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A B S T R A C T

Dominant features of spatiotemporal variability patterns of Sea Surface Temperature (SST) in the southern
Caspian Sea were characterized based on 35 years (1982–2016) of satellite-derived fine-scale (0.25 degree) data.
The average rate of increase in SST for the whole southern Caspian Sea (0.029 ± 0.009 °C year−1 region-
averaged) was faster than the average warming rate of world's ocean (in comparison to 0.011 °C year−1 mea-
sured for 1971–2010). The long-term SST warming was evident in both maximum and minimum data series of
SST. Monthly SST trend analysis results suggested that the warming was clearly stronger over the period between
May and October. Also, the results of our study revealed that the annual warming trend was not spatially
uniform in the southern Caspian Sea as the highest warming was detected over the northwest part. To better
perceive the thermal condition variability over the southern Caspian Sea, not only the conventional warming
trend (at monthly and annual scales) but also other dynamic and crucial features of SST variation (e.g. timing
patterns and duration of warm season as well as frequency of extreme hot SST days) were taken into account and
characterized. We observed a remarkable inter-annual variation in timing and the extent of the warm season
during the 35 years of the study in the southern Caspian Sea (19 days difference between the longest and the
shortest warm periods). Also, we found marked spatial heterogeneity in timing patterns and duration of the
warm season in the study area where the longest periods were found especially in the deeper central and
northern regions. However, the spatiotemporal variability of the number of extreme hot SST days was less
pronounced in the southern Caspian Sea as we found no spatial heterogeneity in the frequency of extreme hot
SST days.

1. Introduction

Sea Surface Temperature (SST) is a basic climatic status indicator
and one of the most crucial parameters profoundly impacting the
structure, function, and dynamics of marine life, from individual cells to
entire ecosystems. The Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC-2013 AR5,
Hartmann et al., 2013) has highlighted a long-term increasing trend in
global SST arising from ongoing climatic changes and contemporary
atmospheric warming. Global SST warming is considered to be more
complicated than a simple and uniform increment of temperature
change rate (Sarmiento et al., 1998; Stine et al., 2009; Taboada and
Anadón, 2012). Ocean warming has been associated with significant
variations in temporal/seasonality patterns of warming, timing, fre-
quency and intensity of extreme SST events and a prolonged duration of
the stratification period (Taboada and Anadón, 2012; DeCastro et al.,

2014; Costoya et al., 2015). These alterations could result in substantial
consequences for marine processes, all ecological components and thus
ecosystem sustainability. Understanding how current global warming
affects local marine ecosystems requires a detailed characterization of
temporal and spatial pattern and dynamics of SST features at a fine
scale.

Marine ecosystems of the world have already experienced remark-
able warming during the past decades (Belkin, 2009; Hoegh-Guldberg
and Bruno, 2010; Taboada and Anadón, 2012), however there seems to
be pronounced differences in the regional and geographical variability
patterns of the warming rates among different ecosystems (Levitus
et al., 2005; Chaidez et al., 2017). Surface warming is more rapid in
land-locked or semi-enclosed ecosystems (e.g. Baltic, North and Black
Seas noted in Belkin, 2009) where the effects of warming are pre-
sumably to be utmost (Chaidez et al., 2017).

Relatively “small volume and disconnected nature” of semi-enclosed
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or land-locked marine ecosystems makes their inhabitants strongly
sensitive to alterations in environmental conditions such as temperature
variations because they have considerably limited biogeographical
choices for moving to a new location or migration. Accordingly, these
ecosystems are expected to react more rapidly than other marine eco-
systems e.g. when facing rising temperature conditions. The vulner-
ability of ecological structures, fishing industries, and human societies
depending on the land-locked or semi-enclosed ecosystems will con-
tinue to increase as the global warming proceeds. One of the major
threats for these ecosystems with respect to the ongoing global warming
is the increasing of the occurrence of thermal extremes that triggers
mortality events at large scales, enhances stratification and alters the
dispersal and population size of marine life. The vulnerability of semi-
enclosed and land-locked marine ecosystems to the impacts of SST
warming could be intensified by other stressors such as overfishing and
environmental contaminations (Hoegh-Guldberg et al., 2014).

