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Abstract

The relationships of Mediterranean sea level, its atmospherically driven and thermosteric
components with the large scale atmospheric modes over the North Atlantic and Europe
are explored and quantified. The modes considered are the North Atlantic Oscillation
(NAO), the East Atlantic pattern (EA), the Scandinavian pattern (SCAN) and the East
Atlantic/Western Russian (EA/WR). The influence of each mode changes between winter
and summer. During winter the NAO is the major mode impacting winter Mediterranean
sea level (accounting for 83% of the variance) with SCAN being the second (56%) mode
in importance. Both NAO and SCAN effects are partly due to direct atmospheric forcing
of sea level through wind and pressure changes. However NAO and SCAN are correlated
with each other during winter and they explain the same part of variability. The EA/WR
also affects the atmospheric sea level component in winter (13%), acting through
atmospheric pressure patterns. In winter, the thermosteric contribution is correlated with
the SCAN in parts of the Eastern Mediterranean (9%). The rate of change of the
thermosteric component in winter is correlated with the EA (24%). During the summer
season, the sea level variance is much reduced and the impact of the large scale modes is

in most parts of the Mediterranean Sea non significant.
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1. Introduction

Sea level integrates changes in the thermohaline characteristics of the ocean waters due to
heat fluxes and water advection, changes in the ocean mass either due to redistribution of
water in response to the atmospheric mechanical forcing or due to the addition or removal
of water from the land and the criosphere, and, depending on the reference system, may
also include land movements and changes in the oceanic configuration. With the
exception of land movements and changes in the shape of the oceanic basin the other two
sea level components (thermohaline and mass) are influenced by the large scale
atmospheric climate modes through their effect on atmospheric pressure gradients, wind,
heat and freshwater fluxes and changes in the oceanic circulation.

Mediterranean sea level rise observed in the longest tide gauges during the last century
(1.1-1.3 mm/year) was significantly lower than the global rate (1.5-1.9mm/year)
(Tsimplis & Baker 2000; Church and White, 2011). An increase of the averaged
atmospheric pressure over the basin during the period 1960-1990 resulted in negative
trends of Mediterranean sea level, while in the Atlantic stations the positive trends were
lower for this period (Tsimplis & Baker 2000; Tsimplis & Josey 2001). Global and
Mediterranean rates significantly increased during the period 1993-2010 (Church and
White, 2011; Cazenave et al.2001; Fenoglio-Marc 2001).

For the Mediterranean Sea, the North Atlantic Oscillation (NAO) is known to affect,
primarily, winter sea level variability (Tsimplis and Josey, 2001; Gomis et al 2008;
Tsimplis and Shaw, 2008; Criado-Aldeanueva et al., 2008; Tsimplis et al, 2013). In
addition to dominating the atmospheric component of sea level, a smaller influence of the
NAO has also been suggested on the thermosteric component (Tsimplis and Rixen, 2002;
Tsimplis et al., 2006; Tsimplis et al., 2013), and on the net evaporation (Tsimplis and
Josey, 2001; Mariotti et al., 2002; Fenoglio-Marc et al., 2013) of the Mediterranean Sea.
The Mediterranean Oscillation Index (MOI) has been successfully correlated with mean
sea level changes, especially during the winter season (Gomis et al 2006; Tsimplis and
Shaw, 2008); namely it has been shown to explain 46% of the winter sea level variance
for the period 1993-2001 (Suselj et al, 2008). It is worth noting, however, that the NAO
index and the MOI are not independent and are significantly correlated in winter.
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Raicich et al (2003) found that summer sea level atmospheric pressure in the
Mediterranean region is correlated with the Indian monsoon and the Sahel rainfall indices,
attributed to particular wind regimes over the area which in turn influenced coastal sea
level. Tsimplis and Shaw (2008) identified the East Atlantic pattern (EA) as an additional
atmospheric mode impacting sea level, but they only found significant correlations in the
Adriatic and once the atmospheric pressure effect was removed. Josey et al (2011)
suggested that at least in some parts of the Mediterranean Sea there is a distinct
contribution to heat fluxes linked with climatic indices different from NAO, such as the
East Atlantic (EA) and the East Atlantic/Western Russian (EA/WR) patterns. In particular
they identified correlations between the winter basin averaged heat fluxes and EA,
especially at Northwestern Mediterranean and Southern Adriatic, while the correlations
between each winter subbasin averaged and EA/WR were in opposite sense in each
region, with major values at Aegean Sea. The influence of these modes on heat fluxes
necessarily poses the question whether such modes affect at least the steric component of

sea level.

The present paper assesses and clarifies the influence of the four major atmospheric
modes over the North Atlantic, namely the NAO, the EA the EA/WR and SCAN, on
Mediterranean sea level as well as its component driven by wind and atmospheric
pressure changes and on the thermosteric component. The analysis is performed for
different periods dictated by the availability of tide gauge data and altimetry data. The
paper is organized as follows: Section 2 introduces the data sets to represent sea level and
its components and the climate indices. In Section 3 we present the methodology of the
analysis and in Section 4 we show the main results. Finally, a discussion and some

concluding remarks are presented in Sections 5 and 6.
2. Data sets
Sea level observations and estimates of the various contributions to sea level variability

have been obtained from the following data sources.

2.1 Tide gauge data
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Monthly mean sea level values with benchmark history (Revised Local Reference, RLR)
were retrieved from tide gauge records archived at the Permanent Service for Mean Sea
Level (PSMSL; Woodworth and Player, 2003). We selected 12 tide gauges distributed
along the Mediterranean coasts, each of them spanning more than 35 years of the last
decades of the 20th century. The tide gauge stations and their periods of operation are
listed in Table 1. Finally, a set of atmospherically-corrected tide gauge records was
obtained through removing the atmospheric contribution as given by a sea level hindcast,
at the closest grid point to each tide gauge. The VANI2-ERA hindcast used is described

later.

