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Spatial and Seasonal Variability of Long-Term Sea Surface Temperature Trends in Aegean
and Levantine Basins

FevzivyE Ayca SARACOGLU,] BurAk AYDOGAN,2 BERNA AYAT,3

Abstract—This study aims to estimate the spatial variability of
the long-term trends of Sea Surface Temperature (SST) in the
Eastern Mediterranean Sea including the Aegean Sea for 39 years
between 1982 and 2020. Two datasets consisting of in-situ daily
mean SSTs provided by the Turkish State Meteorological Service
for the 12 stations located along the Aegean and Levantine coasts
of Turkey and gridded daily mean Optimum Interpolation Sea
Surface Temperature version 2.1 (OISSTv2.1) data obtained from
the National Centers for Environmental Information (NCEI) of the
United States National Oceanic and Atmospheric Administration
(NOAA) are used for this aim. The trend of change in SST is
computed using a non-parametric Theil-Sen estimator methodol-
ogy. The significance of trends is computed using the Mann—
Kendall test. As well as the long-term trends of monthly mean SST,
the trends of monthly minimum and maximum SSTs are analyzed
to reveal the long-term variations of extreme SSTs. It is concluded
that there is a statistically significant upward trend within the study
area. The annual basin-averaged upward trends of monthly mean,
minimum, and maximum SSTs are estimated as 0.039 °Clyear,
0.043 °Clyear, and 0.037 °C/year, respectively. Coastal in-situ data
present different characteristics for the Aegean Sea and the
Levantine Basin. Aegean Sea stations show that the annual maxi-
mum SST has a higher rate of upward trend than the annual mean
and minimum SSTs, while measurements from the Levantine Basin
show minimum SST values increasing at a greater rate than both
the annual means and maximums. Analysis of in-situ data at 12
stations provides statistically significant trends between 0.024 °C/
year and 0.055 °C/year, 0.025 °C/year and 0.093 °C/year, and
0.031 °C/year and 0.071 °C/year for annual mean, annual mini-
mum, and annual maximum SSTs, respectively. Seasonal analysis
of the monthly mean SST trends shows that the highest upward
trend occurs in August at the Dikili station (Aegean Sea) with a rate
of 0.110 °C/year. SST in the study area is significantly affected by
the Atlantic Multidecadal Oscillation (AMO), Eastern Atlantic
(EA), and East Atlantic/West Russia (EA/WR) indices.
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1. Introduction

Sea surface temperature (SST) is a significant
parameter used to understand, interpret, and forecast
the interactions between oceans, seas, and the atmo-
sphere. For this reason, studying the changes in SST
is important to reveal the stages of climate change.

According to the Intergovernmental Panel on
Climate Change (IPCC) (Stocker et al., 2013), SSTs
began to increase in the early twentieth century.
Based on long-term in-situ SST data starting from
1980, the Fifth Assessment Report of the IPCC
(Stocker et al., 2013) estimated the global trend to be
between 0.042 + 0.007 °C/decade and
0.054 £ 0.015 °C/decade with a 90% confidence
interval. Developments in observational accuracy
with emerging technologies such as satellite obser-
vations in the last quarter of the twentieth century
allowed different estimates of SST trends. Globally
increasing SSTs were reported for the period of
1979-2012 with the trend rates of 0.072 £ 0.024 °C/
decade based on the HadISST dataset by Rayner et al.
(2003), 0.073 £ 0.020 °C/decade based on the
COBE-SST dataset by Ishii et al. (2005),
0.105 £ 0.031 °C/decade based on the ERSSTv3b
dataset by Smith et al. (2008), and 0.124 £ 0.030 °C/
decade based on the HadSST3 dataset by Kennedy
et al. (2011) (Stocker et al., 2013). An inspection of
trends for different time scales reveals that studies
based on shorter time periods tend to give higher
trend rates. As well as the time scale, regional studies
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conducted for different parts of the world (Breaker
et al., 2016; Kashkooli et al., 2019; Park et al., 2015)
also indicate inhomogeneous trends in SST with
significant spatial variability, presenting higher or
lower trend estimates. Since global estimations are
spatially averaged, regional differences may not be
reflected. This emphasizes the importance of studies
conducted at regional scales with the use of in-situ
data from local institutions. In-situ data are used to
validate satellite observations, to generate boundary
conditions for numerical weather models, to produce
reanalysis data, and to reveal site-specific patterns in
SST. Improvement of coastal SST data quality was
emphasized as one of the priorities for the next dec-
ade by O’Carroll et al. (2019), highlighting the
importance of high-resolution SST data capable of
capturing the meso/sub-mesoscale features, where in-
situ observations and regional/local analysis of SST
trends will make significant contributions.

The SST data required to determine the directions
of trends are obtained through in-situ measurements
or the analysis of images provided by satellites.
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Remote sensing technologies (e.g., the Advanced
Very High-Resolution Radiometer, AVHRR) have
been used extensively in order to determine oceano-
graphic parameters such as SST, sedimentation
(Pavelsky & Smith, 2009), tides (Shen et al., 2008),
upwelling (Pisoni et al., 2014), sea surface salinity
(Vinogradova et al., 2019), and circulations (Stocker
et al., 2013). In cases where in-situ measurements of
SST cannot be obtained, high-resolution SST data
provided by institutions such as the National Oceanic
and Atmospheric Administration (NOAA) and the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) are used to determine the trends in
SST. This way, the impact on biodiversity and cli-
matic events caused by the increase in SST can be
better understood and the necessary protection
strategies can be developed.

The study area of the present work covers the
Eastern Mediterranean, consisting of the Aegean Sea
and the Levantine Sea between the coordinates of 30°
N and 41° N and 21° E and 37° E (Fig. 1). The study
area is important economically for riparian countries,
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Study area and the locations of the in-situ SST stations
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Author(s) Studied time period Study area Data SST trend (°C/year)
D’Ortenzio et al. (2000) 1985-1996 The whole Mediterranean AVHRR /MEDATLAS No trend
Criado-Aldeanueva et al. (2008) 1992-2005 The whole Mediterranean NOAA OI 0.061

Nykjaer (2009) 1985-2006 Eastern Mediterranean AVHRR 0.050

Skliris et al. (2011) 1985-2008 Aegean AVHRR/ICOADS 0.045

Skliris et al. (2011) 1992-2008 Aegean AVHRR/ICOADS 0.055

Skliris et al. (2012) 1985-2008 The whole Mediterranean AVHRR/NOCS (V.2) 0.037

Skliris et al. (2012) 1985-2008 Eastern Mediterranean AVHRR/NOCS (V.2) 0.042

Shaltout and Omstedt (2014) 1982-2012 The whole Mediterranean AVHRR 0.035

Shaltout and Omstedt (2014) 1982-2012 Levantine Basin AVHRR 0.042

Pastor et al. (2018) 1982-2016 The whole Mediterranean GHRSST Level 4 0.036

AVHRR_OI
Mohamed et al. (2019) 1993-2017 The whole Mediterranean AVHRR 0.036
benefiting from tourism, fisheries, mining, and demonstrated that the Aegean Sea started to warm

recreation. The Mediterranean Sea is an almost
landlocked sea, connected to the Atlantic Ocean via
the very narrow Gibraltar Strait. This causes negli-
gible tides within the basin. Generally, evaporation
rates are much higher than precipitation and fresh-
water input. The annual mean precipitation over the
basin is 1.12 mm/day and mean evaporation is
2.94 mm/day, almost twice the precipitation (Mari-
otti, 2010). The annual mean freshwater discharge
into the Mediterranean Sea was reported to be
8.1 x 10* m%s by Struglia et al. (2004). Hence, the
basin suffers from a lack of water due to having
evaporation rates that are much higher than the
incoming water. This negative water budget creates
water of higher salinity, which sinks under the less
saline water entering from Gibraltar to even out the
water budget. Dense Mediterranean waters also flow
into the Atlantic Ocean from Gibraltar via the lower
layer.

