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Abstract Sea level trends and their forcing over the eastern Mediterranean basin are investi- 
gated by using 27 years (1993—2019) of gridded sea level anomalies (SLA) derived from satellite 
altimetry and 9 tide gauge stations, along with sea surface temperature (SST) and temperature 
and salinity profiles. The contributions of atmospheric (wind and pressure) and steric compo- 
nents to the interannual variability of total SLA were evaluated. The thermosteric component 
represents the major contributor to the linear trend and was positive over most of the eastern 
Mediterranean, with a spatially averaged trend of 2.13 ±0.41 mm/year, accounting for 69% of 
the total sea level trend (3.1 ±0.61 mm/year). In contrast, the halosteric effect has a negative 
contribution to the steric SLA, with a mean trend of -0.75 ±0.19 mm/year. The atmospheric 
component trend was much lower at 0.32 ±0.24 mm/year. The interannual variability of SLA 
accounts for about 36% of overall sea level variability. Steric and atmospheric contributions to 
the interannual variability of sea level in the eastern Mediterranean account for about 52% and 
18%, respectively. The strongest interannual variability and trends in SLA were observed over 
the basin’s main recurrent gyres, with the maximum positive trend obtained over the Mersa—
Matruh and Cyprus gyres, as well as the North Shikmona eddy, and maximum negative trend over 
the Ierapetra gyre. Over the study period, all tide gauges showed a positive and statistically 
significant trend, ranging from 1.47 ±0.77 to 5.79 ±1.32 mm/year after applying glacial isostatic 
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adjustment and atmospheric correction, and were in good agreement with reconstructed steric 
sea level data. 
© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

uantifying sea level change and assessing its main forc- 
ng mechanisms have recently been at the forefront 
f challenges for the climate research community. The 
editerranean Sea has been identified as one of the most 
ulnerable regions to climate change ( Giorgi, 2006 ). In 
articular sea level rise may have a strong impact in the 
astern Mediterranean (EM) Sea due to the many low-lying 
ensely populated coastal areas such as the Nile River Delta 
n Egypt ( Church et al., 2013 ). Sea level rise may strongly 
ffect livelihoods in coastal populations and various es- 
ential economic activities of the countries surrounding 
he Eastern Mediterranean Sea including fishing, tourism, 
rrigation, transportation, and more recently, natural gas 
rilling projects. 
Generally, the global mean sea level change depends 

n both mass addition (including glacier ice melting and 
hanges in ground water storage) and redistribution, as 
ell as on the steric effect, which is caused by changes 
n water-column density due to temperature and salinity 
ariations ( Ishii and Kimoto, 2009 ; Jordà and Gomis, 2013 ; 
evitus et al., 2012 ). Since the rate of global sea-level 
ise is not uniform, and it is highly dependent on loca- 
ion ( Stammer et al., 2013 ), studies of regional sea level 
ariations and physical processes controlling them are re- 
uired. Here, our study focuses on sea level change and 
ts contributing mechanisms in the eastern Mediterranean 
ea. 
During the altimetry era, extensive work has been 

onducted to measure sea level variability and trends in 
he Mediterranean Sea. Mohamed et al. (2019a) revealed 
 strong positive sea level trend of 2.7 ±0.41 mm/year 
after glacial isostatic adjustment correction), as well as a 
ubstantial warming of 0.036 ±0.003 °C/year over the whole 
editerranean over 1993—2017. Bonaduce et al. (2016) re- 
orted that the Mediterranean Sea level has strongly 
isen with an average trend of 2.44 ±0.5 mm/year over 
993—2012. However, spatial variability of the trend was 
uite large with the eastern basin showing much higher 
rends as compared with the western basin, whereas 
ven negative trends were observed in large parts of 
he Ionian Sea. The Mediterranean Sea upper-layer heat 
nd salt contents are modulated at interannual/decadal 
imescales by the natural climate variability modes of the 
orth Atlantic ( Tsimplis and Josey, 2001 ), especially the 
orth Atlantic Oscillation (NAO) ( Hurrell, 1995 ), strongly 
ffecting thermosteric sea level variability ( Landerer and 
olkov, 2013 ; Tsimplis et al., 2013 ). Previous studies have 
emonstrated that SST and SLA are highly correlated at 
easonal and interannual scales, especially in the eastern 
editerranean basin ( Cazenave et al., 2002 ; Fenoglio- 
51 
arc, 2002 ). The strong correlation between the two 
arameters suggests that the thermosteric effect is a major 
actor controlling interannual variability of sea level in 
he eastern Mediterranean ( Vigo et al., 2005 ). In general 
LA interannual variability is more pronounced in the 
astern Mediterranean as compared with the western basin 
 Bonaduce et al., 2016 ; Cazenave et al., 2002 ). The eastern
editerranean was strongly affected by the rapid rise in 
ea level over 1993—2001 with rates of 5—10 mm/year, 
hich was partially attributed to accelerating sea sur- 
ace warming ( Cazenave et al., 2001 ; Vigo et al., 2005 ).
simplis et al. (2005) also associated the increasing sea level 
ise during that period to the Eastern Mediterranean Tran- 
ient ( Roether et al., 1996 ), a major climatic transient event 
uring the 1990’s affecting the EM thermohaline closed cell 
ith the main source of deep water shifting from the Adri- 
tic to the Aegean Sea. Roether et al. (1996) showed that 
n exceptionally dense Aegean Sea outflow had replaced 
0% of the EM deep waters by the mid-nineties, lifting the 
lder deep water of Adriatic origin and resulting in large 
hanges of the EM overturning circulation and salt content 
istribution. More recently, Banaduce et al. (2016) found 
hat the Mediterranean SLA trend over 1993—2012 was 
artially driven by strong positive SLA anomalies in 2010 
nd 2011 that mainly occurred in the eastern basin. 
The role of atmospheric forcing in determining sea level 

