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Introduction

Abstract

This study mainly aims to examine the relationship between oceanographic properties
and climate change in the conjunction of the Istanbul Strait (IS), specifically in the east
of the Sea of Marmara (SoM) via evaluating observational temperature and salinity
profiles at six stations with monthly atmospheric pressure and air temperature during
the period of 1997-2010. The annual cycle of temperature and salinity of the upper
and lower layers in the east of SoM have strong seasonal variation: The upper layer
temperature rises during summer while decreases in winter. Conversely, the lower
layer temperature is higher in winter compared to spring and summer. Additionally,
salinity levels in the upper layer are higher in winter and lower in summer, whereas in
the lower layer, the pattern is reversed, with lower salinity in winter and higher salinity
in summer. In this context, linear trend analyzes are calculated by using monthly time
series of temperature and salinity and compared with the trends of atmospheric
conditions and the surrounding seas. The average temperature trend in the east of the
SoM is increase of 0.067°C/y in the upper layer and increase of 0.028°C/y in the lower
layer during this period. The salinity trend is increase of 0.105 psu/y in the upper layer
and increase of 0.012 psu/y in the lower layer. The air temperature trend is increase
of 0.086°C/y, and the air pressure trend is decrease of 0.034 mbar/y. These values
closely align with those observed in the surrounding seas. The air temperature and
upper layer temperatures are consistent with each other in terms of both long-term
series and trend values.

2011). SoM, as a semi-enclosed sea, is expected
influenced by global warming with increase of SST.

The increase in sea surface temperature (SST) in
the oceans is a crucial indicator of the climate change.
The effect of ocean warming causes to change the
ecosystem structure as whitening coral reef, jellyfish
bloom, food-web (Edwards, 2016). It has been also
observed that extreme natural events such as mucilage
have occurred with increasing frequency in the Adriatic
Sea and Sea of Marmara (SoM) since the 1950s with
global warming (Danovaro et al., 2009). Temperature
increase due to climatic conditions are generally higher
in enclosed than in open systems (Philippart et al.,
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SoM has a unique ecosystem as a part of Turkish
Straits System with its interaction between
Mediterranean Sea (MS) and Black Sea (BS) which have
very different oceanographic properties. In BS, the
average sea surface temperature stands at
approximately 8°C during winter months and rises to
around 23-24°C during summer. In MS, temperature
exhibit a range typically between 15-18°C. Sea surface
salinity in BS varies around 18-19%o, showing a slight
decrease at depths of 20-30 meters before stabilizing
around 22.4%. from 200 meters depth onwards. In
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contrast, salinity in MS remains relatively constant
around 38-39%o. regardless of depth (Schroeder et al.,
2023; Ozsoy and Unliata, 1997). It is a semi-enclosed
basin with the area of 11500 km? which connects the BS
through Istanbul Strait (IS) and MS through the
Canakkale Strait (Figure 1).

A sharp density interface is observed at a depth of
25 m, where the upper layer originated from brackish
waters with a salinity of 18 psu, and the lower layer
originated from highly saline waters with a salinity of
38.5 psu. The upper and lower layers exhibit renewal
times of 3-4 months and 6-7 years, respectively. The
upper layer is subject to turbulent entrainment into the
exit region of the IS jet, as well as wind-stirring in winter.
Both processes contribute equally to the vertical mixing
of the SoM. The upper layer salinity is within the range
of 23%2 ppt, reaching a maximum in winter as a
consequence of increased wind mixing in the basin and
a reduction in the influx from the Black Sea. During the
winter, the eruption of the halocline can broaden it, in
contrast to its usual sharp interface at other times
(Unluata et al., 1990; Besiktepe et al., 1994). The SoM
has three deep basins (deeper than 1000m) oriented in
the east-west direction. The study area encompasses
the Cinarcik Basin, which is situated at the easternmost
extent of the basins and marks the exit region of the IS
(Figure 1). Consequently, the area is subject to the
influence of the IS jet and wind-induced mixing.

So far, the impact of climate change on
oceanographic parameters has been studied in the BS,
MS, Aegean Sea (AS) and IS (D’Ortenzio et al., 2000;
Lelieveld et al., 2002; Ginzburg et al., 2004; Theocharis,
2008; Vargas-Yanez et al., 2008; Belkin, 2009; Nykjaer,
2009; Skliris et al., 2011; Skliris et al., 2012; Shaltout &
Omstedt, 2014; Altiok & Kayisoglu, 2015). However the
lack of such a specific study in the SoM made it
necessary to take a closer look and understand how
climate change might affect the characteristics of the
SoM.

Sea surface temperature (SST) of the SoM have
been increasing for several decades as similar in
neighboring seas BS and MS. The trend analysis based
on different methods and different time scale indicated
that increasing of the BS SST is the range of 0.05-
0.09°C/y since 1980’s (Ginzburg et al., 2004; Belkin,
2009; Shaltout & Omstedt, 2014). The general
observation of a value for AS SST trend is around
~0.05°C/y (Theocharis, 2008; Skliris et al., 2011; Shaltout
& Omstedt, 2014, Tukenmez & Altiok, 2022), Serykh and
Kostianoy (2021) have identified a trend of 0.01°C/y
between 1955 and 2015. Besides, MS SST trend takes
constant values between 0.03 and 0.04°C/y (D’Ortenzio
et al., 2000; Lelieveld et al., 2002; Vargas-Yanez et al.,
2008; Nykjaer, 2009; Skliris et al., 2012). Altiok and
Kayisoglu (2015) analyzed the upper layer temperature
data of the IS, which connects the SoM with the BS, and
obtained values of 0.07°C/y at the northern exit, and
0.15°C/y at the southern exit between 1996 and 2010.
Furthermore, there is a diminish in the Cold