The Caspian Sea is recognized as the largest land-locked waterbody
of the world (by areal extent) with no connections to the open ocean
waters. This aquatic ecosystem is enclosed by Asia and Europe and
surrounded by five countries (i.e. Iran, Russia, Azerbaijan, Kazakhstan,

and Turkmenistan). This unique aquatic ecosystem hosts populations of
the valuable and world-famous sturgeons (known also as living fossils),
the endangered Caspian seal and of more than 162 fish species and sub-
species (at least 62% are endemic), many of them are currently in-
cluded in IUCN Red List of threatened species (Khodorevskaya et al.,
2014). Like other marine ecosystems, especially semi-enclosed and
land-locked ones, the Caspian Sea has experienced -and will be in-
evitably encountered- the potential impacts of contemporary global
warming while it has been simultaneously under a set of other pressures
and threats (Beyraghdar Kashkooli et al., 2017). A recent study de-
monstrated that the Caspian Sea has been gradually evaporating during
the last 20 years due to the SST warming linked with climatic changes
(Chen et al., 2017) which may lead to the serious ecological challenges
for its inhabiting bio-resources. It should be noted that there might be
also either a change in precipitation or in the total amount of river
inflows that may accelerate the gradual decrease in the volume of the
Caspian Sea.

Characterizing temporal and spatial patterning of SST (at a fine-
scale) and evaluating the impacts and consequences of global warming
in the Caspian Sea is critical to implement any conservational plans in

Fig. 1. Location of the study area. The Caspian Sea is often (geographically) divided to into the southern, middle and northern regions where they have distinct
varying physical and environmental features. The area coverage (the black box) below 40°N in the Caspian Sea is considered as the southern region where our study is
focused on.
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this unique aquatic ecosystem as the Earth's largest inland waterbody
which hosts unique and vulnerable living resources. Previous studies
(e.g. Ginzburg et al., 2005; Kavak, 2012; Khoshakhlagh et al., 2016;
Kostianoy et al., 2019), mainly focused on inter-annual warming and
seasonal variation of SST in the Caspian Sea. For instance, Kostianoy
et al. (2019) reported that mean annual SST in the southern Caspian Sea
increased about 0.8 °C during the period 1982–2015 (comparing to the
preceding period) which is resulted from the global warming. However,
a comprehensive perspective and detailed characterization of the tem-
poral and spatial variability of SST (timing, seasonality, frequency and
intensity of warming periods and extreme events, etc.) is still lacking in
the Caspian Sea. This study mainly focuses on the long-term SST to
investigate the dominant features of spatiotemporal variability patterns
of SST in the Caspian Sea based on an analysis of 35 years (1982–2016)
of satellite-based fine-scale data. SST seasonality and changes in tem-
perature extremes will also be analyzed.

2. Materials and methods

2.1. Area under scope

The particular feature of the Caspian Sea is the extensive variability
of its hydrographic and meteorological regimes that are mainly im-
pacted by both climatological conditions and anthropogenic factors
(Kostianoy et al., 2019). Based on the physical geography attributes, the
characteristics of bottom topography, bathymetry and noticeable de-
pendency of sea temperature on latitude, the Caspian Sea is divided into
the southern, middle and northern sub-regions where they exhibit

distinctive varying and divergent eco-hydrographical conditions
(Rodionov, 1994; Kostianoy et al., 2019). Hydrographic and meteor-
ological regimes of the Caspian Sea are influenced by large-scale at-
mospheric phenomena including North Atlantic Oscillation (NAO),
Southern Oscillation (SO) and East Atlantic Jet (EA-Jet) (Ginzburg
et al., 2005). Due to its considerable “meridional extension”, the Cas-
pian Sea crosses various climatic zones.

