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Abstract Sea-level variability in the Mediterranean Sea
was investigated by means of in-situ (tide-gauge) and sat-
ellite altimetry data over a period spanning two decades
(from 1993 to 2012). The paper details the sea-level vari-
ations during this time period retrieved from the two data
sets. Mean sea-level (MSL) estimates obtained from tide-
gauge data showed root mean square differences (RMSDs)
in the order of 40-50 % of the variance of the MSL signal
estimated from satellite altimetry data, with a dependency
on the number and quality of the in-situ data considered.
Considering the individual time-series, the results showed
that coastal tide-gauge and satellite sea-level signals are
comparable, with RMSDs that range between 2.5 and 5 cm
and correlation coefficients up to the order of 0.8. A coher-
ence analysis and power spectra comparison showed that
two signals have a very similar energetic content at semi-
annual temporal scales and below, while a phase drift was
observed at higher frequencies. Positive sea-level linear
trends for the analysis period were estimated for both the
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mean sea-level and the coastal stations. From 1993 to 2012,
the mean sea-level trend (2.44 4 0.5 mm year’]) was found
to be affected by the positive anomalies of 2010 and 2011,
which were observed in all the cases analysed and were
mainly distributed in the eastern part of the basin. Ensem-
ble empirical mode decomposition showed that these
events were related to the processes that have dominant
periodicities of ~10 years, and positive residual sea-level
trend were generally observed in both data-sets. In terms of
mean sea-level trends, a significant positive sea-level trend
(>95 %) in the Mediterranean Sea was found on the basis
of at least 15 years of data.

Keywords Sea level - Mediterranean Sea - Sea-level
trend - Satellite altimetry - Tide-gauge

1 Introduction

The sea level is a key indicator of climate change. Estimat-
ing sea-level rise is one of the most important scientific
issues, with a large societal benefit and impact. In the Fifth
Assessment Report (ARS) of the Intergovernmental Panel
on Climate Change (IPCC), Church et al. (2013) underline
the importance of instrumental records to analyze the past
sea-level changes. The focus of the present study is the sea-
level variability retrieved from observational datasets.

The difficulties in estimating reliable sea-level changes
are due mainly to the sampling shortcomings of the two
observational datasets: tide gauges provide measurements
of the sea-level relative to the solid Earth, with a coarse
spatial resolution, while the altimeter measures the range
between the satellite and the sea surface (Cazenave and
Nerem 2004) covering approximately only two decades.
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Despite the sparse sampling, tide gauges have been fun-
damental in highlighting the trend in the rise in sea lev-
els in the last century (Douglas 1991, 1997). Tide-gauge
records have also always been used to calibrate altimeter
sea level measurements, in order to obtain a highly accurate
mean sea level (Mitchum 2000, 1998, 1994; Leuliette et al.
2004). The combination of the two data-sets has been used
in previous works for several purposes. Fenoglio-Marc
(2004) and Garcia et al. (2012) combined satellite altimetry
and tide gauge data in the Mediterranean Sea to estimate
vertical motions of the Earth’s crust. Using a generalized
least squares method, Mangiarotti (2007) performed a joint
analysis of TOPEX/Poseidon satellite altimetry and tide
gauge data to estimate sea level trends along the Mediter-
ranean Sea coasts.

Global and regional sea-level reconstructions (Church
and White 2011; Church et al. 2010; Calafat and Gomis
2009) aim to reproduce the multi-decadal sea-level varia-
bility over a continuous spatial domain, combining the spa-
tial and the temporal information from the two data-sets.

The two data-sets are generally combined in order to fill
the space and time gaps, however in order to do this we first
needed to examine the consistency of the two data-sets at
the regional scale. A key issue is to assess the reliability
of the mean sea-level (MSL) estimate obtained from tide-
gauge stations and to compare it with the estimate derived
from satellite altimetry in the Mediterranean basin.

The Mediterranean Sea is a particularly interesting area
for investigating mean sea-level variability and trends. As
explained in Pinardi et al. (2014), when considering a lim-
ited area of the world ocean, the mean sea-level tendency
is also dominated by lateral mass transport fluxes, which
makes the regional mean sea-level very different from the
global level (Church et al. 2013). In the Mediterranean Sea,
Gibraltar mass transport almost balances the surface water
flux, thus changing the nature of the mean sea-level trend.

In the literature, the works that focus on sea-level vari-
ability and trends in the Mediterranean Sea by comparing
tide-gauge and satellite altimetry data, usually consider
a limited number of tide-gauge stations in sub-regional
basins, using along-track satellite altimetry data (Vignudelli
et al. 2005; Pascual et al. 2007; Fenoglio-Marc et al. 2012;
Birol and Delebecque 2014). In addition multi-mission
gridded satellite altimetry data are used (Fenoglio-Marc
2002; Cazenave et al. 2002; Pascual et al. 2009), which in
the version for the global ocean are not suitable for resolv-
ing the sea-level variability due to the meso-scale dynamics
in the Mediterranean Sea (Robinson and Golnaraghi 1994,
Robinson et al. 2001; Pinardi et al. 2015).

In this work we investigated how satellite altimetry data
resolve the sea-level near the coasts. We used a regional
multi-mission satellite altimetry gridded data-set and all the
tide-gauge records available in the Mediterranean Sea over
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a 20-year period (1993 to 2012). The aim was to under-
stand whether the offshore sea-level altimetry signals were
representative of the local sea-level recorded by tide gauges
along the basin coasts, in terms of temporal variability and
linear trends, focusing on the significance of the linear
trend estimates.