ariability and trends in the Mediterranean is well demon- 
trated by several studies ( Gomis et al., 2008 ; Marcos and 
simplis, 2008 ; Tsimplis et al., 2005 ). Considering dynamic 
tmospheric correction (DAC), Pascual et al. (2008) ob- 
erved a sea level trend of about 0.6 mm/year over the pe- 
iod 1993—2001 due to the atmospheric forcing. The same 
uthors observed minimum values in the western Mediter- 
anean basin and maximum values in the Levantine basin up 
o 2 mm/year. 
The main objective of this study is to investigate the in- 

erannual variability and trends of total SLA and its con- 
ributors in the eastern Mediterranean, based on altimetry 
nd tide gauge sea level anomalies, as well as high resolu- 
ion 3-D temperature and salinity observations from 1993 to 
019. In particular, we estimate the relative contributions 
f atmospheric, Glacial Isostatic Adjustment (GIA), ther- 
osteric, halosteric, and total steric effects to SLA variabil- 

ty and trends. 

. Data and methodology 

he contributions of the atmospheric and steric effects to 
he interannual sea level variability in the eastern Mediter- 
anean Sea were analyzed using different data sources, as 
escribed in the following sub-sections. 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1 Sea level trends (mm/year) for the observed tide gauges (TG), atmospheric, total steric and residual (observation 
minus atmospheric, GIA, and total steric) contributions to the sea level trend. R denotes the correlation coefficients between 
the atmospherically corrected TG and reconstructed steric sea level. All uncertainties are given at the 95% confidence interval. 
Not statistically significant trends are underlined in boldface. 

Stations (Country) Period Trend (mm/year) R 

TG GIA DAC TG 

∗ Steric Residual 

Siros (Greece) 1993—2019 3.21 ±0.83 0.09 0.54 ±0.31 2.66 ±0.64 1.18 ±0.42 1.65 ±0.57 0.70 
Khalkis north (Greece) 1993—2019 3.98 ±0.84 -0.05 0.58 ±0.36 3.46 ±0.61 1.83 ±0.41 1.61 ±0.63 0.64 
Thessaloniki (Greece) 1993—2019 4.46 ±0.96 -0.17 0.60 ±0.38 3.78 ±0.70 1.17 ±0.28 2.84 ±0.63 0.73 
Alexandroupolis (Greece) 1993—2019 1.95 ±1.03 -0.12 0.50 ±0.36 1.47 ±0.77 1.30 ±0.30 0.23 ±0.67 0.53 
Khios (Greece) 1993—2013 3.02 ±1.37 -0.04 0.51 ±0.31 1.57 ±0.66 0.82 ±0.38 0.11 ±1.02 0.78 
Leros (Greece) 1993—2019 2.00 ±0.80 0.03 0.40 ±0.27 2.00 ±0.80 1.27 ±0.37 2.00 ±0.80 0.47 
Antalya II (Turkey) 1993—2009 6.48 ±1.48 -0.09 0.59 ±0.23 5.79 ±1.32 1.36 ±0.40 4.42 ±1.20 0.69 
Hadera (Israel) 1993—2019 4.18 ±0.77 0.02 0.17 ±0.17 4.03 ±0.69 1.30 ±0.38 2.82 ±0.63 0.73 
Alexandria (Egypt) 1993—2015 5.01 ±0.94 -0.01 0.21 ±0.22 4.65 ±0.88 2.00 ±0.41 1.85 ±0.92 0.73 

