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Sea Surface Temperature (SST) is one of the most significant parameters in oceanography. SST data can be used to
analyse the ocean and marine environments. SST is required to study Marine Protected Areas (MPAs), identification of
invasive species spreading areas, climate change, sea-level rise and pollution predictions. For more than 30 years, satellites
have provided images that can assist in understanding changes in marine ecosystems. Remote data can be used as a real-time
instrument for creating SST datasets. In this study, Landsat thermal data is used to retrieve sea surface temperatures. The
study area of the research includes 1025 points belonging to four cross-sections of Gokova Bay in Southern Turkey. SST
values were retrieved using satellite measurements for the first time in Gokova Bay. Landsat 4-5 Thematic Mapper, Landsat
7 Enhanced Thematic Mapper Plus, and Landsat 8 Operational Land Imager/Thermal Infrared Sensor imagery were
analysed, covering the period from 1987 to 2017. Using geographical information systems, the satellite images were
processed with algorithms, and changes in sea surface temperature were evaluated in spatiotemporal terms. As a result, a
temperature anomaly of about 3 °C above average was observed in 2011 and 2015. Climate change has been shown to cause
fishing losses in Gokova Bay. A relationship was identified between invasive species entering Gokova Bay and sea surface
temperature data. The study method has become a useful alternative method in cases where there is a lack of in-situ data.
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Introduction

Temperature has a major impact on the physical,
chemical and biological features of the marine
environment. Therefore, temperature data plays a
significant role in a wide range of environmental
resources management activities!®. Sea Surface
Temperature (SST) is a vital parameter in the context
of biodiversity in marine environments. Furthermore,
SST is a main climatological parameter®.

For more than 30 years, infrared thermal images of
the earth's surface have been collected by optical-
mechanical scanner systems such as airborne satellite
technologies®®. These technologies now provide a
chance to evaluate the brightness value of the sea
from a distance'®. This makes SST a valuable
indicator for studying climate change.

SSTs are determined through measurements carried
out at depths ranging from 1 millimetre to 20 metres.
The main cause of increasing SST levels is climate
warming due to excessive amounts of greenhouse
gases being released into the atmosphere, which raises
the water temperature at the sea surface?”#9,

The primary greenhouse gases are water vapour,
carbon dioxide (COy), nitrous oxide (N2O), methane

(CH4) and ozone (Os). In addition to carbon dioxide,
some observations indicate that methane and nitrous
oxide are produced in large quantities in ocean
environments. However, methane and nitrous oxide
are not studied as extensively as carbon dioxide. The
greenhouse gases caused by climate change are
absorbed by the seas and oceans. Climate change is
mitigated by oceans and seas storing large quantities
of carbon dioxide. The interaction between
greenhouse gases and ocean waters influences the rate
at which climate change impacts occur. Carbon
absorption reduces the acidity of seawater, making it
harder for corals and shellfish to build their skeletons.
The Great Barrier Reef and western coral reefs, as
well as the Caribbean and South China Seas, are also
suffering from mass bleaching®-1e,

SSTs increase due to the oceans absorbing
excessive heat, and melting glaciers, causing sea
levels to rise. This causes coastal areas to flood,
erode, and destroy habitats. In the studies carried out,
north-west Europe, India/Bay of Bengal, south-east
and East Asia are among the regions with significant
increases in flooding. In addition to the Atlantic and
Pacific coasts of North America, the North Sea coast
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of Europe and China is also at risk of flooding.
Furthermore, rising sea levels will cause powerful
storms to develop in the tropics, causing loss of life
and property. The biodiversity and productivity of the
ocean can be drastically altered as a result of these
impactst’. The global SSTs are expected to increase
between 0.4 — 1.1 °C by 2025, according to the
Intergovernmental Panel on Climate Change!®*°.