Recent works have investigated non-linear sea-level
variability and long-term residual trends (Spada et al. 2014;
Galassi and Spada 2015) on the basis of tide-gauge time
series and performing Empirical Mode Decompositions
(EMDs) (Huang et al. 1998; Wu and Huang 2009; Torres
et al. 2011).

We also set out to identify the temporal scales of the pro-
cesses that characterize the sea-level variations in the Med-
iterranean basin. We used EMD methods to compare sea-
level signals from coastal tide-gauge records, distributed
almost over the entire Mediterranean basin, together with
time-series retrieved from satellite altimetry data, which to
the best of our knowledge have never been analysed in the
study area using this method. The expected result was to
identify the leading modes of oscillation of the sea level in
the Mediterranean Sea and to obtain the long-term residual
trend, from both data-sets.

The paper is organized as follows. Section 2 describes
the data used in the sea-level signal analysis. An analysis
of sea-level components retrieved by each observational
instrument is provided in Sect. 3. The MSL estimates in
the Mediterranean Sea retrieved from both data-sets are
compared in Sect. 4. The coastal sea level from tide gauges
and the open-ocean sea level from altimetry are compared
in terms of temporal variability and trends in Sect. 5.
Section 6 focuses on the non-linear sea-level variations.
The sea-level trend significance is discussed in Sect. 7. All
the results are summarized in Sect. 8 and some conclusions
are drawn.

2 Data sets
2.1 Tide gauge data

The Permanent Service for Mean Sea Level (PSMSL)
records for the Mediterranean Sea are available from
around 1900, however these records suffer from a discon-
tinuous spatial distribution and a significant gap in the
southern part of the basin (North Africa). In-situ sea-level
data are provided by the PSMSL (Holgate et al. 2013;
PSMSL 2015) as monthly means. Our focus is on the
Revised Local Reference (RLR) dataset (Woodworth and
Player 2003), which is recommended for scientific pur-
poses. The RLR data-set reduces all the records collected to
a common datum for the analysis of time series. In order to
avoid negative numbers in the resulting RLR monthly and
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Fig. 1 Tide-gauge station distribution in the Mediterranean between
1993 and 2012. In the top panel black points represent the tide gauge
stations with the most complete time series (at least 85 %) between

annual mean values, this reduction is performed using the
tide gauge datum history and a common reference level of
approximately 7000 mm below the average sea-level (Klein
and Lichter 2009).

In the Mediterranean basin there are 100 tide gauge sta-
tions of the RLR dataset covering the period from 1993 to
2012 (satellite time window). Less than half of these show
a complete time series. We selected 23 stations that have at
least 85 % of the complete time series during the analysis
period. Figure 1, top panel, shows the spatial distribution
of tide gauge stations over the basin: black points represent
the positions of the stations selected. The bottom panel in
Fig. 1 shows the number of tide-gauge stations available
during our analysis period.

Note that during the last few years (e.g. 2012) the total
number of stations available in the Mediterranean basin has
been very close to the number of stations selected. Table 1
shows the metadata of these stations and the completeness
of their time-series expressed as a percentage (Columns
from 1 to 4).

Vertical land motion (VLM) can affect sea-level meas-
urements over different temporal scales with different pro-
cesses. Local sea-level measurements are influenced by
VLM due to Glacial Isostatic Adjustment (GIA), tectonics,
subsidence, sedimentation and self-attraction and loading
(SAL; Tamisiea et al. 2010) which can contaminate the
trends (Calafat and Gomis 2009) and affect the estimate
of reliable sea-level rates purely associated with the ocean
dynamics.

Permanent GPS stations co-located at tide-gauge sta-
tions (GPS@TG; Santamaria-Gomez et al. 2012) accu-
rately estimate the long-term VLM and correct tide-gauge
records (Woppelmann et al. 2007, 2009; Woppelmann and
Marcos 2012). Although much has been done to combine

1993 and 2012. The bottom panel shows the number of tide-gauge
stations available during the analysis period

the information from tide-gauge and GPS measurements
(Santamaria-Gémez et al. 2012; http://www.sonel.org/),
however GPS@TG still do not cover all tide-gauge sites,
either at a global or regional scale (e.g. the Mediterranean
Sea). On the other hand, land motions related to GIA can
be simulated in global geodynamic models (Peltier 2001,
2004b). Aware of VLM processes that are not taken into
account using a GIA model, in this work we follow the
approach typically used in the literature (e.g., Church and
White 2011) and consider the GIA as the only VLM cor-
rection to be applied to both observational data-sets. The
GIA computations (Table 1, Column 11) were performed
with the aid of an improved version of SELEN (Spada
and Stocchi 2007; Spada et al. 2012) which solves the
sea-level equation assuming a spherically symmetric, and
rotating Earth model. The sea-level equation is solved at
a harmonic degree ¢,,,» = 128 on a quasi-regular icosa-
hedral grid with a spacing of ~ 40 km, adopting the ICE-
5G(VM2) deglaciation chronology of Peltier (2004a).
Mantle incompressibility is assumed, and the formulation
by Milne and Mitrovica (1998) was used to describe the
rotational feedback on sea-level changes.

2.2 Satellite data

The specific satellite Sea Level Anomaly (SLA) fields used
in this study are described by Pujol and Larnicol (2005)
and Landerer and Volkov (2013). Along track sea-level
data are corrected for long wavelength errors (Traon et al.
1998; Le Traon et al. 2003) and an estimate of the inverse
barometer (IB) effect is subtracted as well as wind and tidal
effects in addition to other atmospheric corrections (taken
together these are called dynamic atmospheric correc-
tions; Carrére and Lyard 2003). The dynamic atmospheric
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correction (DAC) combines the high frequency sea-level
variability (time scales less than 20 days) of the MOG2D-
G model with the low frequency signals (greater than 20
days) of the IB correction (Carrere and Lyard 2003; Lan-
derer and Volkov 2013).