Intermediate Layer (CIL), which is very important for the
BS suboxic zone because of its high oxygen content. It is
not only important for elucidating the water mass
dynamics but can also contribute to understanding the
dynamics of the ecosystem. Changes in the
thermohaline structure seem to play a crucial role in the
exchange of nutrients and biological matter, potentially
altering food-web dynamics across various time scales.
The formation mechanisms CIL have weakened in the
last 10 years, leading to both an increase in temperature
and a decrease in its thickness (Miladivona et al., 2018,
Gunduz et al., 2020). The warming trend of the CIL is
calculated ~0.05°C/y and this trend is higher in the last
10 years (Stanev et al.,, 2019). According to another
comprehensive study, the core temperature of CIL was
increased about 2.0°C over the past 25 years (von
Schuckmann et al., 2020).

In the northern entrance of the IS the temperature
of the upper layer coming from the BS has increasing
trend of 0.07°C/y between 1996-2010 based on monthly
measured data (Altiok & Kayisoglu, 2015). Although the
time series is not long enough to conclude the long term
trend it can be said that this value is similar that of BS
SST warming trend (0.05-0.09°C/y since 1980’s,
Ginzburg et al.,, 2004; Belkin, 2009; Shaltout and
Omstedt, 2014). On the other hand, in the southern exit
of IS, the upper layer temperature trend of 0.15°C/y is
very high during the same period. Altiok and Kayisoglu
(2015) claim that this increase may have been caused
variability of the CIL along the strait and a mixing the
layers. Similar as upper layer the trends of 0.06-0.07°C/y
were found in the lower layer temperature in both exit
of the strait which is higher than AS and MS (0.04-
0.05°C/y for AS and 0.03-0.04°C/y for MS, Skliris et al.
2011; Shaltout & Omstedt 2014). The salinity of the
lower layer has also positive trend at both exits while
there is not any change in the upper layer salinity during
the same period (Altiok & Kayisoglu, 2015).

The aim of this study is to investigate the seasonal
and interannual variability of the water masses
temperature and salinity in the east of the SoM. For this
purpose, monthly time series of temperature and
salinity of the layers as well as air pressure and
temperature are presented. CTD (Conductivity-
Temperature-Depth) data covers the 13-year data set
(1997- 2010) and, meteorological data covers the 22-
year data set (1997-2019). In order to determine the
climate change trend analysis was performed for the
parameters.

Materials and Methods

The region defined as east of the SoM is the region
between longitudes 28 °36’ E and 29 °20’ E and latitudes
40°42’ N and 40 °59’ N as shown in Figure 2. The location
information of the stations where measurements were
made is as in Table 1. CTD measurements at stations 45C
and MY2 were carried out in April and October in 2019.



Turkish Journal of Fisheries & Aquatic Sciences

TRJFAS24612

Black Sea ~

Istanbul

Marmara Cinarcik

Canakkale

Aegean Sea
(Mediterranean)

Figure 1. BS, MS and AS (Study area can be seen in red rectangular. Changed from https://visibleearth.nasa.gov/images/

66903/sea-of-marmara-turkey).

The CTD data used in this study were collected
from the stations in the east of the SoM (Figure 2,
Table 1) on board the R/V ARAR operated by Istanbul
University, Institute of Marine Sciences and
Management (IMSM-IU). Monthly measurements were
consistently performed on the designated day, but
occasional delays of 1-2 days occurred due to severe
weather conditions. CTD data were collected between
1997-2010 using the Seabird SBE911 system and the
Seabird SBE25 Sealogger. The measurement accuracy of
the conductivity sensor is 0.001 S/m, and the sensitivity
is 0.00004 S/m, while the measurement accuracy of the
temperature sensor is 0.01°C and the sensitivity is
0.0003 °C. The data collected by the two instruments at
the same time and location were analyzed and
compared. The differences were 0.03°C between
temperature profiles and 0.014 psu between salinity
profiles. Temperature and salinity data quality were
checked manually after cruise and the bad data were
eliminated.

To elucidate the interdependencies of atmospheric
and oceanographic variables, we employed monthly air
temperature and atmospheric pressure data spanning
from 1997 to 2019, collected by the Florya
Meteorological Station of the Turkish State
Meteorological Service (TSMS).

Mean values were calculated for each monthly
dataset to elucidate the inherent seasonal variations
within air temperature, air pressure, upper and lower
layer temperature and salinity profiles. Since two layer
stratification in SoM is under the influence of the
baroclinic and barotrophic forcing caused by mainly
atmospheric forcing the thickness of the layers are very
changable. Instead of employing average salinity and
temperature values for the upper and lower layers,
values representing specific depths were utilized. For
the upper layer time series, temperature and salinity at
5 m depth were chosen as good indicators to monitor
the seasonal variations in the upper layer waters coming
from the Black Sea. The 40-meter depth was chosen
because it provides data beneath the pycnocline and
offers more precise information. Additionally, it
represents conditions in the Mediterranean Sea. It is
noteworthy that data at both 5 and 40 meters are
available at all stations, which further informed our
selection criteria. Additionally, a linear trend analysis
was conducted separately for the upper and lower
layers of the water column:

y=a+bx
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Figure 2. Locations of stations.

Table 1. Coordinates of the stations and measurement period and frequency/missing data (Obs.Freq.: Observation frequencies).

Missing Data

Station Lat. (N) Long. (E)  Depth (m) Period Obs. Freq.