The northern sub-region of the sea is mostly characterized by tem-
perate continental climate (cold winters and hot summers) while the
southern part features subtropical and wet climatic condition. The west
coasts exhibit temperate to moderately warm climate while the eastern
coasts are mainly recognized by dry and severe climatic condition
(Kosarev, 2005; Barale, 2008). In winter, weather conditions in the
north and middle sub-regions are mainly regulated by the continental
polar air linked to the Siberian anticyclone and by the Arctic air masses
originating from the Kara and Barents seas. On the other hand, the
weather in the southern sub-region is often under the influence of cy-
clones of southern (mainly Black Sea or Mediterranean Sea) origin
(Rodionov, 1994; Kosarev, 2005).

In the northern sub-region, average sea temperature usually ranges
between below zero in winter and 25–26 °C in summer while it com-
monly varies from 7–10 °C in winter to 25–29 °C during summer in the
southern Caspian Sea (Ibrayev et al., 2010). In comparison to the
oceanic waters at the similar latitudes, the annual average of the Cas-
pian Sea SST is about 1–2 °C lesser. Generally, SST exhibits a (spatial)
gradient on a mean by around 0.7–0.8 °C/degree of latitude from the
northern to the southern part of the Sea. Besides the meridional

Fig. 2. (a) Annual mean SST (18.17 ± 0.74 °C) and (b) annual SST trend
(0.029 ± 0.009 °C year−1) in the southern Caspian Sea from 1982 to 2016.
Black dots show the pixels with a significant trend (P < 0.05).

Fig. 3. Inter-annual variability (°C year−1) of the spatially-averaged maximum
(a) and minimum (b) SST (°C) over the southern Caspian Sea during 1982–2016
(both P-values < 0.05).
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variations in thermal condition of the Caspian Sea, the SST shows no-
ticeable differences between the eastern and western regions. During
the wintertime, the eastern part of the Caspian Sea (in the middle and
southern sub-regions) experiences a warmer condition than the western
part which is a consequence of counter-clockwise circulation in this
season. However, during the summertime because of wind-driven up-
welling processes, marked negative SST anomalies are generally re-
cognized along the eastern coasts of the Caspian Sea (Rodionov, 1994).

The surface circulation pattern represents spatial variability in dif-
ferent sub-regions of the Caspian Sea. A cyclonic circulation is pre-
dominant in the middle sub-region that temporarily converts into an
anti-cyclonic gyre during summertime. An anticyclonic-cyclonic dipole
pattern (with stable structure during the entire year), is the main sur-
face circulation pattern in the southern sub-region (Gunduz, 2014). The
Caspian Sea has more than 130 tributaries providing the major input
(runoff) in its water balance. The Volga River is responsible for around

80% of the total riverine runoff to the Sea. The Ural River and the rivers
along the western coast account for about 15% of water delivery to the
Caspian Sea. The remaining runoff to the sea (around 5%) is provided
by minor rivers and streams mainly along the Iranian coast (Rodionov,
1994; Kosarev, 2005; Barale, 2008). For a comprehensive overview of
the key physico-geographical and oceanographic characteristics of the
Caspian Sea, see Rodionov (1994) and Kosarev (2005).

The spatial coverage below the latitude of 40°N in the Caspian Sea is
conventionally regarded as the southern sub-region, where our in-
vestigation is mainly focusing on (Fig. 1). The southern Caspian Sea
comprises 35% of the entire area and 64% of the aquatic volume of the
Caspian Sea which is the deepest sub-region in this marine ecosystem
(with the mean and maximal depths of 300m and 1025m, respectively)
and has the salinity of around 13 g/l (Aladin and Plotnikov, 2004).

Fig. 4. Monthly mean SST (°C) over the southern Caspian Sea during 1982–2016. Please note that the colour scales are different for each plot. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. Remote sensing SST data

The present study is based on 35 years (1982–2016) of remotely-
sensed daily-recorded Sea Surface Temperature data time series of the
southern Caspian Sea (i.e. below the latitude of 40°N). The SST products
(AVHRR-only version data with a fine-scale resolution of 1/4 degrees)
of National Center for Environmental Information (NCEI, see www.
ncdc.noaa.gov/oisst) provided by the NOAA/OAR/ESRL PSD, Boulder,
Colorado, USA (available at https://www.esrl.noaa.gov/psd/data/
gridded/data.noaa.oisst.v2.highres.html) (Reynolds et al., 2007) were
used in this study. Daily gridded SST data with a total of 236 pixels