The main reason for evaluating SST changes is that
species are adapted to their natural range of
temperatures, which influences migration, breeding
and blooms periods, coral reef bleaching, nutrient
cycles and sea level changes. Thus, by evaluating the
frequency of SST anomalies we can take precautions
against the potential impacts of SST changes on the
marine ecosystem?®2l, Increasing surface water
temperatures also promote the spread of invasive
species in Gokova Bay. There was an increase in the
number of invasive species that came through the
Suez Canal and settled in GoOkova Bay. The
distribution of invasive species is likely to be affected
by climate change due to seawater temperature rise.
The majority of invasive species live in tropical
waters (22 — 28 °C), are tolerant to high salinity, and
have adaptable habitats??24,

In Gokova Bay, 86 alien species were detected
from 25 different taxa. Among these, 37 were
invasive species that entered Gokova Bay by way of
the Suez Canal. These invasive species were from
the taxa, Tracheophyta, Scyphozoa, Annelida,
Stomatopoda, Decapoda, Bivalvia, Echinodermata
and Actinopterygii?®. The SST measurements show us

the number of temperature anomalies that exceed the
normal range of changes for a specific location. The
frequency of such anomalies indicates how severely a
location is affected by extremely high temperatures®®.

The present study aims to use the SST retrieving
technique with the hotspot area. It uses Landsat 4-5
Thematic Mapper (TM), Landsat 7 Enhanced Thematic
Mapper Plus (ETM+) and Landsat 8 Operational Land
Imager (OLI)/Thermal Infrared Sensor (TIRS) satellite
imagery for estimating and mapping SST in the period
from 1987 to 2017 in Gokova Bay. The results were
evaluated in terms of climate change impacts on the
bay’s marine ecosystem. A relationship has also been
established between invasive fish species that enter the
Gokova Bay via the Suez Canal and the sea surface
water temperature. The study method has become a
useful alternative in cases where there is a lack of
in-situ data.

Material and Methods

Study area and sampling site

The study area is the Bay of Gokova, which is
located in the South Aegean Sea. It extends in an
East-Westerly  direction between the Bodrum
Peninsula in the North and the Datca Peninsula in the
south (Fig. 1). There are two deep basins in the bay,
the eastern deep basin and the western deep basin.
The depth of the shelf reaches 104 m. The depth is
approximately 540 m(ef. 26),

Gokova Bay is influenced by the waters of the
Levantine basin and represents the water features of
the South Aegean Sea. The Asia minor current which
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Fig. 1 — Map of the study area, Bay of Gokdva
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flows between the Turkish mainland and the island of
Rhodes brings warm Levantine surface water and
salty Levantine intermediate water into the Bay of
Gokova?®?’, Reaching the bay through its south-
western entrance, the Levantine waters extend to the
middle of the bay in every season?. The bay, which is
one of Turkey’s eight marine protected arecas (MPAs),
was declared a “Special Environmental Protection
Area (SEPA)” in 1989(efs- 2829  Gjtyated at the
intersection between the Mediterranean and the
Aegean Sea, the bay is one of the largest and most
abundant in Turkey. It is essential in terms of
biodiversity because species that originate in the
Indian Ocean pass through the Suez Canal into the
Turkish seas?:30-32,

Gokova Bay was studied by creating four different
sections. The inner bay is represented by the T1
section, the eastern basin of the bay is referred to as
the T2 section, the western basin of the bay is
represented by T3 and the bay line from east to west
is represented in the T4 section (Fig. 2).

Landsat thermal data

For the study, 36 Landsat thermal images were
used. These images were taken between 1987 and
2017, with several years not represented (1988 —

1999, 2003 — 2008 and 2012) due to an absence of
Landsat observations. The images represent the
summer season (June, July and August), because
passive sensor satellites like Landsat cannot obtain
accurate data in the winter season due to clouds and
fog. The Level-1 (L1) data (Table 1) were extracted
from the United States Geological Survey*:,

SST calculation and mapping

The European Datum 1950 UTM Zone 35N
projection was employed in this study. First, using
ArcGIS 10.4 (Map Algebra toolset), the data were
converted from Digital Numbers (DNs) (1) into
radiance values using the bias and gain values from
the header files. Then, the radiance values were
converted into black body temperature. Geometric
defects were eliminated in the satellite images,
starting with systematic errors and followed by non-
systematic errors, including scan skew, earth rotation,
panoramic distortion, scanner mirror velocity,
platform speed, and perspective projection.

