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Sea Surface Temperature is a variable recognized as an Essential Climate Variable (ECV) by the Global
Climate Observation System (GCOS), due to its determinant influence on climate dynamics, from
micro scale to global levels The aim of this paper is to estimate Sea Surface Temperature trends in
the Mediterranean Sea during years 2003-2019 by using the MODIS Level 3 SST Thermal IR 8 Day
4km V2019.0. Results show an SST increase of 0.040 + 0.001 °C/yr. The seasonal maximum trend
is associated to summer 0.070 4+ 0.001 °C/yr, followed by winter, (0.040 £+ 0.001) °C/yr, autumn
0.030 + 0.001 °C/yr and spring, 0.020 4+ 0.001 °C/yr. The total period analyzed has been divided
into ten-year time spans, showing a stable increase of 0.055 °C/yr in average, from period 2005-2014
onwards. In absolute SST values terms, the parameter range is of 0.85°C from year 2005 to 2019. We
have also analyzed the spatial variability of the parameter by dividing the Mediterranean Sea into
nine sub-basins: Alboran Sea, Balearic Sea (Iberian Sea), Mediterranean Western Basin, Mediterranean
Eastern Basin, Ligurian Sea, Tyrrhenian Sea, Ionian Sea, Adriatic Sea and Aegean Sea. The results show
warming trends from 0.02 °C/yr for the Alboran Sea to 0.07°C/yr for the Adriatic Sea. Results have been
validated by using data from a local observational buoy system, obtaining a coefficient of determination
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© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Sea Surface Temperature (SST) is an Essential Climate Variable
(ECV) with a crucial role in energy, momentum, humidity and
gases ocean-atmosphere exchanges (Manabe and Stouffer, 1988)
and which are fundamental in climate regulation. These reasons
justify the importance of an accurate measure of the variable, as a
basic input for meteorological models, and the necessity of being
monitored through time.

Satellite-derived data provide a global, homogeneous and con-
tinuous coverage of this variable, characteristics that allow it to be
considered as an alternative to the traditional in situ data (Sobrino
et al., 2020a,b), measured with heterogeneous instruments and
irregularly distributed in space.

The interest in acquiring a broad knowledge about the SST
behavior in the Mediterranean Sea is gaining importance, as it
is associated with the characteristic precipitation cycles in the
area, in which both torrential rains and drought periods can be
observed (Sousa et al,, 2011). These phenomena have increased
their frequency in the last decades (Hoerling et al., 2012). SST
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variability has also been reported to influence fisheries variability
in the area, by inducing phytoplankton and zooplankton changes
(Coll et al., 2018; Carbonell et al., 2018), which is the basis of the
marine food chain.

This increasing interest has triggered an international con-
cern on the necessity of monitoring the Mediterranean Sea SST.
The Intergovernmental Panel on Climate Change (IPCC) included
the Mediterranean Sea in the sub-region of Semi-Enclosed Seas,
calculating a trend of 0.084 °C/decade over the period 1950-
2009 (Field et al., 2014). They used a monthly 1 x 1 degree SST
data grid extracted from the Hadley Centre HadISST1 data set.
Moreover, the Third Issue of the Copernicus Marine Service Ocean
State Report also has approached the topic and has established
an SST warming of 0.04 °C/yr, as the trend from 1993 to 2017
(Karina von Schuckmann et al.,, 2019).

In the same line, previous literature suggests a positive trend
of SST for this region. Sakalli (2017) computed a lineal trend
of 0.04 °C/yr for the period 1985-2015. Their work was based
on the AVHRR Pathfinder Version 5.2 (PFV52) data set. Pas-
tor et al. (2018) used the data set GRHSST AVHRR_OI Level
4 and analyzed the period 1982-2016, estimating trends for
several time spans: 0.060 £+ 0.019 °C/yr for the 1982-1992
decade, 0.103 £ 0.017 °CJyr for the decade 1993-2004 and
0.110 #+ 0.017 °C/yr for the decade 2005-2016. During this last
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period, the estimated trend corresponds to an increase of 1.35 °C
in absolute terms.

Because previous literature has consistently focused on using
the AVHRR sensor for studies related to the Mediterranean Sea,
this paper aims to analyze SST estimations for this region of
interest derived from MODIS observations. There are multitude
of time series datasets for several parameters that are largely
unexploited. The MODIS SST product is one of them. This study
is our contribution in this area by analyzing a product which has
been scarcely applied to the subject of interest.

The correlation between SST and one of the major phenomena
of the global climatic system, the North Atlantic Oscillation (NAO),
has been a subject of study for years. Traditionally, the NAO is de-
fined as the normalized pressure difference between a station on
the Azores (Ponta Delgada- 37.7N, 25.7W) and on Iceland, where
two stations are used: Akureyri, 65.7N, 18.1W and Stykkisholmur,
65.0N, 22.8W. (Jones et al., 1997). This NAO index can be positive
or negative. For the Mediterranean region, positive NAO indexes
mean a cool and dry winter weather (Rafferty, 2019), whereas the
northern Europe support mild, stormy and wet winter conditions
(Met Office, 2019).