(over the geographical area of 48.8°–54°E, 36.57°–40°N) was con-
sidered to be analyzed in our study. Satellite measurements of SST
(AVHRR data) has been validated and reliably used in several studies to
determine sea temperature variations across the Caspian Sea (e.g.
Ginzburg et al., 2005; Kavak, 2012; Khoshakhlagh et al., 2016;
Kostianoy et al., 2019), however most of these studies merely focused
on analyzing temporal trends during different time periods. It should be
taken into account that satellites measure skin temperatures.

Fig. 4. (continued)
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2.3. Data processing and statistical analysis

Temporal trends of SST are estimated by performing simple linear
regression analysis (using least square method) and the statistically
significant SST trends were evaluated using conventional t-test method.
In addition, the autocorrelation structure of the residuals was checked
to avoid existence of the lag-1 serial correlation. In this regard, annual
mean SST as well as monthly averages of SST during the study period
were calculated for each single pixel and finally mapped. Also, inter-
annual variability of the minimum and maximum SST (area-averaged)
were calculated and plotted.

Using daily SST data series, time of occurrence of maximum SST
(e.g. 14th August) is taken for each year. In order to map this metric,
the average time of maximum SST occurrence (during 1982–2016) is
calculated for each pixel. In addition, the potential temporal variability
of temperature during these events (i.e. the observed maximum SST) is

investigated using annual trend analysis and subsequently mapped over
the study area. The annual onset and termination dates of warm season
are calculated for each individual pixel according to Costoya et al.
(2015). For each individual pixel in a given year, the first day (based on
the Julian date calendar) when SST measures overpassed the 75th
percentile of the entire annual SST time series is considered as the in-
itiation date of warm season. Similarly, the last day when SST exceeded
the 75th percentile of the entire annual SST time series is considered as
the termination date of warm period during each year. The duration
(time span) of warm season was simply calculated by considering the
time interval between the outset and termination dates.

Inter-annual variability of the initiation and termination dates as
well as the duration of warm season are also investigated in the study
area. Also, we are interested in exploring the potential variability in
occurrence and frequency of extreme hot SST days in the Caspian Sea.
As quoted in Costoya et al. (2015), an extreme hot SST event is

Fig. 5. Monthly SST trends (°C year−1) over the southern Caspian Sea during 1982–2016. Black dots show the pixels with a significant trend (P < 0.05).
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recognized as a day with a temperature anomaly exceeding the 95th
percentile (when taking account the whole time series). Accordingly,
frequencies of extreme hot SST days were estimated and mapped over
the study area.

3. Results

Fig. 2(a) shows the spatial distribution of annual average SST over
the period of 1982–2016 in the southern Caspian Sea. A 3.2 °C spatial
gradient in annual mean SST (ranging from 16.4 to 19.6 °C) is observed
in the study area. The maximum SST values are detected in the
southeast part and the minimum values of SST are found in the
northwest region. There is also a zonal gradient with temperatures in-
creasing from west to east (1.5–2 °C). In the northern parts of the study
area, SST shows an increasing tendency form western coasts to the
center and then decreases toward the northeast shallow coastal waters.

Time series of annual average SST over the period of 1982–2016
have been used to determine temporal SST trends and are illustrated in

Fig. 2(b). The estimated annual trends vary from −0.012 °C year−1 to
0.047 °C year−1. Annual mean SST (during 1982–2016) shows a sig-
nificant increasing trend in the most regions especially in the northwest
and western parts and a statistically insignificant decreasing trend is
observed in the northeastern coastal waters of the Caspian Sea.

Fig. 3 shows the spatially-averaged annual maximum and minimum
SST over the period of 1982–2016 in the study area. The highest records
of SST maximum and minimum are observed in 2010 (30.6 °C) and
1999 (10.8 °C), respectively. The lowest maximum and minimum SST
are 26.6 °C (in 1992) and 6.9 °C (in 2012), respectively.

