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Abstract 

In this study, temporal and spatial trends of sea surface temperature (SST), wind speed, air temperature, sea surface salinity 
(SSS), sea-level pressure (SLP), and SST-based upwelling index are examined and compared with data from previous studies. 
Analyses of these parameters are performed for five critical locations that best illustrate the characteristic meteorological and 
oceanographic structures of the Aegean Sea. Upwelling index calculations are conducted with respect to latitude in order to reveal 
variations and detect upwelling strength easily. Long-term variations of all parameters are investigated using long-term ECMWF 
ERA-Interim data covering the period from 1979 to 2018; moreover, the Copernicus Marine Environment Monitoring Service 
(Global SSS/SSD L4) is used to obtain SSS data that cover the period of 2000-2015. Linear trend and Mann-Kendall tests are 
applied to identify tendencies and long-term variability. Monthly-average SST and air temperature data exhibit rising trends over 
the past 40 years. The results also reveal a decreasing trend in wind speed and SLP over the Aegean Sea. It is hard to determine, 
however, whether the current warming trend is a natural reaction of Earth or not.

Keywords: Aegean Sea; Trend Analysis; ECMWF; Upwelling Index.

Introduction

The Aegean Sea, a semi-enclosed sea with irregular 
coastlines, bays, peninsulas, narrow passages, and more 
than 3000 islands, has unique properties due to its inter-
action with two marginal seas (Black Sea and Mediter-
ranean Sea) that have different temperature and salinity 
characteristics (Besiktepe et al., 1994; Ozsoy & Unluata, 
1997). It has a connection with the Black Sea on its north-
eastern side and with the Ionian Sea and Eastern Mediter-
ranean Sea in its southwestern and southeastern regions, 
respectively. Moreover, the Aegean Sea has an Etesian 
wind system, which blows from north to south and causes 
upwelling along its eastern coast. A low-pressure system 
extending from the Middle East to India and a high-pres-
sure system over Southern Europe and the Balkan Penin-
sula create Etesian winds in the summer and the begin-
ning of the autumn season (Savvidis et al., 2004; Ziv et 
al., 2004; Anagnostopoulou et al., 2014). Mountains in 
Türkiye and Greece create a channel effect that speeds up 
the winds over the flat surface of the Aegean (Poupkou 
et al., 2011).

The northeastern and central areas of the Aegean Sea 
are both under the influence of upwelling but have differ-
ent wind speed, sea surface temperature (SST), and air 

temperature characteristics. Although the northeast and 
northwest regions of the Aegean Sea are at the same lati-
tude, the air temperature in the northwest is warmer than 
that in the northeast and the same is true for SST in sum-
mer. The wind system of the central region is different 
from those in the south and north. In addition, the central 
region’s surface waters are complex due to being under 
the influence of not only a thin surface layer of brack-
ish waters but also northward-propagating Eastern Med-
iterranean waters and upwelling waters forced by local 
winds. The southeast region is affected by Etesian winds 
and the Eastern Mediterranean Sea; on the other hand, the 
southwest part at the same latitude is under the influence 
of the Ionian Sea from the western direction (Tyrlis & 
Lelieveld, 2013). The lowest wind speeds are found in the 
northwestern region, with greater values seen along the 
coasts of Türkiye in summer. Hasanean’s (2001) study on 
air temperature fluctuations at eight locations with availa-
ble data showed different trends for those locations in the 
Mediterranean Sea. In addition, studies on the northern, 
central, and southern regions of the Aegean Sea have con-
firmed differing characteristics (Eronat & Sayın, 2014). 
Besides these descriptions of atmospheric and surface 
ocean conditions, it is known that the general circulation 
of the Aegean Sea is cyclonic (Theocharis & Georgopo-
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ulos, 1993; Zervakis & Georgopoulos, 2002; Olson et 
al., 2007). The brackish waters coming through Turkish 
Straits System (TSS) shows an anticyclonic flow at the 
entrance of Aegean Sea due to Coriolis force. Anticyclon-
ic motion of those brackish waters moves to a cyclonic 
pattern in northern and western parts of Aegean Sea as 
expected in Northern Hemisphere (Olson et al., 2007). 
The dominant and slow cyclonic circulation is complet-
ed with an inflow of Mediterranean Water which advects 
northward along the eastern side and reaches to the lat-
itude of Cape Baba (northeastern Aegean Sea) where 
it mixes with brackish waters and sinks (Theocharis & 
Georgopoulos, 1993; Zervakis & Georgopoulos, 2002; 
Olson et al., 2007). Combination of buoyancy input from 
brackish waters and the effects of winds forces an overall 
cyclonic flow in Aegean Sea (Olson et al., 2007). Tak-
en together, these previous observations support the idea 
that research at different locations is necessary to deter-
mine the overall trends. 

As noted above, the sea surface of portions of the 
Aegean Sea is characterized by the presence of up-
welling-favourable winds. The resulting upwelling circu-
lation along the coast is one of the dominant drivers of 
ecosystem productivity in the Aegean Sea. The Eastern 
Aegean is forced by northerly winds that lead to upward 
movement due to the frictional stress of the Etesian winds 
on the sea surface, Coriolis force, and the presence of the 
coastal boundary. The offshore-moving surface water is 
replaced by ascending intermediate water, which flows 
from depths of ~40 m to the surface (Androulidakis et 
al., 2017; Mamoutos et al., 2017). In addition to supply-
ing nutrients for the surface waters, upwelling along the 
Eastern Aegean Sea serves to cool surface waters (Skliris 
et al., 2010; Sayın et al., 2011), which can cover a large 
area down to the middle part of the sea in association with 
eddy features (Sayın et al., 2011).