Different researchers have studied the long-term
trends of SST in the Mediterranean Sea. Marullo
et al. (1999) reported that the seasonal and monthly
climatology of the SST was associated with seasonal
characteristics and the dynamic structure of the
Eastern Mediterranean’s upper thermocline circula-
tion. Nykjaer (2009) reported that the maximum
change in SST occurs in the Aegean Sea during
August. D’Ortenzio et al. (2000) showed evidence of
interannual variability but no significant trend for the
period between 1985 and 1996. Skliris et al. (2011)

rapidly after a long-term slow cooling period from
the late 1960s to the early 1990s. They stated that the
SST increased southwards because of the exchange of
cold Black Sea water through the Dardanelles Strait
and warm Levantine water through the Cretan Arc
Straits. Sicre et al. (2016) investigated SST variabil-
ity in the Northwestern Mediterranean Sea (Gulf of
Lion) over the past full 2000 years and reported well-
matched trend rates for in-situ and satellite data with
rates of 0.22 °C/decade and 0.26 °C/decade, respec-
tively. Annual mean SST trends in the Mediterranean
Sea according to different authors are summarized in
Table 1. Although D’Ortenzio et al. (2000) found no
significant trend in Mediterranean SSTs, other
researchers have indicated significant warming
ranging between 0.035 °C/year and 0.061 °Cl/year.
The SST in the Mediterranean Sea is controlled
by zonal, meteorological, hydrological, orographic,
and oceanographic forcing. The most important
oceanographic structures controlling the Mediter-
ranean SST are the Western Cretan and Rhodes gyres
in the Eastern Mediterranean Basin and the cyclonic
circulation area in the Gulf of Lion with the relatively
colder waters in the Western Mediterranean Basin
(Pisano et al., 2020; Somot et al., 2018). The specific
orography at different parts of the basin and its
interaction with specific winds such as mistral or
trade winds were also reported to control the SST in
previous studies as well as the gyres (Pisano et al.,
2020). Skliris et al. (2012) studied the correlations
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between SST and net heat flux variations and recor-
ded a negative correlation, indicating that SST
warming influences the net heat flux decrease.
Another important driver is reported to be telecon-
nections such as the North Atlantic Oscillation
(NAO) and the East Atlantic (EA) oscillation (Skliris
et al., 2012). Authors have also reported that the
upward SST trends are associated with the sea level
rise, as Criado-Aldeanueva et al. (2008) concluded
for the Levantine Basin. Criado-Aldeanueva et al.
(2008) showed that the maximum sea level rise and
the maximum upward trends of SST are observed at
the same location in the Levantine Basin. Global
warming due to greenhouse effects and the freshwater
input are also reported to be main drivers of SST
variability in the Mediterranean Sea (Béthoux &
Gentili, 1999).

Most of the studies focusing on the Aegean Sea
and Mediterranean Sea have analyzed satellite data
with different time periods. However, in-situ mea-
surements of SST are also particularly important as
they are capable of reflecting the local characteristics,
especially in coastal regions. The SST measurement
techniques have evolved since the beginning of
observations during the mid-nineteenth century. Up
until the 1930s, the only available instruments were
wooden and canvas buckets, after which the Engine
Room-Intake (ERI) technique emerged. During the
1950s, rubber buckets were widely in use, and this
continued until the 1980s, when buoys appeared
(Kennedy et al., 2011). According to the International
Comprehensive  Ocean—Atmosphere  Data  Set
(ICOADS) of the US NOAA, more than 60% of SST
measurements today are carried out with buoys, 30%
with the ERI technique, and only 5% with rubber
buckets (https://icoads.noaa.gov/). Different mea-
surement techniques have caused biases in the long-
term SST records over time, reaching over 0.5 °C
with significant spatial and temporal variability
(Carella et al., 2017), especially during the transition
from wooden buckets to ERI in the 1940s.
Researchers made comparisons and developed dif-
ferent methods to obtain consistency. Their efforts
are used to create reanalysis products. Many different
data assimilations and checks have increased the
quality of long-term SST data, but even after the bias
corrections, some uncertainties may still be included
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in products, due to the observational and systematic
errors of in-situ data (Kennedy, 2013). There are only
a few studies where both long-term in-situ and
satellite data were used together (Ghanea et al., 2016;
Meneghesso et al., 2020; Pisano et al., 2020; Zhang
et al., 2019). The present study has been conducted to
fill this gap in the literature for the Eastern Mediter-
ranean Basin.

In this study, we extend the study period com-
pared to previous studies by including 12 in-situ SST
time series to compare the OISSTv2.1 dataset with
in-situ observations. We also analyze long-term
trends of monthly minimum and maximum SSTs to
enhance the knowledge of extreme SSTs. We analyze
the relation between the SST in the study area and
various climate indices including the North Atlantic
Oscillation (NAO), East Atlantic (EA), East Atlantic/
West Russia (EA/WR), Atlantic Multidecadal Oscil-
lation (AMO), and Indian Summer Monsoon (ISM).

2. Data and Methodology

Two different SST datasets were used in this
study to estimate the long-term trends of SST in the
study area. The first one is the daily SST dataset,
comprising in-situ observations of 12 stations located
along the Aegean and Mediterranean coasts of Tur-
key. The locations of the stations are shown in Fig. 1.
The in-situ data were obtained from the Turkish State
Meteorological Service (TSMS). SST measurements
are conducted daily at 06:00 GMT using sea ther-
mometers by the TSMS for all 12 stations. Stations
have water depths of at least 2 m. The TSMS con-
ducts the calibration of the measurement devices and
performs quality checks of the data. Daily data were
converted into monthly time series of mean, mini-
mum, and maximum SSTs after doing a visual quality
check for abrupt changes and unusually steady
periods.

The second dataset was retrieved from the
OISSTv2.1 database of the NOAA (https://www.
ncdc.noaa.gov/oisst/  optimum-interpolation-sea-sur-
face-temperature-oisst-v21). The database was
mainly produced using AVHRR infrared satellite
SST data; however, it also includes observations
taken from cruises, buoys, and Argo floats (Banzon
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et al., 2016, 2020; Reynolds et al., 2007) and it does
not represent a particular time of day. The
OISSTv.2.1 data are an aggregate of data collected
over the entire day; therefore, they cannot capture
diurnal variability (Banzon & Reynolds, 2021). Daily
mean SST values were downloaded with a spatial
resolution of 0.25° x 0.25°. In this study, the time
period between January 1982 and December 2020
was considered to estimate long-term trends in both
in-situ and OISSTv2.1 data. Monthly mean SST time
series were constructed from the daily data.

Monthly time series of the NAO (Hurrell, 1995),
EA (Barnston & Livezey, 1987), and EA/WR
(Barnston & Livezey, 1987) indices were obtained
from the NOAA National Weather Service Climate
Prediction Center (https://www.cpc.ncep.
noaa.gov/data/teledoc/telecontents.shtml)  for the
study period of 1982-2020. The NAO index is
defined as the difference between the normalized
mean sea level pressure anomalies at Lisbon, Portu-
gal, and Stykkisholmur, Iceland (Hurrell, 1995). The
EA pattern is defined as the sea level pressure dif-
ference between Greenland and the British Islands in
the Baltic Sea. The EA/WR pattern is another
remarkable teleconnection pattern characterized by
two main large-scale anomalies over Western Europe
and the Caspian Sea affecting Eurasia throughout the
year.