M8 40.94 28.94 65 February 1997-January 0.94
2010

M23 40.81 28.88 1240 February 1997-January 0.87
2010

M11 40.86 29.18 63 February 1997-January 0.9
2010

MY1 40.84 29.23 42 June 1997-January 2010 0.91

MY2 40.83 29.19 91 March 1999-January 0.9

2010, May 2019 and
October 2019

M14 40.93 28.78 85 February 1997-January 0.88
2010

45C 40.79 28.89 1300 May 2019, October 2019 -

January 1999, February 1999, March 1997, March 2009, April 1997, April 2008,
July 2007, September 2008, October 1997, October 1998
January 1999, January 2000, January 2006, February 1999, February 2001,
February 2004, March 1997, March 2009, April 1997, April 2008, May 2005,
June 2003, July 2007, September 2001, September 2004, September 2006,
September 2008, October 1997, October 1998, December 1998, December 2007
January 1999, February 1999, February 2009, March 1997, March 2009, April
1997, April 2008, June 1999, July 1999, August 2007, September 2008, October
1997, October 1998, October 1999, December 1999
January 1999, January 2006, January 2009, February 1999, February 2009,
March 2009, April 2001, April 2008, May 2005, June 2003, July 2007, September
2008, October 1997, October 1998
January 2006, January 2009, February 2009, March 2009, April 2001, April 2008,
May 2005, May 2009, June 2003, July 2007, August 2006, September 2008,
October 2000
January 1999, January 2006, February 1999, February 2009, March 1997, March
2009, April 1997, April 2005, April 2008, May 2005, May 2009, June 2003, July
2007, August 2007, September 2008, October 1997, October 1998, October
1999, December 1999

Linear trend refers to a pattern or tendency where
the dependent variable (usually denoted as “y”) changes
in a linear manner over time (represented by the
independent variable, denoted as “x”). In other words,
the relationship between the two variables can be
described by a straight line. To determine the linear
trend, data is collected from past periods and analyzed
using the equation as seen above. In this equation, “a”
represents the constant coefficient or the intercept of
the line, and “b” represents the slope or the trend of the
line. The value of “x” represents time, which is used to

estimate the value of “y” at different points in time.

The CIL thickness was calculated in accordance
with the methodology proposed by Altiok et al. (2012),
which considers a temperature of 14°C or below as the
threshold for calculating the thickness for each year
when the surface temperature is greater than 14°C. This
average is then applied to every station.

In addition to the linear trend, the moving average
method was used to determine the trends of
atmospheric data. Moving average is a time-based,
lagged indicator that shows the average of a parameter
(temperature or pressure) over a period of time. By
using moving averages, it is aimed to smooth out the
“noise” effect of meteorological data.
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Results and Discussions
Variation of Atmospheric Parameters

Meteorological values representing the east of the
SoM spanning between 1997 and 2019 are analyzed and
presented in Figure 3. It is observed that the air
temperature is generally low in January and February
and high in July and August. According to the mean
temperature values, the coldest month is February
2003. February 2003 mean temperature values showed
an anomaly from both other February records and other
months. While the mean February temperature values
across other years oscillated between 5.3 to 8.2°C, the
mean temperature for February 2003 was notably lower
at 2.2°C. This resulted in the lowest upper layer water
temperature at the majority of monitoring stations on
this particular date. Likewise, the month of January 2000
exhibited cold conditions, characterized by a mean
temperature of 3.4°C, with a daily minimum reaching as
low as -7.0°C. Subsequent to the year 2010, the lowest
average temperature manifested in the month of
January 2017, registering at 3.5°C, accompanied by a
daily minimum of -6.3°C.

The maximum thermal anomaly was recorded in
the month of August 2010, exhibiting an average
temperature of 27.4°C. Following closely, July 2001 and
July 2002 emerge as the subsequent two warmest
months, recording temperatures of 26.9°C and 26.6°C,
respectively. Notable peaks also include 38.5°C in
August 2002 and 37.4°C in July 2000, denoting an
intense heatwave during the summer interval spanning
from 2000 to 2002. It is crucial to highlight an intriguing
datum: an occurrence of average temperatures equal to
or surpassing 25°C was observed for 13 months within
the 13-year interval between January 1997 and
December 2009, whereas this trend expanded to
encompass 15 months during a decade from January
2010 to December 2019. In sum, the prevalence of
temperatures exceeding the 25°C threshold escalated
from 8% in the late 1990s and 2000s to 13% in the 2010s.

Anticyclones, areas of intense high pressure
typically above 1020 mb, are a common feature of
midlatitude climate and are associated with descending
air conditions, and associated anticyclonic circulation
anomalies can contribute to temperature anomalies
(Pepler, 2023). Based on the analysis of monthly
atmospheric pressure data, it is evident that the three
months displaying the highest mean values are
December 2015, recording an average of 1025 mbar,
December 2006 with 1022.2 mbar, and February 2008
at 1022 mbar. During these months, anticyclonic air
currents prevailed, resulting in notably cold and foggy
conditions. Within the period of 1997-2019, the
atmospheric pressure exceeded the average threshold
of 1020 mbar on 8 occasions. Among these, 4 instances
occurred prior to 2010, while the remaining 4 took place
during the 2010s. The consistent frequency of months
surpassing the 1020 mbar threshold, both pre-2010 and

post-2010, implies a stable occurrence of anticyclonic
patterns throughout the studied timeframe.