The upwelling phenomenon in the Aegean Sea was 
first described by Unluata (1986). It is well known that 
this phenomenon can be identified by seasonally variable 
low SST, salinity, wind, and nutrient-rich water in coastal 
areas. Low SST along the east side of the Aegean Sea is 
the consequence of wind-driven upwelling. In this work 
we focus on the trend of upwelling strength by calculat-
ing an SST-based upwelling index (UI) to bring a new 
perspective to this phenomenon. 

To address the meteorological and oceanographic 
conditions of the Aegean Sea, many studies have been 
conducted. Trend analyses of SST, air temperature, and 
wind speed were the main focuses in some of those stud-
ies as the effects of those parameters on people can be 
easily seen. In addition to those parameters, sea surface 
salinity (SSS) is also considered in the present study for 
the first time to reveal the trend of such data in the re-
gion. Monitoring SSS is crucial to investigate the water 
cycle and climate change; however, SSS has historical-
ly suffered from poor observational coverage, hindering 
accurate assessment of its trends. Different approaches 
have been suggested to fill these gaps, such as using a 
combination of in situ and satellite data. In the frame-
work of the Copernicus Marine Environment Monitoring 

Service (CMEMS), the Global SSS/SSD L4 reprocessed 
dataset was produced by interpolating in situ SSS/SSD 
with a multi-dimensional covariance model. The high-
pass filtered data are available on a 0.25 degree regular 
grid. The CMEMS includes satellite and in situ high-level 
products.

The effect of changing salinity is crucial for the eco-
system since salinities outside the tolerance range of spe-
cies may help some organisms by reducing stress or may 
impede their survival by changing their behaviours and 
limiting reproduction. However, relatively few scientific 
studies to date have approached salinity effects as a varia-
ble worth investigating in spite of the fact that the salinity 
of sea water varies and will inevitably have negative or 
positive impacts on species. TSS has unique dynamics 
because the flow is driven not only by permanent sea-lev-
el difference between the Black Sea and Aegean Sea but 
also by density differences between those marginal seas. 
The Aegean Sea-level height is roughly 30 cm lower than 
that of the Black Sea. The brackish waters coming from 
the TSS regulate convection in the northern part of the 
Aegean Sea (Ilicak et al., 2021). With the influence of the 
combination of Etesian winds and the TSS, an east-west 
gradient and a north-south gradient in salinity are both 
seen in the Aegean Sea, unlike the Sea of Marmara.

The Eastern Mediterranean Transient (EMT) is anoth-
er significant topic to be taken into consideration as the 
Aegean Sea basically took the place of the Adriatic Sea in 
the sense of the deep-water transient in the early 1990s. 
The EMT was first revealed by Roether et al. (1996). In 
this state, 20% of the deep and bottom waters of the East-
ern Mediterranean Sea were replaced with deep water 
from the Aegean Sea, while before this change of flux, 
the Adriatic Sea was the only source of those waters (Ro-
ether et al., 1996). This change in flux resulted in an in-
crease of the salinity of the Aegean Sea (Roether et al., 
1996). After 1993, it was determined that there was an 
anomalously high amount of flow from the Aegean Sea 
to the Eastern Mediterranean (Roether et al., 2007). In 
another study, it was concluded that the EMT had oc-
curred due to the high volume of salty waters entering 
the Aegean Sea from the Eastern Mediterranean Sea and 
to heat loss in the Aegean in the years between 1988 and 
1995 (Incarbona et al., 2016). The same idea was also put 
forward by Klein et al. (1999), who reported 1993 as the 
beginning of the EMT that started in the Southern Aegean 
Sea. In the study of Eronat & Sayın (2014), it was stated 
that the EMT weakened in the early 2000s, and climate 
change in the Mediterranean Sea and abnormal changes 
in the air temperature of the Aegean during the EMT pro-
cess were effective in altering the water structure of the 
Aegean Sea. It was mentioned in the same study that the 
salinity increased in the water columns in the period after 
the summer of 2007 when the EMT relaxed. Although 
the EMT has been mainly observed in the Aegean Sea’s 
deep and intermediate waters, a variation of SSS is also 
expected.

The main objectives of this research were to conduct 
a trend analysis and depict the climate effects on SST, air 
temperature, wind speed, SSS, SLP, and UI (SST) over the 
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last 40 years (1979-2018). If the effects of climate on me-
teorological and oceanographic parameters is of concern, 
SST and air temperature changes are among the first data 
to be considered. However, wind and SLP are the drivers 
of those parameters through processes such as upwelling. 
In other words, while SST and air temperature are results 
of concern, surface pressure and wind are the driving 
mechanisms behind those results. The studies referenced 
above confirm that the meteorological and oceanographic 
conditions are not the same at all locations. By perform-
ing monthly analyses, different perspectives are added to 
the trend analysis and temporal and spatial variations are 
also captured; this is important as most previous studies 
focused on a small or a single large area, or a certain pa-
rameter or one season, rather than the detailed analyses 
performed in this work. To our knowledge, no prior stud-
ies have examined trends of these parameters on a month-
ly basis in detail for separate locations, which is why this 
paper addresses detailed trend analyses for five critical 
locations. Five points with different oceanographic and 
meteorological characteristics representing the whole Ae-
gean Sea have been chosen in accordance with previous 
research and the outcomes of our own observations and 
model output. This also provides an opportunity to plot 
time series for more accurate results.