Gain and Bias method3*
LA = Gain (QCAL) + Bias .. (D

Where, LA: The cell value as radiance, QCAL: The
cell value digital number, Gain: The gain value for a

Fig. 2 — The four sections of the sampling site

Table 1 — Landsat images features (29)

Product Type Pixel size (collected)
Landsat 4-5 TM L1 120-meters
Landsat 7 ETM+ L1 60-meters
Landsat 8 OLI/TIRS L1 100-meters

Pixel size (resampled) Thermal band

30-meters Band 6
30-meters Band 6
30-meters Band 10/ Band11
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specific band watt / (m? * ster * um), Bias: The bias
value for specific band watt / (m? * ster * um).

In the second step, the radiance values were
converted to Top of Atmosphere (ToA) radiance values
in Kelvin (2). While making these calculations, K1 and
K2 constants of all images were used (Table 2).

Conversion of spectral radiance to temperature in Kelvin3
T=K2/(n(K1/LX) + 1) .. (2)

Where, T: Degrees Kelvin, K2: Calibration constant
2, K1: Calibration constant 1, LA: Spectral brightness
watt / (square meter * ster * um).

In the last step, the converted temperature values

were converted from Kelvin to Celsius (3).
Conversion of Kelvin to Celsius®*

T (Celsius) = T (Kelvin) - 273 .3

After the calculation, four sections were drawn
across the sampling site using the cross-section tool
(perpendicular profiles along the path) on Global
Mapper 10.4. Cross-section is a significant tool for
building 2D and 3D models. In this study, cross-
sections display the vertical dimensions of sea surface
temperatures on satellite images.

The process of the cross-section is based on the
output of intermediate cross-sections and the
transformation of the elevations interpolated in a
cross-section to the 2D model. In each selected
cross-section the elevation is determined by the value
of the transversal coordinate at the point projected
previously®. In this study, the number of measurement
points per cross-section profile is 1025 in raster format.
The cross-section tool allows saving the path profile as
a text file, thus converting the 1025 points into an xyz
file. The values in the xyz text file were then
statistically analysed with the STAT 10 program.

Results

The temperature values were displayed as maps of
SST distribution (Figs. S1 — S3). The maps show the
spatio-temporal variation of SST in Gdkova Bay in
June, July and August, respectively. The SST maps
show that between 1987 and 2017, the SST in Gokova
Bay ranged between 20.15 and 26.25 °C in June (Fig.
S1), between 20.4 and 27.1 °C in July (Fig. S2) and

Table 2 — K1 and K2 constants of Landsat images

Constants K1 - w/(m?* ster * pum) K2 Kelvin
Landsat 4 TM 671.62 1284.30
Landsat5 TM 607.76 1260.56

Landsat 7 ETM+ 666.09 1282.71
Landsat 8 OLI/TIRS 774.89 1321.08

between 21.4 and 26 °C in August (Fig. S3). The
maps also show that these monthly SST values
fluctuated considerably from year to year, with major
ups and downs occurring irregularly.

The approach that was used for retrieving SST
values was based on satellite measurements. For each
section, pixel values were extracted. Statistical
analysis was performed for the remotely sensed SST
values, and graphs for each cross-section were
developed using satellite-derived data. The highest
temperature anomaly found for cross-section T1 was
2.85 °C above average in July 2017 (Fig. 3a). For
cross-section T2, the highest anomaly was 3.5 °C in
August 2015 (Fig. 3b), while for cross-section T3, the
two peaks were 3 °C in August 2011 and 3.2 °C in
August 2015 (Fig. 3c). The highest anomaly for cross-
section T4 was 3.5 °C above average in August 2015
(Fig. 3d). In August, the SST generally fluctuated
more (between 3 — 3.5 °C) than in June and July.