2.2. Altimetry data
Gridded Sea Level Anomaly (SLA) fields were obtained from the merged AVISO

products available at http://www.aviso.oceanobs.com. The data consist of monthly

multimission (up to four satellites at a given time) gridded global sea surface heights
spanning the period 1993-2010, with a spatial resolution of 1/4°x1/4°. This version comes
with all the standard geophysical corrections applied including the so called Dynamic
Atmospheric Correction (DAC; Volkov et al 2007) that accounts for the effect of
atmospheric pressure and wind on sea level. This dataset will be referred to as DAC-
altimetry. The DAC correction, as supplied by AVISO, was added back to altimetry in
order to create a second data set accounting for the atmospheric pressure and wind effects
on sea level. This will be called altimetry. Note that because the dataset is a combination
of observations from different platforms there is significant uncertainty for the trends
derived especially for the last mission. In addition, the applied GIA corrections also
introduce significant errors in trends (Ablain et al., 2012). However we do not consider
these uncertainties as capable of affecting the correlation with the various atmospheric
modes because the variance linked to long term trends is much smaller than the

interannual variability analized here.

2.3. Atmospherically-induced sea level
The meteorological contribution to sea level caused by the combined action of

atmospheric pressure and wind was quantified from the VANI2-ERA data set (Jorda et
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al., 2012). VANI2-ERA data are 6-hourly sea surface heights obtained with a barotropic
version of the HAMSOM model forced with atmospheric pressure and winds from a
dynamical downscaling of the ERA40 reanalysis. The data span the period 1958-2008 and
cover the Mediterranean Sea and a sector of the NE Atlantic Ocean with a spatial
resolution of 1/6°x1/4°. Two additional runs were also performed: one forced only by
wind and the other forced only by atmospheric pressure variations. Model hourly outputs

were converted into monthly fields at each grid point.

2.4. Hydrographic data and thermosteric sea level

Ocean temperature (T) fields from Ishii and Kimoto (2009; version 6.12) were used to
compute thermosteric sea level in the Mediterranean Sea (download website:
http://rda.ucar.edu/datasets/ds285.3/). The data set consists of monthly T fields over a

1°x1° global grid down to 1500m and spanning the period 1950-2011. Thermosteric sea
level was computed at each grid point over the Mediterranean Sea by vertically
integrating the specific volume anomaly at each grid cell down to 300 m. The reference
level at 700 m was also sued for comparison, but the results did not differ. Therefore the
300 m reference level was preferred because there are a higher number of observations at
upper levels. Depths deeper than 700 m were not considered due to the scarcity of
observations. Salinity (S) values are also available in the same dataset. However, because
S measurements are highly sparse and uncertain over the entire basin (Jorda and Gomis,
2013), thermosteric sea level was preferred instead of steric sea level. For the calculation
of the thermosteric height changes S was considered constant to the 1950 value at each
depth.

2.5 Atmospheric variables

Mean sea level atmospheric pressure, 2m air temperature, net heat fluxes and 10m wind
velocity, were obtained from NCEP/NCAR atmospheric reanalysis (Kistler et al., 2001).
We used monthly mean values obtained from the 6h output fields with a spatial resolution
of 2.5°%2.5° over the period 1950-2011.

2.6. Climate indices
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The leading atmospheric climate modes used, namely NAO, EA, EA/WR and SCAN, as
computed for the period 1950-2011 were downloaded from the NOAA Climate Prediction
Centre (http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml). These modes
were obtained through a rotated principal component analysis (Barnston and Livezey,
1987) of the monthly mean standardized 500-mb height anomalies in the Northern
Hemisphere. This ensured that they are orthogonal (independent) to each other at a
monthly scale. The source of the data is the same as that used by Josey et al (2011)
although the period covered in this study is longer. Our approach has considered the sea
level impacts of the four leading modes of atmospheric variability that have an influence
in the Mediterranean Sea region as identified by the NOAA Climate Prediction Centre
analysis. Other patterns can be defined but they are likely to reflect a combination of the
modes that we have already employed. Hence, our focus has been on these four modes.
Future research that considers Mediterranean sea level impacts of other patterns of
variability should be careful to identify the extent to which the other patterns are

dependent on those already considered here.

3. Methodology

Winter and summer averages, defined as the mean values over the period December to
March and June to August, respectively, were computed for each climate index. The
correlations among the seasonal averages of the climate indices used are listed in Table 2.
The NAO and SCAN are anticorrelated in winter. In the summer the EA, EA/WR and

SCAN are all correlated with each other.

Composite fields of 2m air temperature, sea level pressure and wind anomalies were used
to develop spatial patterns of the relevant atmospheric field corresponding to the high and
low values of each index. The composite fields were built as follows: first, monthly fields
of the atmospheric variables coinciding with a climate index larger than 1.5 (or lower than
-1.5) were selected. Each monthly field was then multiplied by the corresponding index
value and the resulting time series was weighted averaged. The pattern obtained in this

way can be considered associated with a unit positive value of the climate index. Using
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different thresholds for the climate indices did not alter significantly the results. The

resulting patterns for the positive phase of each index are shown in Figure 1.

Seasonal averages were calculated for the tide gauge records for the period December
to March (winter) and for the period June to August (summer). For the gridded data,
seasonally basin averaged time series, for the same periods, were obtained by
calculating averages over the whole Mediterranean basin as well as over the eastern
and western sub-basins (the Sicily Strait has been used as the separation line between
the eastern and western basins). Seasonal variances of the different data sets are
listed in Table 3. The values correspond to the basin averaged variance and its
standard deviation. The lowest and highest value for each data set is also shown for

comparison.

All time series were detrended and the seasonal cycle was removed before the regression
analysis. The relationship between the various climate indices and sea level was explored
on the basis of the correlation and linear regression values between the seasonal (winter
and summer) anomalies of each variable and the corresponding seasonal time series of
each index. The trend removed corresponded to the common period of the time series and

the corresponding index. Significance was set at the 95% level.