The three highest daily pressure values were
recorded in December 2016 (1036 mbar), January 2015
(1034 mbar), and January 2008 (1034.7 mbar). These
findings underscore the high pressure levels during
winter months, particularly in the period of December
to January. Conversely, the three months exhibiting the
lowest average monthly pressure values were July 2018
(1004.8 mbar), August 2006 (1004.9 mbar), and June
2018 (1005.6 mbar), exhibiting a decline during the
summer months. Notably, the year 2008 presents an
anomaly in terms of air pressure values, wherein a
contrast between the low pressure in March 2008
immediately following the high pressure in February
2008 is observed. Additionally, the record for the lowest
daily pressure reading occurred in November 2008,
registering an exceptional value of 980.8 psu.

When examining the trends in atmospheric
conditions, it becomes evident that there has been an
annual increase of 0.085°C in the mean air temperature
values. This increase corresponds to the more frequent
occurrence of monthly mean temperatures exceeding
25°C during the 2010s. The analysis also revealed a
reduction of 0.034 mbar in the mean annual air pressure
values, a finding deemed negligible in significance (The
derived linear fit formulas are as follows: For air
temperature (Y) as a function of time (in years), the
equation is Y=0.085 * Time(year) - 156.13. For air
pressure (Y) as a function of time (in years), the equation
is Y=-0.034 * Time(year) + 1080.94.).

The temperature trend graph prepared in order to
determine the trend of air temperature between 1997-
2008 and 2009-2019 separately and to compare the
temperature trends in the first and second half of the
period analyzed is presented in Figure 4a, 4b. The
temperature trend between 1997 and 2008 registers at
increase of 0.06°C/y. Conversely, the period between
2009 and 2019 exhibits an increasing temperature trend
of 0.11°C/y, nearly doubling the trend observed in the
former half. The reason for the nearly doubled trend
compared to the first half is considered to be related to
the fact that nine of the ten warmest years since 1880
globally occurred after 2005 (Lindsey & Dahlman, 2020).

Seasonal and Annual Variations in Sea Temperature
and Salinity

Upper Layer

In the seasonal analysis depicted in Figure 5a, 5b
and Table 2, examination of station means reveals
distinct sea temperature and salinity patterns within the
upper layer. Summer months exhibit warmer sea
temperature and lower salinity, while winter months
display cooler temperature and higher salinity, as
expected. The upper layer experiences lower salinity
during spring and summer due to high freshwater influx
from the BS. Notably, at station M8, situated at the IS



Turkish Journal of Fisheries & Aquatic Sciences TRIFAS24612

40

a) ——— Minimum Mean Maximum e [inear Fit

N w
o o

Air Temp(degC)
>

-10
Frrrrrrrrrrrrrrrttrtrr-rr 11 T T T 1T 1"
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 _ 2018 2020

1030 —
1020 —
JAAAAJ.uMAALJA AYM AJ.‘..n
y M""”v

rFrrrr 1+ttt 1t t 11> 1t1 17 7T 1717 T 71T
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Time (year)

Air Pressure (mbar)
=)
o
|
<
<
<
=

=
<
]
]
|
]

980

Figure 3. Monthly and long-term changes in air temperature (a) and pressure (b) at the Florya Meteorology Station (Analyzed from TSMS data).
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exit, MS effects are evident exclusively in December,
marked by salinity values exceeding 24 psu. Similarly,
station M23, slightly farther out, exhibits this effect with
values surpassing 25 psu in both January and December,
as well as exceeding 24 psu in November, signifying an
extended and intensified influence of MS. Transitioning
east of IS, all three stations (M11, MY1, MY2) showcase
salinity values surpassing 26 psu in January and
December, and exceeding 25 psu in February and
November, diverging from those at the IS exit. M14,
station situated west of the IS, exhibit salinity
characteristics akin to those observed at the IS exit.

CIL

A cold intermediate layer is observed in the MS
during the summer months, situated just above the
halocline. This layer is thought to be partially formed
within the Sea of Marmara in the winter months and
partially advected from the Black Sea (Unliiata et al.
1990). Altiok et al., (2012) evaluated the salinity and
temperature data collected monthly between 1996 and
2000 and determined that CIL occurs at depths where
the temperature is colder than 14°C in IS and its
southern exit to MS. At the northern exit of IS, CIL occurs
between April-October and at the southern exit, it
occurs between May-October. Proceeding southern
from that point, the layer thickness decreases due to
mixing.

In this study, the occurrence of CIL at depths where
the temperature is colder than 14°C between May and
August (M23 exceptional, September also) is consistent
with the findings of Altiok et al. (2021). The CIL
thicknesses formed according to the mean
temperatures in the stations are presented in Figure 5e,
and the lowest temperature in the layer thickness and
the salinity values at the depth where this temperature
is located are presented in Table 3.

While occasional observations were made in April
and September at certain stations and years, a
consistent prevalence of the CIL was ascertained during
the May to August period, based on mean sea
temperature profiles. This layer showed different
thicknesses: 16-21 meters in May, 10-16 meters in June,
9-11 meters in July, and 5-8 meters in August. The
similar values among stations indicated consistency in
layer thickness. Notably, only station M23 had a 2-meter
thick CIL in September, with temperatures close to 14°C
(around 13.90°C and 13.96°C). The other exceptional
instance occurred in April 2005 at MY2 station.
However, the CIL was a consequence of the surface
water exceeding 14°C in thickness by a few meters. The
month of May is characterized by a comparatively
greater thickness of CIL in comparison to the subsequent
months. For the month of July, a significant finding was
the 17-meter layer thickness at station M11. In the CIL,
the lowest temperatures were recorded at 10.6-10.9°C
in May, 11.4-11.7°C in June, 11.7-12.3°C in July, and
12.8-13.5°C in August. Salinity measurements at these

lower temperature levels exhibited variations ranging
from 27 to 33 practical salinity units, fresher in May,
saltier in August.