Skliris et al. (2012) correlated the NAO index and SST anoma-
lies derived from AVHRR observations considering years 1985-
2008. Their results show positive correlations between the NAO
index and the Mediterranean Western Basins: 0.15. For the East-
ern Basins and the whole Mediterranean Sea, their correlations
are negative: —0.23 and —0.10, respectively. However, their re-
sults are not statistically significant.

Despite the existence of other climatic indices, such as El
Nifio South Oscillation (ENSO), the Pacific Decadal Oscillation
(PDO), Atlantic Multidecadal Oscillation (AMO) or the Western
Mediterranean Oscillation (WeMO), the index selected for devel-
oping this study is the NAO index. This index is identified as the
major factor in oceanic variability in several areas of the northern
hemisphere, including the Mediterranean Sea (Lionello and Galati,
2008). Moreover, there are several papers which analyze the links
between the NAO index and sea level changes (Mohamed et al.,
2019; Lionello and Sanna, 2005), which have been proven to be
related to changes in sea surface temperature (Vigo et al.,, 2011;
Fenoglio-Marc, 2002). For these reasons, the paper is focused
on finding the relationships between the NAO index and the
Mediterranean Sea SST.

The main objective of this study is to estimate the SST evolu-
tion in the Mediterranean Sea by using the MODIS SST retrievals
during years 2003 to 2019 and then, calculate the SST trend dur-
ing this period, annually and seasonally. A sub-basins’ analysis,
considering the Alboran Sea, Balearic Sea (Iberian Sea), Mediter-
ranean Western Basin, Mediterranean Eastern Basin, Ligurian Sea,
Tyrrhenian Sea, lonian Sea, Adriatic Sea and Aegean Sea, is also
provided. Complementarily, we have used data from a local ob-
servational buoy system to validate the results and have analyzed
possible relations between the NAO index and the SST behavior.
In the following sections, we present the material and methods
used, the results computed to accomplish our objectives and the
conclusions reached.

2. Material & methods
2.1. Data sets

The MODIS Level 3 SST Thermal IR 8 Day 4 km V2019.0 prod-
uct has been used in this study, fully available on https://podaac.
jpl.gov since January 2020. Daily, 8-days composites, monthly
and annual images are available at a processing Level 3 (L3). We
have selected 8-days composites to develop computations and
obtain the results shown in the paper. Each composite is obtained
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by averaging 8 daily images so we have considered them as an
optimum option, as there is an appropriate balance between the
representativeness of the measures and the reduction of both the
storage capacity and the computation time needed. Furthermore,
the lack of information due to cloud presence is reduced.

A total of 3100 MODIS SST images for the time span 2003-
2019 have been computed (1555 MODIS-Aqua images and 1545
MODIS-Terra images). The product spatial resolution is 4.63 km,
resulting on global images of 8640 x 4320 pixels dimensions.
Each L3 image is a gridded global dataset, so it has been cropped
to select the Mediterranean Sea region, as detailed in the method-
ology section.

The MODIS SST product Algorithm Technical Background Doc-
ument (ATBD) (Brown and Minnett, 1999) establishes uncertain-
ties of 0.45 K at nadir and 0.56 K at 45°. Several studies have
validated the MOD25 product at a regional level. Thus, Qin et al.
(2014) defined an error ranging from 0.58 °C to 0.65 °C for the
South China Sea during the period 2008-2012; Ghanea et al.
(2016) established uncertainties of 0.53 °C for MODIS-Aqua and
0.44 °C for MODIS-Terra in the northern Persian Gulf from June
2011 to June 2015.

The long wave algorithm applied to SST retrieval uses MODIS’
31 and 32 bands and requires calibrating coefficients which are
dynamic and periodically estimated and validated by the Rosen-
stiel School of Marine and Atmospheric Science (RSMAS) at the
University of Miami (Brown and Minnett, 1999).

Results are validated with the Puerto del Estado’s REDEXT
(external buoy net) buoy system dataset, composed of 16 fixed
buoys distributed along the waters of the Iberian Peninsula. The
REDEXT buoys offer both oceanographic and atmospheric param-
eters. Measurements are provided hourly, averaged over 10 min
periods. Sea temperature is measured at a 3 m depth (Ministry
of Development, 2015). Four fixed buoys, located in the Mediter-
ranean Sea, have been selected to develop the results validation:
Tarragona (40.68°N, 1.47°E), Cabo de Palos (37.65°N, 0.33°0),
Valencia Copa (39.52°N, 0.20°E) and Dragonera (39.95°N, 2.10°E).