Temperature is one of the major parameters for all
oceanographic and physical aspects of climate change
in the marine environment at regional and local
scales. Besides, the sea plays a main role in the
process of heat absorption. Gokova Bay is a
significant example of a place where SST changes
have been observed with satellite-driven data at the
local scale. According to IPCC, rising global SSTs are
estimated at 0.4 to 1.1 °C in 2025. According to
Lionello (2012)%*, SSTs will rise by 2.5 °C in 2100.
The results of this study, which allow us to examine
global warming effects on a local scale, show that the
Gokova SST change is higher than these estimations.

Figure 3 (a — d) show SST anomalies observed in
spatial patterns for each summer month. The highest
SST anomalies were observed at cross-sections T2
(Middle) and T3 (Outer). The spatial maps of the
satellite-derived SST linear trend over the 1987 —
2017 period show stable, increasing surface
temperatures. A more comprehensive examination of
the spatial maps shows that SST distributions do not
display temporal behaviour in the bay. From 1987 to
2017, the satellite-derived data shows that the SST
increase is more significant towards the northern coast
of the bay. A relatively low SST increase was
observed in the Outer Bay area northwest of the
Aegean Sea. According to the average SST values of
Gokova Bay between 1987 and 2017, temperatures
increase linearly in June, July and August (Fig. 4).

Furthermore, the increase in temperatures in the
Bay waters has led to an influx of invasive species?®
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which are Alepes djedaba (Forsskal, 1775),
Atherinomorus forskalii (Ruppell, 1838),
Champsodon nudivittis (Ogilby, 1895), Equulites
klunzingeri (Steindachner, 1898), Etrumeus golanii
(DiBatistta, Randall and Bowen, 2012), Fistularia
commersonii  (Ruppell, 1835), Fistularia petimba
(Lacepéde, 1803), Lagocephalus  guentheri
(Richardson,  1844), Lagocephalus sceleratus
(Gmelin, 1789), Lagocephalus suezensis (Clark &
Gohar, 1953), Nemipterus randalli (Russell, 1986),
Parupeneus forskalli (Fourmanoir & Guéze, 1976),
Pterois miles (Bennett, 1828), Saurida lessepsianus
(Russell, Golani and Tikochinski, 2015), Siganus
luridus (Ruppell, 1829), Siganus rivulatus (Forsskal,
1775), Sphyraena chrysotaenia (Klunzinger, 1884),
Torquigener flavimaculosus (Hardy & Randall, 1983),
Upeneus moluccensis (Bleeker, 1855), and Upeneus
pori (Ben-Tuvia & Golani, 1989).

Conclusion

The findings in the SST maps (Figs. 4, S1, S2)
show a long-term surface warming of the bay. In
recent years, a tropical flow has been detected from
Gibraltar Strait to the Mediterranean Sea due to
climate change®2%. The results of this study show that
the water masses of the bay have become tropicalized
and that the new Mediterranean has formed in the
bay. This change remarkably increases the number of
invasive species entering through the Suez Canal into
the Gokova Bay*°?¥. It is seen that Etrumeus golanii
(DiBatistta, Randall & Bowen, 2012), Fistularia
petimba (Lacepéde, 1803), Lagocephalus guentheri
(Richardson, 1844), Nemipterus randalli (Russell,
1986), Parupeneus forsskali (Fourmanoir & Guézé,
1976), Pterois miles (Bennett, 1828), Saurida
lessepsianus (Russell, Golani & Tikochinski, 2015),
and Torquigener flavimaculosus (Hardy & Randall,
1983) were invasive species and were not in the list in
the study carried out by Cinar et al.*’. The study
carried out by Bilecenoglu & Cinar® found that
these species had entered Gokova Bay. The graphs
(Figs. 3, 4) indicate that temperatures have increased
linearly since 2015. It was concluded from these data
that the entry of eight newly discovered species into
Gokova Bay is directly proportional to the increase in
sea surface water temperature. The annual average
SST values shown in Figure 4 indicate that invasive
species have begun to enter Gokova Bay since 1987.
Furthermore, SST wvalues (Fig. 4) indicate that
invasive species in GoOkova Bay have formed a

permanent habitat for feeding,
growing since 2015.