Multiple linear regression analysis was, in addition, performed with sea level or one of its
components as the dependent parameter and all four indices as independent parameters.
Note that the correlation between the seasonal values of the indices (Table 2) indicates
that there is the possibility that the same variance in sea level can be accounted for by
more than one index. Forward stepwise multiple linear regression analysis (Draper and
Smith, 1998) was used to select the statistically significant contributors. This procedure
selects the most correlated dependent variable and removes its influence through a
regression analysis. Then it checks for correlation between the rest of the dependent
parameters and the residual signal, until the correlation becomes non-significant. Where
more than one index can account for the same part of variability the regression model

favours the index that accounts for the highest percentage of total variability.
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4. Results

4.1. Observed sea level from tide-gauges

Correlations between seasonal climate indices and tide gauge records and atmospherically
corrected tide gauge records are shown in Figure 2. For some of the indices significant
differences can be found between eastern and western basins. The winter NAO is found to
be correlated with observed winter sea level at all sites. In the Adriatic it was also
correlated during summer at most stations. SCAN was positively correlated during winter
in the Adriatic stations as well as in Marseille and Genova. These similarities are in
agreement with the negative correlation of -0.47 found between winter NAO and SCAN
(Table 2). EA/WR was correlated with sea level during winter, in the Adriatic Sea and
Alexandria at the Eastern Mediterranean. The removal of the atmospheric forcing
component using VANI2-ERA hindcast reduced the correlation coefficients but did not

make the correlations statistically insignificant.

During the summer season the NAO is correlated with sea level in some Adriatic stations.
The EA is correlated in the Adriatic stations and Genova. The removal of the atmospheric
forcing component increased the correlation with the EA in the Adriatic.

The variance accounted for by the indices at each tide gauge record and the corresponding
atmospherically corrected tide gauge record are listed in Table 4. The results of the
regression analysis against the four modes are shown at Table 4. The results for the
multiple regression are shown in parenthesis. Note that although SCAN accounts for a
significant amount of the variance for the Adriatic stations and Genoa and Marseille in the
multiple regression model it is considered redundant by the selection process at most of
the tide gauges except in Venice and Rovinj. This is probably a consequence of the inter-

dependence of winter averaged NAO and SCAN.

The results of multiple regression indicate that the NAO is the leading mode for winter
sea level in the Mediterranean Sea, accounting for 13% to 47% of the variance of

observed sea level and for 7% to 26% of the variance of atmospherically corrected sea
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level. The EA/WR accounts for 6% to 22% in the Adriatic and the eastern sub-basin and
conserves similar values when the atmospheric correction is applied (8% to 19%). The
EA accounts for 6%-18% of the variance of corrected sea level. Overall, the climate
indices account for 39%-56% of the total inter-annual sea level variability in winter and
for 14%-41% when the atmospheric correction is applied. The multiple regression models

are shown in Fig.3.

During summer the influence of climates modes in sea level variability from tide gauges
is smaller. In the Adriatic the NAO accounted for 13% to 15% of the variance. The
correlation with the other indices seems random (Table 4 and Figure 3). However, the
summer EA accounts for 8% to 16% of the variance at Genova, Marseille and the Adriatic
tide gauges when the atmospheric contribution is removed.

4.2. Observed sea level from altimetry

Statistically significant winter correlations between the climate indices and altimetry are
mapped in Figure 4 (left column). The corresponding basin averaged correlation and the
variance accounted for is listed in Table 5. Summer maps are not shown because no
statistically significant correlation has been identified. The correlations with tide gauges,
but computed for the same period as the altimetry are also mapped for completeness
(Figure 4, left). The highest correlation for basin average was found between altimetry
and NAO (-0.91). The correlation with SCAN was slightly lower (0.75).

The multivariate regression model selects the NAO as the independent parameter while
the SCAN mode becomes redundant. For this reason the variance accounted for by SCAN
is zero in Table 5. The winter NAO accounts for 77% of the variance followed by EA/WR
(7%) (Table 5 and Figure 5 top). These values are consistent with the variances of tide
gauges accounted for by the indices. However, the NAO accounts for more variance
during the altimetric period than for the tide-gauge period whereas the opposite is true for
EA/WR. Note that the EA/WR correlations are below the significance level for most of
the domain. Nevertheless it accounts for a small fraction of the variability. The multiple

regression model accounts for 83% of the basin averaged winter variance of sea level.
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Winter correlations between climate indices and DAC-altimetry are represented in Figure
4 (right). The correlations with atmospherically corrected tide gauges are also mapped
over the DAC-altimetry maps. Basin and sub-basin averages of correlations and variances
accounted for by the indices according to the multiple regression model are listed in Table
5. No significant correlations were found in summer (not shown). The highest correlation
(in absolute values) was obtained with NAO (-0.9) SCAN having the second largest (0.6).
The correlation with EA was also significant over part of the western sub-basin, with an
average value of 0.5.

The multiple regression model considered SCAN redundant. The contribution of each
independent mode to winter atmospherically-corrected sea level variability averaged over
the entire basin is represented in Figure 5 (bottom), being the NAO the only significant
mode, accounting for 78% of the variance. In the western sub-basin EA accounted for

around 12% of the variance.

It is worth to clarify that the difference in winter variances found between tide gauges
(32110 cm2) and altimetry (1947 cm2) listed in Table 3 is attributed to the different
periods considered and to the fact that the altimetry average covers the whole basin, while
the tide gauge value is point-wise. Indeed, when the winter variance of altimetry is
calculated by averaging only the closest grid points to tide gauges and limiting the tide
gauge average to the altimetry period this difference is significantly reduced (11+4 cm2

and 149 cm2, respectively).

4.3 Atmospherically forced sea level

Seasonal correlations between climate indices and atmospherically-induced sea level as
given by the barotropic hindcast forced by pressure and wind are mapped in Figure 6 for
winter (a-d) and summer (i-1). Basin averaged correlations and the corresponding
variances accounted for are listed in Table 6. With the exception of the EA, all other are
correlated with the winter atmospheric component of sea level. The highest correlation (-
0.7) is with NAO. For the winter season about 50% of the variance is accounted for by the
NAO index and 11% by the EA/WR. The correlation with SCAN was found redundant.
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Overall the variance accounted for by the climate modes was about 60%. The statistical
model for the averaged basin sea level for the NAO alone and the NAO and EA/WR are
shown in Figure 7 (top).