Moreover, no prior studies have sought to illustrate 
the efficiency of upwelling with an index in the Aegean 
Sea (the formula referred to here as the upwelling index 
or UI, based on SST, will be explained in the next sec-
tion).  An efficient method has been developed to identify 
upwelling days automatically with an index. To achieve 
these goals, changes in the Aegean Sea were analysed us-
ing ECMWF reanalysis and CMEMS data.

Material and Μethods

Data

The meaning attributed to “climatic analysis” in the 
past and today is different. While this expression was for-
merly used for analysis of surface parameters with long-
term data, today it may refer to analyses conducted with 
data from several months to thousands of years. More-
over, “long-term data” may have distinct definitions in 
different disciplines. While long-term change in geology 
is understood as change over the millennia, it may rep-
resent a thousand-year period or hourly change in atmo-
spheric research. 

If long-term changes in data are to be analysed, the 
existing system must be fully demonstrated. However, 
it is impossible to obtain such information in today’s 
conditions. The most important problem experienced in 
scientific studies is the lack of measurements in the sea. 
Instead, efforts are made to define the system through 
sample data, or this deficiency is eliminated by means 
of models. In addition, there may be inconsistencies in 
data obtained from different sources. For example, while 
real data obtained from radiosonde measurements indi-
cate warming, no such trend may be seen in the results 

obtained from satellites (Weisse & Storch, 2010). In 
situ measurements (on land, a ship, a buoy, etc.) pres-
ent point data and cannot provide data that include all 
of the world’s seas, as they are irregular. Bringing these 
irregular data into regular data grids to evaluate the sea or 
atmosphere by means of mathematical equations is called 
analysis (Glickman, 2000). Many studies have been con-
ducted to compare ECMWF Era-Interim data with in situ 
data for reliability testing and they have shown the model 
results to be reliable (Berrisford et al., 2011; Shaltout et 
al., 2013). The accuracy and quality of this data analysis 
is constantly improving thanks to better and more obser-
vational data (Weisse & Storch, 2010). Since there are 
more observational data from the northern hemisphere, 
data analysis yields better results there. Especially in the 
late 1970s, the accuracy of data modelling began to in-
crease with the use of satellite data. Models are used to 
explain and reflect real situations. It has been determined 
in many studies that these data can be used to obtain 
trends (Bengtsson et al., 2004; Bromwich et al., 2007; 
Weisse et al., 2009). The ECMWF performed the first re-
analysis process for data generation in the early 1980s. 
Continuously improving itself, the ECMWF produced 
the ERA-Interim reanalysis data in 2009, which are also 
used in this study, with a different strategy. This dataset 
includes high-resolution data with an advanced model 
and a data assimilation system. The accuracy of SST, es-
pecially after 1979, has provided much more accurate re-
sults with the help of verification by satellite data. Due to 
the variability of atmospheric data, atmospheric data are 
less accurate than SST. In this study, data obtained after 
1979, marking a new era in the production of model data, 
are taken as a basis.

At least 30 years of data should be used to obtain rea-
sonable results and understand the climatological struc-
ture and trends of any area (WMO No. 1203, 2017). In 
this study, as stated by Weisse & Storch (2010) and the re-
ports of the World Meteorological Organization (WMO), 
40 years of ECMWF Era-Interim data available monthly 
from 1979 to 2018 have been used. Monthly SSS data of 
the CMEMS (Global SSS/SSD L4) that cover the period 
of 2000-2015 have been used to depict salinity trends. 
Locations of the specific data applied for trend analyses 
of SST, air temperature at 2 m above sea level, SLP, and 
wind speed at 10 m above sea level are shown in Figure 1.

In addition to point trend analyses, ECMWF Era-In-
terim data of SST for the area of 35-41°N and 22-28°E 
have been used for calculating UI (SST). UI (SST) calcu-
lations based on latitude were performed for selected sites 
and daily SST data were applied to capture the UI(SST) 
variations clearly because monthly averaged data may 
obscure upwelling events that depend on changes in wind 
speed and direction over the course of a few days. 
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Methods

 Trend analyses

The existence of trends can be identified by plotting 
meteorological and oceanographic data, but statistical 
methods offer a more reliable approach. Trend analysis 
is a good and simple tool for analysts to predict future 
values by evaluating historical data. Both parametric 
(linear) and nonparametric (Mann-Kendall test at 5% sig-
nificance level) methods were applied in this study for 
accurate and objective results.

Linear trend identification using historical data cre-
ates a function like y=ax+b to interpret tendencies and 
the behaviour of the data. In this equation, “y” represents 
the prediction, “a” is the slope of the line, and “x” refers 
to time. For meaningful results, the number of data points 
must be at least 12. Linear trend identification is a clas-
sical statistical technique that assumes data are normally 
distributed and independent. A positive slope shows an 
upward trend while a negative one indicates a decreasing 
trend. The annual mean value of each parameter is calcu-
lated not only to get the interannual trend rates but also to 
make the graphs easier to read. Furthermore, monthly and 
seasonal trend rates are acquired from daily data for the 
purpose of detailed investigation and to look at phenom-
ena from different perspectives. Estimated standard error 
calculation of trends is also performed in consideration 
of the statistical difference between the estimate and the 
model data. It reveals the size of the errors existing for the 
dataset. Standard error is calculated by dividing standard 
deviation by the square root of the sample size.