The data set used in this analysis is based on six satel-
lites: TOPEX/Poseidon (September 1992 to October 2005),
Jason-1 (August 2002 onwards), Jason-2 (January 2009
onwards), ERS-1 (October 1992 to May 1995), ERS-2
(May 1995 to June 2003), Envisat (June 2003 onwards).
Starting with different satellite along-track data, the differ-
ent SLA signals are interpolated with objective analyses
(Ducet et al. 2000), thereby producing a field on a regular
grid with a horizontal resolution of 1/8° (~ 13 km), every
seven days. Gridded fields were collected from the merged
regional products for the Mediterranean Sea, distributed by
Archiving, Validation, and Interpretation of Satellite Ocean-
ographic data (AVISO), which are freely available at http://
www.aviso.altimetry.fr. Data were averaged monthly in
order to use the same temporal resolution as the in-situ data.

3 Analysis of sea-level components

The formalism for the description of the sea-level signal
components in the in-situ and satellite sea-level measure-
ments is given in Appendix 1.

In order to compare satellite SLA and tide gauge sea-
level data, we start by defining the SLA signal from the sat-
ellite. The SLA is given by the difference between the sea-
level and its mean, calculated over a reference period from
1993 to 1999 (Pujol and Larnicol 2005). We assume that
this mean value contains an approximation of the height
of the geoid above the reference ellipsoid (Cazenave et al.
1998, 2002) and the mean dynamic topography. The result-
ing component, shown in Eq. (1), is corrected for tides and
the inverse barometer effect, as well as wind effects, as
explained in Sect. 2.2.

Following the literature (Cazenave et al. 2003; Cazenave
and Llovel 2010) we define the MSL as the average area of
the previous component (Eq. 2).

As described in Pinardi et al. (2014) the MSL in the
Mediterranean Sea is composed of two parts: an incom-
pressible or mass component due to the balance between
the net volume transport at the Gibraltar Strait (normalized
by the Mediterranean basin area) and the net surface water
flux, and a steric component due to the buoyancy fluxes
that account for the thermosteric and halosteric compo-
nents (Eq. 3).

Subtracting our estimate of MSL from the SLA signal
from the satellite, we obtain the space and time dependent
sea-level component from the satellite, which is then com-
pared with in-situ data (Eq. 4).
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Next we consider the in-situ sea-level measured by tide
gauges. Tide-gauge records provide a sea-level signal with-
out any corrections applied. We can assume that the in-
situ measured sea-level contains the MSL, geoid, the low
frequency response of the sea surface to the atmospheric
pressure, the high frequency response to the atmospheric
pressure and wind (both accounted for by the DAC in the
satellite data), the local datum correction and a time- and
space-dependent local sea-level component (Eq. 5). The
local datum correction is computed by removing the tem-
poral mean from each tide gauge station time series. The
effect of the high frequency response to the atmospheric
pressure and wind is minimized in our analysis, consider-
ing monthly averaged data. The low frequency response to
the atmospheric pressure (inverse barometer effect) can be
considered as in Dorandeu and Traon (1999), as shown in
Eq. (6). In order to account for this component, we used the
Mean Sea Level Pressure (MSLP) of the European Centre
for Medium-Range Weather Forecasts (ECMWF) Re-anal-
ysis dataset (ERA-Interim; Dee et al. 2011).

The effects of the atmospheric forcings on the free sur-
face also affect the sea-level trends (Tsimplis et al. 2005;
Marcos and Tsimplis 2007; Gomis et al. 2008). Consider-
ing DAC, Pascual et al. (2008) observed a sea-level trend,
over the period 1993-2001, due to the effect of the atmos-
pheric forcings, of the order of ~0.6 mm year—'. On the
other hand, the same authors observed minimum values in
the Western Mediterranean basin and maximum values in
the Levantine basin, up to 2 mm year™ .

In order to compare analogous signals in tide gauges
and satellite altimetry products, in our approach we only
need to use the space- and time- dependent components

described above ()< and n}%/ in Eqgs. 4, 5 respectively).

sat

4 Mean sea-level estimates

In this section we compare the possible MSL estimates
considering satellite altimetry and tide-gauge data in the
Mediterranean Sea.

In order to examine the reliability of the MSL estimate
obtained from tide-gauge stations and to compare it with
the estimate derived from satellite altimetry, which pro-
vides a much better spatial coverage, a bootstrap analysis
(Efron and Tibshirani 1997) was carried out, considering an
increasing number of randomly distributed tide-gauge sta-
tions in the computation of the MSL estimate.