∗ Indicates that GIA, and DAC correction was applied to TG. 
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.1. Altimetry and tide gauge mean sea level data 

onthly mean sea level data from 9 tide gauges (TG) sta- 
ions ( Table 1 ) obtained from the Permanent Service for 
ean Sea Level (PSMSL) ( Woodworth and Player, 2003 ) ( http: 
/www.psmsl.org/ , accessed December 2020) were used in 
his study. The spatial distribution of these tide gauges sta- 
ions over the eastern Mediterranean Sea is represented by 
lack triangles, as shown in Figure 1 . All stations have datum 

ontinuity and data exceeding 15 years. At the Alexandria 
tation, a datum correction was applied as we extended the 
SMSL record by 10 years of monthly data (2006 to 2015), 
hich was quality controlled by Mohamed et al. (2019b) . 
Gridded daily mean sea level anomalies (SLA) at 1/8- 

egree spatial resolution for the period 1993—2019 were ob- 
ained from the Copernicus Marine Environment Monitoring 
ervice (CMEMS; http://marine.copernicus.eu/ , accessed 
ecember 2020). Monthly means were calculated from the 
aily values at each grid point. The data are produced by 
erging observations of T/P, ERS1/2, Jason 1/2/3, Sentinel- 
A, HY-2A, Saral/AltiKa, Cryosat-2, ENVISAT, and GFO al- 
imetry missions. This dataset is distributed under the 
ame SEALEVEL_MED_PHY_L4_REP_OBSERVATIONS_008_051 
n the CMEMS catalogue. In which, all standard geophysi- 
al and environmental corrections have been applied, in- 
luding atmospheric correction using the so-called dynamic 
tmospheric correction (DAC) ( Landerer and Volkov, 2013 ; 
ujol and Larnicol, 2005 ), which combines the low frequen- 
ies ( > 20 days) of the standard inverted barometer (IB) cor- 
ection with the outputs of the barotropic MOG2D-G model 
 Carrère and Lyard, 2003 ). This procedure improves the rep- 
esentation of high-frequency ( < 20 day) atmospheric forc- 
ng considering both pressure and wind effects. 

.2. Atmospherically induced sea level variations 

ynamic atmospheric corrections were applied by AVISO 

rocessing algorithms to correct satellite altimetry data. 
ere, we analyze the DAC product to estimate the contri- 
ution of atmospheric forcing to the satellite altimetry and 
o correct TG data. This data is provided by AVISO website 
52 
 ftp.aviso.altimetry.fr , accessed December 2020) as an aux- 
liary dataset with a spatial grid resolution of 0.25 °×0.25 °
nd a time resolution of 6 hours. The data were converted 
o monthly means to be consistent with altimetry and TG 

ata used in this study. 

.3. Estimation of steric, thermosteric, and 

alosteric sea level anomalies 

teric SLA (SSLA) was calculated as the vertical integral 
f the density anomaly and then decomposed into ther- 
osteric SLA (TSLA), and halosteric SLA (HSLA) by using the 
ollowing equations ( Jayne et al., 2003 ; Wang et al., 2017 ): 

SLA = T SLA + HSLA = 

−1 
ρ0 

∫ 0 
−H 

�ρ dz 

= −
∫ 0 

−H 
( α�T − β�S ) dz 

here ρ0 is the reference density (1025 kg/m 

3 ), z denotes 
epth. And �ρ, �T , and �S are density, temperature, 
nd salinity anomalies, respectively, referred to their 
limatic mean (1993—2019) at each layer, and α and β are 
he thermal expansion and saline contraction coefficient, 
espectively, calculated from monthly temperature and 
alinity using the Thermodynamic Equation Of Seawater 
2010 (TEOS-10) ( Pawlowicz et al., 2012 ), and the Gibbs 
ea Water (GSW) Oceanographic Toolbox ( McDougall and 
arker, 2011 ). H is the reference depth, which is set to 400
 or the bottom where the sea is shallower, The choice of 
00 m for the lower level of integration was made here to 
e consistent with Tsimplis and Rixen, (2002) . The steric 
ffect in the Mediterranean Sea is limited to the upper 300 
 of the water column, as shown by Tsimplis et al. (2013) . 
The steric height and its components were cal- 

ulated using a high resolution monthly 3-D hydro- 
raphic gridded product provided by CMEMS (MUL- 
IOBS_GLO_PHY_TSUV_3D_MYNRT_015_012, https://www. 
opernicus.eu/en , accessed January 2021). This dataset is 
ased on optimal interpolation of global quality-controlled 
cean temperature and salinity profiles ( Guinehut et al., 
012 ). It has a horizontal resolution of 0.25 ° × 0.25 ° and 