Lower Layer

Upon examination of substrate values in Figure 5c,
5d and Table 4, a notably narrow temperature range of
14.9-15.6°C is observed. In the winter months,
temperatures are higher than in spring and summer,
which differs from the upper layer temperature pattern.
The lower layer is more stable, indicated by lower
standard deviation values compared to the upper layer.
Analysis of the mean salinity reveals a consistent mean
structure akin to temperature readings, accompanied by
low standard deviation. While the mean salinity ranges
between 37.8-38.5 psu, lower salinity is observed during
spring, contrasting with other seasons. This observation
potentially traces back to the interaction between lower
layer water and the diminishing freshwater influx from
the BS, resulting in the springtime reduction of salinity.
It is noteworthy that the lower layer salinity of station
M23 is high. A salient observation is the pronounced
higher salinity within the lower layer of station M23. This
phenomenon finds its rationale in the geographical
disposition of station M23, situated farther to the south
and offshore of IS, experiencing more influences from
MS.

Trend Analysis

The data collected at 5 meters was utilized to
represent the upper layer, and the data at 40 meters
was employed to depict the lower layer. These values
were then used for comparative analysis with both
previous research findings and the current dataset.

Figure 6 and Table 5 illustrate the temperature
trends of the upper and lower layers within the east of
the SoM. The annual increasing average temperature
trend for the upper layer is calculated to be 0.067°C.
Evident peaks in sea surface temperatures are observed
in August 1999, July 2002, July 2003, and August 2005.
Notably, the M14 station located west of the IS exhibits
consistently higher temperature means compared to
other regions. The annual temperature trend is increase
of 0.067°C for the upper layer in the east of the SoM
aligns closely with the temperature trends of
neighboring seas, as detailed in Table 6. Comparatively,
the temperature trend in the SoM is greater than that of
the AS, and the MS, while being comparable to the trend
seen in the BS. Importantly, none of the surrounding
seas exhibit an annual temperature trend exceeding
0.1°C.

The bottom layer exhibits an annual average
temperature trend of 0.028 °C, displaying peaks in
December 2002, December 2004, February 2005,
December 2009, and January 2010, while experiencing
troughs in March 2002, March 2003, April 2003, March
2004, February 2006, and March 2006. Strong northerly
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Figure 5. Upper layer (a, b) values (x-axis: Month).

Table 2. Upper layer mean sea temperature and salinity data (M: Month, std: Standard deviation, N: Count)

M8 M11 M14
M T5 stdT S5 stdS N T5 stdT S5 stdS N T5 stdT S5 stdS N
1 8.5 1.2 23.7 1.6 11 8.8 1.2 26.5 2.1 10 8.7 0.9 26.4 2.5 10
2 7.7 1.2 22.4 1.1 12 8.3 0.7 25 1.3 10 8.2 0.8 25.3 1.4 10
3 8.5 1.4 22.3 1.2 11 9.2 1.4 24.3 1.1 11 9.2 1.4 24.3 1 11
4 10.4 1.7 21.5 1 11 12 1.7 23.8 1.3 10 11.7 1.7 23.7 1 10
5 15.6 2.1 21.1 0.8 13 16.2 1.7 22.8 1.1 11 15.6 2.1 23 1.3 11
6 20.8 2 21.3 0.7 13 20.9 2.2 22.7 0.9 12 20.5 2.1 22.7 0.6 12
7 22.5 2.9 20.8 0.9 12 20.8 2.1 22.8 0.8 12 22.5 1.6 22.4 0.8 12
8 23.2 1.5 21.5 1 13 22.9 1.1 23.1 1.3 13 22.5 1.2 23.4 1.2 13
9 21.4 0.9 21.2 0.5 12 21.5 1.2 22.5 1 12 213 1.2 22.9 1 12
10 18 1.3 22.2 1.7 11 17.9 1.2 24.4 1.7 11 18.4 1.3 23.8 1.2 11
11 13.8 1.3 22.3 1.8 13 14.5 1.8 24.8 2.1 13 14 1.6 25.1 2.1 13
12 11 1.5 24.1 2 13 11.1 1.4 26.3 2 13 11.1 1.4 26.3 2.1 13
mM23 MY1 MY2
M T5 stdT S5 stdS N T5 stdT S5 stdS N T5 stdT S5 stdS N
1 8.7 1 25.2 1.5 10 8.7 0.9 26.4 2.5 10 8.8 1.2 26.5 2.1 10
2 7.9 0.9 23.8 1.3 10 8.2 0.8 25.3 1.4 10 8.3 0.7 25 1.3 10
3 8.5 1 23.5 1.7 11 9.2 1.4 24.3 1 11 9.2 1.4 24.3 1.1 11
4 10.5 1.6 22.3 1.3 11 11.7 1.7 23.7 1 10 12 1.7 23.8 1.3 10
5 15.4 2.1 21.6 0.8 12 15.6 2.1 23 1.3 11 16.2 1.7 22.8 1.1 11
6 20 2.4 21.4 0.5 12 20.5 2.1 22.7 0.6 12 20.9 2.2 22.7 0.9 12
7 23.2 1.6 21.4 0.7 12 22.5 1.6 22.4 0.8 12 20.8 2.1 22.8 0.8 12
8 23.4 1.2 21.8 0.9 13 22.5 1.2 23.4 1.2 13 22.9 1.1 23.1 1.3 13
9 21.7 1.4 21.9 0.7 9 21.3 1.2 22.9 1 12 215 1.2 22.5 1 12
10 19.1 1.8 22.6 1.5 11 18.4 1.3 23.8 1.2 11 17.9 1.2 24.4 1.7 11
11 14.6 1.9 24.2 1.6 13 14 1.6 25.1 2.1 13 14.5 1.8 24.8 2.1 13
12 10.7 1.3 25.2 1.7 11 11.1 1.4 26.3 2.1 13 11.1 1.4 26.3 2 13

Table 3. CIL data (LT: Layer thickness (m), MT (°C), ST: Salinity at minimum temperature (psu)).