Figure 2, top panel, shows the MSL estimates obtained
from satellite altimetry (solid red line) and tide-gauge data,
considering both all the stations available during the analy-
sis period (dashed blue line) and only the stations selected
for our analysis (solid black line). The bottom panel in
Fig. 2 shows the results of the bootstrap analysis in terms
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of the correlation coefficient (black lines) and Root Mean
Square Difference (RMSD), normalized by the standard
deviation of the satellite altimetry data (red lines; hereaf-
ter RMSD* in the text), both considering the total number
of tide-gauge stations available (dashed lines) and only
the stations selected for this work (solid lines). The results
show that MSL estimates from tide gauges are clearly
dependent on the number of stations considered and on the
quality of the data considered, given the completeness of
the tide-gauge time-series. In general considering a larger
number of stations, the correlation coefficient tended to
increase, while the RMSD* tended to decrease, up to 0.87
and 0.53, respectively, considering the total number of tide-
gauges available. When only the 23 tide-gauge stations
selected for our analysis were taken into account, the MSL
estimates from tide gauges were slightly more reliable than
the estimate using all stations of a lower quality, with cor-
relation coefficients up to the order of 0.9 (0.4 of RMSD*).
Despite the high correlation, due to the seasonal signal
contained in the MSL estimates, the RMSD* of the MSL
estimates obtained from the tide-gauges were in the order
of 40-50 % of the variance of the MSL signal obtained
considering satellite altimetry data. Thus we conclude that
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Fig. 2 Reliability of Mediterranean Sea MSL estimates. Top panel
MSL estimates as obtained from satellite altimetry (solid red line), all
available tide-gauge data (dashed blue line) and selected tide-gauge
data (solid black line). Bottom panel correlation coefficient (black
lines) and RMSD¥* (red lines) between satellite altimetry, all avail-
able tide-gauge data (dashed lines) and selected tide-gauge data (solid
lines)

tide-gauge stations do not give a good enough estimate of
MSL in the Mediterranean Sea, and that satellite MSL esti-
mates should be used to correct tide-gauge sea levels for
these effects.

5 Comparison of in-situ and satellite altimetry
data

A comparison of satellite and tide-gauge signals (1}

and 134 in Appendix 1) at tide-gauge stations is shown in

Table 1 using the nearest satellite altimeter grid point.

In general satellite altimetry and tide-gauge signals were
comparable in most of the cases considered, with RMSDs
that ranged between 2.5 and 5 cm against a trough—to—
peak amplitude of the in-situ sea-level signal that ranged
between 20 and 30 cm. The two data-sets also were signifi-
cantly correlated up to 0.8.

In the western part of the basin, moving from Gibraltar
up to the Gulf of Lion, the two sea-level signals were posi-
tively correlated with a lower correlation coefficient (0.5)
in the Alboran Sea, which reached higher values (~0.6
and 0.7) along the Catalan and the southern French coasts
respectively. Figure 3 shows Malaga, L’Estartit (top panels)
and Marseilles (central left panel).

Higher correlations were found in the northern Adri-
atic (Fig. 3), where the Trieste station (central right panel)
showed a very high correlation (0.87) among altimetry and
tide gauges. Similar correlations patterns were observed in
Dubrovnik and Split (bottom left panel).

In the central part of the basin, the Valletta station (Fig. 3
bottom left panel), showed a high correlation between the
two signals (0.78), which mean that the sea-level signal
captured by the tide gauge station in Malta is an open-
ocean signal.

In the Ionian Sea the coastal sea-level signals were well
correlated between tide gauge and satellite altimetry (0.55—
0.75), with RMSDs that ranged between 3 and 5.5 cm, i.e.
Levkas, Preveza, Katakalon and Kalamai Fig. 4, top right
panel), located along the Greek coasts as far as the Pelo-
ponnesus peninsula.

In the Aegean Sea, altimetry and tide gauges were com-
parable in terms of correlation coefficients which ranged
between 0.6 to the order of 0.8. Figure 4 shows the cases
of: Thessaloniki and Alexandroupolis (top left panel) in the
northern part of the sub-basin; Khios (central right panel)
in the Sporades archipelago; Leros and Siros (central left
panel) in the Cyclades archipelago; and Soudhas (bottom
right panel) in Crete.

In the Levantine basin, we only analyzed one tide gauge
station (the only one available). Figure 4 shows the Hadera
station (bottom left panel), where satellite data are repre-
sentative of the decadal variability in the sea-level signal

@ Springer
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Fig. 3 n"*(¢) from tide gauge (solid black line) and satellite altim-
etry (solid red line) comparison. From the western part of the basin
to the Adriatic Sea, the following cases are shown: Malaga (a), Mar-

captured by the tide gauge measurements, resulting in a
correlation coefficient of the order of ~0.65 and RMSD of
5 cm.

Note that in all stations analysed, there were large posi-
tive sea-level anomalies in 2010 and 2011. This is in agree-
ment with findings by Landerer and Volkov (2013) during
the same period in the Mediterranean Sea.

Landerer and Volkov (2013) also found the highest corre-
lation patterns between wind stress in the Gibraltar Strait and
the sea-level signal in Mediterranean Sea, the Northern Adri-
atic, the Central Mediterranean and in the Levantine basin.
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seille (b), L’Estartit (c), Trieste (d), Split (e) and Valletta (f); y-axis
values expressed as [cm]

Considering satellite altimetry data in the years 2010-
2011, Fig. 5 shows the difference between the sea-level
anomaly field and climatology computed without consider-
ing 2010 and 2011.

Most of the large positive differences (=5 cm) occur in
the Adriatic, along the Tunisian shelf and in the Levantine
basin. Large positive anomalies are also evident in front of
the Gulf of Sirte and in the Aegean Sea.

In order to compare the n}%" and 1y in detail, Fig. 6
shows the average of all the tide-gauge stations with the
average satellite altimetry at the same stations.