Significant increasing trends are detected for both annual maximum
and minimum SST time series (0.063 and 0.036 °C year−1, respectively)
over the period of 1982–2016. The increasing trend in maximum SST is
more pronounced than the minimum SST trend. Figs. 4 and 5 illustrate
monthly variation of SST means and trends during 1982–2016. Dif-
ferent variation patterns are observed in the SST mean at the monthly
scale. From March to August, mean SST increases from northwest to
southeast. The lowest mean SST is found at the northwest coasts as well

Fig. 5. (continued)
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as in the northeast / eastern waters, while during October to February
mean SST decreases from southeast to the east. This SST decline is also
observed in the northwest of the study area. In the study area, the
highest SST values are detected in the southeast coast (along the
Turkmenistan seashore) whereas the lowest SST values are observed in
the east and northwest parts of the study area (along Turkmenistan and
Azerbaijan seashores, respectively).

There is a significant warming trend in mean SST from March to
September for most of the study area (except in April), while during
October to February both positive and negative trends are recognized
over the southern Caspian Sea. The most pronounced positive
(warming) and negative (cooling) trends are detected in May and
December (0.111 °C year−1 and −0.124 °C year−1, respectively). The
SST decreasing trend is not significant from October to February except
in December as a significant negative trend was recognizable in the
southeastern area.

Mean annual timing of the maximum annual SST (date) and the
annual warming rates of the maximum annual SST (°C year−1) are in-
dicated in Fig. 6(a) and (b), respectively. During the study period the
timing of maximum annual SST in the southern Caspian Sea is between
4th and 14th August. As a matter of fact, the hottest days in the
southern Caspian are observed in August. In both southwest and
northeast parts of the study area the maximum annual SST are found in
the early August while from the center to the northern areas maximum
temperature is observed later (around the mid-August). The warming
rates of the maximum annual SST have a significant positive range
(from 0.036 to 0.086 °C year−1) in the entire study area. The south-
eastern coastal waters show the lowest increasing rates of maximum
SST warming while the highest rates are observed in the northern area
and the northwest coasts.

The initiation, termination and duration of the warm season in the

study area during 1982–2016 are shown in Fig. 7 (a, b and c). In the
southern Caspian Sea the warm season begins at a time range between
mid and the late June (day 162 to 178 of the year). There was a 16-days
delay in timing of the warm season initiation in different parts of the
study area as it started earlier around the eastern coasts and began later
in the southeastern to the northeastern areas. The warm season is ob-
served to end around mid-July to early October (day 260 to 278).

The warm season finishes earlier in the east while it ends later in the
middle parts and northwestern parts of the study area. Accordingly, the
mean duration of the warm season (the number of warm days) in the
southern Caspian Sea considering the period 1982–2016 is between 96
and 108 days. The minimum duration of the warm season was observed
in the coastal areas especially in the eastern region while the maximum
durations were detected in the center as well as northern parts. Inter-
annual variability patterns of the initiation, termination and duration
the warm season in our study is also represented in Fig. 7 (d, e and f).
The earliest initiation of the warm season was observed in 1983 (day
155) while the latest starting date was found in 2003 (day 185). Also,
the earliest termination of the warm season was detected in 2010 (day
257) while the latest end date was noticed in 2003 (day 286). In the
southern Caspian Sea, the longest duration of the warm season was
detected in 1983 and 2007 (113 days) while the shortest periods were
observed in 1982, 2010 and 2016 (94 days).

There is no apparent spatial heterogeneity in the frequency of an-
nual extreme hot SST days over the period of 1982–2016 in the
southern Caspian Sea. Hence, the spatially-averaged number of extreme
hot SST days was calculated (considering all pixels for each year) which
is represented in Fig. 8. The highest and the lowest frequencies of ex-
treme hot SST days were detected in 1992 and 2003, respectively. Also,
a decreasing trend of extreme hot SST days in the southern Caspian Sea
is observed in a decade between 1993 and 2003.