It must be remarked however, that the atmospherically-induced sea level variability is
much smaller in summer than in winter; thus, the impacts of the climate modes are also

smaller in absolute terms.

During summer, SCAN explains 14% of the variance; the other modes do not show
statistically significant correlations (Table 6). Despite the low correlation obtained with
NAO (-0.19 over the basin), this mode accounts for 8% of the variability in the eastern
sub-basin, according to the regression model. The corresponding time series of the
summer atmospherically-induced sea level and the regression model are plotted in Figure
7 (bottom).

Regression and correlation analysis was also performed for wind-only and pressure-only
forced sea level (Table 6). Seasonal correlations for wind-only forced sea level are
mapped at Figure 6 for winter (e-h) and summer (m-p). During winter, the NAO is the
leading mode for wind and pressure only forced sea level with very similar basin
averaged correlations (-0.67 and 0.68) and corresponding variances accounted for
between 45% and 49%.

For the multiple regression model of pressure-only forced sea level all four independent
modes contribute to winter basin-averaged sea level variability, reaching an overall value
of 60%.

For the multiple regression model for wind-only forced sea level the EA/WR is the only
pattern which, together with NAO, contributed to the winter variance (51%). Although
both EA and SCAN were correlated with wind sea level component at western subbasin
and overall the basin, respectively, they were considered redundant.

Results for the summer season are different. The pressure only forced sea level is

correlated with NAO at some areas of northern Adriatic and at 20-30°E area of Eastern
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sub-basin, while SCAN is correlated at western sub-basin. Interestingly, sea level forced
by wind only in summer is correlated only to the EA mode in almost all of the basin.

However the variance accounted for is only 9%.

4.4 Thermosteric sea level

Thermosteric sea level has much smaller variance than the observed sea level and the
atmospherically-corrected sea level (Table 3). Thus any significant correlation found
should be interpreted in this context.

The results for winter correlations between climate indices and thermosteric sea level are
represented in Figure 8 (left) and Table 7. During winter, SCAN is the index that displays
higher correlation, concentrated over the central and eastern regions of the Mediterranean,
with an average value of 0.30. SCAN explains about 9% of the winter basin averaged
thermosteric sea level variance. NAO is also correlated with the thermosteric sea level
over a fraction of the eastern sub-basin. The time series of the averaged thermosteric sea
level and the resulting regression models are plotted in Figure 9. No significant

correlations were found for the summer.

Changes in thermosteric sea level, at each part of the basin, result from atmospheric heat
fluxes and lateral heat advection. Significant correlation (0.59) was found between net
heat fluxes and the seasonal average of the time derivative of thermosteric sea level (0.59)
averaged over the basin for the period 1950-2008. Note that the seasonal average of the
time derivative of thermosteric sea level is the change in thermosteric sea level between
November and March divided by four, and between August and May divided by three.
The correlations with indices during winter and summer are mapped in Figure 8 (center
and right columns) and the averaged correlations and variances accounted for are listed in
Table 7. During winter, only EA is correlated over most of the western sub-basin and over
the Adriatic with an average value of 0.49 over all the basin. EA/WR shows correlations
in the most western and eastern parts of Mediterranean. However, the averaged values
have opposite sign depending on the sub-basin (0.30 and -0.22, respectively). SCAN
show correlations only in the central parts of the eastern sub-basin (0.30). EA is the only

mode that explains part of the variance of the winter basin averaged rate of change of
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thermosteric (17%). However, combined with EA/WR account for a 21% of the
variability of the basin, while combined with EA/WR and SCAN account for the 23% of
the eastern averaged. These results are consistent with Josey et al (2011) who showed that
EA is the mode driving air-sea net heat fluxes variability over the Mediterranean,
especially over western sub-basin, while the NAO and SCAN play much smaller role;
EA/WR also plays an important role, but generates a dipole with opposite signal on
western and eastern sub-basins. During summer only EA/WR is correlated with
thermosteric rate of change at the south part of the eastern sub-basin, however it is
correlated with the basin averaged (-0.35) accounting for 12% of the variance. SCAN
appears correlated at southern part of the western sub-basin (-0.29), where it explains

about 9% of the variance.

5. Discussion

The Mediterranean Sea level variance is larger in winter than in the summer. According to
altimetry it is about three times larger; according to coastal tide gauge records it is about
five times larger. The statistical modelling of this variance on multiple regression models
both for tide gauges and altimetric data show that the NAO can account for most of the
winter variability. The use of the atmospherically forced sea level hindcast shows that the
NAO influence is due both to the atmospheric pressure forcing and to wind forcing. The
sea level correlation with the NAO remains after the DAC correction is applied. This
means that the NAO influence on the Mediterranean is not restricted to the local
atmospheric pressure and wind effects.

Although SCAN and NAO are monthly independent, they are correlated in winter. All
modes show influence in the pressure driven part of the atmospheric forcing, hardly
surprising as they are determined on the basis of pressure changes. However only the
NAO and SCAN are correlated with the wind driven part of sea level in the winter. The
EA is the only mode influencing the wind driven sea level in the whole of the
Mediterranean Sea during the summer season.

The relationship between thermosteric sea level and the other large scale climate modes

considered in this study is not clearly demonstrated and the results found are spatially
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restricted to certain areas. Changes in the seasonally averaged rate of change of the
thermosteric sea level can be partly accounted for by the EA (21% in winter and 12% in
summer) but with differences between the western and eastern sub-basins.

The physical mechanisms through which the atmospheric climate modes impact on
Mediterranean sea level and its contributions can be discussed further using composite
maps of anomalies of sea level components, wind speed and mean sea level pressure for

each pattern corresponding to index values higher than 1.5 or lower than -1.5.