Sea-level variability in the Mediterranean Sea from altimetry and tide gauges

KALAMAI [ 290/21 ; 20.71 W 38.83 N ]

20
10 ‘ '
oLt |/ W W M

10

~20
OITOONOVNOT—ANNITLONONO—AN
DA NOO0O0O0O0O0O0O0O0O T T 1
[ololololololololololololololololololo]
—rrrrrrrrAAANANANNANNNANANN

KHIOS [ 290/71 ; 21.73 W 38.42 N ]

10 ‘
o LY

SOUDHAS [ 290/97 ; 17.2 W 43.13 N ]

20

10 i JI\"‘
0 \ 1 4
r

L
o

ALEXANDROUPOLIS [ 290/65 ; 24.08 W 35.49 N ]
20

U e

0 LIy

-10 |

SIROS [ 290/81 ; 30.62 W 36.83 N ]

20

HADERA [ 320/16 ; 25.88 W 40.84 N ]

20
10 I
0 #\ [
|
-10 |
-20
DT ONDOVAOT—ANDNITOOONODNO AN
[l lolololololololololololololol bl
[Tl lololo N0 loleoleoleolololololololololo]
rrrrrrr AN

Fig. 4 n"* () from tide gauge (solid black line) and satellite altimetry (solid red line) comparison. From the Ionian Sea to North Africa the fol-
lowing cases are shown: Kalamai (a), Alexandroupolis (b), Khios (c), Siros (d), Soudhas (e) and Hadera (f); y-axis values expressed as [cm]

Figure 6 (top panel) shows that the signals are highly cor-
related (0.9) and that the RMSD is low (1.3 cm), which cor-
responds to 40 % of the variance in the tide-gauge signal.

The tide gauge-satellite altimetry sea-level comparison
was also evaluated by a power spectra comparison and coher-
ency analysis. For the coherency analysis, smoothing was per-
formed over eight adjacent frequencies. A frequency window
between 60 and 2 months was selected in order to clearly rep-
resent the power spectra, given the relevant temporal scales of
sea-level variability and the amount of data available.

It is clear that the tide-gauge and satellite sea-level sig-
nals reach a similar energy content in the spectral window
between 60 and 6 months.

Considering higher frequency processes, differences can
be noted in the energy content and a phase drift between
the two signals (Fig. 6, bottom left panel). In the window
between 5 and 3 months, satellite data have a higher energy
content than the tide-gauge signal. The opposite is observed
considering the window between 3 and 2 months (Fig. 6,
bottom right panel).

6 Non-linear sea-level variations

In this section we investigate the non-linear sea-level vari-
ations and trends in the Mediterranean Sea, during our
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Fig. 5 Spatial pattern of sea-level positive anomalies during the
years 2010-2011 [cm]. The map shows the difference between the
satellite altimetry, averaged over the period 2010-2011, compared to
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climatology computed from 1993 and 2012 and removing the years
2010 and 2011; differences below 5 cm are not shown
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Fig. 6 Satellite altimetry and tide-gauge time-series and coherency.
Top panel n;e! (black line) and n}.; (red line) time-series averaged

over the tide gauge positions shown in Fig.1 (black dots) [cm]. Left

middle panel n}: and 15, power spectra [cm?]. Right middle, left
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bottom and right bottom panels coherence, phase (degrees) and gain

computed between ;¢ and 1.5/, respectively. X-axis is expressed as
periods in months
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Fig. 7 Ensemble Empirical Model Decomposition Analysis (EEMD)
performed using satellite altimetry (red lines) and tide-gauge data
(black lines). The sea-level signals are decomposed into 7 Intrinsic
Modes Functions (IMFs), shown are the combined high-frequency

analysis period, using EMD methods (Huang et al. 1998).
EMD is particularly suitable for analyzing non-linear and
non- stationary time series (Barnhart 2011). Ezer and Cor-
lett (2012) applied this method to monthly sea-level in-situ
data, as we did in this work, explaining that each oscilla-
tory mode (Intrinsic Mode Function, IMF) represents dif-
ferent oceanic processes from the highest frequency to the
lowest frequency oscillating mode. The remaining non-
oscillating mode is the residual, or the trend in the case of
sea level. Spada et al. (2014) used an improved version of
the EMD method, the Complete Ensemble EMD (CEEMD;
Torres et al. 2011) to study the long term sea-level varia-
tions in Greenland using the longest tide-gauge time-series.
In this study, we used CEEMD to compare sea-level sig-
nals from our observational data sets. Considering 20 years
of monthly data, CEMMD gives 7 IMFs in both data-sets
considered. Significant correlations were found for all the
modes (0.8-0.9), which increase up to 0.97 considering
the residual trend (mode 7). The almost identical EMD
trends in both data-sets showed a non-linear trend with an
increased slope in recent years. Figure 7 shows the combi-
nation of IMFs that explain the high-frequency (top panel)
and the low-frequency (central panel) modes of oscillation,
and the residual trend (bottom panel). Note that modes 5
(3.5 years) and 6 (7 years) show the maxima in 2010.
The combination of these two IMFs (Fig. 7 central panel)
shows a positive peak of 4 cm, which once added to the
other modes of variability, explains the large anomalies
observed during 2010 (Fig. 6). According to this analysis,
the sea-level anomalies observed during 2010 and 2011 are
associated with the result of signals with dominating perio-
dicities of ~10 years. On the other hand, the positive peaks

modes 1-4 (top panel) and the low-frequency modes 5-6 (cen-
tral panel). Bottom panel shows the EEMD residual signal. Y-axis
expressed as [cm]

observed during 1996 and 1997 and 2000 and 2001, as well
as the negative anomalies in 2001 and 2006, are associated
with processes that act over shorter temporal scales, in par-
ticular with modes 1 to 4 that explain from the intra-annual
(<1 years) up to the ~ 2 year periodicity of sea-level vari-
ability (Fig. 7 top panel).

7 Significance of the linear sea-level trend

In this section we compare the tide-gauge and altimetry
in terms of sea-level linear trends. A trend analysis was
performed using the least squares method, as described
in Spada and Galassi (2012). The formalism for the trend
analysis is given in Appendix 2.