According to Figure 4, when Cinar et al.®’ reported
the number of invasive species in 2010 and
Bilecenoglu & Cinar?® reported the number in 2021, it
is the increase in SST that is responsible for the
increase in invasive species.

The economy of the Gokova region is based on
marine tourism, agriculture, and fishing. Due to the
bay's protective status, fishing has only developed on
a small scale®*,

Also, the study carried out by Unal et al.®® between
2013 and 2014 revealed the damages inflicted on
fisheries by  the  Silver-cheeked  toadfish
(Lagocephalus sceleratus), which is one of the rapidly
increasing invasive species (including Eastern
Mediterranean and Gokova MPA). According
to the data obtained by the study, local fishermen
suffer an economic loss of approximately 6.033.577
TL (= € 2 051 416) per year® through damages to
their fishing gear and decreases in their catch. There
is no predator for this species in the Mediterranean at
present. Furthermore, with the increase in the
temperature of the Bay waters, invasive species such
as Randall's threadfin bream (Nemipterus randalli),
Brushtooth  lizardfish ~ (Saurida  undosquamis),
Marbled  spinefoot (Siganus rivulatus), and
Goldband goatfish (Upeneus moluccensis) are
entering the Bay. These species are not as harmful as
the Silver-cheeked toadfish, and they are caught in
amounts of about 15 — 25 kg every day and
have started to take their place among commercial
species in the last few years in Gokova Bay3®*°. Even
though many invasive species were caught by
fishermen, they were thrown back into the sea due to
a lack of knowledge about them. In some countries,
however, different solutions are being developed to
combat invasive species.

Consumption of invasive species has been
encouraged in Denmark, America, Greece, and
Turkey to prevent this invasion. Restaurants in these
countries have begun introducing lionfish and bivalve
to their menus***2. In Greece, a citizen science
program called iSea (“Is it Alien to you? Share it!”)
encourages local people to share invasive species®.
RELIONMED-LIFE is an EU-funded project in
Cyprus designed to prevent the invasion of lionfish*.
Pufferfish are one of several invasive species in
Turkey, and fishermen are encouraged to catch it
and are compensated by the Ministry of Agriculture

reproducing and
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and Forestry according to the species and
amount***6. As well, the Marine Invasive Alien
Species Project is implemented by the Turkish
General Directorate of Nature Conservation and
National Parks in collaboration with UNDP and
financed by the Global Environment Facility (GEF).
This project is aimed at enhancing the resilience of
Turkish marine and coastal ecosystems by preventing,
detecting, controlling, and managing invasive alien
species?’’. Israel has coastlines on both the
Mediterranean Sea and the Red Sea, and the lionfish
is native to the Red Sea. Under Israeli regulations, the
lionfish is a protected species. These regulations
impede the implementation of management
interventions in the Mediterranean*®*°. But invasive
species are still one of the most significant threats to
the resources of Gokova MPA and thus are
considered the most important problem among local
traditional fishermen.
According to the results of this study, rising
temperatures would damage the livelihood of small-
scale fishermen in the bay because of an increasing
spread of invasive species, which compete with native
species in the bay in ecological and economical terms.
MPA generally are used to preserve species,
habitats, and ecosystems, and they are essential for
conserving ecological functions®®2 But the species
that inhabit them are shifting due to climate change,
with invasive species replacing native species in the
bay. As a result, it is no longer clear whether the MPA
protects native or invasive species. Due to the increase
in SST caused by climate change, the area should be
re-examined, and if necessary, the conditions of the
protected area should be updated. Also, the SST in the
MPA should be examined and monitored continuously
in order to detect changes in the bay.
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