Figure 10 shows the composite maps of atmospherically forced winter sea level during the
positive and negative NAO phases and the corresponding map for EA/WR, the only two
indices we found accounting for the variance in the relevant multiple regression model.
Note that pressure and winds mapped here are not anomalies as in Figure 1. The spatial
pattern of the atmospheric component of sea level reflects that of the atmospheric
pressure: during a positive phase atmospheric pressure displays a meridional gradient with
lower values in the eastern sub-basin mimicked by the sea level response. On the
contrary, during a negative NAO phase, atmospheric pressure is lower and more
homogeneous within the basin and consequently sea level values are higher. The winds
associated with the NAO mode contribute in the same sense than atmospheric pressure to
the atmospherically-induced winter sea level. Fukumori et al. (2007) have shown that
winds around the Strait of Gibraltar can produce significant basin-wide oscillations in the
Mediterranean. Winds associated to the NAO negative phase are prone to induce a net
mass flux through the Strait of Gibraltar, so inducing a sea level increase in the basin
(Fukumori et al., 2007).

The second mode correlated with winter sea level and its atmospheric component, in the
multiple regression model, was the EA/WR. This mode was not significant for the
atmospherically-corrected sea level (Table 5), indicating thus that the influence on sea
level was exclusively through the atmospheric pressure and the local wind forcing. Wind
anomalies composites (Figure 1) suggested that positive phases of EA/WR favour
northerly strong winds, over the eastern basin. During a positive phase of EA/WR, the
atmospherically-induced sea level associated with this mode displays an E-W gradient in
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response to the atmospheric pressure pattern over the Mediterranean (Figure 10c). During
the negative phase of EA/WR (Figure 10d), the spatial pattern of atmospherically-induced

sea level is more uniform and dominated by westerly winds.

In Figure 11 composite maps for the anomalies in the rate of change of thermosteric sea
level are shown. As seen previously (Fig. 8), the NAO is only correlated with parts of the
Eastern Mediterranean. The winter EA is the mode most closely correlated with the rate
of change of thermosteric sea level. This is despite the fact that the EA does not correlate
with atmospherically-induced sea level in general but does correlate with the wind driven
part of the sea level. The underlying correlation between the wind field over the
Mediterranean and the EA is important for the heat fluxes. In its positive phase, EA is
characterized by an atmospheric pressure anomaly pattern with very weak gradients over
the Mediterranean Sea and the nearby Atlantic (Figure 1). The circulation associated with
the positive EA state involved westerly winds coming from the Atlantic, while the
negative phase northerly winds coming over the Gulf of Lions, in agreement with the
results presented by Josey et al (2011). As heat fluxes are always negative in winter, this
translates into smaller than average heat losses, especially over the western sub-basin
(Figure 11c). Likewise, the EA negative phase in winter is associated with northerly
winds and colder air T, resulting in larger than average ocean heat losses and more
negative anomalies of the rate of change of thermosteric sea level (Figure 11d). The rates
of change of thermosteric sea level were found to be also related with EA/WR and SCAN
at some areas of the basin (Table 7 and Figure 11). The associated with EW/WR winter
wind fields show that during the positive phase of EA/WR northerly winds bring cold air
over some areas of the eastern sub-basin resulting in a higher than normal heat loss
(Figure 11e) while in the western part of the basin winds coming from the west
contributes to a lower than normal heat loss. The opposite effect occurs during the
negative phase of EA/WR, when a westerly flow of warmer air contributes to decreasing
the rates of change of the thermosteric component (Figure 11f). The positive phase of
SCAN is associated with a westerly flow of warm air that induces lower than normal
decreasing of thermosteric sea level, mostly over the central-eastern Mediterranean. In its

negative phase, there is a pattern of warmer north-westerly winds due to the absence of
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the low-pressure conditions over the western sub-basin and the result is a much lower

decreasing of thermosteric sea level than in the positive phase.

During the summer season, SCAN was the only relevant mode for summer
atmospherically-induced sea level, accounting for only 14% of the variance (1.0£0.2 cm2)
on average over the basin. Figure 12a and 12b show that the mechanism through which
the SCAN pattern impacts on the atmospheric contribution is its associated atmospheric
pressure pattern for both the positive and negative phases, as the atmospherically-induced
pattern follows that of the atmospheric pressure. EA/WR and, to a lesser extent, SCAN
patterns influenced the rates of change of thermosteric sea level during summer. For both
positive and negative phases, EA/WR induce northerly winds over the Mediterranean
(Figure 12c, d); however, air T over Europe is colder (warmer) than average during the
summer positive (negative) phase (not shown), which explains lower (higher) rates of

change of thermosteric sea level.

6. Conclusions

The four independent large scale modes dominating the atmospheric variability over the
North Atlantic and Europe (NAO, EA/WR, SCAN and EA), impact differently on sea
level and its components. Table 8 summarizes the results presented throughout the paper

for each sea level contribution.

The major conclusions of this work are summarized in the following:

- The NAO is the main mode in terms of impacts on winter Mediterranean sea level
variability (-5.6 cm of altimetry sea level per unit NAO with a correlation of -0.91) as a
result of two physical processes that contribute to amplify the atmospheric signal: i) the
direct forcing of atmospheric pressure and wind within the basin (-2.9 cm per unit NAO
with a correlation of -0.71) which induces changes in the flux through Gibraltar, and ii)
the forcing of Gibraltar mass exchanges caused by winds near the Strait. In addition

Calafat et al. (2012) demonstrated that wind driven baroclinic circulation in the Atlantic
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also impact on Mediterranean sea level. Positive/negative winter NAO phases induce
lower/higher Mediterranean sea level as a result of these two mechanisms.

- The SCAN pattern is significantly correlated with winter Mediterranean sea level (0.89).
However, it has been found to be redundant with winter NAO, as the atmospheric patterns
associated with these two modes are very similar over the Mediterranean (confirmed by
the correlation between winter NAO and SCAN modes). Otherwise, SCAN is the only
mode that contributes to the winter thermosteric sea level with 0.4 cm per unit index.