4. Discussion

In order to understand how current global warming affects the
southern Caspian Sea, we assessed the long-term spatio-temporal
variability patterns of SST on the basis of 35 years (1982–2016) of sa-
tellite-derived fine-scale regional data. The average increasing rate of
SST in the southern Caspian Sea (0.029 ± 0.009 °C year−1 region-
averaged; displayed in Fig. 2) is faster than the average warming rate of
world's ocean (0.011 °C year−1) reported by Rhein et al. (2013). How-
ever, this study was carried out for the period of 1971–2010 (using
upper 75m temperature data). The more intense sea surface warming
rates were also observed in several semi-enclosed and land-surrounded
marine ecosystems of the world such as Red Sea (Chaidez et al., 2017)
and the Baltic Sea (Belkin, 2009; Stramska and Białogrodzka, 2015).
Over a shorter period (1982–2000), Ginzburg et al. (2005) observed an
increasing trend of SST at the rate of about 0.1 °C year−1 in the
southern Caspian Sea occurred as a consequence of global warming.

The results of our study revealed that the annual warming trend was
not spatially uniform in the southern Caspian Sea as the highest
warming was detected over the northwest part. A decreasing SST trend
(but not significant; Fig. 2(a)) is only observed in the eastern coasts
which might be related to the wind-driven upwelling processes that
leads to marked negative SST anomalies in this part (Rodionov, 1994).
The long-term SST warming in the study area was evident as well in
both maximum and minimum data series of region-averaged SST.
Furthermore, monthly SST trend analysis results suggested that the
warming was clearly stronger over the period between May and Oc-
tober. This may infer that the observed long-term SST warming in the
southern Caspian Sea region is mainly due to the thermal alterations
occurring in the warmer months.

To better perceive the thermal condition variability over the
southern Caspian Sea, not only the conventional warming trend (at
monthly and annual scales) but also other dynamic and crucial features
of SST variation (e.g. timing patterns and duration of warm season as

Fig. 6. (a) Timing of maximum annual SST and (b) annual maximum SST trend
(0.062 ± 0.011 °C year−1 region-averaged) in the Caspian Sea over the period
1982–2016. Black dots show the pixels with a significant trend (P < 0.05).
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well as frequency of extreme hot SST days) were taken into account and
characterized. To our knowledge, potential changes and regional al-
terations in such features have still received no or poor attention in the
Caspian Sea ecosystem (as the largest land-locked waterbody of the
world). We observed regional differences in the annual maximum SST
timing and its increasing rates as well as the timing patterns and
duration of the warm season over the southern Caspian Sea. Spatial
analysis of the maximum annual SST timing (day) suggested the earlier
evolution of annual maxima in the southwestern and northeastern
shallower coastal regions; the latest occurrence of annual maxima was
mainly observed in the deeper central parts of the southern Caspian

Sea. The annual increasing rates of the maximum annual SST were
significant over the entire area, however the warming rates in the
middle and northern offshore regions as well as the northwestern part
of the study area were more pronounced and faster.

Increasing of the maximum SST as well as its faster warming rates
over the southern Caspian Sea (0.062 ± 0.011 °C year−1 region-aver-
aged; represented in Fig. 6) and its likely increase in the future will
presumably influence the inhabiting organisms and their persistence in
the study area. The continuous increase of SST maxima (particularly in
semi-enclosed and land-locked seas where the organisms have limited
movement possibility) may have significant ecological consequences

Fig. 7. The average initiation date (a), termination date (b) and duration of the warm season (c) over the southern Caspian Sea during 1982–2016. Inter-annual
variability (day year−1) patterns of the initiation, termination and duration the warm season are represented in (d), (e) and (f), respectively (all P-values > 0.05).
Please note that the colour scales are different for each plot.
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such as thermal collapse of marine biological communities especially
when temperature tolerance limits are reached or exceeded (Chaidez
et al., 2017). Potential variations in timing and duration of the warm
season as well as the number of extreme hot SST days directly influence
the water column stratification in marine ecosystems which plays a
crucial role in their ecological functioning and dynamics. Prolonged
duration of the warm season may favor longer periods of stratification
with a decline in primary marine productivity as well as trophic mis-
matches in pelagic community phenology (Edwards and Richardson,
2004; Taboada and Anadón, 2012; Costoya et al., 2015). We observed a
remarkable inter-annual variation in timing and the extent of the warm