http://www.psmsl.org/
http://marine.copernicus.eu/
https://ftp.aviso.altimetry.fr
https://www.copernicus.eu/en
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Figure 1 Bathymetry of the study area and the location of 
the tide gauges used in our study (black triangles). Bathymetric 
data obtained from a global 30 arc-second interval grid (GEBCO, 
https://www.gebco.net ) with 10 m as the minimum depth. The 
abbreviations stand for the Levantine Basin (LB), the Aegean 
Sea (AS), and the Nile River Delta (NRD). 
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 vertical resolution of 50 depth levels (standard depths) 
overing the period 1993—2019. 
In addition, in order to investigate SST variations we use 

he NOAA Daily Optimum Interpolation Sea Surface Tem- 
erature dataset (version 2.1, NOAA_DOISST_V2.1, https: 
/www.ncei.noaa.gov/data/sea- surface- temperature- 
ptimum-interpolation/v2.1/access/avhrr/ , accessed Jan- 
ary 2021), with a spatial resolution of 0.25 ° × 0.25 °, 
overing the period 1993—2019 ( Huang et al., 2021 ). The 
CE-6G_C (VM5a) model provided by PSMSL ( Peltier et al., 
015 ) is used for the GIA correction. The rate of relative sea 
evel rise (dSea) and rate of change of geoid height (dGeoid) 
n this model ( Peltier et al., 2015 ) are used to correct tide
auge and altimetry data used in our study, respectively. 

.4. Linear trends of sea level and its components 

inear trends of the observed, atmospherically induced, 
teric, and residual (observation minus atmospheric, GIA, 
nd total steric) sea level as well as SST over the period 
993—2019 are estimated by using the least squares method 
 Wilks, 2011 ). To properly estimate long-term trends and 
ssess interannual and interdecadal variability of sea level 
t is important to remove the strong effect of seasonal vari- 
bility. Thus, the mean and seasonal cycles were removed 
rom the all- time series prior to the trend calculation. 
 12-month climatology is built for each time series by 
veraging the monthly mean values for each calendar 
onth at each grid point from 1993 to 2019. Then, the 
e-seasoned anomaly field is obtained by subtracting the 
53 
onthly climatology from each dataset. Since the Eastern 
editerranean is an eddy-rich area with eddies strongly 
ffecting intra-annual variability, a 13-month running 
ean was used to highlight interannual variability. These 
rends were tested for statistical significance using the 
riginal two-tailed modified Mann-Kendall test at the 95% 

onfidence interval ( Hamed and Ramachandra Rao, 1998 ). 
ATLAB software R2020b, and Climate Data Toolbox (CDT) 
re used to estimate trends, remove seasonal cycles, and 
pply the Mann-Kendall test ( Greene et al., 2019 ). 

. Results and discussion 

n this section, the spatial and temporal variability of the 
otal sea level from altimetry and tide gauges is analyzed 
n detail over the period 1993—2019. Then relative contri- 
utions of the atmospheric, GIA and steric effects to total 
hange in sea level are explored. 

.1. Observed mean sea level changes 

 few TG stations are available in the eastern Mediterranean 
uring the study period. Trends in sea level based on TG 

easurements and their estimated steric height are com- 
ared in Figure 2 and Table 1 . The tide gauges time se-
ies show high coherence at all stations, suggesting that 
hey are determined by large scale rather than local mete- 
rological components. The total sea level trends are pos- 
tive at all TG stations over the period 1993—2019, rang- 
ng from 1.95 ±1.03 mm/year at Alexandroupolis (Greece) 
o 6.48 ±1.48 mm/year at Antalya II (Turkey). The high trend 
t the Antalya II station is significantly affected by local land 
ubsidence, which was about —3.2 ± 0.5 mm/year based on 
PS data for the period 1994—2009 ( Simav et al., 2012 ). 
lso, the vertical land motion was higher at Thessaloniki, 
eros, and Hadera stations, as demonstrated by Fenoglio- 
arc et al. (2004) and Mohamed and El-Din (2019) . 
Figure 3 depicts the spatial distribution of altimetry SLA 