The NAO Index used in this study is the one developed by
the Climatic Research Unit (CRU) of the University of East Anglia.
This index is an extended version of the traditional NAO index,
which is defined as the normalized pressure difference between
a station on the Azores and one on Iceland. The extended NAO
index includes a station in the south-western part of the Iberian
Peninsula; Gibraltar (Jones et al., 1997).

2.2. SST estimation for the Mediterranean Sea

Annual SST averages have been computed for the Mediter-
ranean Sea. First, the region of interest has been delimited by
applying a mask to the global SST MODIS images. An example of
the masked product for year 2018 is shown in Fig. 1.

Furthermore, the Mediterranean Sea has been divided into
the following sub-basins, which have already been defined by
the International Hydrographic Organization (IHO): Alboran Sea,
Balearic Sea (Iberian Sea), Mediterranean Western Basin, Mediter-
ranean Eastern Basin, Ligurian Sea, Tyrrhenian Sea, Ionian Sea,
Adriatic Sea and Aegean Sea (Fig. 2). An IHO Sea Areas mask, in its
Version 3, developed by the Flanders Marine Institute, has been
used for sea delimitation (Flanders Marine Institute, 2018).

Following the methodology proposed by Sobrino et al.
(2020a,b), SST annual means have been computed, normalized by
pixel area, as shown in Eq. (1), where SST& is the SST for each
pixel i,j at time t, with i as the column pixel dimension, j as the
raw pixel dimension. A; is the area of each considered pixel of
the Mediterranean Sea with indices i and j and Apedseq iS the total
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SST (°C)

Fig. 1. SST average for 2018 from the MODIS Level 3 SST Thermal IR 8 Day 4 km V2019.0 product after applying the Mediterranean Sea mask.
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Fig. 2. IHO Sub-basins delimitation in the Mediterranean Sea: Alboran Sea, Balearic Sea, Mediterranean Western Basin, Mediterranean Eastern Basin, Tyrrhenian Sea,

Ligurian Sea, Adriatic Sea, Ionian Sea.

area of the Mediterranean Sea, obtained by including only cloud
free pixels.
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Four temperature images for each 8-day period (both Terra and
Aqua, day - 10:30, 13:30 respectively — and night - 22:30, 01:30
respectively - observations) are used to calculate averages for
the period 2003-2019 according to Eq. (2) (Mao et al.,, 2017).
Years 2001 and 2002 have not been considered because only
Terra data were available for that period. Aqua satellite was
launched in 2002 and did not provide valid data until 2003. For
this reason, the analysis starts in year 2003, with the aim of being
homogeneous in the methodology applied on every pixel average.

55T$j(2003,2019)
_ (SST501:30) 1 §sT10:30) | gop(13:30) +SST(22:30)) /4 2)

ij(mean) ij(mean) ij(mean) ij(mean)

Quality Control (QC) has been used to select pixels with an appro-
priate quality to be considered into computation. The criterion
has been a QC value of 0 and 1, meaning good and accept-
able quality (Brown and Minnett, 1999), respectively. Missing
data have not been interpolated through any gap-filling method.
Outliers have been removed by using the Z-score method. Lin-
ear regression has been used to estimate trends, complemented
by Sen’s slope method for the general sub-basins trends. Trend
significance has been estimated with the Mann-Kendall trend
test.

Results have been validated using as reference the Puertos del
Estado’s in situ time series provided by the REDEXT buoy system.
As buoys data are associated to bulk SST, transformations have

been done in order to obtain skin SST, in order to be compared
with the estimated satellite SST. The MN-11 model (Minnett
et al., 2011) has been used for this purpose, which assumes an
exponential dependence of bulk-skin difference (AT) on wind
speed for winds above 2 m s~! (Alappattu et al., 2017) and follow
Eq. (3).

AT:a—I—bexp(—%) (3)
Coefficients in Eq. (3) are: a, 0.133, b, 0.637, and Uy, 3.279. In order
to meet the wind requirement, only in situ temperature data with
an associated wind value superior to 2 m s~! have been taken into
consideration.

A total of 7839 in situ measures, from year 2005 onwards,
have been used in the validation, provided by four fixed buoys:
Tarragona (40.68°N, 1.47°E), Cabo de Palos (37.65°N, 0.33°0),
Valencia Copa (39.52°N, 0.20°E) and Dragonera (39.95°N, 2.10°E).
These in situ data have been filtered by their Quality Control
associated value: only good quality values have been included
on computations (QC = 0, QC = 1). Each measurement has been
compared to the corresponding image pixel. The comparison is
also shown by buoys during the satellite passing times.