May June July August
LT MT ST LT MT ST LT MT ST LT MT ST
M8 17 10.84 28.43 15 11.66 29 11 12.27 30.68 5 13.54 31.68
M11 20 10.65 27.25 16 11.41 28.91 17 11.68 27.65 7 13.04 30.95
M14 18 10.84 28.59 12 11.56 29.88 10 11.89 30.43 8 12.83 31.98
M23 16 10.64 28.84 10 11.68 30.55 9 11.78 29.77 6 13.1 32.57
MY1 20 10.85 28.3 14 11.58 29.17 11 12.04 29.83 7 13.21 31.02
MY2 21 10.92 29.53 15 11.68 28.95 10 12.23 29.98 6 13.45 32.99
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Table 4. Lower layer mean sea temperature and salinity data (M: Month, std: Standard deviation, N: Count).

M8 M11 M14
M T40 StdT S40 StdS N T40 StdT S40 StdS N T40 StdT S40 StdS N
1 15.4 0.4 38.2 0.4 11 15.3 0.7 379 0.6 10 15.5 0.4 37.9 0.6 11
2 15.2 0.3 38 0.4 12 15.1 0.3 379 0.3 10 15.3 0.5 37.9 0.3 11
3 14.9 0.6 37.9 0.8 11 14.9 0.6 37.8 0.9 11 15.1 0.5 37.8 0.9 11
4 15 0.6 38 0.9 11 14.9 0.6 38 0.9 10 15.1 0.3 38 0.9 10
5 15.2 0.2 38.4 0.2 13 15.1 0.2 38.3 0.1 11 15.1 0.2 38.3 0.1 11
6 15.2 0.2 38.4 0.1 13 15 0.2 383 0.1 12 15.2 0.2 38.3 0.1 12
7 15.1 0.2 38.5 0.1 12 15 0.2 383 0.2 12 15.2 0.2 38.3 0.2 12
8 15.1 0.2 38.5 0.1 13 15 0.1 38.4 0.1 13 15.1 0.2 38.4 0.1 12
9 15 0.2 38.5 0.1 12 15 0.2 38.4 0.1 12 15.1 0.2 38.4 0.1 12
10 15.2 0.2 38.4 0.1 11 15.2 0.2 383 0.2 11 15.2 0.2 38.3 0.2 10
11 15.3 0.3 38.4 0.1 13 15.4 0.3 38.4 0.1 13 15.3 0.3 38.4 0.1 13
12 15.5 0.5 38.4 0.1 13 15.5 0.5 38.3 0.3 13 15.5 0.4 38.3 0.3 12
M23 MY1 MY2
M T40 StdT S40 StdS N T40 StdT S40 StdS N T40 StdT S40 StdS N
1 15.5 0.3 38.4 0.2 10 15.3 0.4 38.1 0.3 10 15.4 0.6 38 0.4 9
2 15.4 0.4 38.2 0.3 10 15.1 0.6 37.9 0.7 10 15 0.5 37.8 0.6 9
3 15.4 0.3 38.3 0.2 11 14.9 0.5 37.9 0.8 11 14.9 0.6 37.8 0.8 10
4 15.1 0.2 38.2 0.3 11 14.8 0.4 379 0.8 10 14.9 0.5 37.8 0.8 9
5 15.2 0.2 38.3 0.1 12 15.1 0.1 38.3 0.1 11 15.1 0.1 38.2 0.2 9
6 15.2 0.2 38.4 0.1 12 15 0.2 38.3 0.1 12 15 0.1 38.2 0.1 10
7 15.1 0.2 38.4 0.1 12 15 0.1 38.4 0.1 12 15.1 0.1 38.4 0.1 10
8 15.1 0.2 38.4 0.1 13 15 0.1 38.4 0.1 13 15 0.2 38.3 0.2 10
9 15.1 0.2 38.5 0.1 9 15 0.2 38.4 0.1 12 15 0.2 38.3 0.1 10
10 15.1 0.1 38.4 0.1 11 15.2 0.2 38.3 0.1 11 15.2 0.2 38.3 0.1 10
11 15.3 0.3 38.5 0.1 13 15.3 0.2 38.4 0.1 13 15.5 0.3 38.4 0.1 11
12 15.4 0.3 38.4 0.3 11 15.6 0.5 38.4 0.2 13 15.6 0.6 38.3 0.3 11
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Figure 6. Upper (a) and lower layer sea temperature trends.