The monthly time series of the AMO index (En-
field et al., 2001) for the same period was taken from
the NOAA Physical Sciences Laboratory (PSL)
(https://psl.noaa.gov/data/timeseries/ AMOY/). The
AMO index is produced based on average SST
anomalies to describe multidecadal variability in the
North Atlantic Basin (Trenberth & Shea, 2006).

The monthly time series of the ISM index (Wang
& Fan, 1999; Wang et al., 2001) was obtained from
the University of Hawaii Asia—Pacific Data-Research
Center of the International Pacific Research Center
(http://apdrc.soest.hawaii.edu/projects/monsoon/
seasonal-monidx.html) for 1982-2019. The ISM
index is calculated for the months of June, July,
August, and September (JJAS) based on the differ-
ence of zonal mean winds at 850 hPa between
southern (5°N-15°N, 40°E-80°E) and northern
(20°N-30°N, 70°E-90°E) regions of the Indian
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subcontinent, reflecting the magnitude of the ISM
(Wang et al., 2001).

In this study, a non-parametric test called the
Theil-Sen estimator (Sen, 1968; Theil, 1950) was
used to estimate the trends as non-parametric tests are
less sensitive to outliers in time series. This test has
been widely applied in hydrometeorological and
oceanographic studies (Aydogan & Ayat, 2018;
Carpar et al., 2020). To determine the significance of
the trends, we used the non-parametric Mann—Ken-
dall test (Kendall, 1970; Mann, 1945). Correlation
coefficients between the in-situ SST and the NAO,
EA, EA/WR, AMO, and ISM indices were estimated
and a significance level of 95% with a corresponding
correlation coefficient of 0.31 was considered.

3. Results and Discussion

3.1. Comparison of In-situ and OISSTv2.1 Data

Statistical properties of the 39-data annual mean
time series of mean, maximum, and minimum SST
from both in-situ and OISSTv2.1 data in terms of
maximum, minimum, average values, Standard Devi-
ation (SD), and skewness were calculated. To
compare two datasets, correlation coefficient (R),
Root Mean Square Error (RMSE), BIAS, and Scat-
tering Index (SI) values were estimated as presented
in Table 2 together with the statistical properties of
the two datasets. In the comparisons of both datasets,
we used the grid cell (0.25° x 0.25° in size) from the
OISSTv2.1 data in which the corresponding in-situ
station coordinates fell.

There is an overall good agreement between the
in-situ and OISSTv2.1 data for all stations except
Ayvalik. Correlation coefficients between the two
types of data are greater than 0.64, 0.54, and 0.56 for
annual means of means, maximums, and minimums,
respectively. The highest correlations (greater than
0.80) were calculated at Kusadasi, Alanya, and
Iskenderun stations for all three time series. RMSEs
are smaller than 1.16 °C, except for the northernmost
stations of Canakkale (RMSE < 1.60 °C) and Ayva-
Iik (RMSE < 1.83 °C). In general, positive BIAS
values are found across the stations, indicating that
OISSTv2.1 has greater values than the in-situ SSTs
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Comparisons of a the minimum, b the maximum, and ¢ the mean SST (°C) from the in-situ data and d the minimum, e the maximum, and f the
mean SST (°C) from OISSTv2.1 data for 12 stations

with the exceptions of the Kusadasi, Fethiye, and
Iskenderun stations. While the maximum SST values
from in-situ data were slightly greater than those of
the OISSTv2.1 data, the minimum SSTs from in-situ
data were much smaller than those of the OISSTv2.1
data at the northern Aegean stations of Canakkale,
Ayvalik, and Dikili. In general, the OISSTv2.1 data
give higher SST values than the in-situ data in the
Aegean Sea. Higher discrepancies with greater
RMSE and BIAS values were found at the stations
located along the northern Aegean shoreline (Canak-
kale, Ayvalik, and Dikili). The two datasets were
better matched at the Levantine Basin stations than
the Aegean Sea stations, where relatively higher
RMSE, BIAS, and SI values were estimated.

A similar analysis was performed on a seasonal
basis (Fig. 2) to reflect seasonality. In this analysis,
the minimum, maximum, and mean SST values were
estimated from 39-value time series (one data point
for each year) for each month.

According to the in-situ data, the lowest minimum
SST values were recorded in the northernmost
stations (5.9 °C at Ayvalik and 6.5 °C at Canakkale)
(Fig. 2a). The highest maximum SST values were
recorded in the northeastern part of the Levantine
Basin (31.2 °C at Iskenderun and 30.9 °C at Mersin)
(Fig. 2b). There is a clear increasing SST gradient in
the Aegean Sea from north to south captured by both
OISSTv2.1 and in-situ data for the winter season.
This winter SST gradient was also reported by Pastor
et al. (2018), who performed cluster analysis and
linked the SST patterns to the atmospheric and
oceanographic properties of the basin. A milder
increasing SST gradient is found in the OISSTv2.1
data along the Eastern Mediterranean stations from
west to east for the summer season. The lowest SST
values occur from February to March, and the
maximum SST values are seen between July and
September. Although these findings are consistent
with the OISSTv2.1 data in general, significant
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inconsistency between the two datasets occurs for the
SST minimums during winter and spring months at
the Northern Aegean Sea stations. The lowest min-
imum SST values were estimated at the northernmost
stations on the Aegean coast (11.57 °C at Canakkale,
13.44 °C at Ayvalik, and 13.23 °C at Dikili) (Fig. 2d)
according to OISSTv2.1 data.

January
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The annual mean SST derived from the in-situ
and OISSTv2.1 datasets presented a good match in
terms of trends at almost all stations, except Ayvalik
and Dikili (Fig. 3). The temporal evolution of the in-
situ annual mean SST is captured well by the
OISSTv2.1 data, especially for the Finike, Kusadasi,
Alanya, and Iskenderun stations. Although positive
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Figure 4

Temporal evaluation of in-situ monthly mean SSTs for all 12 stations during the period of 1982-2020
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Table 3

Long-term SST trends for annual mean, annual maximum, and annual minimum for in-situ monthly mean SST data (°C/year)

Stations Annual mean Annual maximum Annual minimum
Canakkale 0.024 3%k 0.044 5% 0.025%3#:%
Ayvalik 0.002 —0.022 0.045
Dikili 0.055% %%k 0.068% 5% 0.030
Kusadasi 0.05] #ssk 0.071%%s%% 0.040%%*
Bodrum 0.045% %% 0.067%%#* 0.025
Marmaris 0.0327%s%s%% 0.057% %% 0.025
Fethiye 0.031 *#:* 0.009 0.093 %
Finike 0.04] #5skk 0.044% %% 0.040%s%
Alanya 0.044#4%% 0.047 %% 0.050%%**
Anamur 0.0327%3%s%% 0.027 0.037
Mersin 0.042%%:%* 0.038**:%* 0.050%*
Iskenderun 0.039#s%sk% 0.031 %% 0.048%*

Bold font indicates statistical significance. Significances are as follows: *95%; **97%; **%99%; **#%99 9%

BIAS between the in-situ SST and OISSTv2.1 data is
clear for the Canakkale, Ayvalik, Dikili, Anamur,
Bodrum, Mersin, and Marmaris stations, the trend
rates were found to be almost the same. The only
notable negative BIAS was observed for the Fethiye
station, where the trends were again almost the same.

