising feature: coastal sea level (or Pb) in 337 

the Levantine basin showed high (>0.8) correlations with Pb changes over the eastern 338 

basin and also over the western basin (>0.7, except in central western basin); on the 339 

contrary, coastal sea level in the western basin displayed lower correlations with local 340 

Pb changes, even in its surroundings. This behaviour was not limited to the particular 341 

locations chosen in Figure 10, but could be extrapolated to the rest of the coasts in each 342 

subbasin as will be shown later in the discussion section. When instead of Pb, sea level 343 

was correlated, the area coherent with coastal sea level was larger (not shown). The 344 



interpretation of these results suggested that sea level changes along the coasts of the 345 

Western Mediterranean Sea were dominated by water redistribution induced by local 346 

steric processes. This finding is in line with results shown in Figure 8, which indicate 347 

that steric processes are more relevant in the western than in the eastern basin.  348 

In spite of the low correlations between sea level and Pb at the local scales found over 349 

many parts of the Mediterranean (Figure 8a), when the basin averages were calculated 350 

they displayed an excellent correspondence. The correlation between low-passed 351 

filtered and deseasoned basin average sea level and Pb was 0.95. Likewise, subbasin Pb 352 

averages were also consistent to each other, with correlation 0.87; a similar 353 

correspondence was found for subbasin average sea level, with a correlation of 0.83.  354 

4 Discussion and Conclusions  355 

The spatial and temporal distribution of ocean bottom pressure (Pb) variability in the 356 

Mediterranean Sea has been characterized and its relationship with sea level changes 357 

assessed. The use of a high resolution (1/16ºx1/16º in latitude and longitude) numerical 358 

ocean model has allowed accounting for mesoscale processes within the basin that 359 

dominate the spatial distribution of sea level variability away from the coast. In line 360 

with earlier investigations (Calafat et al, 2010; Tsimplis et al, 2013; Landerer and 361 

Volkov, 2013; Piecuch et al, 2013), it has been confirmed that basin average sea level 362 

changes in the Mediterranean Sea are predominantly barotropic at all time scales, a 363 

characteristic usually reserved to shallow environments. The only exception that should 364 

be recalled is the sea level annual cycle, which is dominated by the steric signal and 365 

whose barotropic contribution is clearly different in amplitude and phase. Basin wide Pb 366 

changes in the Mediterranean Sea essentially reflect water mass variations. Although 367 

changes in salt content must also be accounted for (Jordà and Gomis, 2013), these were 368 

only relevant for the long term trends and negligible on the daily to inter-annual time 369 

scales explored in the present study. 370 

Rapid sea level fluctuations (with periods less than two months) are mostly barotropic, 371 

not only on average, but also locally. Such sea level oscillations occur simultaneously 372 

everywhere in the basin, thus indicating a common forcing mechanism. A good 373 

correspondence was found with zonal wind forcing in the Strait of Gibraltar, in 374 

agreement with Fukumori et al (2007). However, the western and eastern subbasins are 375 

decoupled, as sea level and Pb variations with periods of the order of a few days are 376 



constrained by the topographic characteristics of both basins. It is worth recalling that 377 

atmospheric pressure changes, which may be responsible for a large fraction of the high 378 

frequency sea level and Pb variability, are not included in the model forcing. 379 

At monthly and longer time scales steric changes can be an important contributor to sea 380 

level variability locally, especially over the western basin. Away from the coast, steric 381 

changes break the coherency between sea level and Pb, and high correlations were 382 

confined over shallow areas and at coastal locations. Hence, sea level at any location in 383 

the deep part of the basin results from the addition of a spatially coherent mass-induced 384 

component and the local steric variability. The latter was filtered out when the basin 385 

average was computed, in agreement with the linear theory of the large-scale oceanic 386 

adjustment (Gill and Niiler, 1973; Frankignoul et al, 1997).  387 

Along the coasts the picture is more complex, as hinted from Figure 10. An evaluation 388 

of the ability of coastal sea level to account for basin average Pb changes was extended 389 

to all coastal sites. The correlations between low frequency coastal sea level and basin 390 

average Pb (Figure 11a) define a clear geographical pattern. The lack of correlation 391 

could be anticipated at the few sites where coastal sea level changes were not barotropic 392 

(northern Alboran Sea, as evidenced in Figure 8a). For the rest of the coastal domain, 393 

despite coastal sea level changes were entirely barotropic, they are not everywhere 394 

dominated by basin wide Pb variability. This is the case of most of the Western 395 

Mediterranean coasts (Spanish coast, Gulf of Lions, Balearic Islands, Corsica and 396 

Sardinia) and the Gulf of Gabes. By contrast, correlations as high as 0.9 were found 397 

along the coasts of the Eastern Mediterranean, the Aegean and the Adriatic Seas. In the 398 

former case, coastal sea level fluctuations reflected Pb signals induced by small scale 399 

steric processes; in the latter, coastal sea level was a good indicator of the long term 400 

basin wide Pb (or sea level) changes. A coherence analysis between coastal sea level and 401 

basin averaged Pb was carried out for selected points (black dots in Figure 11a) in order 402 

to check whether this behaviour also holds at the lowest frequencies resolvable by the 403 

model (Figure 11b). The results evidenced that in the areas of higher correlation 404 