- EA/WR is the second large scale mode in importance for Mediterranean sea level (-2.2
cm of altimetry sea level per unit index and a correlation of -0.36) , and acts mainly by
forcing the atmospheric sea level component, more particularly by atmospheric pressure
changes.

- The EA mode impacts on the rate of change in winter thermosteric sea level.

- In summer the variance of atmospherically induced sea level is much lower than in
winter (1.0£0.2 cm2). SCAN is correlated with atmospheric summer sea level (0.38, 0.6
cm/unit ) and the effect is solely attributed to pressure. The EA is the only mode that
contributes to the wind-only induced sea level (-0.31) with -0.2 cm per unit index but the
correlation is not significant for the atmospheric component as a whole or for the

observed sea level.

This work demonstrates that the study of the large-scale atmospheric variability can help
to understand sea level changes at a regional scale, at least for some of the sea level
components. Most notably, this is the first study that offers a complete overview of the
relationships between the major large-scale atmospheric patterns and Mediterranean sea
level and its components over the last decades. Our results provide both the relative and
overall contribution of atmospheric patterns to sea level variability in Mediterranean Sea,

an information that could be used for the study of past and future scenarios.
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642  Table 1. List of tide gauges, location, periods of operation and percentage of gaps
Station Name Area Latitude (°, Minutes)  Longitude (°, Minutes) Period Gaps (%)
Malaga W. Med. 3643N 04 25 W 1950-2010 15.00
Alicante W. Med. 3820 N 0029 W 1960-1997 2.70
Marseille W. Med. 4318 N 0521 E 1950-2011 0.00
Genova W. Med. 4424 N 0854 E 1950-1997 6.38
Venice Adriatic 4526 N 1220E 1950-2000 2.00
Trieste Adriatic 4539 N 1345E 1950-2011 1.64
Rovinj Adriatic 4505 N 1338E 1955-2008 1.89
Bakar Adriatic 4518 N 1432E 1950-2008 1.72
Split | Adriatic 4330 N 16 23 E 1952-2008 1.79
Split 1l Adriatic 4330 N 16 26 E 1954-2008 1.85
Dubrovnik Adriatic 42 40 N 1804 E 1956-2008 1.92
Alexandria E. Med. 3113N 2955 E 1950-1989 2.56
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Table 2. Correlation coefficients between winter (upper right triangle of the matrix) and
summer (lower left triangle of the matrix, in italic) climate indices for the period 1950-

2012. Boldface values denote statistical significance at 95% level.

NAO EA EA/WR  SCAN
NAO 1.00 0.11 0.05 -0.42
EA -0.20 1.00 0.02 0.00
EA/WR 0.20 -0.37 1.00 -0.16
SCAN 0.17 -0.27 0.25 1.00

Table 3. Mean and standard deviation of winter and summer variance of each data set.
For tide gauges and atmospherically-corrected tide gauges the variance of each tide gauge
was calculated and then the average value and the STD are shown. For sea level
altimetry, DAC-Altimetry, atmospheric component, pressure-only and wind-only
components and thermosteric sea level the variance at each grid point has been calculated
and then the average and STD are shown. The lowest and highest variances of each data
set are also shown (in brackets). (*) The units for the thermosteric rate of change are

cm/month.

Winter Variance (cm2)  Summer Variance (cm2)

Tide gauges 32410 (17-44) 7+2 (2-10)
Atm-Corr. Tide gauges 11+2 (5-15) 5+2 (1-10)
Altimetry 19+7 (6-73) 6+6 (1-64)
DAC-Altimetry 1147 (3-81) 616 (1-63)

Atmospheric component
Pressure-only component
Wind-only component
Thermosteric component
Thermost. rate of change*

6.1+2.1 (2.2-13.7)
3.3+1.5 (0.5-6.3)
0.7+0.2 (0.4-2.8)
0.9+0.5 (0.0-2.5)
0.2+0.1 (0.0-0.5)

0.620.1 (0.2-1.2)
0.4+0.1 (0.1-0.6)
0.1+0.0 (0.1-0.4)
1.540.8 (0.0-4.6)
0.4+0.1 (0.0-0.5)
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Table 4. The percentage of the variance accounted for by each climatic index at each tide

gauge for winter (above) and summer (below) for a regression model in which only one

index is the independent parameter. In brackets the corresponding variance for the

multiple regression model.

Winter sea level

Variance accounted for

Winter atmospherically-
corrected sea level

Station NAO EA EA/WR SCAN NAO EA EA/WR SCAN
Malaga 40 (40) 3(0) 0 (0) 1(0) 7(0) 4 (0) 4 (0) 1(0)
Alicante 47 (47) 5(0) 0.4(0) 70) | 20(15) 14(9) 0(0) 2(0)
Marseille 32(29) 10(7) 1(0) 12(0) | 10(7) 22(18) 0(0) 4 (0)
Genova 44 (43) 10(0) 8(6) 24(0) | 19(14) 19(14) 0(0) 8 (0)
Venice 24 (13) 1(0) 25(18) 25(9) | 14 (0) 5(0) 26 (19) 21 (14)
Trieste 33(33) 5(0) 20(20) 20() | 14(11) 9(6) 15 (14) 7(0)
Rovinj 35(26) 5(0) 16(14) 22(5) |18(16) 11(7) 11(11) 11(0)
Bakar 32(32) 4(0) 22(222) 19(0) | 18(18) 6(0) 17 (17) 7(0)
Split 1 39(39) 1(0) 17(17) 18(0) | 24(24) 3(0) 9(9) 7(0)
Split 2 39(39) 2() 15(15) 18(0) | 21(21) 5(0) 8(8) 7(0)
Dubrovnik 40(40) 0() 17(17) 18(0) | 26(26) 2(0) 14 (14) 12 (0)
Alexandria 17 (16) 1(0) 16 (15) 0 (0) 7(0) 2(0) 14 (14) 2(0)
Summer atmospherically-
Summer sea level corrected sea level