The Mann-Kendall test is a nonparametric test used 
to determine whether historical data are increasing or de-
creasing monotonically. This test does not require nor-

mally distributed data; it works for all distributions. The 
minimum number of data points should be at least 10 and 
the presence of more data implies more accurate trend de-
termination. Basically, the Mann-Kendall test calculates 
differences between earlier and later data. The null hy-
pothesis is “there is no trend” and the alternative hypoth-
esis is “there is an increasing or decreasing trend”. For the 
time series x1, …, xn,  the equation for the Mann-Kendall 
test is as shown below. If the resulting z value is greater 
than 0, there is an increasing trend, but if the reverse is 
true, earlier data values are greater than later ones.
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In addition to their use in linear trend analyses to un-
derstand the nature of trends, daily data are also used here 
for the Mann-Kendall test.

Upwelling Index (UI)

Previous UI estimates were obtained based on the 
temperature difference between a geographically defined 
maximum and minimum temperature (Camp et al., 1991; 
Nykjær & Camp, 1994; Lathuilière et al., 2008; Santos 
et al., 2012; Von Schuckmann et al., 2016). To calculate 
upwelling intensity, those earlier studies focused on the 
temperature difference along a perpendicular line to the 
coastline within the area of the continental shelf. The most 

Fig. 1: Five positions that are used for trend analyses (Map produced from GEBCOdata).
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challenging aspect here is defining SSTmax and SSTmin. 
SSTmin is defined as the minimum along the perpendic-
ular to the coastline and it is obtained from within the up-
welling area. SSTmax is the maximum temperature off-
shore where upwelling is not expected to occur. SSTmax 
can be determined easily in studies conducted in open 
oceans, such as in the Atlantic or Pacific Ocean. In mar-
ginal seas, however, due to distance limitations (less than 
5° latitude difference), it should be adapted with respect 
to the geometry and dynamics of the region. For exam-
ple, previous studies have considered different distances 
from the coast within the range of 400-1000 km offshore 
(Camp et al., 1991; Nykjær & Camp, 1994; Lathuilière 
et al., 2008). The most easily identifiable and idealised 
SST profile orthogonal to the coast in upwelling areas 
is that it has inverse SST gradient from the shoreline to 
upwelling areas (SSTmin) and as it is moved away from 
SSTmin location, SST shifts towards greater numbers 
until it reaches to maximum value in offshore and stays 
constant (Demarcq & Faure, 2000).

In our work, such distances could not be used since the 
Aegean Sea’s maximum width is ~400 km. That is why 
when UI was calculated, SSTwest and SSTeast were used 
as terminology defining the two sides of the Aegean Sea. 
UI as a function of latitude is defined as the difference in 
SST between the east and west coasts of the Aegean Sea:
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In this formula, SSTw represents a location where 

upwelling is not expected and SSTe represents the value 
within the upwelling area. A higher UI value indicates a 
stronger upwelling event. These presumptions are sup-
ported by the wind forcing pattern, which is the main fac-
tor behind the upwelling mechanism. 

Results and Discussion

Annual changes and trends

Trend analyses and upwelling are not simple phenom-
ena due to the Aegean Sea’s geographical and oceano-
graphic features and its rapid responses to meteorological 
changes (Georgiou et al., 2015). Analyses were conduct-
ed for different areas in accordance with the best posi-
tions representing the oceanographic and meteorological 
dynamics of the Aegean Sea.

A comparison of trend rates with those of previous 
studies for each parameter at five different locations 
are presented in Table 1. The time series of Figures 2-3 
demonstrate that SST, air temperature, wind speed, and 
SLP varied over the last 40 years.

In general, air temperature shows a definite increasing 
trend in accordance with both linear trend identification 
and the Mann-Kendall test. A monotonic trend can be 
detected and all z values are greater than 0. The results 
of the monthly air temperature analyses indicate posi-
tive trends with rates of 0.017-0.03°C/year for the last 
40 years. From other studies, it is known that air tem-
perature has increased since 1860 and especially since 
1990, representing the hottest period in the northern hem-
isphere (IPCC, 2001). According to a special report of 
the Intergovernmental Panel on Climate Change (IPCC), 
the rate of global mean warming is 1.5°C above prein-
dustrial levels (IPCC, 2019). According to the present 
results, air temperature has increased 0.68-1.2°C over 
40 years, which is consistent with the IPCC’s report. In 
addition to that of the IPCC, many similar studies have 
been conducted for the Aegean Sea and its neighbours, 
all revealing an upward trend for air temperature. For in-
stance, Good et al. (2008) concluded that air temperature 
increased in the period of 1982-2002. The Annual Report 
of the Turkish State Meteorological Service published in 
2019 stated that SST and air temperature values were both 

Fig. 2: Linear trend analysis of air temperature & SST.
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rising. Even though cooling of 0.3°C is expected accord-
ing to NASA reports with respect to sunspot activities, 
an upward trend is obviously detected (NASA, 2019). 
This provides a clue that the warming is not nature’s rou-
tine response to interannual forcing. The air temperature 
values at southern locations reported here are lower than 
those reported at the closest points in the study conducted 
by Mamara et al. (2015) based on observed data, but for 
the rest of the locations the values are almost the same, as 
shown in Table 1. Another study based on observed data 
conducted by Philandras et al. (2008) presented a lower 
rate (half the value) for the northeast and southeast and a 
higher rate (twice the value) for the southwest.