Figure 8 shows the marked spatial variability of the sea-
level ny5; trend, as well as for )" in a representative number
of tide gauge locations (seventeen out of twenty-three sta-
tions analysed). Interestingly the Adriatic and Aegean Seas
have high positive trends, up to 3 mm year™!. There are also
positive values in most of the Eastern basin, especially where
recurrent gyres and eddies in the circulation are found. Max-
imum positive values, with more than 6 mm year’l, have
been found in the Levantine basin, west of Crete (Pelops
gyre) (Pinardi et al. 2006). Similar peaks have been shown
at the location of the Mersa-Matruh gyre. On the other hand,
a negative trend (<—4 mm year™!) has been observed in the
Ionian Sea as a consequence of an important change in the
circulation observed in this basin since the beginning of the
1990s. (Demirov and Pinardi 2002; Pinardi et al. 2015). We
found a maximum negative trend in the Levantine basin,
south-east of Crete associated with the Ierapetra gyre.
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Fig. 9 Satellite Trend as a function of the length of the period con-
sidered. The left panel shows all the possible trends ending at the
year indicated in the x-axis, obtained considering the number of years
shown over the y-axis. Thus, the points x = 2000 and y = 10, express

The trend for 7nys,, shows a rise of
2.44+0.5 mm year ! from 1993 to 2012, after first
removing the seasonally repeating cycle and considering
the contribution of GIA as a mean value (Peltier 2004b,
2009; Stocchi and Spada 2009; Meyssignac et al. 2011).
The observed positive sea-level trend is in agreement with
the resuts of Haddad et al. (2013) obtained by performing
a singular spectrum analysis (SSA) with satellite altimetry
data to estimate the seasonal cycle and trend, in almost
the same analysis period.
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locations (17 out of 24 stations analyzed) where the sea-level trend was
estimated both from tide gauge data (values on the /eft side in the brack-
ets) and altimetry (values on the right side in the brackets) [mm year™ N

%

Length of Segment in Years

the sea-level trend value up to the year 2000, obtained consider-
ing 10 years of data. The right panel shows the trend significance
obtained performing a bootstrap analysis; values below 90 % are not
shown

The significance of linear trends can be analysed by the
method described in Liebmann et al. (2010) to estimate the
global surface temperature trends. Considering the MSL sig-
nal obtained from satellite altimetry data, Fig. 9 (top left panel)
shows every possible trend (mm year™') computed as a func-
tion of the length of the period considered (2-year changes dis-
carded). Each point in the diagram indicates a sea-level trend up
to a specific year (x-axis) obtained by considering the number
of years expressed on the y-axis. The results are multiplied by
the number of years considered to emphasize the differences.
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Table 1 Satellite altimetry and tide gauges data comparison at the nearest point

Code Lon Lat % C RMSD  o6iige  Osar Tide.gauge Satellite GIA

ALEXANDROUPOLIS 290/65 25.88  40.84 94 081 3.17 53 4.97 323 £0.11 3.92+0.1 0.082
BAKAR 280/11 1453 453 95 0.81 3.06 5.19 449 249 +£0.12 3.68 £ 0.09 0.07
BARCELONA 220/61 2.17 4134 95 0.62 3.51 449 278 55+0.07 1.76 +0.06 0.054
DUBROVNIK 280/81 18.06  42.66 8 0.79 232 444 413 286 £0.12 2.49 £0.1 0.1
HADERA 320/16 3486 3247 86 0.69 3.63 493 4.16 5+0.1 229+£0.09 —-0.119
KALAMAI 290/21 2212 37.02 89 074 327 488 3.62 377+0.1 2.2140.08 0.221
KATAKOLON 290/17 2132  37.64 92 055 398 4.65 3.48 4224+0.09 232+0.07 0.218
KHALKISNORTH 290/34 23.59 3847 93 075 335 507 411 5.03+£0.09 293 +£0.08 0.163
KHIOS 290/71 26.14  38.37 93 0.68 4.08 535 458 1224+0.12 24+0.1 0.129
LEROS 290/91 26.85 37.13 91 0.68 3.33 433 4 —0.42+£0.1 2.18+0.08 0.146
LESTARTIT 220/81 32 42,05 100 0.73 243 351  2.88 25+£0.07 1.83+0.06 0.079
LEVKAS 290/4 20.71  38.83 88 0.59 539 6.67 3.65 8.62+0.1 1.69+0.08 0.185
MALAGA 220/31 —442 3671 100 0.53 4.52 5.1 4.1 3.08+0.08 3.15+£0.08 —0.153
MARSEILLE 230/51 5.35 4328 8 071 298 421 3.28 326+0.09 2.724+0.06 0.095
PREVEZA 290/1 20.76  38.96 86 0.64 394 5.1 3.68 365+£0.1 1.63+£0.08 0.18
ROVINJ 280/6 13.63  45.08 95 076 3.26 457 477 094 +£0.11 3.74+0.1 0.08
SIROS 290/81 2495 3744 95 081 272 441 438 232 £0.09 3.13£0.09 0.176
SOUDHAS 290/97 24.08 3549 92 077 3.38 499 499 5244+0.1 4.09+£0.1 0.204
SPLIT-GRADSKALUKA  280/31 16.44 4351 95 083 2.67 482 426 375+£0.1 3.55+0.09 0.101
THESSALONIKI 290/51 2293  40.63 93 0.73 3.53 5.06 4.41 386 £0.11 2.69 +0.09 0.095
TOULON 230/61 591  43.11 92 072 26 371  3.06 225+0.08 2440.06 0.115
TRIESTE 270/61 1376 45.65 100 0.87 242 486 4.64 3.19+£0.1 3.1 +£0.09 0.063
VALLETTA 265/1 1453 3582 88 0.78 294 4.6 4.21 091 £0.12 1.22+0.1 0.219