Table 5. Trend values of each station

Temperature ( °C) Salinity (psu)

Upper layer Lower layer Upper layer Lower layer

Trend Mean Trend Mean Trend Mean Trend Mean
M8 0.06 15.38 0.03 15.18 0.1 22.01 0.015 38.31
M11 0.08 15.56 0.03 15.14 0.1 23.97 0.008 38.21
M14 0.06 15.94 0.03 15.23 0.13 22.78 0.012 38.34
M23 0.04 15.59 0.03 15.24 0.11 22.84 0.006 38.37
MY1 0.06 15.57 0.03 15.13 0.1 24.14 0.004 37.89
MY2 0.1 15.68 0.02 15.15 0.09 24.01 0.025 38.17

Mean 0.067 15.62 0.028 15.18 0.105 23.29 0.012 38.27
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winds occasionally block the lower layer during high sea
levels in the Black Sea, while southerly winds block the
upper layer during low sea levels, creating what is
known as Orkoz (Altiok et al., 2014, Jarosz et al. 2011,
Alpar et al., 1998, 1999; Latif et al., 1991; Ozsoy et al.,
1986). It is possible to observe these anomalies in
temperature and salinity values as a consequence of
deterioration in the two-layer structure of SoM, as a
result of the influence of strong wind conditions. Some
of these dates coincide with upper or lower layer
blockages, indicating that they were caused by mixing
between the two layers during the period of strong
winds.

To investigate the dynamic interaction between
meteorologic and oceanographic parameters, the
comparison between the upper layer sea temperature
trend and the air temperature trend is presented in
Figure 7. Upon examining the upper layer temperature
data of 1997-2010 period, a direct relationship with air
temperature is observed. The sea temperature
consistently records a 2-3°C elevation relative to the
locations of minimum air temperature. At the peaks of
air temperature and sea temperature, they had the
same values or a difference of 1-2°C. Notably, July 2002,
marked by peak seawater temperature, emerged as one
of the warmest months. Similarly, February 2003,
coinciding with the trough in seawater temperature,
exhibited the lowest average temperatures. When the
trend values are analyzed, similarities are observed. The
annual temperature increase of 0.085°C in the air
affected the oceanographic data and caused an annual
temperature increase of 0.067°C in the upper layer. The
fact that the highest and lowest temperatures for the
stations were experienced in the upper layer and were

Table 6. Surrounding seas upper layer temperature trends

similar to the air temperatures proves that
oceanographic conditions are related to atmospheric
conditions. Changes similar to atmospheric changes
have been observed in the BS surface temperature
during the last century (Oguz et al.,, 2006). These
changes in upper layer temperature have also affected
the cold interlayer temperature in the BS. Especially BS
cold interlayer temperature has increased in parallel
with the increase in upper layer temperature since 1993
(Oguz, 2017).

In order to compare the effect of climate change to
the upper layer sea temperature in the surrounding
seas, an analysis of relevant research was conducted.
The collected trends in upper layer sea temperatures are
presented in Table 6.

The salinity trends of the upper and lower layers in
the study area are depicted in Figure 8. The annual
increase in salinity for the upper layer is 0.105 psu.
Upper layer salinity values are high in March, November,
December 1998, January and December 2001,
December 2003, November 2006, December 2007,
August, November, December 2008. Interestingly, the
M11, MY1, and MY2 stations located in the east of the
IS demonstrate consistently higher salinity averages
compared to other stations. Lower layer salinity trend is
increase of 0,012 psu per year. Lower layer salinity
values are low in December 2001, January and March
2002, January, March and April 2003, March 2004,
February and March 2006. The station with the highest
salinity in lower layer is M23. MS effects are observed
more in this station compared to other stations. The
properties of lower layer water may also vary spatially
and temporally in proportion to the hydrodynamic
conditions prevalent throughout the IS.

Region Trend ( °C) Date Method Reference

SoM 0.07 1997-2010 In-situ observations This study

IS North Exit 0.07 1996-2010 In-situ observations Altiok and Kayisoglu (2015)
0.15

BS 0.09 1981-2000 Satellite Ginzburg et al. (2004)

BS 0.052 1982-2020 measurements Ginzburg et al. (2021)
0.05 1982-2012 Shaltout and Omstedt (2014)
0.06 1982-2002 Belkin (2009)
0.07 1993-2017 E.U. Copernicus Marine Service Information

(2018)

AS 0.04 1982-2012 Satellite Shaltout and Omstedt (2014)
0.05 1980-2000 measurements Theocharis (2008)
0.05 1985-2008 Skliris et al. (2011)

AS 0.01 1955-2015 MEDSEA_REANALYSIS Serykh, and Kostianoy, A.G., 2021

_PHY_006_009 data

MS No trend 1970-1980 In-situ observations Lelieveld et al. (2002)
0.03 1980-2000
0.03 1974-2005 Satellite Vargas-Yanez et al. (2008)
0.03 1982-2012 measurements Shaltout ve Omstedt (2014)

No trend 1985-1996 D’Ortenzio et al. (2000)

0.04 1985-2008 Skliris et al. (2012)
0.04 1985-2006 Nykjaer (2009)
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Trend Analysis Results with Recent Data Comparison
and Discussion

Comparative analysis was conducted for the MY2
station, located in the east of the Prince Islands. The
comparison encompasses 1997-2009 April and October
averages and 2019 values of the same months. The
findings are visually presented in Figure 9, through the
depiction of temperature and salinity profiles. When
analyzing the April temperature data, it becomes
evident that the data for 2019 surpass the standard
deviation values of the 1997-2009 average data in both
the upper and lower layers. Additionally, these 2019
values exhibit a narrow range of proximity between the
25th and 40th meter depths. Upon comparing the
October temperature data from the identical station, it
was noted that a temperature increase was observed in
both layers over time, Notably, the measurements
within the range of 15 to 25 meters exhibited values
closely aligned with those from the preceding period.
When the 1997-2009 April and October salinity data of
the same station are compared, it is seen that the new
values are within the standard deviation of the average
of the old period data, and there is an increase only in
the first 5 meters in October.