Discrepancies between in-situ and OISSTv2.1
SST data can be attributed to the spatial resolution
of the OISSTv2.1 data. The OISSTv2.1 data are
based on grids with a surface area of about 625 km?.
Although this may be sufficient to give the general
impression of temperatures in deep-water regions
governed by the main circulation patterns of the
Mediterranean Sea, considering coastal circulation
patterns and nearshore dynamics of coastal waters
this resolution is not sufficient to capture the local
effects that may influence the temperature of coastal
waters such as freshwater discharges, rivers, or
coastal springs. The existence of submarine springs
throughout the Aegean Sea coasts was reported by
Merig et al. (2017). The in-situ measurements were
conducted in the near-shore region at depths of about
2-3 m, where coastal circulation patterns govern the
physical parameters (i.e., flow velocity, temperature,
and salinity). Hence, the selection of data sources for
specific purposes should be done based on the
intended usage scenario, where the points of interest
may be either coastal waters or the offshore region.

3.2. Seasonality of SST Trends Based on In-situ Data

The temporal variation of the in-situ monthly
mean SST was analyzed to reveal the changes in the
last 39 years as well as the seasonal variations.
Results for the 12 stations are presented in Fig. 4.

Most of the stations show similar warming trends,
except the stations located along the northern Aegean
Sea (Canakkale, Ayvalik, and Dikili). SSTs are
clearly increasing in January, February, March,
August, September, October, November, and Decem-
ber and seem to be stable in April, May, June, and
July. Upward trends are more evident from August to
December. The only exception for these steadily
warming trends occurs at the Ayvalik station during
April, May, June, July, and August, where an obvious
cooling seems to occur. The annual warmest SSTs
occurred in July between 1982 and 1998 and shifted
to August after 1999 at the Ayvalik, Dikili, and
Kusadasi stations. Monthly mean SSTs vary within a
relatively wider range for the Ayvalik station, espe-
cially in January, February, and March.

To estimate the trend values and their signif-
icances, analysis was carried out using the Theil-Sen
and Mann—Kendall tests for the annual mean, annual
maximum, and annual minimum SST time series
obtained from the in-situ measurements. For this aim,
monthly mean SST time series (39 x 12 data) were
constructed based on daily in-situ data. Evaluating
the annual maximums and annual minimums is
important for estimating the trends of extremes,
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Table 4

Long-term trends for each month separately based on the monthly mean SST from in-situ data (°C/year)

Sep Oct Nov Dec

May Jun Jul Aug

Apr

Mar

Feb

Jan

Stations

0.043%%:% 0.047%*

0.033* 0.026

0.036%**
0.014

0.0297%%*
— 0.067%**

-0.011 - 0.004

0.010
— 0.050%**

0.056%#%*
0.026

0.033%4%
0.054

0.017

Canakkale

Ayvalik
Dikili

0.090%*

0,092k

0.025

0.039%*

— 0,135+
— 0.009
0.000

0.014

— 0,108

0.000

0.050

0.110%#%%  Q,078****  (,062%** 0.082##%%  (,089%***

0.0427%*

0.027*
0.019

0.050%%%  0.067****

0.063###:*

0.100%##% 0,085k (,070%**x  (,071****  (,065%***

0.043 %

0.014

0,044
0.022

0,048

0.030

0,038
0,037

Kusadast
Bodrum

0.076%**%=  0.086****  0.067****  (0.060%*** 0.064 %%

0.071 %%

0.000

0.012

0,055k (,050%k5%  (,032%* 0,050k (,050%*

0.030%#*

0.027%*
0.013

0.025

0.018

0.023*
0.000

Marmaris 0.044:% 0.033::* 0,038

Fethiye
Finike
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0.050%***  (,058***%  (,072%***

0.046%+#%

-0.016
0.021

- 0.026%**
0.036%+*

0.052%%%  (,050%***

0.050% %

0.043%*#% (0,050 #%  (,051%F%*  (,065%***  (,067%****

0.023**

0.025%:k:%

0.033%**% (033

0.043 %
0,036+

0.055%#%%  ,065%***  (.,064%** = (,078**x*  (,057H %%

0.033**

0.0297%%*
0.031*

0.025%:
0.010

0.033%*
0.000

0.037#%%%
0.003

0.0427%%%*
0.009

0.030%#
0.019

Alanya

0.069%##%  (,068%***
0.042%*

0.065%***

0.0527%:#4%

0.029%*
0.035*
0.032

Anamur
Mersin

0.048###%  0,061****  (.071%**% (081 ****

0.0297%*
0.026*

0.007

0.031%*
0.022

0.025%*
0.019

0.037#%:%

0.040*

Iskenderun

0.044%55% 0 06THRE 0,086+ 0,06THH%

0.043%ssksk

0.013

0,041

0.030%*

Bold font indicates statistical significance. Significances are as follows: *95%; **97%; *#%990p; *¥%%*99 9%,

which are assumed to be indicators of climate change.
The Theil-Sen slopes and their significances are given
in Table 3 for all 12 stations. Since different
significances were observed among the stations, four
significance levels (95%, 97%, 99%, and 99.9%)
were considered.

In terms of annual mean SST, 11 stations show an
upward trend with a confidence level higher than
99.9% with trend rates between 0.024 °C/year and
0.055 °Clyear. The highest upward trends of annual
mean SST were estimated at the Dikili and Kusadas1
stations with rates of 0.055 °C/year and 0.051 °C/
year, respectively. The lowest statistically significant
upward trend was calculated at the northernmost
station of Canakkale with a rate of 0.024 °Clyear.
Statistically significant upward trends with a confi-
dence level greater than 99.9% were found for annual
maximum SST values for eight stations and a
confidence level of 99% at the Iskenderun station
with trend rates between 0.031 °C/year and 0.071 °C/
year. Statistically significant trends of annual maxi-
mum SSTs have greater values than the trends of
annual mean SSTs for all stations except Mersin and
Iskenderun. Annual minimums are increasing with
statistically significant trend rates between 0.025 °C/
year and 0.093 °C/year at Canakkale, Kusadasi,
Fethiye, Finike, Alanya, Mersin, and Iskenderun.
Trends of annual minimum SSTs are evident only at
seven stations with confidence levels greater than
97%. Although the trends of annual mean and
maximum SSTs have remarkably high confidence
levels, the trends of annual minimum SSTs have
relatively low confidence levels for half of the
investigated stations. No significant downward trend
was observed based on the analysis of in-situ data.
Positive trend values reached up to 0.071 °Cl/year at
Kusadasi for the annual maximum SST. According to
the annual minimum SST, the statistically significant
lowest and highest trends were found to be 0.025 °C/
year at Canakkale and 0.093 °C/year at Fethiye,
respectively.

To analyze the seasonality of the data, trend
values and their significance levels were computed on
a monthly basis for the in-situ data and results are
given in Table 4. The significant trends with confi-
dence levels higher than 95% are shown in bold and
different significance levels are depicted by asterisks.



3782 F. A. Saragoglu et al.

Pure Appl. Geophys.

_
Cc
|
|

Ocean Data View/ DIVA

25°E 30°E . 35°E

. N mn g
0 0.01 0.02 0.03 0.04 0.05 0.06

Figure 5
Annual long-term SST trends of a monthly mean, b monthly minimum, and ¢ monthly maximum SST (°C/year)

Table 4 reveals that the SSTs are significantly
increasing for most of the stations, especially for the
months from July to December. Despite the annual
trends, analysis on a monthly basis indicated down-
ward trends with confidence levels greater than 99%.
June seems to be the most stable month with only two
statistically significant trend values: one downward at
the Ayvalik station and the other upward at the
Alanya station. Statistically significant downward
trends were observed at the Ayvalik station in April,
May, June, and July and at the Fethiye station in May.
The highest positive trend values occur in August at
the Dikili station with a rate of 0.11 °C/year. The
lowest statistically significant upward trend was
calculated at the Marmaris station in April with a
rate of 0.023 °C/year. The part of the annual cycle
between July and December has higher upward trend
rates with higher confidence levels in general. In
particular, November and December present statisti-
cally significant trend rates with confidence levels
higher than 99%. Trend rates are relatively higher for
the second half of the annual cycle than the first half.