(longitudes > 15ºE) the coherence was maximum for the entire range of frequencies; 405 

conversely, in the westernmost areas the coherence was lower and maximum around the 406 

annual cycle. Note that although the series are deseasoned, only the mean seasonal cycle 407 

was removed, as pointed out above.  The reason for the difference between areas of high 408 

and low correlations is that steric changes represent a larger part of sea level variability 409 



in the western than in the eastern basin (Figure 8a). At the coast the sea level signal is 410 

almost entirely barotropic and reflects both Pb and steric changes in the nearby deep 411 

locations. Thus, the smaller the steric changes the higher the coherence between coastal 412 

and open ocean Pb.  413 

The Mediterranean Sea is one of the few regions worldwide where mass-induced sea 414 

level changes appear coherent over a deep and relatively large area and match averaged 415 

sea level variations at inter-annual time scales. The variability of the mass-induced sea 416 

level component is large in comparison with other deep regions in the global ocean, as it 417 

is mainly related to exchanges through the Strait of Gibraltar driven by local sea level 418 

changes in the nearby Atlantic. Such coherent mode of Pb variability can be easily 419 

monitored at selected coastal sites, which have arisen as suitable proxies for basin wide 420 

sea level changes. This is an important issue to consider when Mediterranean tide gauge 421 

observations are used in a global context. The feasibility of accurate Pb and sea level 422 

observations suggests that the Mediterranean Sea is a particularly convenient place for 423 

comparison of multiple platform sea level observations and its components. Sea level in 424 

the Mediterranean is monitored by a dense network of coastal tide gauges as well as by 425 

satellite altimetry, which is currently fully developed and provides accurate sea level 426 

measurements at the regional scale. The strong link between sea level and basin wide Pb 427 

is a useful constraint to improve the still limited space gravimetry observations at the 428 

regional scale. For example, the required corrections of hydrological variations leaking 429 

into the ocean could benefit from this fact. 430 

Finally, the limitations of the present study must be emphasized. The close relationship 431 

between Mediterranean sea level and Pb found at daily to inter-annual temporal scales 432 

does not necessarily hold for the long term (decadal and longer time scales). Gradual 433 

changes in the salt content of the basin would induce an increase of Pb without a sea 434 

level counterpart. This circumstance is, according to modelling studies, a plausible 435 

situation in the future evolution of the Mediterranean Sea under climate change 436 

scenarios (Somot et al, 2008). In consequence, sea level and Pb act as two fundamental 437 

and complementary environmental variables at these time scales.  438 
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 588 

Figure 1. Standard deviations of daily detrended Pb (top) and sea level (bottom). The 589 

bathymetry is included in the top map. 590 

 591 

 592 



Figure 2. a) Basin average Pb (black)  and ssh (red) and b) energy spectra of both 593 

curves. 594 

 595 

Figure 3. Correlation between high-passed filtered (<60days) Pb and sea level. Contour 596 

lines indicate percentage of variance of sea level explained by Pb. 597 



 598 

Figure 4. Correlation between high-passed (<60 days) filtered sea level at two points at 599 

the Levantine basin (bottom) and at Mallorca island (top) and Pb over the domain. Only 600 

areas where correlation is statistically significant at the 95% confidence level are 601 

shown.  The locations of the points are indicated with a white dot.  602 



 603 

Figure 5. a) Power spectra of averaged high-passed filtered Pb on the eastern (black) 604 

and western (red) subbasins.  Periods corresponding to major peaks are labelled. b) 605 

Coherence analyses between averaged high-passed filtered Pb and zonal wind stress at 606 

Gibraltar. 99% confidence intervals for each frequencies are represented by a grey line. 607 



 608 

Figure 6. Wavelet analysis of zonal wind stress at Gibraltar (top) and averaged high-609 

passed filtered Pb on the western (middle) and eastern (bottom) subbasins. Energy is 610 

normalized in dB. 611 

 612 



 613 

Figure 7. Annual amplitudes (top) and phases (bottom) of Pb (left) and sea level (right). 614 

 615 

 616 



 617 

Figure 8. a)Correlation between low-passed filtered (> 60 days) and deseasoned Pb and 618 

sea level. Only areas where correlation is statistically significant at the 95% confidence 619 

level are shown. Contour lines indicate percentage of variance of sea level explained by 620 



Pb. b) and c) Standard deviations of non-seasonal low-pass filtered Pb and sea level, 621 

respectively. 622 

 623 

Figure 9: Correlation between low-passed filtered and deseasoned Pb at two deep ocean 624 

points at the eastern (bottom) and western (top) basins and Pb over the domain. The 625 

locations of the points are indicated with a white dot. Only areas where correlation is 626 

statistically significant at the 95% confidence level are shown. 627 



 628 

Figure 10: Correlation between low-passed filtered and deseasoned sea level at two 629 

points at the Levantine basin (bottom) and at Mallorca island (top) and Pb over the 630 

domain. The locations of the points are indicated with a white dot. Only areas where 631 

correlation is statistically significant at the 95% confidence level are shown. 632 

 633 

 634 



 635 

Figure 11. a) Correlations between coastal sea level and averaged Pb over the 636 

Mediterranean Sea. Time series are low-passed filtered with a cut-off period of 60 days 637 

and deseasoned. Only statistically significant at the 95% confidence level have been 638 

plotted. b) Coherence between coastal sea level and basin averaged Pb at selected points 639 

marked with black dots in (a). 640 
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