According to linear and Mann-Kendall trend analy-
ses of SST data, there is a significant increasing trend in 
both cases. At the 95% significance level, p values show 
a monotonic trend with an upward tendency (z > 0). SST 
has increased by 0.68-1.84°C over the last 40 years. SST 
analyses have been conducted for the Aegean Sea with 
different datasets for different periods of time (Vlahakis 
& Pollatou, 1993; Mexatas & Bartzokas, 1994; Lelieveld 
et al., 2002). Nonetheless, these studies all state that SST 
has an upward trend. Skliris et al. (2011) and Shaltout 
& Omstedt (2014) conducted studies with satellite-based 
data while Bengil & Mavruk (2018) performed work with 

the in situ and satellite platforms of the North Carolina 
Institute for Climate Studies, providing results compati-
ble with ours. The research of Skliris et al. (2011) yield-
ed different trend rates for different locations. SST trend 
rates indicate that the southeast has the maximum and 
the northeast has the minimum rising trend. While SST 
and air temperature values were low in the 1980s, these 
values were higher in the 2010s. Trend rates of SST and 
air temperature are increasing together, as expected, since 
these data are strongly correlated and in harmony with 
each other. 

According to the monthly mean wind speed plot, the 
analyses illustrate a downward trend for all other parts of 
the study area but an upward trend for the northwestern 
part. The study of Vagenas et al. (2017) with 1980-2000 
RegCM and real data from the western part of the Aegean 
Sea and the study of Poupkou et al. (2011) with 1979-
2011 NCEP/NCAR reanalysis data on Etesian winds re-
vealed a decreasing trend for wind speed data. The trend 
rate reported by Poupkou et al. (2011) is similar to our 
findings, as presented in Table 1. Wind speed data have 
geographically different trend rates, and it is obvious that 
there is a significant decrease (from -0.008 to -0.016 kts/
yr) along the route where the Etesian winds blow.   

Monthly mean data for SLP follow the same pattern 

Fig. 3: Linear trend analysis of wind speed & SLP.

Fig. 4: Linear trend analysis of SSS.
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with minor differences in a decreasing trend at all loca-
tions with rates ranging from -0.032 to -0.027 mb/yr. In 
general, annual variations of wind speed and SLP were 
0.28-0.68 kts and 1.08-1.28 mb for the entire 40-year pe-
riod. SLP and wind speed are two parameters that are in 
a close relationship since the pressure difference is the 
driver of wind speed. The results obtained in this research 
indicate that both parameters have a negative tendency.

When the changes in SSS trend rates (Fig. 4) are ex-
amined, it can be seen that there is an increase with a rate 
of 0.0036 psu/yr for the southeastern and southwestern 
locations and a decrease for the northeastern, northwest-
ern, and central parts at rates of -0.00072 psu/yr, -0.00072 
psu/yr, and -0.00096 psu/yr, respectively. Variations of 
SSS at the five considered locations are the consequence 
of not only water exchange between the Black Sea and 
the Eastern Mediterranean but also the cyclonic move-
ment of water. The northeastern and central parts of the 
Aegean Sea are under the influence of upwelling and 
have different wind speed, SST, and air temperature data. 
The effect of Black Sea waters was seen on the coasts of 
Greek mainland (Kourafalou & Barbopoulos, 2003) and 
upwelling is expected near Cape Baba in the northeast 
(Zervoudaki et al., 1999; Androulidakis et al., 2017). Ad-
ditionally, the northern and central regions have sinusoi-
dal seasonal variations, but the southern region does not 
have that kind of seasonal response. Due to the increased 
effect of Black Sea waters in summer and spring, there is 
a decrease in salinity values in those months. In addition, 
the northwest and central positions are located directly on 
the route followed by the Black Sea waters at the exit of 
the TSS. Due to both the effects of upwelling and the fact 
that it is not on the route of brackish waters, it is expected 

to have higher SSS (~39 psu); however, the CMEMS re-
ports a lower SSS (~38 psu). The parameterization meth-
od may cause loss of accuracy for small-scale data since 
it replaces complex values for representation in the mod-
el. Over the past 20 years, models have evolved in terms 
of parameterizations, environmental monitoring, and data 
assimilation, but parameterization still results in possible 
poor results in areas with complex coastlines, and espe-
cially in the Aegean Sea, where spatial resolution plays a 
key role. Higher resolution in observational data assimi-
lation could provide better results for SSS.

The issues noted in the introduction of this paper 
about EMT were investigated in the presented research 
while monthly average air temperatures were examined. 
It was seen that 1991-1993 (i.e., the early 1990s) were the 
years in which air temperature decreased significantly. 
No significant change in air temperature data can be seen 
in the early 2000s, when the EMT subsided. This result 
is consistent with the study of Eronat & Sayın (2014). It 
was also seen that there was an increasing trend in SSS 
after 2007, as also mentioned by Eronat & Sayın (2014). 
It is remarkable that an increase in SSS could be seen in 
surface waters, too; however, this finding is pertinent to 
the southern locations, not the northern regions.

Upwelling index calculations and trends

For a better understanding of SST variations, surface 
maps of SST were plotted for all months. In these plots, 
mean values of each grid with 0.75° resolution were cal-
culated for the period of 1979-2018. Figure 5 demon-
strates that SST exhibits changes with respect to not 

Fig. 5: Seasonal variations of SST.
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only latitude but also, and more importantly, longitude. 
Although obscured by the monthly average, upwelling is 
obviously seen on the eastern side of the Aegean Sea in 
summer. A map of average SST values for the 40-year 
period was prepared to choose the locations of SSTw and 
SSTe as SST is the easiest way to determine upwelling. 
Latitude is considered for upwelling since the movement 
of water is expected to occur from east to west due to 
synoptic scale dynamics of the region, as mentioned in 
the introduction.