3.3. Spatial Distribution and Seasonal Variability
of the Long-Term Trends Based on OISSTv2.1
Data

To study spatial variability of the long-term SST
trends in the study area, we used the daily mean
OISSTv2.1 dataset for the period between January
1982 and December 2020. The monthly mean,

monthly maximum, and monthly minimum SST time
series (12 x 39 data) at each grid point were
determined for this aim. Trends for each series were
estimated and mapped using the Ocean Data Viewer
(Schlitzer, 2020) (Fig. 5). Statistically significant
trends at confidence levels of 95% or higher are
depicted by black dots.

Spatial distributions of the trends indicated that
the statistically significant positive SST trend is
evident within the whole study area. No downward
trend is observed. An inhomogeneous distribution is
clear for the trends of all three variables (monthly
mean, minimum, and maximum SSTs) within the
basin. The northernmost part of the study area
presents the highest trend rates for all three variables.
In particular, the Sea of Marmara and the Thermaic
Gulf have the highest positive trend rates of up to
0.057/0.056/0.055 °C/year for mean/min/max SST.
The lowest trends were found to be down to 0.027/
0.025/0.025 °C/year for mean/min/max SST along
the western and southwestern boundaries of the study
area. Basin-averaged annual trends were estimated as
0.039 °Clyear, 0.043 °C/year, and 0.037 °C/year for
monthly mean, minimum, and maximum SST,
respectively. The upward SST trends are milder for
the maximum SST and steeper for the minimum SST
with respect to the mean SST.

Long-term trend analysis was performed in the
same manner for each month separately to reveal the
seasonal variations in the spatial distributions of the
trends of monthly mean, monthly minimum, and
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Seasonality in the long-term trends of monthly mean SST (°C/year) and their spatial variability
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Figure 8
Seasonality in long-term trends of monthly minimum SST (°C/year) and their spatial variability
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monthly maximum SST (39-data time series) by
using the OISSTv2.1 dataset. The spatial distributions
of trends of monthly mean SST for each month
separately are shown in Fig. 6.

A clear increase in SST was found in the whole
study area throughout the whole year. Higher trend
rates were observed between July and December. The
easternmost part of the study area has the highest
trend rates, reaching up to 0.080 °C/year in October.
Basin-averaged trends were estimated as 0.028 °C/
year, 0.027 °C/year, 0.032 °C/year, 0.028 °Clyear,
0.033 °Clyear, 0.036 °Clyear, 0.042 °Clyear,
0.042 °Clyear, 0.043 °Clyear, 0.045 °Clyear,
0.047 °Cl/year, and 0.042 °C/year for each month,
respectively. The highest basin-averaged trend was
calculated in November. Spatial distribution and the
seasonality of trends of monthly maximum SST are
mapped in Fig. 7.

Long-term trends of both monthly mean and
monthly maximum SST data present similar patterns
in the means of spatial distribution, the magnitude of
trends, and the seasonal characteristics. Trends are
significant in almost the whole basin for all months
except May. The highest trend rates of up to
0.083 °C/year were calculated for the Sea of Mar-
mara in July. Downward trends were depicted at
Aegean Sea and central Levantine Basin in January
and May; however, they were not statistically signif-
icant. Basin-averaged trends for monthly maximum

Pure Appl. Geophys.

SST were found to be 0.028 °Cl/year, 0.024 °Clyear,
0.024 °Clyear, 0.029 °Clyear, 0.025 °Clyear,
0.044 °Clyear, 0.039 °Clyear, 0.036 °Clyear,
0.040 °Cl/year, 0.032 °Cl/year, 0.042 °C/year, and
0.046 °C/year for each month, respectively. The
highest basin-averaged trend was calculated in
December. The spatial distribution and seasonality
of trends of monthly minimum SST are mapped in
Fig. 8.

The long-term trends of the monthly minimum
SSTs were found to be higher between July and
November. The trends are statistically insignificant in
June along the northern coasts of the Levantine Basin
and the northwestern boundary of the study area. The
highest upward trend was computed in the Levantine
Basin between July and November. Basin-averaged
trends were estimated as 0.029 °C/year, 0.034 °C/
year, 0.040 °C/year, 0.041 °C/year, 0.040 °Clyear,
0.029 °Clyear, 0.047 °Clyear, 0.049 °Clyear,
0.044 °Cl/year, 0.049 °C/year, 0.051 °C/year, and
0.040 °C/year for each month, respectively. The
highest basin-averaged trend was calculated in
November.

3.4. Comparison of SST Trends Derived From In-
Situ and OISSTv2.1 Datasets

Table 5 is given for a comparison of OISSTv2.1
and in-situ SST trends for the same period (January

Table 5

Comparison of trends of monthly mean, maximum, and minimum SSTs based on OISSTv2.1 and in-situ data

Stations Monthly Mean (°C/year) Monthly Maximum (°C/year) Monthly Minimum (°C/year)
In-situ OISSTv2.1 In-situ OISSTv2.1 In-situ OISSTv2.1
Canakkale 0.034 0.030%* 0.036 0.034%* 0.031 0.029%*
Ayvalik 0.010 0.035%*** —0.009 0.033%%%* 0.018 0.0407%***
Dikili 0.060%*** 0.035%** 0.044%* 0.031** 0.066%** 0.041 %%
Kusadasi 0.054%% 0,038 0,057k 0.037%** 0,057 ik 0,042
Bodrum 0,057k 0.041 %% 0.046%** 0.0427%%** 0,052 0.046%***
Marmaris 0.036%* 0,039 0.040%* 0.041%** 0.025 0.043 %%
Fethiye 0.038%* 0.035%** 0.019 0.034%** 0,059k 0.0427%**
Finike 0.045%** 0.037%** 0.044%** 0.036%** 0.041 %% 0.041%**
Alanya 0.048%** 0.037%** 0.044%** 0.033** 0,051 4% 0.0427%**
Anamur 0.037%* 0.038*** 0.030 0.034+* 0.040%* 0.0427%**
Mersin 0.049%** 0.037%** 0.048%** 0.035%* 0.048** 0.041%**
Iskenderun 0.046%** 0.040%** 0.036** 0.038** 0.058%** 0.0427%**

Bold font indicates statistical significance. Significances are as follows: ¥95%; **97%; **¥*99%; **¥%99 9%
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Figure 9
Correlations between different climate indices and the in-situ SST at 12 stations
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1982-December 2020). The long-term trends were
compared for monthly mean, maximum, and mini-
mum SSTs at 12 coastal stations along the coasts of
the Aegean Sea and the Levantine Sea.

Table 5 indicates that the in-situ SST data give
higher trend rates than the OISSTv2.1 data in general.
A significant upward trend for almost all stations is
evident for both datasets at a confidence level higher
than 97%. Exceptions are the Canakkale and Ayvalik
stations, which have the only insignificant trends with
lower rates in comparison to the other stations’ data.
The OISSTv2.1 data provided statistically significant
upward trends at these two stations. Monthly mean
SST trends along the coasts of the Levantine Basin
are relatively homogeneous with a rate of around
0.030-0.040 °C/year according to OISSTv2.1 data,
while they vary between 0.036 and 0.060 °C/year
based on the in-situ data. The same pattern with
relatively homogeneous trend rates for OISSTv2.1 is
observed for both monthly minimum and maximum
SSTs.