Columns 1-3 represent the tide gauge stations PSMSL code and geographical coordinates. Column 4 shows the percentage of the time series
completeness (%). Columns 5-8 show basic statistics of the data-set comparison: correlation coefficient (C), root mean square error (RMS),
the standard deviation of the tide-gauge (oyi4.) and satellite (0y,) data. Columns 9 and 10 show the sea-level trends estimated by the tide gauges
and satellite altimetry respectively [mm year™']. Column 11 shows the glacio-isostatic adjustment correction applied to the estimated trends

[mm year™ 1]

One of the most interesting results of this analysis
is that there is no clear trend between 1998 and 2009, as
confirmed by the trend significance analysis (bottom left
panel) performed by bootstrapping the results. This analy-
sis underlines the fact that to find a significant positive
trend in the Mediterranean basin, it is necessary to consider
at least 15 years of data, from 1993 to 2007. A period of
17 years gives a trend significance level of 99.9 %. If we
calculate the trend between 1993 and 2009, only a value
of 2 + 0.6 mm year™ ! is found. This evidence also suggests
that the sea-level trend from 1993 to 2012 is associated
with 2010-2011 events, as previously discussed.

8 Summary and conclusions

The sea-level dynamics of the Mediterranean Sea were
evaluated in terms of variability and trends using tide-gauge
and satellite altimetry data over two decades (from 1993 to
2012). An initial result of this work regards the reliability

of the MSL estimates that can be retrieved from sparse
in-situ data in the Mediterranean Sea, compared to those
obtained from satellite altimetry data. Bootstrap analysis
showed a dependency on the number of stations considered
(spatial dependency due to sampling error) and on the qual-
ity of the data considered. Considering the total number of
tide-gauge stations showing the most complete time-series
(>85 %), the two MSL estimates showed the highest level
of reliability, with a correlation coefficient up to the order
of 0.9. Despite the high correlation patterns observed, due
to the seasonal signal contained in the MSL estimates, the
RMSDs* of the MSL estimates obtained from tide-gauge
signals were in the order of 40-50 % of the variance of the
MSL signals obtained considering satellite altimetry data.
When in-situ and satellite altimetry data were processed
in order to select similar geo-physical signals (Sect. 3), the
sea-level variability between the two data sets was compa-
rable in terms of amplitude and temporal evolution. In gen-
eral we found RMSDs between the in-situ and satellite sea-
level that ranged between 3—5 cm against a through-to-peak
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amplitude of the in-situ sea-level signal that ranged
between 20 and 30 cm. In all the cases, the two data sets
were significantly correlated up to 0.5-0.8.

In all the stations analysed there were large positive sea-
level anomalies in 2010 and 2011, with a spatial pattern
mainly distributed in the eastern part of the basin (Fig. 5).
These positive anomalies were also observed by averaging
the individual time-series. Averaging tide-gauge and satel-
lite data in the tide-gauge positions, the correlation between
the two data-sets increased to 0.9 and a small RMSD value
(1.3 cm) was observed, compared to those found by ana-
lysing each location individually (Table 1). Evaluating the
resulting time-series by power spectra comparison and
coherence analysis, the results showed that between the inter-
annual (5 years) and semi-annual (6 months) time scales, the
two signals had a similar energy content and were highly
coherent, while differences in the energy content and a phase
drift were observed considering higher frequency processes
(<6 months). CEEMD analysis, performed to investigate
the non-linear sea-level variability, produced 7 IMFs in both
data-sets considered. All the IMFs identified, which account
for different temporal scales of variability, were very signifi-
cantly correlated, up to the order of 0.9. The residual trends
were almost identical in the two data-sets and showed a non-
linear trend with an increased slope in recent years. The large
anomalies observed in 2010 were related to the result of sig-
nals with dominating periodicities of ~10 years, described
by IMFs 5 and 6. On the other hand, the maxima observed
in 1996-1997 and the negative anomalies in 2001 and 2006,
were related to higher frequency variability.

Turning now to the local sea-level trends, almost in all
the cases analysed positive rates were observed. A good
agreement between the rates estimated from tide gauge
data and satellite data was found only in the cases where
the most complete time series were available, and where
the two signals had a similar standard deviation (Columns
7 and 8 in Table 1), with a few exceptions.

In all the cases analysed, sea-level signals were charac-
terized by large positive anomalies in 2010 and 2011, which
were mainly due to large positive differences (with respect to
climatology) observed in the eastern part of the basin (Fig. 5).
This in agreement with Oddo et al. (2014) who, looking at the
sensitivity of the Mediterranean sea level to atmospheric pres-
sure, observed a large scale zonal gradient, which produces
higher sea-level values and a larger variance in the sea-level
signal in the Levantine basin. These events have already been
observed at the basin scale (Calafat et al. 2010, 2012; Tsim-
plis et al. 2013) and defined as non-steric fluctuations due to
mass transport through the Strait of Gibraltar driven by wind,
occurring during a strong negative phase of the North Atlantic
Oscillation (Landerer and Volkov 2013).

Considering the longest tide-gauge time-series in the
Adriatic Sea, Galassi and Spada (2015) associated these
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anomalies with the periodic occurrence of opposite phases of
the NAO and Atlantic Multidecadal Oscillation (AMO) indi-
ces, which show a similar periodicity (~20 years) with one
of the most energetic modes of variability in the sub-basin.