rend and its components. The average spatial trend of the 
otal atmospherically corrected SLA for the whole region 
s 3.1 ±0.61 mm/year. The GIA correction to altimetry data 
dGeoid) is negative in the whole region, with values rang- 
ng from about —0.1 to —0.18 mm/year. Figure 3 a shows 
he trends in altimetry after the GIA effect is removed. 
n average, these are about 0.13 mm/year larger due to 
he GIA effect on altimetry data. The average altimetry 
rend for the eastern Mediterranean after GIA correction is 
bout 3.23 ±0.61 mm/year. The SLA trend is spatially coher- 
nt over most of the eastern Mediterranean where strong 
ositive trends (up to 5.6 mm/year) were observed, while 
nly the Ierapetra gyre (southeast of Crete) showed a signif- 
cantly negative trend. The highest positive trend has been 
bserved over the Mersa-Matruh and Cyprus gyres, as well 
s the North Shikmona eddy ( Figure 3 a). These gyres and 
ddies’ positions are well defined by Menna et al. (2021) . 
he general spatial pattern of SLA trend is in agreement 
ith earlier studies ( Bonaduce et al., 2016 ; Mohamed et al., 
019a ; Taibi and Haddad, 2019 ). Relatively low (and not sta- 
istically significant at 95% confidence interval) trends were 
nly found in the south-west part of the basin. 

https://www.gebco.net
https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/v2.1/access/avhrr/
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Figure 2 Comparison between observed tide gauge (black) and steric sea level (red) at the available tide gauge stations in the 
eastern Mediterranean Sea, the mean and seasonal cycles have been removed from all-time series. 
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Figure 4 shows the time evaluation of the mean sea 
evel anomaly and its components in the Eastern Mediter- 
anean from 1993 to 2019. The total atmospherically cor- 
ected SLA shows a positive trend of 3.05 ±0.25 mm/year. 
he long-term trend has been found to be partially driven 
y the extreme positive anomaly occurred in 2010, which 
s mainly attributed to the strong negative phase of North 
tlantic Oscillation (NAO) ( Landerer and Volkov, 2013 ). Both 
he steric and mass (residual) component contribute pos- 
tively to the total SLA trend. However, the mass compo- 
ent shows a higher variability and a stronger trend than 
he steric component ( Figure 4 a). 
Separating the steric component into its thermosteric 

nd halosteric contributions reveals that the rapid sea level 
ise is primarily due to the thermosteric component, while 
he halosteric contribution is negative, especially over the 
ast 15 years ( Figure 4 b), indicating an increase in mean 
alinity over the entire domain ( Figure 5 d). The atmospheric 
ontribution shows a slightly positive trend, as shown in 
igure 4 c. This result is consistent with ( Gomis et al., 2008 ),
ho demonstrated that the atmospheric circulation pattern 
ad changed dramatically in the Mediterranean Sea over the 
ast decade, with a positive trend in the contribution of at- 
ospheric pressure estimated from 1993 to 2001. 

.2. The atmospheric contribution 

ver the analyzed period, the contribution of DAC at TG 

tations shows a positive trend ( Table 1 column 5), with 
he highest trends found in the Aegean Basin, with a max- 
mum value of about 0.60 ±0.38 mm/year at Thessaloniki 
Greece). The atmospheric contribution to sea level trend 
n the Levantine Basin is negligible, as evidenced by low 

nd not significant DAC trends at Alexandria (Egypt) and 
54 
adera (Israel) stations. Figure 3 b depicts the spatial dis- 
ribution of trends in atmospheric pressure and wind com- 
onents (DAC) from 1993 to 2019. The average spatial trend 
s 0.32 ±0.24 mm/year, with values ranging from 0 to 0.72 
m/year. The eastern part of the EM shows the lowest (and 
ot statistically significant) values, while the western part 
nd the Aegean Sea shows the highest values. The DAC’s av- 
rage contribution accounted for about 10% of the overall 
ea level trend in EM. 

.3. SST, temperature, and salinity changes 

he spatial distribution of the SST linear trends ( Figure 5 a) 
hows that significantly positive SST trends are observed 
hroughout the entire basin. Stronger warming is obtained 
n the Levantine basin, with values up to 0.06 °C/year in 
he Cretan Arc and west and south of Cyprus, while much 
eaker warming ( ∼0.01 °C/year) is observed in the Ierape- 
ra gyre, southeast of Crete. This spatial pattern is in good 
greement with that reported by ( Skliris et al., 2012 ) for 
he period 1992—2008 and with ( Ibrahim et al., 2021 ) over 
he period 1982—2020. SST and sea level trend maps have 
imilar spatial patterns, with strong sea surface warming 
oinciding with strong sea level rise and vice versa, ex- 
ept from the north part of the Aegean Sea. This correla- 
ion suggests that the thermosteric effect is the main factor 
ontrolling interannual sea level variability in the eastern 
editerranean. 
Figures 5 b and c show the averaged water-column 