3.5. Relation of SST Variability to Climate Indices

Relations of the NAO, AMO, EA, EA/WR, and
ISM indices with SSTs in the study area were
evaluated based on the correlation coefficients (R) for
all in-situ stations. We aimed to provide information
about the teleconnection patterns associated with SST
variability in the study area. Analysis was done on a
monthly basis as well as an annual basis. Hence,
39-data time series of both the considered index and
the SST at each in-situ station were compared
(Fig. 9).

The Mediterranean SST presented a statistically
significant positive correlation (> 0.31) at the 95%
level with the EA index and a negative correlation
(< — 0.31) with the EA/WR index for all the stations
except Ayvalik based on the annual evaluation. The
AMO index also presented a significant positive
correlation with the SSTs at almost all stations except
Canakkale and Ayvalik. The AMO index was asso-
ciated with the SSTs throughout the whole year,
except for April, May, and June. The highest R was
estimated as 0.72 between the AMO index and the
SST measured at the Finike station. The ISM index
averaged over JJAS also presented a significant

Pure Appl. Geophys.

negative correlation with the SSTs at the Kusadasi,
Bodrum, Marmaris, Fethiye, Finike, and Alanya
stations. Analysis of the results on a monthly basis
indicated that all studied teleconnection patterns are
highly correlated with August SSTs at almost all
stations. Correlation coefficients reached up to 0.76 at
the Finike station in August, followed by 0.75 at
Alanya. While the EA and AMO indices present
positive correlations, the NAO, EA/WR, and ISM
indices present negative correlations in general. The
NAO index shows significant positive correlations at
the Levantine Basin stations in June, negative
correlations in the Aegean Sea stations in July, and
negative correlations for almost all stations in
August. The ISM index was associated with the
SSTs at all stations except Ayvalik, revealing nega-
tive correlation coefficients varying between — 0.33
and — 0.61 in August.

4. Conclusions

In this study, the long-term SST trends for the
Aegean Sea and Eastern Mediterranean Sea have
been determined using both OISSTv2.1 and in-situ
data covering the period between 1982 and 2020.
Spatial and seasonal variability of the long-term
trends of annual and monthly mean, minimum, and
maximum SSTs have been revealed.

The main findings from the present study are
summarized below:

1. Annual basin-averaged (the whole study area,
including the Levantine Basin and the Aegean Sea)
upward trends of monthly mean, minimum, and
maximum SSTs are estimated as 0.039 °Clyear,
0.043 °Clyear, and 0.037 °C/year, respectively, being
almost four times greater compared to the global SST
trends. Long-term positive trends of monthly mean,
minimum, and maximum SSTs are significant at
confidence levels of 95% or higher within almost the
whole study area. This finding is supported by both
in-situ and OISSTv2.1 data.

2. According to in-situ data, long-term trends of
annual maximum and minimum SSTs are higher than
the trend rates of annual mean SST. The ecosystem
may be impacted more severely due to the steeper
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rate of change in the extreme SSTs than the changes
in the annual mean SSTs.

3. Comparison of annual trends from in-situ SST
data and OISSTv2.1 data revealed some discrepan-
cies. These differences may be related to the coarse
spatial resolution and the interpolation of the point
data to a spatial map for the OISSTv2.1 dataset.
Local upwelling structures, freshwater inflows, or
circulation patterns may not be captured by the
OISSTv2.1 data. Hence, the selection of the data
source for analysis should be done based on the
intended usage scenario, where the points of interest
can be either on the coastal waters or in the offshore
region. In-situ observations and comparative studies
of different interpolated SST data are needed to
improve the quality of interpolated SST data.

4. Evaluation of the seasonality of the long-term
trends of monthly mean SSTs for all three variables
(monthly mean, minimum, and maximum SST)
revealed that a higher upward trend exists between
July and December in general. This finding is sup-
ported by both in-situ and OISSTv2.1 data.

5. Spatial variation of the long-term SST trends
within the study area indicated more significant
trends and a more homogeneous pattern within the
Levantine Basin. The Aegean Basin has less signifi-
cant trends and a more inhomogeneous distribution of
trends. This most probably occurs due to the complex
circulation pattern and the upwelling structure within
the Aegean Sea (Meri¢ et al., 2017). Another
important reason is the less saline water being dis-
charged from the Black Sea via the Turkish Straits
System (TSS) towards the Aegean Sea (Oztiirk et al.,
2012). Hence the insignificant trends over the north-
ern Aegean Sea may occur due to the dynamics of the
TSS, driven by a complex combination of barotropic
and baroclinic forcing. Further studies are needed to
better understand the impact of the dynamics of the
TSS on the SST trends in the northern Aegean Sea.

6. The upward trends with confidence levels of
95% or higher were found to be greater than
0.024 °Clyear in all studied SST data and time series.
The estimated basin-averaged upward trend rate of
0.039 °Clyear is generally found to be comparable to
the results of previous research. Skliris et al. (2012)
and Shaltout and Omstedt (2014) reported upward
trends between 0.038 °C/year and 0.042 °Clyear,
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which are in line with our results, while Nykjaer
(2009) reported a higher trend rate of 0.050 °C/year.
The slight differences may arise from the distinct
temporal and spatial coverages as well as the data and
methods used in different studies.

7. Seasonal analysis of trends indicated that the
trends of the monthly minimum SST between July
and November are higher than the trends of the
monthly maximum SST, especially in the Levantine
Basin.

8. Statistically significant correlations were found
between teleconnection indices (EA, AMO, EA/WR,
NAO, and ISM) and in-situ SSTs. The AMO index is
associated with the SSTs at almost all stations with
the highest positive correlation coefficients especially
for the period between July and December. Our
results indicated that the EA index with positive
correlations and the EA/WR index with negative
correlations are the second most effective telecon-
nection indices in the study area.

9. The diurnal variability of SSTs could not be
evaluated in this study. Future studies based on
datasets available for evaluating daily variability are
needed to better quantify the uncertainties in the
gridded datasets.

Acknowledgements

The authors would like to thank the Turkish State
Meteorological Service for providing in-situ SST
data, the National Centers for Environmental Infor-
of United States National Oceanic,
Atmospheric Administration (NOAA) for providing
OISSTv2.1 data, and the National Weather Service
Climate Prediction Center of US NOAA for telecon-
nection indices; AMO, EA, and EA/WR data, and
University of Hawaii Asia-Pacific Data-Research
Center of the International Pacific Research Center
for the ISM index data.

mation

Authors’ contributions FAS, BA, BA, and KES contributed
to the design and implementation of the research, to the
analysis of the results and to the writing of the manuscript.



3790 F. A. Saragoglu et al.

Funding

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-
for-profit sectors.

Declarations

Conflict of interest The authors declare that they have no
conflicts of interests.

Availability of data and material NA.

Code availability NA.

Publisher’s Note Springer Nature remains neutral
with regard to jurisdictional claims in published maps
and institutional affiliations.

REFERENCES

Aydogan, A., & Ayat, B. (2018). Spatial variability of long-term
trends of significant wave heights in the Black Sea. Applied
Ocean Research, 79, 20-35. https://doi.org/10.1016/j.apor.2018.
07.001

Banzon, V., Smith, T. M., Chin, T. M., Liu, C., & Hankins, W.
(2016). A long-term record of blended satellite and in-situ sea-
surface temperature for climate monitoring, modeling and envi-
ronmental studies. Earth System Science of Data, 8, 165-176.