3. Results & discussion
3.1. Results validation

Our MODIS SST results have been validated by using in situ
data provided by Puertos del Estado. The general validation in-
cludes measurements of the four buoys considered (Tarragona,
Dragonera, Valencia Copa and Cabo de Palos) at the time as-
sociated to Terra and Aqua passing times (13:30, 01:30, 22:30,
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Fig. 3. MODIS SST validation with Puertos del Estado’s in situ buoy temperature data. In situ surface temperatures (Ts) obtained by applying MN-11 model have

been compared to MODIS SST.

10:30) and for the MN-11 model is shown in Fig. 3. These in situ
sources are independent from the ones included in the MODIS
SST Temperature Algorithm Matchup Databases, provided by the
US National Data Buoy Center (NDBC), the Japanese Meteorolog-
ical Agency, NOAA and the Canadian Marine Environmental Data
Service (Brown and Minnett, 1999).

As commented in Section 2.1, buoy data is taken hourly,
whereas passing times occur at half past. For the case of Aqua
night data, for example, we have compared buoy data measured
at 01:00 with satellite data observed at 01:30. This may slightly
decrease our correlation values.

In Fig. 3, high correlations are observed between the estimated
buoy surface temperature and satellite SST: the coefficient of
determination (R?) is 0.97 and the coefficient of correlation (),
0.98. This high correlation between in situ and satellite data
confirms the high potential of satellite observations in climatic
studies.

Several validations have been previously carried out at a nar-
rower spatial level, with correlations in the line of our results.
Androulakis et al. (2020) made a comparison between in situ data
and MODIS Aqua and Terra SST data for the years 2014-2018,
using a methodology similar to ours. They extrapolated in situ
bulk data to a sea surface level (SST skin) within & 1 h from the
satellite overpass. They obtained a squared Pearson correlation
coefficient of 0.9689. The validation was developed on the Un-
derwater Biotechnological Park of Crete, an in-situ infrastructure
located 2 km offshore the northern Cretan coast. Hao et al. (2017)
validated the coastal waters in the Yellow Sea by using in situ
buoy data. They found correlation coefficients of 0.989 for Terra
and 0.987 for Aqua. Bernardello et al. (2016) compared MODIS
SST observations with in situ data collected with data loggers
at 5 locations in the western Mediterranean Sea, finding high
correlations (r > 0.98).

The regression equation obtained in Fig. 3 shows an intercept
of —1.66. This is explained by the presence of clouds, which
influences satellite SST estimations but not buoy measurements.
It has been demonstrated that MODIS SST retrievals are biased
with respect to in situ measurements but are sufficiently valid
for estimating trends over time (Sobrino et al., 2020a,b).

Results for each buoy and time are shown in Table 1. The
MN-11 model shows a high correlation between in situ surface
temperature and the estimated satellite SST, with values ranging
between 0.97 and 0.99, while regression slopes are between 0.93
and 0.98.

Results offer similar statistical parameters for the four buoy
stations analyzed. Each buoy-SST comparison has taken into con-
sideration a minimum of 343 points (Dragonera - 10:00) and
a maximum of 616 points (Tarragona - 10:00), depending on
the number of data days’ available and the filters of Quality
Control and wind speed ( >2 m s~ !). For the total 7839 pairs
analyzed, MODIS SST has demonstrated to be highly accurate with
correlation values close to 1.

Table 1

SST validation with Tarragona, Dragonera, Valencia Copa and Cabo de Palos buoy
data. For each point and time, the coefficients of determination, R?, correlation,
r, and regression slope are shown.

Buoy Time MN-11 model N pairs
R? r Slope

13:00 0.98 0.99 0.98 601
Tarragona 01:00 0.97 0.99 0.97 604
€ 10:00 0.95 0.98 0.95 616
22:00 0.98 0.99 0.98 599
13:00 0.87 0.97 0.93 355
Dragonera 01:00 0.97 0.99 0.96 355
g 10:00 0.97 0.99 0.97 343
22:00 0.93 0.97 0.95 359
13:00 0.97 0.99 0.97 485
Valencia Copa 01:00 0.97 0.99 0.98 477
P 10:00 0.97 0.98 0.97 506
22:00 0.98 0.99 0.98 500
13:00 0.97 0.99 0.97 516
01:00 0.98 0.99 0.97 510
Cabo de Palos 10:00 0.98 0.99 0.97 507
22:00 0.98 0.99 0.98 506

3.2. Absolute SST and trends estimation

The average surface temperature of the Mediterranean Sea ob-
tained from MODIS data during years 2003-2019 is 19.7 0.3 °C.
Shaltout and Omstedt (2014) determined an SST average of 19.7
4 1.3 °C for the period 1982-2012 from AVHRR data. This value
is a reference but cannot fully be compared to our MODIS results,
as the time span considered is different. The annual evolution of
the parameter is shown in Fig. 4, allowing an SST range of 0.85 °C
to be appreciated, from 2005 to 2019. The maximum value of
the averaged Mediterranean Sea SST, 20.16 °C, is reached in year
2019.