NAO EA EA/WR SCAN NAO EA EA/WR SCAN
Malaga 3(0) 2(0) 7(0) 1(0) 3(0) 4 (0) 8 (0) 0 (0)
Alicante 0(0) 1(0) 0 (0) 18 (18) 0 (0) 4 (0) 0 (0) 7(0)
Marseille 2 (0) 6 (0) 0 (0) 2 (0) 1(0) 11 (11) 0 (0) 0 (0)
Genova 3(0) 16(16) 2(0) 0 (0) 0(0) 14(14) 2(0) 2 (0)
Venice 5 (0) 6 (0) 6 (0) 1(0) 2 (0) 6 (0) 5 (0) 0 (0)
Trieste 15(15) 8(0) 5(0) 1(0) 10(0) 13(13) 7(0) 0 (0)
Rovinj 13(10) 11(8) 5(0) 0(0) 7 (0) 16 (16) 7 (0) 1(0)
Bakar 13(13) 7(0) 4(0) 0 (0) 6 (0) 9 (9) 5 (0) 1(0)
Split 1 14(14) 10(0) 5(0) 0(0) 11(1) 14(11) 6 (0) 2 (0)
Split 2 15(15) 10(0) 2(0) 0 (0) 11(7)  15(11)  2(0) 2 (0)
Dubrovnik 5 (0) 5(0) 2 (0) 0(0) 4 (0) 8(8) 3(0) 2(0)
Alexandria 2 (0) 0(0) 1(0) 1(0) 1(0) 0(0) 1(0) 2(0)
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Table 5. Correlation coefficients and the variance accounted for, by the regression model
in which each climate index has been regressed against the corresponding sea level
parameter. Results for winter are shown. The variance accounted for by the multiple
regression model is shown in brackets. Boldface values denote statistically significance at

95% level. Western and Eastern Mediterranean values are also shown.

NAO EA EA/WR SCAN
Corr EV (%) |Corr EV (%) | Corr EV (%) | Corr EV (%)

Med | 091 83(77) | 010 1(0) |-036 13(7) |0.75 56 (0)
Altimetry WMed | .090 81(76) | 0.19 4(0) |-035 12(7) |0.78 61(0)
EMed | 089 79(73) | 008 1(0) [-036 13(7) |0.73 53(0)
Med | 089 79(79) | 026 7(0) |-020 4(0) |057 32(0)
DAC Altimetry | WMed | 080 64 (52) | 0.49 24(12) |-005 0(0) |048 23(0)
EMed | 089 79(79) | 021 4(0) |-023 5(0) |0.60 36(0)
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Table 6. Correlation coefficients and the variance accounted for, by the regression model
in which each climate index has been regressed against the atmospherically-induced sea
level, pressure only-induced sea level and wind only-induced sea level. Results for winter
(above) and summer (below) are shown. The variance accounted for by the multiple
regression model is shown in brackets. Boldface values denote statistically significance at

95% level. Western and Eastern Mediterranean values are also shown.

NAO EA EA/WR SCAN
Corr EV (%) | Corr EV (%) | Corr EV (%) | Corr EV (%)
Med |-0.71 50(50) |-0.01 0(0) |-0.32 10(11) | 047 22(0)
Wmed |-0.73 53(42) | 0.03 0(0) |-026 7(5) |049 24(4)
Emed |-0.67 45(45) |-004 0(0) |-0.35 12(13) | 043 18(0)
Med |-0.68 46(49) |-0.12 1(4) |-0.33 11(12) | 047 22(0)
Wmed |-0.70 49(38) |-006 0(0) |-030 9(7) |051L 26(5)
Emed |-0.63 39(44) |-015 2(6) |-035 12(13) | 04 16 (0)
Med |-0.67 45(45) | 021 4(0) |-025 6(7) |042 18(0)

Winter
Atmospheric

Winter
Pressure-only

Winter
Wind-only Wmed | -0.67 45 (45) | 0.28 8(0) |-010 1(0) 034 12(0)
Emed |-0.65 42(42) | 0.17 30 |-030 9(9 0.44 19(0)
NAO EA EA/WR SCAN
Corr EV (%) | Corr EV (%) | Corr EV (%) | Corr EV (%)
Med |-0.19 4(0) -0.1 1(0) 0.09 1(0) 0.38 14 (14)
Summer

Wmed |-009 1(0) |-018 3(0) | 012 1(0) |04l 17(17)
Emed |-0.22 5(8) |-007 0(0) | 007 0() |035 12(16)
Med |-0.30 9(13) [ 003 0() | 004 0(0) |034 12(16)

Wmed |-021 4(8) |-008 1(0) | 009 1(0) |042 18(22)
Emed |-0.32 10(14) | 007 0(0) | 002 0(0) |031 10(13)
Med | 014 2(0) [-031 10(10) | 012 1(0) | 021 4(0)

Wmed | 019 4(0) |-029 8(8) | 013 2(0) |018 3(0)
Emed | 012 1(0) |-031 10(10) | 012 1(0) |022 5(0)

Atmospheric

Summer
Pressure-only

Summer
Wind-only
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Table 7. Correlation coefficients and the variance account for, by the regression

model in which each climate index has been regressed against the thermosteric sea
level and the monthly rate of change of thermosteric sea level. Results for winter are
shown. Results for summer are shown only for the rate of change of thermosteric.
The variance accounted for by the multiple regression model is shown in brackets.

Boldface values denote statistically significance at 95% level. Western and Eastern

Mediterranean values are also shown.