Banzon, V., Smith, T. M., Steele, M., Huang, B., & Zhang, H. M.
(2020). Improved estimation of proxy sea surface temperature in
the Arctic. Journal of Atmospheric and Oceanic Technology,
37(2), 341-349. https://doi.org/10.1175/JTECH-D-19-0177.1

Banzon, V, Reynolds, R. & National Center for Atmospheric
Research Staff (Eds). Last modified 17 Apr 2021. “The Climate
Data Guide: SST data: NOAA High-resolution (0.25x0.25)
Blended Analysis of Daily SST and Ice, OISSTv2.” Retrieved
from https://climatedataguide.ucar.edu/climate-data/sst-data-
noaa-high-resolution-025x025-blended-analysis-daily-sst-and-
ice-oisstv2).

Barnston, A. G., & Livezey, R. E. (1987). Classification, season-
ality and persistence of low-frequency atmospheric circulation
patterns. Monthly Weather Review, 115(6), 1083—1126.

Bethoux, J. P., & Gentili., B. (1999). Functioning of the Mediter-
ranean Sea: Past and present changes related to freshwater input
and climate changes. Journal of Marine Systems, 20, 33-47.

Breaker, L. C., Loor, H. R., & Carroll, D. (2016). Trends in sea
surface temperature off the coast of Ecuador and the major
processes that contribute to them. Journal of Marine Systems,
164, 151-164.

Carella, G., Kennedy, J. J., Berry, D. L., Hirahara, S., Merchant, C.
J., Morak-Bozzo, S. E., & Kent, C. (2017). Estimating sea sur-
face temperature measurement methods using characteristic
differences in the diurnal cycle. Geophysical Research Letters.
https://doi.org/10.1002/2017GL0O76475

Pure Appl. Geophys.

Carpar, T., Ayat, B., & Aydogan, B. (2020). Spatio-seasonal
variations in long-term trends of offshore wind speeds over the
black sea; an inter-comparison of two reanalysis data. Pure and
Applied Geophysics, 177, 3013-3037. https://doi.org/10.1007/
s00024-019-02361-7

Criado-Aldeanueva, F., Del Rio, J., & Garcia-Lafuente, J. (2008).
Steric and mass-induced Mediterranean Sea level trends from 14
years of altimetry data. Global and Planetary Change, 60(3-4),
563-575.

D’Ortenzio, F., Marullo, S., & Santoleri, R. (2000). Validation of
AVHRR pathfinder SST over the Mediterranean Sea. Geophys-
ical Research Letters, 27(2), 241-244.

Enfield, D.B., Mestas-Nunez, A.M., & Trimble, P.J., (2001). The
Atlantic multidecadal oscillation and its relation to rainfall and
river flows in the continental. U.S. Geophysical Research Letters,
28(10), 2077-2080.

Ghanea, M., Moradi, M., Kabiri, K., & Mehdinia, A. (2016).
Investigation and validation of MODIS SST in the northern
Persian Gulf. Advances in Space Research, 57(1), 127-136.

Hurrell, J. W. (1995). Decadal trends in the North Atlantic oscil-
lation: Regional temperatures and precipitation. Science, 269,
676-679.

Ishii, M., Shouji, A., Sugimoto, S., & Matsumoto, T. (2005).
Objective analyses of sea surface temperature and marine
meteorological variables for the 20th century using ICOADS and
the Kobe collection. International Journal of Climatology, 25,
865-879.

Kashkooli, O. B., Ghadami, M., Amini, M., & Modarres, R. (2019).
Spatiotemporal variation of the southern Caspian Sea surface
temperature during 1982-2016. Journal Marine of System, 193,
126-136.

Kendall, M. G. (1970). Rank correlation methods (2nd ed., p. 202).
Hafner.

Kennedy, J. J. (2013). A review of uncertainty in in situ mea-
surements and data sets of sea surface temperature. Reviews of
Geophysics. https://doi.org/10.1002/2013RG000434

Kennedy, J. J., Rayner, N. A., Smith, R. O., Parker, D. E., &
Saunby, M. (2011). Reassessing biases and other uncertainties in
sea surface temperature observations measured in-situ since
1850: 2. Biases and Homogenization. Journal of Geophysics of
Res-Atmosphere, 116, D14104.

Mann, H. B. (1945). Nonparametric tests against trend. Econo-
metrica, 13, 245-259.

Mariotti, A. (2010). Recent changes in the Mediterranean water
cycle: A pathway toward long-term regional hydroclimatic
change? Journal of Climate, 23, 1513-1525.

Marullo, S., Santoleri, R., Malanotte-Rizzoli, P., & Bergamasco, A.
(1999). The sea surface temperature field in the Eastern
Mediterranean from advanced very high-resolution radiometer
(AVHRR) data: Part I Seasonal Variability. Journal of Marine
System, 20, 63-81.

Meneghesso, C., Seabra, R., Broitman, B. R., Wethey, D. S.,
Burrows, M. T., Chan, B. K. K., Guy-Haim, T., Ribeiro, P. A.,
Rilov, G., Santosa, A. M., Sousa, L. L., & Lima, F. P. (2020).
Remotely-sensed L4 SST underestimates the thermal fingerprint
of coastal upwelling. Remote Sensing of Environment, 237,
111588.

Merig, E., Avsar, N., Nazik, A., Yokes, B., Barut, iF., Suner, F.,
Sari, E., Eryllmaz, M., Yucesoy-Eryllmaz, F., Dora, 0., Kam, E.,
& Dinger, F. (2017). A multi disciplinary overview of factors
controlling on meiofauna assemblages around Maden and Alibey


https://doi.org/10.1016/j.apor.2018.07.001
https://doi.org/10.1016/j.apor.2018.07.001
https://doi.org/10.1175/JTECH-D-19-0177.1
https://climatedataguide.ucar.edu/climate-data/sst-data-noaa-high-resolution-025x025-blended-analysis-daily-sst-and-ice-oisstv2
https://climatedataguide.ucar.edu/climate-data/sst-data-noaa-high-resolution-025x025-blended-analysis-daily-sst-and-ice-oisstv2
https://climatedataguide.ucar.edu/climate-data/sst-data-noaa-high-resolution-025x025-blended-analysis-daily-sst-and-ice-oisstv2
https://doi.org/10.1002/2017GL076475
https://doi.org/10.1007/s00024-019-02361-7
https://doi.org/10.1007/s00024-019-02361-7
https://doi.org/10.1002/2013RG000434

Vol. 178, (2021)

islands in Ayvalik (Balikesir, Eastern Aegean Sea). Journal of
African Earth Sciences, 129, 558-578. https://doi.org/10.1016/j.
jafrearsci.2017.01.035

Mohamed, B., Abdallah, A. M., Alam El-Din, K., et al. (2019).
Inter-annual variability and trends of sea level and sea surface
temperature in the Mediterranean Sea over the last 25 years. Pure
and Applied Geophysics, 176, 3787-3810. https://doi.org/10.
1007/s00024-019-02156-w

Nykjaer, L. (2009). Mediterranean Sea surface warming
1985-2006. Climate Research, 39, 11-17.

O’Carroll, A. G., Armstrong, E. M., Beggs, H. M., Bouali, M.,
Casey, K. S., Corlett, G. K., Dash, P., Donlon, C. J., Gentemann,
C. L., Hgyer, J. L., Ignatov, A., Kabobah, K., Kachi, M., Kuri-
hara, Y., Karagali, 1., Maturi, E., Merchant, C. J., Marullo, S.,
Minnett, P. J., ... Wimmer, W. (2019). Observational needs of
sea surface temperature. Frontiers in Marine Science, 6, 420.
https://doi.org/10.3389/fmars.2019.00420

Oztiirk, M., Ayat, B., Aydogan, B., & Yiiksel, Y. (2012). 3D
numerical modeling of stratified flows: Case study of the
bosphorus strait. Journal of Waterway, Port, Coastal, and Ocean
Engineering, 138, 406—419.