In year 2003, a 0.5 °C value higher than the one obtained
for years 2004 and 2005 is found (19.8 °C). It is related to the
intense drought cycle of years 2001-2003 (Acufia et al,, 2005).
Nevertheless, from year 2012 onwards, except in 2013, the SST
annual averages are higher than the one associated to year 2003,
showing the magnitude of the warming which is currently taking
place in this regional Sea.

In Fig. 5, SST is analyzed seasonally. In summer, the maximum
SST value is reached in 2018 (25.86 °C), followed by the one
associated to 2003 (25.75 °C). As it can be found in Almarza et al.
(2004) and Feudale and Shukla (2010) works and the MITECO’s
global change evaluation report (2011), during 2003, August was
registered as one of the hottest ever. As for spring, the maximum
is found in year 2003 (18.86 °C), only reached in 2018. Winter
shows the least SST variability in time with a standard deviation
of 0.32 °C (standard deviations for Spring: 0.36 °C, Autumn:
0.71 °C, and Summer: 0.83 °C).
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27

Mediterranean Seasonal SST during 2003-2019

26 i
25 (\ e

3@\ }E’

QLIMMER . &D.=.0 8°C.

2 N/

INTER-'SD'=0.3°C

22 UTUMN - SD.= Q.7°C /
SR
£ 20 / 5\&"‘\
= 20 \ s " A

18 ) -

17

16

15W"\(/“M‘*\‘

14

13 Ly un i i

ITTITHTTITTTITHTIIT T TTTITIITE

o e

2 2
e, o, ‘o, ‘o, o, "¢, “C
2 % % % 2 % %

3
)
o 7

2 2 < < < <2
O, O, O, 0, O, O, O,
I

O,
(IO

Fig. 5. Seasonal SST evolution in the Mediterranean Sea during years 2003-2019.

When considering these results, it is important to point out
that thermal sensors, such as MODIS, on board NASA’s Terra
and Aqua satellites, make observations of the skin SST (Schlues-
sel et al, 1990). This is a factor to consider when comparing
measurements from these two different databases and for un-
derstanding possible biases. Furthermore, cloudiness should be
considered when interpreting satellite estimations, as thermal
radiometers are not able to observe through clouds.

The SST trend for the whole Mediterranean Sea during 2003-
2019 is 0.040 &+ 0.001 °C/yr (Table 2). This trend value agrees
with Mohamed et al. (2019) research, in which a 0.036 =+
0.001 °C/yr SST trend was estimated for the period 1993-2017, by
using AVHRR derived data. We observe seasonal behavior, as the
highest trend is associated to summer with 0.070 & 0.001 °C/yr,
followed by winter 0.030 4 0.001 °C/yr, autumn (0.030 =+ 0.001)
°C/yr and spring, 0.020 4 0.001 °C/yr. The same order in seasonal
trend variability was established between 1986 and 2006 (Nyk-
jaer, 2009), meaning that the seasonal patterns are remaining
stable over time. In the introduction section, a study of Pastor
et al. (2018) was referenced. They estimated a 0.110 °C/yr for the
decade 2005-2016, using the data set GRHSST AVHRR_OI Level 4.
To compare with our results, over the same period, we obtain a
0.06 °C/yr trend. Sen’s slope trends estimation method has also
been applied in order to obtain the results significance. All trends
are significant at the 95% confidence level (p < 0.05), except for
the autumn trend.

Trend values are positive for the annual and seasonal anal-
ysis (Fig. 6). However, this warming rate is not homogeneous

for the whole area of interest, ranging between 0.02 °C/yr and
0.07 °C/yr These results are similar to Shaltout and Omstedt
(2014), which estimated a significant trend distribution ranging
from 0.017 °C/yr to 0.05 °C/yr, with an average value of (0.035 £+
0.007) °C/yr, considering the years 1982-2012 and using AVHRR
derived data.

For further knowledge of this spatial SST variability, the
Mediterranean sub-basins’ SST trends have been estimated and
are shown in Table 3. The highest trends are found along sub-
basins situated at the East of the Strait of Sicily, the Ionian Sea,
the Adriatic Sea, the Aegean Sea, which represent a 19.9% of the
total Mediterranean Sea area, and the Ligurian Sea, representing
a 0.7% of the total area. The largest sub-sea is the Mediterranean
Eastern Basin, which represents a 46.5% of the total area and has a
0.04 °C/yr trend, equal to the global Mediterranean warming rate.
At the West of the Strait of Sicily, we find the lower warming
trends. The Alboran Sea has the lowest SST trend associated,
as can be observed in Table 3. Our results agree with the ones
obtained by Skliris et al. (2012). As the confidence level selected
is 95%, all trends are significant, except in the Alboran Sea case,
which significance is of 88.3%.