NAO EA EA/WR SCAN
Corr EV (%) | Corr  EV (%) | Corr  EV (%) | Corr EV (%)
Med -0.23 5(0) |-020 4(0) -0.04 0(0) 0.30 9(9)
Winter
Thermosteric Wmed [-0.02 0(0) |-0.10 1(0) 0.05 0(0) 0.15 2 (0)
Emed [-028 8(0) |-021 4(6) -0.06 0(0) 0.32 10(12)
. Med -0.18  3(0) 0.49 24 (17) | -0.22 5(4) 0.21 4 (0)
Winter Rate
of change Wmed | 0.09 1(0) 0.44 19(16) | 0.10 1(0) -0.14  2(0)
Emed [-0.25 6(0) 0.40 16(11) | -0.30 9(6) 0.30 9(4)
Med 0.06 0(0) 013 2(0) -0.35 12(12) | -0.19 3(0)
Summer Rate
of Change Wmed [-0.05 0(0) -0.06 0(0) -0.09 1(0) -029  9(9)
Emed 0.09 1(0) 0.18 3(0) -0.37 14 (14) [ -0.09 1(0)
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Table 8. Variance accounted for by the regression model in which each climate index has
been regressed against the sea level and its components for the altimetry period (1993-
2008). The variances of the altimetric sea level accounted for by the atmospheric and
thermosteric components are also shown. Results for winter and summer are shown. The
variance accounted for by the multiple regression model is shown in parentheses. The

lowest and highest variances accounted for by each tide gauge are also shown for the

altimetry period (in brackets).

DAC-

Atmospheric

Thermosteric

Tide

Atm-corrected

Component (%)

Altimetry Altimetry component component gauges tide gauges

Win  Sum| Win Sum| Win Sum [ Win Sum Win Sum Win Sum
NAO (%) | 86(86) 0(0) | 72(72) 0(0) | 700) 1(0) | 2(0) 6(0) 5[301;165‘?) [0-15] (%ZE% [0-2](0)
EA (%) 00) 5(0) | 1(0) 3(0)| 3(0) 0(0) | 0(0) 6(0) | [0-4](0) [0-16] | [2-14](0)  [0-7](0)
EA/WR (%) 1(0) 0(0) | 0(0) 1) | 2(0) 2(0) | 19(0) 2(0) | [0-7](0) 0 [0-5](0)  [0-3] (0)
SCAN (%) 60(0) 0(0) | 25(0) 1(0) | 80(80) 10(0) | 2(0)  0(0) E[lg é635]]) [0-18] | [1-37](0) [0-5](0)
Atmospheric

74 42
Component (%)
Thermosteric

0 0 0 1
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Figures

Figure 1. Winter (Dec-Mar) NCEP 2m air temperature anomalies (coloured field, °C),
10m wind speed anomalies (vectors) and sea level pressure anomalies (contours) for a
unit value of the positive index of: (a) NAO, (b) EA, (c) EA/WR and (d) SCAN. Note that
the horizontal vector (red arrow) is for scale and indicates a wind speed of 5m/s.

Positive NAO (Air T, SLP, wind) Positive EA (AII’ il SLP wind)




800

801  Figure 2. Dec-Mar (triangles and stars) and Jun-Aug (circles and squares) correlation

802  coefficients between NAO (a), EA (b), EA/WR (c), SCAN (d) and tide gauges (black) and
803  atmospherically corrected tide gauges (grey) for the common period 1958-2008. Filled
804  symbols denote statistically significance at 95% level. Site names are listed in Table 1.
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817

818  Figure 3. Winter (left) and summer (right) sea level at tide gauges (in grey) and time
819  series reconstructed using the multiple regression model (black lines) with the
820  corresponding indices (Figure 2 and Table 4).
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832
833  Figure 4. Maps of the correlation coefficient between winter climate indices and

834  winter altimetry (left) and DAC-altimetry (right) for the period 1993-2010. Dotted
835  areas denote significant correlation at 95% level. Correlations with tide gauges are
836  also shown for the same period (coloured circles). Only those tide gauges longer than
837 10 years of data during 1993-2010 are shown.
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842

843  Figure 5. Overall contribution of independent modes to winter basin average
844  altimetry (top) and winter basin average DAC-altimetry (bottom).
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a) Winter NAO - Atm sea level

AO - Wind-only sea level

r EA - Wind-only sea level

Figure 6. Dec-Mar and Jun-Aug maps of correlation coefficients between climate
modes and atmospherically-induced sea level and wind-only induced sea level for the
period 1958-2008. Dotted areas denote significant correlation at 95% level.
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880

881  Figure 7. Overall contribution of independent modes to winter (top) and summer
882  (bottom) basin average atmospherically induced sea level variability.
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Figure 8. Dec-Mar and Jun-Aug maps of correlation coefficients between the climate

indices and the thermosteric sea level (left) and the rate of change of thermosteric sea

level (center and right) for the period 1950-2011. Dotted areas denote significant

correlation at 95% level.
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911

912  Figure 9. Dec-Mar contribution of the SCAN to the winter basin averaged

913  thermosteric sea level. Averaged thermosteric sea level of the highest correlated
914  area s also shown for comparison (light-grey line).
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Figure 10. Winter (Dec-Mar) atmospherically-induced sea level (cm) and 10m wind
speed (vectors) averaged for a winter NAO (top) and EA/WR (bottom) indices: (a,c)
positive state, (b,d) negative state. Corresponding averaged sea level pressures are
contoured in intervals of 1 mb. Note that the horizontal vector (red arrow) is for scale and

indicates a wind speed of 2m/s.
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Figure 11. Winter (Dec-Mar) rate of change of thermosteric sea level anomalies (cm)
and 10m wind speed (vectors) averaged for winter NAO (a,b), EA (c,d), EA/WR (e,f)
and SCAN (g,h) indices under a positive state (left) and a negative state (right).
Corresponding averaged sea level pressures are contoured in intervals of 1 mb. Note that
the horizontal vector (red arrow) is for scale and indicates a wind speed of 2m/s.
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Figure 12. Summer (Jun-Aug) atmospherically induced sea level (cm) averaged for a
summer SCAN positive and negative phases (above). Rate of change of thermosteric sea
level anomalies (cm) averaged for a summer EA/WR positive and negative phases
(below). Corresponding 10m wind speed (vectors) and sea level pressure are contoured
in intervals of 1 mb. Note that the horizontal vector above Figure 12a is for scale and
indicates a wind speed of 2m/s.
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