Park, K., Lee, E. Y., Chang, E., & Hong, S. (2015). Spatial and
temporal variability of sea surface temperature and warming
trends in the Yellow Sea. Journal of Marine System, 143, 24-38.

Pastor, F., Valiente, J. A., & Palau, J. L. (2018). Sea surface
temperature in the Mediterranean: Trends and spatial patterns
(1982-2016). Pure and Applied Geophysics, 175, 4017-4029.

Pavelsky, T. M., & Smith, L. C. (2009). Remote sensing of sus-
pended sediment concentration, flow velocity, and lake recharge
in the Peace-Athabasca Delta, Canada. Water Resources
Research, 45(11), W11417. https://doi.org/10.1029/
2008WR007424

Pisano, A., Marullo, S., Artale, V., Falcini, F., Yang, C., Leonelli,
F. E., Santoleri, R., & Buongiorno Nardelli, B. (2020). New
evidence of mediterranean climate change and variability from
sea surface temperature observations. Remote Sensing, 12(1),
132. https://doi.org/10.3390/rs12010132

Pisoni, J. P, Rivas, A. L., & Piola, A. R. (2014). Satellite remote
sensing reveals coastal upwelling events in the San Matias Gulf-
Northern Patagonia. Remote Sensing of Environment, 152,
270-278.

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K.,
Alexander, L. V., et al. (2003). Global analyses of sea surface
temperature, sea ice, and night marine air temperature since the
late nineteenth century. Journal of the Geological Society Aus-
tralia, 108(D14), 4407.

Reynolds, R. W., Smith, T. M., Liu, C., Chelton, D. B., Casey, K.
S., et al. (2007). Daily high-resolution-blended analyses for sea
surface temperature. Journal of Climate, 20, 5473-5496.

Schlitzer, R. (2020). Ocean Data View, https://odv.awi.de

Sen, P. K. (1968). Estimates of the regression coefficient based on
Kendall’s tau. Journal of the American Statistical Association.,
63, 1379-1389.

Shaltout, M., & Omstedt, A. (2014). Recent sea surface tempera-
ture trends and future scenarios for the Mediterranean Sea.
Oceanologia, 56(3), 411-443.

Shen, L. C., Juang, J.-C., & Tsai, C. L. (2008). Remote Sensing
coastal sea level and ocean tide by using reflected GPS L1 and

Spatial and Seasonal Variability of Long-Term Sea Surface Temperature Trends 3791

L2 observation for integrated GPS receiver. OCEANS 2008 -
MTS/IEEE Kobe Techno-Ocean. Kobe, 2008, 1-8. https://doi.
org/10.1109/0CEANSKOBE.2008.4530901

Sicre, M. A., Jalali, B., Martrat, B., Schmidt, S., Bassetti, M. A.,
et al. (2016). Sea surface temperature variability in the North
Western Mediterranean Sea (Gulf of Lion) during the Common
Era. Earth and Planet Science of Letters, 456, 124—133.

Skliris, N., Sofianos, S., Gkanasos, A., Axaopoulos, P., Mantziafou,
A., & Vervatis, V. (2011). Long-term Sea surface temperature
variability in the Aegean Sea. Advantage of Oceanogr Limnol-
0gy, 2(2), 125-139.

Skliris, N., Sofianos, S., Gkanasos, A., Mantziafou, A., & Vervatis,
V. (2012). Decadal-scale variability of sea surface temperature in
the Mediterranean Sea in relation to atmospheric variability.
Ocean Dynamic, 62(1), 13-30.

Smith, T. M., Reynolds, R. W., Peterson, T. C., & Lawrimore, J.
(2008). Improvements to NOAA’s historical merged land-ocean
surface temperature analysis (1880-2006). Journal of Climate,
21, 2283-2296.

Somot, S., Houpert, L., Sevault, F., Testor, P., Bosse, A., Taupier-
Letage, 1., Bouin, M. N., Waldman, R., Cassou, C., Sanchez-
Gomez, E., et al. (2018). Characterizing, modelling and under-
standing the climate variability of the deep water formation in the
North-Western Mediterranean Sea. Climate Dynamics, 51,
1179-1210.

Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K. et al.,
2013. IPCC, 2013: Climate Change 2013: The Physical Science
Basis. The contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, New York,
pp 1535.

Struglia, M. V., Mariotti, A., & Filograsso, A. (2004). River dis-
charge into the Mediterranean Sea: Climatology and aspects of
the observed variability. Journal of Climate, 17, 4740-4751.

Theil, H. (1950). A rank-invariant method of linear and polynomial
regression analysis 1. Proceedings, Koninklijke Nederlandse
Akademie Van Wetenschappen, A53, 386-392.

Trenberth, K. E., & Shea, D. J. (2006). Atlantic hurricanes and
natural variability in 2005. Geophysical Research Letters, 33,
L12704.

Vinogradova, N., Lee, T., Boutin, J., Drushka, K., Fournier, S.,
Sabia, R., Stammer, D., Bayler, E., Reul, N., Gordon, A., Mel-
nichenko, O., Li, L., Hackert, E., Martin, M., Kolodziejczyk, N.,
Hasson, A., Brown, S., Misra, S., & Lindstrom, E. (2019).
Satellite salinity observing system: recent discoveries and the
way forward. Front: Marine Science. https://doi.org/10.3389/
fmars.2019.00243

Wang, B., & Fan, Z. (1999). Choice of South Asian summer
monsoon indices. Bulletin of the American Meteorological
Society, 80, 629-638.

Wang, B., Wu, R., & Lau, K.-M. (2001). Interannual variability of
Asian summer monsoon: Contrast between the Indian and
western North Pacific-East Asian monsoons. Journal of Climate,
14, 4073-4090.

Zhang, H., Babanin, A. V., Liu, Q., & Ignatov, A. (2019). Cool skin
signals observed from Advanced Along-Track Scanning
Radiometer (AATSR) and in situ SST measurements. Remote
Sensing of Environment, 226(1), 38-50.

(Received October 8, 2020, revised August 4, 2021, accepted August 27, 2021, Published online September 8, 2021)


https://doi.org/10.1016/j.jafrearsci.2017.01.035
https://doi.org/10.1016/j.jafrearsci.2017.01.035
https://doi.org/10.1007/s00024-019-02156-w
https://doi.org/10.1007/s00024-019-02156-w
https://doi.org/10.3389/fmars.2019.00420
https://doi.org/10.1029/2008WR007424
https://doi.org/10.1029/2008WR007424
https://doi.org/10.3390/rs12010132
https://odv.awi.de
https://doi.org/10.1109/OCEANSKOBE.2008.4530901
https://doi.org/10.1109/OCEANSKOBE.2008.4530901
https://doi.org/10.3389/fmars.2019.00243
https://doi.org/10.3389/fmars.2019.00243

	Spatial and Seasonal Variability of Long-Term Sea Surface Temperature Trends in Aegean and Levantine Basins
	Abstract
	Introduction
	Data and Methodology
	Results and Discussion
	Comparison of In-situ and OISSTv2.1 Data
	Seasonality of SST Trends Based on In-situ Data
	Spatial Distribution and Seasonal Variability of the Long-Term Trends Based on OISSTv2.1 Data
	Comparison of SST Trends Derived From In-Situ and OISSTv2.1 Datasets
	Relation of SST Variability to Climate Indices

	Conclusions
	Acknowledgements
	Authors’ contributions
	Funding
	References