The highest mean SST during years 2003-2019 is found in the
Mediterranean Eastern Basin (21.1 4= 0.2 °C), while the lower SST
is associated to the Ligurian Sea (17.9 £ 0.4 °C), followed by the
Adriatic Sea (18.2 & 0.4 °C) and the Alboran Sea (18.2 4 0.4 °C).
These low absolute SST values are associated to the presence of
winds, which are parallel to the coast, generating a wind-driven
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Mean SST and trends during years 2003-2019 for seasonal periods and annually. Significance is obtained by applying the Mann-Kendal test.

Timespan: 2003-2019 Mean SST (°C)

Linear trend (°C/yr)

Sen’s slope trend (°C/yr) Mann-Kendall test (%)

Annual Natural year 19.7 £ 03
Spring 21st March-20th June 182 £ 04
Summer 21st June-22nd September 25.1 £ 0.8
Autumn 23rd September-20th December 20.3 £ 0.7
Winter 21th December-20th march 149 £ 03

0.040 £ 0.001 0.050" 99.99
0.020 £ 0.001 0.028* 95.66
0.070 £ 0.001 0.065* 97.66
0.030 £ 0.001 0.047 69.70
0.040 + 0.001 0.042* 99.42

*Significant trends at a 95% confidence level.

T T T T T T

\
O.04

T T T T T

SST (°C/yr.)

Fig. 6. SST trend estimated for years 2003-2019 in the Mediterranean Sea.

Table 3

Sub-basins’ absolute SST means, trends during years 2003-2019 estimated by the linear and Sen’s slope methods, significance and associated area proportion.

Sub-basins Mean SST (°C) Linear trend (°C/yr) Sen’s slope trend (°C/yr) Mann-Kendall test (%) Area (%)
Alboran Sea 183 £ 0.3 0.02 0.02 88.3 2.2
Balearic Sea 18.7 + 04 0.04 0.05* 99.6 3.2
Mediterranean Western Basin 189 + 0.3 0.04 0.06* 99.9 18.9
Mediterranean Eastern Basin 211+ 02 0.04 0.04* 99.8 46.5
Tyrrhenian Sea 19.2 £ 0.3 0.04 0.05* 99.9 8.6
Ionian Sea 19.7 £ 0.3 0.05 0.06" 99.6 6.8
Aegean Sea 192 £ 04 0.06 0.06* 99.3 7.6
Ligurian Sea 179 £ 04 0.06 0.07* 99.9 0.7
Adriatic Sea 18.2 £ 05 0.07 0.07* 99.2 55

*Significant trend at a 95% confidence level.

Ekman transport. This phenomenon leads to the upwelling of
deep waters (Bakun and Agostini, 2001), which are colder than
surface waters, and have a cooling effect on mean values.

The highest SST interannual variability, represented by the
standard deviation of the annual values during the years 2003-
2019, is found in the Adriatic Sea, with 0.5 °C, followed by the
Ligurian and Aegean Sea, with 0.4 °C. The Adriatic Sea is defined
as a dilution basin, so this thermal variability is explained by
the presence of riverine freshwater inputs with inflows that can
reach 1500 m?/s and have a cooling effect on its water during the
winter season (Gacic et al.,, 1997). The Ligurian Sea SST dynamic
is determined by the water and heat exchanges with its neighbor,
the Thyrrenian Sea: the greater the cooling during the winter, the
larger the volume of the warmer flow carried northward by the
Tyrrhenian Current (Astraldi and Gasparini, 1995). The Aegean
Sea undergoes intense water exchanges with the Black Sea that
occur through the Dardanelles Strait (Androulidakis et al., 2012)
and which induce a marked seasonal behavior. On the other hand,
the lowest variability is associated to the Mediterranean Eastern
Basin, 0.2 °C. The minimum annual SST values are observed in the
Ligurian Sea (17.3 °C), and the maximum, in the Mediterranean
Eastern Basin (21.5 °C). By years, the higher differences between
both sub-basins, which are the highest overall, occur in 2010,
with 4 °C difference.

Differences in absolute SST means between the sub-basins
located in the Western or Eastern sides along the Strait of Sicily
are detected. The mean SST, weighted by its area proportion, of
those situated in the Western side is 18.9 °C, while the mean
SST for the ones located in the Eastern side, is 20.5 °C, showing
a difference of 1.6 °C. SST trends are 0.04 °C/yr for both basins,
when estimated by the linear method. This is in agreement with
other studies, such as the one developed by Mohamed et al.
(2019), which established a 0.041 °C/yr trend for the Western
Basin and 0.038 °C/yr, for the Eastern Basin.