0—400 m depth) temperature and salinity trend maps, 
espectively. A strong positive and statistically significant 
rend in water-column averaged temperature was observed 
ver most of the region following the accelerating surface 
arming of the Mediterranean Sea. An exception to this 
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Figure 3 Spatial patterns of trends (mm/year) over the period 1993—2019 for (a) the total atmospherically corrected SLA from 

altimetry after the application of the GIA correction, (b) atmospheric contribution to sea level from DAC, (c) altimetry after the 
steric component and the GIA correction are removed (residual), and (d, e, and f) steric, thermosteric and halosteric compo- 
nents, respectively. Mean and seasonal cycles were removed from all-time series at each grid points. Regions where the trends 
are not statistically significant at the 95% confidence interval are stippled. Major gyres mentioned in the text are also depicted in 
Figure 3 a. 

55 
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Figure 4 Time evaluation of the mean sea level anomaly and its components in the Eastern Mediterranean over 1993—2019. 
a) Total atmospherically corrected altimetry SLA, steric component computed from the CMEMS dataset, and residual component 
(the difference between the total atmospherically corrected sea level and steric effect). b) The contributions of the thermosteric 
and halosteric components to the total steric effect. c) Dynamic atmospheric contribution to the total sea level. The de-seasoned 
monthly time series have been low passed for improved visualization by using a 13-month running mean. 
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idespread upper-layer heat content increase is the Ier- 
petra gyre, where a negative trend was found. Salinity has 
een found to be increasing over most of the region during 
he same period, with the strongest trends obtained in the 
outh Aegean and northwest part of the Levantine Basin. 
n acceleration of salt content increase of the Eastern 
editerranean has been observed over the last few decades 
inked with strong net evaporation increase, coincident 
ith acceleration of surface warming and subsequent 
ncrease of latent heat loss over the Mediterranean surface 
 Skliris et al., 2018 ). 
56 
In contrast with the widespread strong increase in the 
pper layer salt content of EM a low negative (and mostly 
ot statistically significant) trend was observed along the 
gyptian coast and the north part of the Aegean Sea. Upper 
ayer salinity in both these regions is controlled by fresh- 
ater inputs ( Nagy et al., 2017 ; Skliris et al., 2018 ), under
he influence of the Nile River and the Black Sea outflows, 
espectively. 
The de-seasoned spatial mean of the SST and the av- 

raged water-column (0—400 m depth) temperature and 
alinity timeseries in the eastern Mediterranean Sea for 
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Figure 5 Spatial distribution of trends (mm/year) over the period 1993—2019 for: (a) SST, (b and c) averaged water column (from 0 to 400 m) temperature and salinity, 
respectively. (d) The de-seasoned monthly mean time series and linear trends for the averaged of SST (black), 3-D spatially averaged temperature (red) and salinity (blue) over 
the eastern Mediterranean basin. To enhance the visualization and to emphasize inter-annual variability, the data was low passed using a 13-month moving average. Regions where 
the trends are not statistically significant at the 95% confidence interval are stippled. 
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Figure 6 Percentage of the variance explained by the inter- 
annual variability of SLA from Altimetry (contour map) and tide 
gauges (circles). For each tide gauge station, the value of vari- 
ance explained is also provided between brackets next to the 
station name. 
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he period 1993—2019 are shown in Figure 5 d. The SST 
hows a positive trend of 0.04 ±0.004 °C/year, which is con- 
istent with ( Pastor et al., 2020 ) for the 1982—2019 period 
ver the eastern Mediterranean Sea. The spatial mean 0—
00 m water-column temperature and salinity show pos- 
tive statistically significant trends of 0.02 ±0.002 °C/year, 
nd 0.002 ±0.001 psu/year, respectively, over 1993—2019. 
lthough inter-annual variability is important there seems 
o be an accelerating trend for both parameters following 
he increasing surface warming rate of the basin over the 
ast 15 years. 

.4. The steric contribution 

he steric contribution to sea level trends is positive at all 
G stations ( Table 1 , column 7), with values ranging be- 
ween 0.82 ±0.38 mm/year at Khios station and 2.00 ±0.41 
m/year at Alexandria station. The de-seasoned monthly 
ime series of steric contribution closely follow but show 

uch lower inter-annual variability compared to observed 
otal sea level at all TG stations ( Figure 2 ). However, there 
re some deviations from the observations, especially in the 
egean Sea stations, induced by other processes that are 
ot resolved in our study. The strong positive anomaly in 
010 is mainly caused by the strong negative NAO event, 
s indicated by ( Landerer and Volkov, 2013 ; Tsimplis et al., 
013 ). In general, there is a good correlation between ob- 
erved and reconstructed steric sea level, with correlations 
p to 0.7, as shown in Table 1 . 
Figure 3 d shows the spatial distribution of the steric 