Defining upwelling by examining SST maps might 
appear to be the easiest way; however, other techniques 
and methods should be used to define it mathematical-
ly and systematically. First, horizontal variations of SST 
data at each latitude were investigated to see the behav-
iour of SST on the eastern and western coasts of Türkiye 
by applying the approach of  Demarcq & Faure (2000) 
with minor changes. Horizontal monthly mean SST val-
ues for all latitudes were calculated and plotted with re-
spect to Demarcq & Faure’s (2000) method. Every value 
in Figures 6-7 represents the monthly average of 40 years 
of data for each grid. Figure 6 was created for 38.75°N, 
where upwelling is expected, and indicates that the east-
ern side of the Aegean Sea has lower SST values in June, 
July, August, September, and October. However, other 
months have different slopes since SST increases from 
west to east, especially in winter and spring, not descend-
ing dramatically as seen in summer. It is not possible to 
consider a horizontally negative gradient from east to 
west for Figure 7, where upwelling is not expected; on 

the contrary, a positive gradient exists.  
To better see the SST change and its characteristics 

perpendicular to the coastline, the SST-based UI de-
scribed above was applied. The locations used to obtain 
data for calculating UI(SST) are shown in Figure 8. The 
40-year monthly average of SST values of the western 
and eastern sides of the Aegean Sea were subtracted and 
Figure 9 was obtained. According to monthly SST maps, 
the intensity of upwelling increases in May and peaks in 
August before declining in September. The latitudes of 
38.75°N, 39.5°N, and 38°N have particularly strong up-
welling activity, following the same pattern. The north-
ernmost (40.25°N) and southernmost (36.5°N, 35.75°N) 
latitudes exhibit different behaviours; it seems that these 
regions are not upwelling areas.

The results of UI(SST) trend analyses at each lat-
itude are shown in Table 2. The general trends of dai-
ly UI(SST) at 39.5°N and 40.25°N are positive with a 
rate of ~0.015°C/yr; the trends are downward for other 
latitudes with rates from 0.005 to 0.014°C/yr (Fig. 10). 
Seasonal UI(SST) trend rates of all latitudes (except 
40.25°N and 35.75°N) show similar tendencies in terms 
of increases and decreases as the rates increase in sum-
mer and decrease in winter (Fig. 11). The highest rising 
trend rate was recorded in August, being 0.0065°C/yr at 
39.5°N. In general, the greatest monthly downward trend 
rates are seen in January and December. Results from the 
Mann-Kendall test and linear trends are compatible with 
each other. The UI(SST) trend graph presents an inter-
esting result with a staggering jump from about 2°C to 

Fig. 6: 40 years mean of SST at 38.75°N latitude.

Fig. 7: 40 years mean of SST at 36.5°N latitude.
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Fig. 8: Locations of the data used for UI trend analyses.

Fig. 9: 40 years monthly mean of UI(SST) at each latitude.

Table 2. Trend rates of daily UI(SST).

Latitudes Linear Trend Rates

Mann-Kendall (alpha=0.05)

Is there a monotonic trend 
(p<0.05) ? z value

40.25N +0.0175°C/yr Yes 53

39.5N +0.0143°C/yr Yes 2.88

38.75N -0.0142°C/yr Yes -17

38N -0.0041°C/yr Yes -19

37.25N -0.0042°C/yr Yes -17

36.5N -0.0054°C/yr Yes -22

35.75N -0.0025°C/yr Yes -12
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about 6°C in the range of the seasonal cycle after 2003. 
This jump could be explained by the different increas-
ing and decreasing trend rates on the east-west axis. 
The increasing rate of the SST trend in the northwest-
ern part (+0.029°C/yr) is significantly greater than that 
in the northeastern part (+0.017°C/yr). Such a jump from 
smaller to greater differences might have impacts on the 
global climate system. Recently detected fingerprints of 
fluctuations indicate a gradual strengthening over the last 
decade, but the exact reasons for that strengthening re-
main uncertain.

UI(SST) has the largest prediction error for August at 
39.5°N with a value of 0.065°C/yr and the lowest in Au-
gust at 35.75°N with 0.0001 °C/yr. In general, the stand-
ard errors of central and northern latitudes (40.25°N, 
39.5°N, 38.75°N, 38°N, 37.25°N) are greater than those 
of southern latitudes (36.5°N, 35.75°N).

UI calculations at each latitude were applied to deter-
mine not only upwelling strength but also spatial and tem-
poral variations of upwelling. By looking at these results, 
new perspectives on the tendency and characterization of 
upwelling in the Aegean Sea can be developed. The re-
sults suggest that the UI will decrease where upwelling is 
expected, except for 39.5°N. To understand the positive 

slope at 39.5°N, further comprehensive investigation is 
needed due to the complex dynamics and relationships of 
the Aegean Sea with the TSS and the Mediterranean Sea. 
Hence, further studies may be recommended on UI(wind) 
in order to focus on the driver of upwelling rather than a 
visible output parameter such as SST. In general, coast-
al upwelling systems provide high productivity in nutri-
ent-rich waters (Ryther, 1969; Cushing, 1971; Millan-Nu-
mez et al., 1982; Freon et al., 2009). However, this does 
not make a significant impact in the Aegean Sea since the 
upwelling depth is not sufficient to bring nutrients to the 
surface (Mamoutos et al., 2017). Thus, a nutrient-based 
UI, like that used by Garcia-Reyes et al. (2014) for the 
Gulf of Farallones, is not recommended for this region. 