Rhoads et al. (2013) state that the mechanisms which generate
these facts need to be investigated, and may be driven by changes
in annual latent heat losses and by the variability in regional wind
speeds. Axaopoulos and Sofianos (2010) established that the dif-
ference in the SST evolution in the two sub basins can be related
to the Eastern Mediterranean Transient (EMT), a phenomenon
which influenced deep water formations during the 90 s along
the Eastern Mediterranean. Artale et al. (2006) quantified heat
exchanges through the Gibraltar Strait that also may have an
effect on these differences.

SST trends have also been estimated for a sliding window over
a ten-year time period over the whole Mediterranean Sea and
the defined sub-basins (Table 4), with the aim of graphing their
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Table 4

SST trend evolution in 10 years’ time intervals during 2003 and 2019.
SST trends (°C/yr) 2003-2012 2004-2013 2005-2014 2006-2015 2007-2016 2008-2017 2009-2018 2010-2019
Mediterranean Sea 0.029 0.050 0.055 0.055 0.056 0.055 0.056 0.054
Eastern Basin 0.041 0.052 0.052 0.040 0.040 0.028 0.040 0.028
Western Basin 0.014 0.031 0.037 0.047 0.073 0.086 0.066 0.071
Alboran Sea 0.012 0.019 0.026 0.035 0.046 0.059 0.020 0.011
Aegean Sea 0.084 0.109 0.122 0.114 0.072 0.024 0.021 0.014
Adriatic Sea 0.025 0.076 0.105 0.119 0.103 0.086 0.111 0.106
Tyrrhenian Sea 0.007 0.046 0.047 0.058 0.057 0.063 0.073 0.077
Balearic Sea —0.009 0.001 0.015 0.035 0.074 0.109 0.103 0.102
Ligurian Sea —0.004 0.022 0.039 0.066 0.083 0.082 0.106 0.122
Ionian Sea 0.017 0.060 0.070 0.080 0.084 0.069 0.076 0.074

trend evolution through time. The results show a progressive Table 5

increase of the SST warming rate from the period between 2003-
2012 and 2010-2019 in the Mediterranean Sea. From this period
onwards, the SST trend keeps constant around a mean value
of 0.055 °C/yr. The maximum trend is 0.056 °C/yr during both
periods 2007-2016 and 2009-2018. Further monitoring of SST
through time should be carried out, as new MODIS data becomes
to be available, to enlarge the number of years considered and
have a better perspective of the parameter evolution through
time.

The Sub-basins’ SST trends have different behaviors: the Lig-
urian Sea and Tyrrhenian Sea trends increase gradually in time,
reaching their maximum during the period 2010-2019, with
0.122 °C/yr and 0.077 °C|yr, respectively. The maximum trend for
the Balearic Sea, the Alboran Sea and the Mediterranean Western
Basin are observed during the period 2008-2017, with values
of 0.109 °C/yr and 0.059 °C/yr, respectively. In the Balearic Sea
and Western Basin cases, the trend remains practically stable
while in the Alboran Sea case, the trend has decreased down to
a 0.011 °C/yr value in the period 2010-2019. The Aegean Sea
and the Adriatic Sea reached their maximum value trend before
the previous sub-basins mentioned; this is during periods 2005-
2014 (0.122 °C/yr) and 2006-2015 (0.119 °C/yr), respectively.
Afterwards, the Aegean Sea trend decreases during the following
years’ periods while the Adriatic Sea maintains a 0.106 °C/yr
trend over the years 2010-2019. The Mediterranean Eastern Basin
has slightly decreased its 10 years’ trend since the first period
considered, with a 0.017 °C/yr value during the period 2010-
2019. Finally, the Ionian Sea reaches its maximum trend in the
period 2007-2016, 0.084 °C/yr to get later established.

3.3. Correlation between the NAO index and the Mediterranean Sea
SST

The yearly NAO index data from year 2003 to 2019 has been
downloaded from the Climatic Research Unit of the University
of East Anglia website (CRU, 2020) and correlated with our SST
results for the same period of time. Spearman’s and Kendall's
correlation coefficients are shown in Table 5.

In Section 1, the Skliris et al. (2012) work is pointed out as a
reference in this field. They found positive correlations between
the NAO index and the yearly SST anomalies and the Western
sub-basins and, negative correlations with the Eastern Sub-basins.
They used AVHRR derived data for the period 1985-2008. Our
results agree with the Western sub-basins results: the Mediter-
ranean Western basin Spearman’s correlation coefficient is 0.52,
for the Alboran Sea is 0.49, for the Balearic Sea is 0.63 and the
Ligurian Sea is 0.47, while the one obtained by Skliris et al. (2012)
for the group of western basins is 0.15. In this way, the positive
correlation obtained by Skliris et al. (2012) for years 1985-2008
has been improved by our results, although they remain non-
significant. Therefore, further investigations should be carried out
to achieve a better understanding of the relation between both
parameters.