ea level trends. Steric sea level shows a positive signifi- 
ant trend over the whole Basin, except from the Ierape- 
58 
ra gyre, where a negative trend of up to —3.5 mm/year 
as observed. The spatial distributions of the observed 
nd estimated steric sea level trends are very similar (see, 
igure 3 a and d), which are largely explained by temper- 
ture variations with the difference being probably due 
o the mass contribution. The correlation coefficient be- 
ween the observed SLA and steric height was 0.68 (statis- 
ically significant at the 95% confidence interval). The spa- 
ial average of steric trend over the entire basin was about 
.38 ±0.42 mm/year, which accounts for about 45% of the 
otal sea level trend ( ∼3.1 mm/year). 
Figures 3 e and f show the thermosteric and halosteric sea 

evel trends maps, respectively. The thermosteric sea level 
rend patterns are similar to the steric sea level trend pat- 
erns (see, Figure 3 d and e), demonstrating that the steric 
ea level in the EM is dominated by temperature changes. 
he correlation coefficient between the observed SLA and 
hermosteric height was 0.73 (statistically significant at 
he 95% confidence interval). The thermosteric expansion, 
hich has a basin average of about 2.13 ±0.41 mm/year, is 
esponsible for most of the steric trend and accounts for 69% 

f the total sea level trend. Most of the eastern Mediter- 
anean Sea has negative halosteric trends, with a basin av- 
rage of —0.75 ±0.19 mm/year, except in the north part of 
he Aegean Sea, where a positive trend of up to 1 mm/year 
as observed, possibly due to mixing with less saline wa- 
er from the Black Sea ( Stanev et al., 2000 ). The halosteric
omponent contributes (negatively) by 24% to the total sea 
evel trend. 

.5. Residuals contribution 

he residual trends include the contribution of oceanic mass 
ddition and local vertical land movement such as sediment 
oad or compaction. Groundwater extraction and tecton- 
cs can also contribute to the residual trends of the tide 
auge. The GIA values at all TG stations are very small, 
anging from —0.17 mm/year at Thessaloniki (Greece) to 
.09 mm/year at Siros (Greece). The residuals obtained 
fter the GIA, atmospheric and total steric effects were 
emoved from the observations, indicate positive trends 
hich are statistically significant at all stations, except 
rom Alexandroupolis and Khios stations in the North Aegean 
ea. 
The spatial distribution of the residual trend is shown 

n Figure 3 c. The higher values were found in the Aegean 
ea, while the lower values were observed in the Levantine 
asin, with an average value of 1.6 ±51 mm/year over the 
ntire basin. Results suggest that the mass component is the 
ominant contributor to sea level trend in the Aegean Sea, 
hile the steric component is the dominant contributor in 
he Levantine Sea. 

.6. Inter-annual variability 

o quantify the interannual variability of sea level, we 
alculate the basin-averages of temporal variances at each 
rid point for both the observed datasets, which represent 
otal variability, and the residual datasets, which repre- 
ent the de-seasoned and detrended signal ( Torres and 
simplis, 2013 ). We found that, on average, the inter- 
nnual variability of sea level accounts for 36% of the total 
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Figure 7 Percentage of SLA inter-annual variability explained by a) atmospheric contribution, and b) total steric height above 
400 m over 1993—2019. 
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ariability in the entire basin, with a range of 18 to 62% 

 Figure 6 ). Higher interannual variability has been ob- 
erved over the major circulation features and recurrent 
yres of the basin, with the maximum obtained over the 
ersa—Matruh gyre. The minimum percentage of the ex- 
lained variance was found over the southwest part of 
he Aegean Sea, with less than 25% of sea level variabil- 
ty explained. The same results were obtained from tide 
auges, except for three TG stations (Leros, Khios, and 
lexandroupolis) on the Aegean Sea’s eastern coast, which 
how greater interannual variability, probably due to the 
mall variance of observed sea level variability in that 
egion. 
We also evaluated the contribution of atmospheric and 

teric sea level to the inter-annual variability of total 
LA at regional scale as shown in Figure 7 . The atmo- 
pheric effect explains from 3% to 50% of the variabil- 
ty, with a basin average of 18%. The percentage of vari- 
nce explained by the atmospheric contribution is much 
arger in the Aegean Sea, peaking in the northwestern 
art of the basin. The steric component of the sea level 
xplains more than 40% of SLA variability in most re- 
ions. On average, the steric component accounted for 
2% of the interannual sea level variability. Therefore, the 
hanges in atmospheric and steric components account for 
0% of the interannual sea level variability in the Eastern 
editerranean. 