Seasonal variations in trends

Detailed monthly trend rates with an estimate of 
the standard error present different results for different 
months and seasons. Monthly trend rates vary both spa-
tially and temporally. According to Figure 12, there is a 
decreasing trend at the southeastern (Jan, Feb, Mar, Apr, 
Oct (nearly flat) Nov, Dec) and southwestern (Jan, Oct 

Fig. 10: Linear trend analyses of daily UI(SST).

Fig. 11: Monthly linear trend rates of UI(SST) with its estimate of error.
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(nearly flat), Nov, Dec) locations for air temperature, es-
pecially in winter. In other seasons, an upward trend is 
seen, and in summer all locations have a strong increasing 
trend with rates above 0.036°C/yr. The highest increasing 
rate is seen at 0.065°C/yr in the northwestern region in 
August. It seems that the temperature difference between 
summer and winter will continue to increase in future 
years due to the difference in the rising rates. The largest 
standard error (0.007°C/yr) was obtained in February at 
the northeastern location and the smallest (0.002°C/yr) 
was obtained from the southeastern location in August. 
The mean value of the standard errors of northern points 
(>0.004°C/yr) was greater than that of the southern and 
central locations (~0.003°C/yr).

The monthly trends of air temperature obtained here 
are generally compatible with those of previous studies 
(Frich et al., 2002; Domonkos et al., 2003; Good et al., 
2008). It should be clearly stated, however, that air tem-
perature has different patterns and trends with respect to 
geographical positions. The monthly trends are well syn-
chronized in upward and downward directions. In sum-
mer, all locations have a strong increasing tendency with 
rates above 0.03°C/yr. In October and December, a cool-
ing trend is obvious for all parts except the central part as 

presented in Figure 12.
Monthly examination of SST trends reveals the exis-

tence of downward trends for the months of March and 
April in the northwestern part and June, July, August, 
and September in the northeastern part even though the 
slopes are nearly flat. Other than that, all months have 
a rising slope. Monthly SST plots (Fig. 13) indicate that 
the warming period is significant in all seasons. In the 
research conducted by Kuleli & Bayazit (2020), which 
covered the summer season and a small part of the Ae-
gean Sea based on 30 years of Landsat data, SST was 
found to exhibit a rising trend with a rate of +0.11°C per 
year, which is greater than our result (~0.045°C/yr) ob-
tained from the point closest to the area they studied. Ac-
cording to seasonal trend rates, our results are consistent 
with those of Skliris et al. (2011) and Shaltout & Omst-
edt (2014) in terms of warming even though the rates are 
not exactly the same. The comparisons shown in Table 1 
suggest that general trend rates for the whole of the Ae-
gean Sea will not give accurate results; detailed regional 
investigations are necessary for a better understanding 
of the trends. We observed the highest standard error 
(0.00259°C/yr) in May at the northwestern location and 
the lowest (0.00096°C/yr) in March at the northwestern 

Fig. 12: Monthly linear trend rates of air temperature with its estimate of error.

Fig. 13: Monthly linear trend rates of SST with its estimate of error.
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and southeastern locations. The average standard errors 
of all locations do not vary, fluctuating between 0.0015 
and 0.0016°C/yr.

The maximum upward trend in SST was observed in 
August (+0.056°C/yr) in the northwestern region, while 
the maximum downward trend was detected for July and 
August (-0.011°C/yr) in the northeast. The negative ten-
dency of SST and the positive slope for air temperature 
along the sea’s northeastern side are interesting points to 
consider. To understand this apparent contradiction, UI 
calculations and wind speed were investigated. UI(SST) 
and wind speed show upward trends at the same latitude 
of the northeastern area in summer. A decreasing trend 
is detected in winter, autumn, and spring, but a tenden-
cy toward an increasing trend (0.0081 kts/yr, nearly flat) 
is seen in summer for the northeastern area. Wind is the 
mechanism behind upwelling, so the increasing trend for 
that mechanism provides a clue. However, further analy-
ses should be performed on a synoptic scale for surface 
pressure to identify the reason for this result definitively. 
To our knowledge, the reason is not merely surface pres-
sure or wind speed as the water comes from the Black Sea 
and the Mediterranean Sea and is further influenced by 
the thermohaline circulation of the Aegean Sea. 

The findings for SST and air temperature indicate a 
continuous upward trend for all parts of the Aegean Sea 
at different rates. Seasonal and monthly trends (Fig. 14) 
of wind speed are much more complicated than SST 
and air temperature trends because the wind speed var-
ies from season to season for each location. Generally, 
it has a downward trend for all seasons with the follow-
ing exceptions: southwestern in winter, northwestern in 
summer and autumn, and northeastern in summer, being 
nearly flat in the latter case. The highest decreasing trend 
(-0.057 kts/yr) is obvious in the southwestern region in 
July. On the other hand, the greatest increasing trend 
(+0.047 kts/yr) was detected in the northwestern region 
in August. For the period in which the Etesian winds 
blow, there is a decreasing trend reaching -0.053 kts/year 
in September for all locations except in the northwestern 
part, which has a positive trend with a rate of +0.03 kts/
year in that month. The estimated standard error of wind 
speed is largest in September in the central part with a 
value of 0.0507 kts/yr and smallest in February at 0.013 
kts/yr, again in the central area. The mean of the standard 
errors is 0.098 kts/yr.

From a seasonal perspective, the highest rate of de-
cline (-0.063 mb/yr) for SLP is seen at the central loca-

Fig. 15: Monthly linear trend rates of SLP with its estimate of error.