Correlation coefficients between the NAO index and the Mediterranean Sea SST
and its sub-basins.

Sub-basin Spearman'‘s correlation Kendall’s correlation
Coefficient ~ Significance  Coefficient  Significance
Mediterranean Sea  0.50 0.04 0.29 0.11
Eastern Basin 0.15 0.56 0.09 0.62
Western Basin 0.52 0.03 0.36 0.04
Alboran Sea 0.49 0.04 0.39 0.03
Adriatic Sea 0.60 0.01 0.43 0.02
Aegean Sea 0.21 0.41 0.15 0.41
Tyrrhenian Sea 0.46 0.06 0.32 0.08
Balearic Sea 0.63 0.01 0.49 0.01
Ligurian Sea 0.49 0.05 0.35 0.05
Ionian Sea 0.47 0.05 0.33 0.07

It is clear that the periods compared are different: 1985-2008
for the Skliris study versus 2003-2019 for this MODIS study,
so this difference must be considered, when interpreting the
comparison. There is little literature on the subject, so this is a
field of research to be considered in future studies.

Conclusions

The MODIS SST trend in the Mediterranean Sea is
0.040 = 0.001 °C/yr for the timespan 2003-2019, with an ampli-
tude of 0.85 °C from year 2005 to 2019. By seasons, the highest
trend is associated to summer, 0.070 4+ 0.001 °C/yr, followed
by winter, 0.040 £+ 0.001 °C/yr, autumn, 0.030 £ 0.001 °C/yr,
and spring, 0.020 + 0.001 °C/yr. The sub-basins analysis shows
the spatial variability of SST in the Mediterranean Sea, with
warming trends ranging between 0.02 °C/yr in the Alboran Sea
and 0.07 °C/yr in the Aegean Sea.

Our results strengthen the previously identified positive
warming trend of the Mediterranean Sea surface. The most im-
portant climate reports, referenced along the text, allude to this
topic: the Copernicus Ocean State Report establishes a
0.04 °C/decade trend for the period 1993-2017 and the IPCC's
2014 Assessment Report shows a 0.084 °C/decade trend for years
1950-2009. For years 2005-2016, and in terms of (°C/yr), the
MODIS estimated SST trend is 0.06 °C/yr. When comparing this
trend to Pastor et al. (2018) studies, which compute a 0.110 °C/yr
trend using data derived from the AVHRR sensor, thus the MODIS
trend results are smaller than the ones given by AVHRR data.
SST trends have also been computed by ten-year periods, from
years 2003 to 2019, in the entire Mediterranean Sea and by sub-
basins, revealing the existence of different SST patterns not only
in space, but also referring to time. In the first case, from the
year 2004 onwards, the warming trend has stabilized around
a mean value of 0.055 °C/yr. The highest trend is retrieved for
periods 2007-2016 and 2009-2018, 0.056 °C/yr. When focusing
on the different sub-basins SST behavior, we can establish four
groups: the Ligurian and Tyrrhenian Sea, which increase their
trend progressively until the last period, 2010-2019; the Balearic
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Sea, the Mediterranean Western Basin and the Alboran Sea, which
reach their maximum during the period 2008-2017; the Aegean
and Adriatic Sea, which are the earliest to reach their SST trend
maximum; the Mediterranean Eastern Basin, which behaves dif-
ferently, by gradually decreasing its trend during the periods
analyzed. The highest trend during 2010-2019 is associated to the
Ligurian Sea, with a 0.122 °C/yr value, which is also the highest
trend reached overall.

Correlation coefficients between NAO index and SST are higher
in every case (Mediterranean Sea, Eastern basins and Western
Basins) than the ones estimated by Skliris et al. (2012). For the
Mediterranean Sea and the Eastern basins, they showed low
negative (Spearman) correlations whereas our study, has esti-
mated positive correlations of 0.50 and 0.15, respectively. Kendall
correlation coefficients are positive but lower than the ones esti-
mated with Spearman’s method. A possible hypothesis that could
explain these inversions on the correlation is the increase of the
warming trend in the last ten years, which could have influenced
the interrelation between the NAO index and SST. However, this
is out of the scope of this paper, although further research for this
area is required.

Our validations show high correlations between the in situ
data used (Puertos del Estado’s REDEXT buoy system) and the
MODIS SST estimated. Correlations range between 0.97 and 0.99
after applying the MN-11 bulk-in situ transformation model,
meaning a high accuracy of the satellite observations and, there-
fore, their applicability to climatic studies.

As trends have been confirmed to be positive lately, it is crucial
to monitor SST behavior through time, in order to know the
evolution of the parameter in real time and enable scientists to
provide estimates of the Mediterranean Sea surface’s warming
rate and counsel policy makers in their decisions. With this aim,
we pretend to extend this study in the future, as new data become
available.
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