The same study as above was applied to the
Cinarcik Basin. Analyzing the upper and lower layer
comparisons depicted in Figure 10, it becomes evident
that the temperature values in April 2019 exceeded the
1997-2009 average, particularly within the first 10
meters. Beyond the 10-meter mark, the values align
with the standard deviation. Upon examining the
October data, the 2019 values fall within the standard
deviation of the 1997-2009 average data for the first 15
meters. Between the 15th and 25th meters, the values
remain within the standard deviation range, while a
temperature increase of over 0.5 °Cis observed after the
25th meter. Examining the salinity data, both layers
exhibit an increase in both April and October, and the
new value in the intermediate layer is within the
standard deviation of 1997-2009. Throughout all
periods at both stations, higher temperature and salinity
values were observed in the lower layer during 2019
compared to the maximum values between 1997-2009.
In summary, over a span of approximately 10 years, both
upper and lower layers at both stations experienced
elevated temperatures in April, surpassing the 13-year
average and standard deviation. The comparison for
October reveals a similar high temperature increase in
the lower layer, while the upper layer’s temperature
remained high but within the standard deviation range.
Salinity values were consistently higher in both layers
and during both months.

Conclusion
In this study, an analysis was conducted on the

temperature and salinity data from east of the SoM
stations between 1997 and 2010. Time series were

generated, trends and averages for temperature and
salinity were calculated. These were then compared
with atmospheric trends and oceanographic conditions
of neighboring seas. The obtained temperature and
salinity trends were examined to understand the impact
of climate conditions on oceanographic parameters,
with a focus on elucidating the consequences of climate
change on these parameters. The necessity of
investigating climate change effects on seas prompted
the study. While similar investigations had been
conducted in surrounding seas, this study marks the first
to determine atmospheric and oceanographic
parameter trends in the east of the SoM concerning
upper and lower layers.

From the obtained values, it is evident that the
average temperature trend in the east of the SoM for
the upper layer is 0.067°C per year and for the lower
layer is 0.028°C per year, both showing a positive
increase. The upper layer displayed the highest
temperature increase in the east of the IS exit, whereas
the lower layer’s temperature trend was uniformly
distributed throughout the region. The mean
temperatures were higher in the west of the IS exit,
while the temperature trends were higher in the east of
the IS.

Upper layer temperatures reached peaks in August
1999, July 2002, July 2003, and August 2005. Lower layer
temperatures peaked in December 2002, December
2004, February 2005, December 2009, and January
2010, while hitting lows in March 2002, March and April
2003, March 2004, February 2006, and March 2010. CIL
thicknesses ranged from 5 to 21 meters between May
and August. Notably, station M23 representing Cinarcik
Basin exhibited the longest persistence of this layer,
despite having the lowest thickness.

For salinity trends, the upper layer displayed an
average trend of 0.105 psu per year, while the lower
layer’s trend was 0.012 psu per year. Salinity increased
from sea surface to interlayer depth. Upper layer salinity
values are high in March, November, December 1998,
January and December 2001, December 2003,
November 2006, December 2007, August, November
and December 2008. The east of the IS exit exhibited
higher average salinity in the upper layer compared to
other stations. Lower layer salinity values remained
consistent across stations. Station M23 held the highest
lower layer salinity due to its MS exposure.

To explore atmospheric parameters, data from the
Florya Meteorological Station between 1997 and 2019
were utilized. Air temperature was generally lower in
January and February, while it peaked in July and
August. The coldest month was February 2003, aligning
with the lowest surface water temperature. The hottest
month was August 2010 with an average of 27.4°C. The
rate of exceeding the 25°C temperature threshold
increased from 8% in the late 1990s and 2000s to 13% in
the 2010s. Furthermore, atmospheric pressure trends
indicated higher averages in winter, particularly
December-January, and lower averages during summer.
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Throughout the period spanning 1997 to 2019, the
mean pressure threshold of 1020 mbar, responsible for
inducing anticyclonic air currents, was surpassed on 8
occasions. Notably, 4 of these instances transpired prior
to 2010, with the remaining 4 occurring within the
decade of the 2010s. Trend analysis revealed an increase
of 0.085°C per year in average air temperature and a
decrease of 0.034 mbar per year in average air pressure.
The temperature trend between 2010-2019
(0.11°C/year) is approximately twice the trend between
1997-2010 (0.06).

The study observed a direct correlation between
air temperature and upper layer temperature. Notably,
sea temperature was 2-3°C above the lowest air
temperature points and comparable or slightly higher at
the highest points. Changes in the upper layer
temperature and the CIL were linked to the
characteristics of water from the BS. The increase in the
BS CIL is in parallel with the increase in SST since 1993
(Oguz, 2017) shows the effects of BS oceanography on
the upper layer temperature change in the east of the
SoM.

When comparing the calculated trend values to
historical trends in the surrounding seas, significant
similarities were observed. Similar values were also
evident at the northern exit of the IS, whereas
contrasting values emerged at the southern exit due to
the diversity in the CIL and the mixing of the layers.

Comparing data collected from 1997 to 2010 with
2019 data for the upper and lower layers, in MY2 station
and Cinarcik Basin supported the identified temperature
and salinity trends.

In  conclusion, undeniable global warming
necessitate increased oceanographic research to detail
their effects on the seas. Expeditions and data collection
should intensify, with heightened frequency of trend
analyses, and an exploration of whether parameter
increases are accelerating. Proactive measures should
be taken, acknowledging this as a universal issue.
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