Fig. 14: Monthly linear trend rates of wind speed with its estimate of error.
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tions in summer. April, November, and December are the 
months with rising trends. In other months, clear declin-
ing trends are observed. Monthly SLP trend rates (Fig. 
15) for all locations follow similar patterns. The high-
est upward trend rate is seen in December (~0.047 mb/
yr) and the highest downward trends were detected in 
July and September (~0.07 mb/yr) for all locations. The 
maximum standard error (0.0154 mb/yr) was obtained 
in February at the northeastern location and the lowest 
(0.00114 mb/yr) was obtained from the northeastern lo-
cation in December. The mean values of standard errors 
of the southwestern (0.0069 mb/yr), southeastern (0.0077 
mb/yr), and central (0.0079 mb/yr) locations were lower 
than those of the northeast (0.0081 mb/yr) and northwest 
(0.096 mb/yr).

The SSS at the southern locations does not change 
much in accordance with the seasons, whereas seasonal 
responses are evident for the northern locations and ab-
solute values are lower there than in the southern parts. 
The lowest SSS was observed in the northwestern region.

Conclusion

In this study, the Aegean Sea was investigated me-
teorologically and oceanographically using ECMWF 
ERA-Interim data for the years 1979-2018 and CMEMS 
(Global SSS/SSD L4) data for 2000-2015. Time series 
were created from these datasets at five points that rep-
resent the meteorological and oceanographic features of 
the Aegean Sea, averages were calculated, and analysis 
was performed for upwelling together with trend analy-
sis. One of the main objectives of this study has been to 
reveal the trends of SST, air temperature, wind speed, and 
SLP. Thanks to studies performed at critical locations, 
fruitful analyses could be conducted by creating time 
series. In those analyses, it was revealed that there have 
been considerable changes in SST, air temperature, SLP, 
wind speed, and UI values for different locations over a 
40-year period.

This study has shown that broad warming is evident in 
the first quarter of the 21st century, similarly to previous 
studies. According to our calculations, there has been a 
decrease in wind speed and SLP. From a seasonal per-
spective, the highest decrease in SLP (-0.063 mb/year) 
was observed at the central location in summer. Although 
April, November, and December are the months with in-
creasing trends, there is generally a decreasing trend in 
SLP. It was determined that the maximum upward SST 
trend occurred at the northwestern location in August 
(+0.056°C/year), while the highest cooling trend was 
detected in the northeast in July and August (-0.011°C/
year). When detailed monthly analysis was performed for 
air temperature, a decreasing trend was observed in the 
southwestern and southeastern regions, especially in win-
ter, with an increasing trend in other seasons. The most 
prominent result regarding monthly trend rates for wind 
speed data is the significant decrease (reaching -0.053 
kts/year) detected at all locations (except the northwest) 
during the time period in which the Etesian winds blow. 

The reason for the decrease in air temperature in winter 
and increase in summer may be the increasing trend of 
SLP in winter and decreasing trend of SLP in summer.   

Wind speed and direction vary across the seasons and 
wind mostly tends to blow from north. Changes in the 
synoptic scale are determinative in the origin of all these 
effects. The decrease in the difference between the SLP 
values over the Balkans and Siberia is one of the reasons 
for the decrease in wind speed. In addition to the syn-
optic effects, the seasonal amount of water coming from 
the Black Sea and the route it follows are other reasons 
for regionally different trends in the Aegean Sea, as are 
the interactions with the Mediterranean Sea and the Ioni-
an Sea. Moreover, the upward tendency in SSS could be 
seen in the CMEMS data for the southern part of the sea. 
Regarding standard errors, it may be stated that the error 
values of air temperature, SST, and wind speed data are 
generally stable while the SLP and UI(SST) error values 
are unstable.

To our best knowledge, UI calculations, which were 
previously only applied for open seas, were conducted in 
this study for the first time for the Aegean Sea and their 
effectiveness was tested. With the friction force created 
by the Etesian winds on the sea’s surface and the help 
of the Coriolis force, the surface waters are replaced by 
waters from the intermediate layer (Androulidakis et al., 
2017; Mamoutos et al., 2017). Those upwelled waters 
are denser and colder than the offshore deflected surface 
waters and so, to detect upwelling strength, a low SST is 
good output for analyses.   

While trend analyses were performed for five desig-
nated locations, UI calculations were made on a latitudi-
nal basis over SST. Calculations for UI(SST) show that 
strong upwelling events occurred at latitudes of 38.75°N, 
39.5°N, and 38°N. According to these results, upwelling 
starts to increase in May and reaches its highest level in 
August, decreasing in September. UI(SST) provides a 
rough estimate of the latitudes of the upwelling areas and 
UI(SST) is therefore not a final algorithm to be put for-
ward for detecting upwelling. Currents and winds, which 
are the mechanisms behind upwelling, must be consid-
ered for UI calculations. In this context, the development 
and use of a new upwelling index in which current and 
wind data are taken into account in addition to SST, with 
calculations performed for the unique dynamics of the 
Aegean Sea, will give more accurate results for the re-
gion. The existence of many small cyclonic/anticyclonic 
cycles and the effect of the coastal structure of the region 
on the surface water necessitate the investigation of ver-
tical current variations related to depth and wind stress. 
Hence, further studies on UI are recommended to focus 
on the driving parameters of upwelling instead of visible 
output parameters such as SST.  

All of the findings obtained in this study show that 
the variability of the SST, air temperature, SSS, SLP, and 
wind speed data of the ECMWF and CMEMS represent 
realistic results, although there are some differences in 
previous studies.
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