. Summary and conclusions 

n this study, we have assessed the contribution of atmo- 
pheric, GIA, and steric components to the interannual 
ariability and trend of sea level in the Eastern Mediter- 
59 
anean Sea over the period 1993—2019, using altimetry 
nd tide gauge SLA, together with hydrographic and 
tmospheric datasets. 
After applying atmospheric and GIA correction, we found 

 spatially averaged SLA linear trend of 3.23 ±0.61 mm/year 
rom 1993 to 2019, which is not statistically different from 

he global average trend of 3.35 ±0.4 mm/year estimated by 
blain et al. (2019) between 1993 and 2017. A widespread 
attern of sea level rise was observed with strong posi- 
ive and statistically significant trends over most of the re- 
ion with maximum sea level rise obtained over the Mersa—
atruh and Cyprus gyres, as well as the North Shikmona 
ddy. In contrast a significant negative trend is observed 
ver the Ierapetra gyre, whereas low and not statistically 
ignificant trends were only found in the southwestern part 
f the basin. The contributions of steric height and its com- 
onents to total sea level rise in the EM were estimated 
or the period 1993—2019. The steric height of sea level 
ose at a rate of 1.38 ±0.42 mm/year, accounting for 45% 

f the total sea level rise. This result is consistent with 
 global steric trend of 1.1 mm/year, which accounts for 
4% of the total sea level rise from 1993 to 2017 ( Storto
t al., 2019 ). Also, this result is in agreement with Criado-
ldeanueva et al. (2008) , who found that the steric effect 
ccounts for 55% of total sea level trend in the Mediter- 
anean Sea. 
Thermosteric and halosteric components have opposing 

ontributions to the sea level trend. The thermosteric ef- 
ect, following the accelerating surface warming, is by far 
he main driver of sea level rise in EM over this period. The
hermosteric component trend was 2.13 ±0.41 mm/year, ac- 
ounting for 69% of the total sea level trend. The halosteric 
rend was found to be negative in the largest part of the 
egion, with a basin average of —0.75 ±0.19 mm/year, con- 
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ributing (negatively) by 24% to the total sea level trend. 
hese findings were in line with those obtained by Storto 
t al. (2019) for the North Atlantic Ocean. These authors 
emonstrated that the thermosteric effect dominates the 
teric sea level in the North Atlantic, while the halosteric 
omponent contributes negatively to the overall sea level 
rend. At the global scale, they found that about 25% of the 
emperature contribution to the total Steric SLA is compen- 
ated by salinity changes, in agreement with our result in 
he eastern Mediterranean. 
The steric sea level in the eastern Mediterranean ac- 

ounts for about 52% of total SLA interannual variability, 
hich is consistent with Storto et al. (2019) , who found 
hat at the global scale, the steric sea level explains ap- 
roximately 50%—70% of the sea level interannual variabil- 
ty. However, this is much higher than that observed by 
alafat et al. (2012) , who demonstrated that the steric ef- 
ect explains less than 20% of the variance over the en- 
ire Mediterranean Sea and the eastern boundary of the 
orth Atlantic northward of 45 o N. They also found that the 
teric SLA in the eastern Mediterranean explains most of the 
ea level variation when compared to the western Mediter- 
anean. The EM’s dominance of the mass component is con- 
istent with previous studies across the Mediterranean Sea 
 Calafat et al., 2010 ). 
Over the study era, all tide gauges showed a positive 

nd statistically significant trend. The most significant 
ontributor to the SLA trend at the TG stations is again the 
hermosteric effect. However, at some stations, such as 
hessaloniki, Leros, Antalya II, and Hadera the thermosteric 
ontributions accounts for less than half of the observed 
rend, possibly due to the strong contribution of vertical 
and motion at these stations ( Fenoglio-Marc et al., 2004 ; 
ohamed and El-Din, 2019 ), which is not addressed here. 
he interannual variability of SLA accounts for about 36% of 
verall sea level variability in the EM. On interannual time 
cales, atmospheric and steric effects contribute together 
70% to the total interannual variability of sea level from 

ltimetry. 
Our results demonstrate that increased warming is 

ainly responsible for the strong sea level rise in the East- 
rn Mediterranean Sea over the last two decades. Climate 
odel projections indicate accelerating warming and sea 

evel rise in the Mediterranean region during the twenty- 
rst century ( Church et al. 2013 ). Excessive sea level rise 
ogether with warming and drying of the Eastern Mediter- 
anean basin are expected to have far-reaching environmen- 
al and societal impacts in this region. 
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