season during the 35 years of the study in the southern Caspian Sea
(19 days difference between the longest and the shortest warm periods).
Also, we found remarkable spatial heterogeneity in timing patterns and
duration of the warm season in the study area where the longest periods
were found especially in the deeper middle and northern regions of the
southern Caspian Sea. However, the spatiotemporal variability of the
number of extreme hot SST days was less pronounced in the southern
Caspian Sea as we found no spatial heterogeneity in the frequency of
extreme hot SST days; also, the inter-annual variability of number ex-
treme hot SST days was negligible. The SST warming in the Bay of
Biscay (during 1982–2014) is reported to be associated to the increase

Fig. 8. (a) Annual mean number of extreme SST and (b) the inter-annual variation of spatially-averaged number (day year−1) of extreme hot SST days over the
southern Caspian Sea during 1982–2016 (P-value > 0.05).
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in duration of the warm season (due to the earlier initiation and the
lagged termination of the warm season) as well as the significant in-
crease in the frequency of extreme hot events (Costoya et al., 2015).
This phenomenon was not observed in the study area, though the an-
nual SST has increased. Therefore, we can say that the increase in
duration of the warm season does not necessarily lead to SST increase.
The reason of this issue could be due to the general pattern and trend of
warming in all months however it is highly recommended to be care-
fully investigated in future studies. According to Costoya et al., 2015,
characterizing the spatiotemporal variations in timing of the seasonal
warming and the potential alterations in the number of extreme hot SST
days especially at regional scale are of significant importance to ap-
prehend changes in marine environments and to move toward planning
to mitigate the potential impacts of warming. Also, they showed that
determining and analyzing trends at annual or even seasonal scale
could be inadequate to recognize the complexity of the sea surface
warming related to the climatic change impacts.

5. Concluding remarks

Our main objective was to characterize dominant features of spa-
tiotemporal variability patterns of SST in the marine environment of the
southern Caspian Sea based on the analysis of 35 years (1982–2016) of
satellite-based fine-scale data (0.25 degree daily SST datasets). To have
more profound understanding of SST variation in the study area, our
spatiotemporal analysis considered the patterns of SST trends, timing of
the maximum SST, the initiation, termination and duration of the warm
season as well as the number of extreme hot SST days as the first study
of this kind in Caspian Sea. Our main findings in this study can be
summarized as follows:

• The warming rate of SST in the southern Caspian Sea is more intense
than the average warming rate of world's ocean which is mainly due
to the thermal alterations occurring in the warmer months.

• The annual increasing rates of the maximum SST were significant
over the entire region, however the warming rates in the middle and
northern offshore regions as well as the northwest parts were more
pronounced and faster.

• We observed a remarkable inter-annual variation as well as spatial
heterogeneity in timing and the extent of the warm season during
the last 35 years over the southern Caspian Sea. This may directly
influence water column stratification in pelagic realm of the
southern Caspian Sea which might have crucial consequences for the
inhabiting ecological components.

Our study for the first time highlighted the importance of con-
sidering conventional warming trends along with analysis of other
crucial features of SST variation (e.g. timing patterns and duration of
warm season as well as frequency of extreme hot SST days) to analyze
the sea surface warming dynamics in the southern Caspian Sea. This
may help to improve local environmental management and conserva-
tion policies in the Caspian Sea encountering inevitable impacts of
contemporary climatic changes and current warming. For future studies
on the Caspian Sea, it is highly recommended to develop methods to
numerically analyze the biological, ecological and environmental con-
sequences of SST changes, both in magnitude and timing. It is also
suggested to find the interactions and feedbacks between SST changes
of the Caspian Sea and atmospheric-oceanic indices as well as regional
climate variability and local environmental changes (e.g. precipitation,
rivers discharge, water circulation patterns).
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