With regard to the mean sea-level trend, a positive trend of
2.44 £ 0.5 mm year~' was estimated during the period from
1993 to 2012. However local sea-level changes were large
and very different: the highest values were found in the cen-
tral Mediterranean Sea, in the Adriatic, and along the Tuni-
sian coasts. Different sea-level positive rates were observed
by averaging tide-gauge and satellite altimetry data in the
tide-gauge positions, which were higher considering in-situ
data (3.540.7 mm year ') compared to altimetry data
(2.64 £ 0.6 mm year ). These results were confirmed by
applying a least squares method to the residual signals given
by EMD, which obtain more accurate sea-level trend estimates.

The trend sensitivity study of the time series length
shows that in order to obtain a significant and stable posi-
tive trend between 1993 and 2012, more than 15 years of
data should be considered, and a 17 year period obtains a
trend significance level of 99.9 %. Computing the mean
sea-level trend between 1993 and 2009, only a value of
2.06 £ 0.67 mm year™! was found. This evidence also sug-
gests that the sea-level trend from 1993 to 2012 is associ-
ated with events from 2010 to 2011.
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Appendix 1

The satellite altimetry SLA signal is obtained by the dif-

ference between the sea-level (14) and its mean (ni;"),

calculated over a reference period from 1993 to 1999
(Pujol and Larnicol 2005). We assume that nj.*"* contains

an approximation of the height of the geoid above the
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reference ellipsoid (Cazenave et al. 1998, 2002) and the
mean dynamic topography, hence:

SIaSat(-x9y’ t) = nsal(x3ys t) - n;’g;an(x’y) (1)

where 714 (x,y,1) is corrected for effects caused by tides,
inverse barometer and wind. Following the literature (Caze-
nave et al. 2003; Cazenave and Llovel 2010) we define the
mean sea-level, nysy (7), as:

nusL(t) = [ [slasa (x,y,1)]] )

where the double square brackets indicate a normalized
area average, defined as é f fQ d2, where Q is the sea sur-
face area.

As described in Pinardi et al. (2014) the mean sea-level
in the Mediterranean Sea is composed of two parts:

nmsL(t) = 0y (1) + ns (@) 3)

where n;(¢) is the incompressible or mass component and
ns(?) is the steric contribution (Mellor and Ezer 1995;
Greatbatch 1994; Griffies and Greatbatch 2012). While
ni(t) is due to the balance between net volume transport
at the Gibraltar Strait (normalized by the Mediterranean
basin area) and the net surface water flux, ng(¢) is due to
the buoyancy fluxes that account for the thermosteric and
halosteric components.

The space and time dependent sea-level component from
the satellite, which will be then compared with in-situ data,
is thus:

Neat (6, ¥, 8) = Slaga (x,y,1) — nysr.(f) 4)

We next consider the in-situ sea-level 1;,; measured by
tide gauges:

Nins (s is 1) = naast () + 170 (i, yis 1) + nap (i, yin 1)
+ Ny (X0, ¥i) F Nips Xin Vi 1) + Cins (x5, i)
)

where x;,y; are the station coordinates, nysz(f) and
N (xi, ;) are the same as in (1) and (3) but interpolated at
the station locations by considering four grid points around
the tide gauge position, and assigning weights to each
one according to their distance from the station position.
nIB (xi,yi, t) is the inverse barometer effect due to the low
frequency response of the sea-surface to the atmospheric
pressure, and ngr(x;, yi, t) is the high frequency response to
the atmospheric pressure and wind (both accounted for by
the DAC in the satellite data). n)" (x,y,?) is the time- and
space-dependent local sea-level component and Cijy(x;, y;i)
the local datum correction. The local datum correction is
computed by removing the temporal mean from each tide
gauge station time series.

The effect of nyr(x;,yi,t) is minimized in our analysis
since monthly averaged data were considered. The inverse
barometer effect considered here is the same as Dorandeu
and Traon (1999):

1
1B isVis =——(P isVis _Pre
n (X, yis 1) pg( (xi, yir 1) (1)) (6)

where p is the sea water density, P the Mean Sea Level
Pressure (MSLP) from the European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-analysis dataset
(ERA-Interim; Dee et al. 2011) and P,y is the MSLP spa-
tial mean over the global ocean computed from 1993 to
2012.

Appendix 2

The sea-level linear trend is defined using basics statistics
by Spada and Galassi (2012) as the regression coefficient
estimated using the least squares method. In the case of a
linear fit applied to a sea-level time-series, the regression
coefficient r, considered as the best estimate of the sea-
level rate, is given by the equation:

- n Z?: 1 XiYi — Z?:l Xi Z?: 1Yi )
nYy iy X2 = Qi x)?
with i =1,...,n, where n is the number of sea-level

records considered, y; is a sea-level measure at the time x;.
The standard error of the regression coefficient is a meas-
ure of the uncertainty of the obtained estimate. Spada and
Galassi (2012) describe the formal uncertainty on the esti-
mated sea-level rate defining a 95 percent confidence inter-
val (u) for the slope, given by:

9
> i (i —X)2

where X is the average of the x;’s and g 975 is the 0.975-th
quartile of Students t-distribution with kK = n — 2 degrees
of freedom. In Eq. (18) o is defined by:

n= 10.975.k (8)

27:10]:' - )A’i)z 9)

o =

where y; is the actual sea-level value and y; the estimated
value.

Thus to account for uncertainties on the rate r, the sea-
level trend is given by:

trend =r =+ pu (10)

where r and p are given in Egs. (7) and (8), respectively.
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