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Abstract

:

The sea surface temperature (SST) is an important factor and indicator of the sea water quality, with various ecological and anthropogenic implications. We used high-resolution satellite-derived SST data, in tandem with field observations and long-term meteorological data, to investigate the spatial and interannual SST variability over the Aegean, Ionian, and Cretan (AIC) Seas during the recent 14-year period (2008–2021). Increasing trends were identified for most of the sub-basins of the AIC Seas. The numbers and durations (days) of the marine heat waves (MHWs) have significantly increased, especially during the last quadrennial period (2018–2021). Changes have been detected in both the maximum and minimum values; however, the trend of the mean annual values is mainly associated with the interannual increases in the lowest values (weaker minima during the cold seasons). The interannual variability and the increasing positive trends of the air temperature are very similar to the SST variations, showing a 5-to-10-day lag between the seasonal time series of the two parameters for all regions; however, extreme atmospheric events (e.g., cold fronts or heat waves) have a more direct impact on the SST variability (zero lag). MHWs were more frequent over the northern Aegean Sea, especially in Thermaikos Gulf, which is characterized as a “hot spot” for MHWs. MHWs were rarer over the southern regions, especially over the southeastern Aegean and Cretan Seas. A stratified upper ocean, controlled by buoyant brackish plumes, such as the Black Sea Waters (BSW) in the northern Aegean, may increase the heat storage capacity of the surface water masses, contributing to the further warming of the ocean. This was the case in the summer of 2021, which was a unique year for the AIC Seas, and especially for the northern Aegean, which revealed the highest SST values among all the study years. The satellite-derived observations of the 2008–2021 period showed increasing trends for all coastal waters, strong trend slopes for most of the coasts of the northern Aegean and central Ionian Seas, and milder trend slopes in the eastern Aegean.
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1. Introduction


The sea surface temperature (SST) is an important parameter of the natural environment that is strongly related to the earth’s climate and the hydrological cycle, mainly because of the exchanges between the atmosphere and the ocean [1]. The Aegean, Ionian and Cretan (AIC) Seas are located over the northeastern Mediterranean Sea. The variability of the temperature in the upper oceans of the AIC Seas is one of the major hydrological processes that affect the ecosystem and the productivity of the broader Mediterranean Sea [2,3]. The AIC Seas are surrounded by an extensive and topographically complicated coastline [4]. Therefore, the ocean temperature levels are affected by several environmental factors, such as the seasonal variations of the atmospheric conditions (heat fluxes, precipitation/evaporation rates, wind effects, and vertical mixing), the lateral conditions (river inputs, Black Sea Waters (BSW) input, exchanges with the broader Mediterranean), the circulation conditions (horizontal and vertical currents, upwelling/downwelling processes, eddies and gyres), and topography characteristics [5].



The AIC region is characterized by a typical Mediterranean climate, with a mean annual air temperature between 16 and 19.5 °C [5]. The prevailing atmospheric circulation patterns are primarily characterized by northerly winds. Specifically, during the cold period, northeasterly winds prevail in the northern Aegean Sea, and northerly winds prevail in its central and southern parts. Winds are mainly westerlies in the Ionian Sea. During the warm period, the Aegean Sea is predominated by the southward Etesian (or Meltemia) winds, which constitute one of the most persistent localized wind systems in the world [6,7]. This wind pattern is responsible for intense coastal upwelling over the eastern Aegean Sea, which induces a clear west–east SST gradient over the broader Aegean during the summer months [5,8,9,10,11].



Most of the previous observational and modeling efforts have focused on the SST variability of specific marine basins, such as the Aegean, the Ionian, etc., or on the broader Mediterranean Sea. Herein, we investigate the entire AIC domain, and identify the differences between the subregions, presented in Figure 1, over a recent 14-year period (2008–2021). Pisano et al. [12] showed that the AIC Seas, together with the Levantine Basin, revealed the highest increasing trends of SSTs (>0.05 °C/year) in the Mediterranean from 1982–2018. After 2007, especially, the Atlantic multidecadal oscillation (AMO) remained constant, on average, while the Mediterranean SSTs continued to increase. The first attempts to describe the SSTs of the AIC Seas were conducted in the early 20th century [4] by the corps of voluntary Marine Observers in the British Merchant Ships, the H.M. Ships (1900–1914 and 1921–1938), and the Danish oceanographical expeditions (1908–1910). This first effort showed significant differences in the mean levels between the Aegean (22–25 °C) and Ionian (24.5–26 °C) Seas [4]. Poulos et al. [5] investigated the seasonal and spatial distributions of the SST over the Aegean during a relatively old 6-year period (1988–1994), finding that the mean monthly SST varied from 8 °C in the north (northern Aegean: N Aegean) during winter, to up to 26 °C in the south during summer. The distribution of the Aegean is controlled by the air temperature and by the usually colder BSW and warmer Levantine Waters. Skliris et al. [13], on the basis of long-term satellite-derived (1985–2008) and in situ data (1950–2006), showed a small decreasing SST trend for the Aegean Sea until the early 1990s, and then a rapid surface warming right after, analogous to the temperature rise observed on the global ocean scale. These trends were related to climate change effects and to the variability of the large-scale atmospheric patterns. Gönülal [14], on the basis of in situ measurements at Imvros Island (N Aegean), which is located close to the BSW outflow, recorded that the SST increased annually by 0.035 °C/year, with a total increase of 1.6 °C from 1972 to 2018. The respective increasing trend of the entire Mediterranean Sea was larger (0.061 °C/year). The lower trend of the N Aegean is related to the influence of the cold BSW inflow. The S Aegean showed a slightly larger increasing trend with respect to the N Aegean for the 1985–2008 period [13]. The Aegean’s SST interannual and seasonal variabilities were also examined with satellite-derived observations taken from 2005–2008 by Topouzelis et al. (2015); as expected, the coldest month was February, and the hottest was July, while 2007 revealed the highest mean SST levels (~25 °C) among the study years, as is also stated by Mavrakis and Tsiros [15]. Topouzelis et al. [16] also stated that the spatial distribution of SSTs reveals a clear southward gradient, with minimum values around the Dardanelles Strait (BSW input), and maximum values over the Cretan Sea, in agreement with earlier observations discussed by Carapiperis et al. [4]. According to Shaltout and Omstedt [17], the entire Aegean Sea revealed a stronger increasing trend (0.038 °C/year) than the Ionian Sea (0.033 °C/year), revealing the highest annual trends among all the Mediterranean subregions for the period from 1982–2012.



The findings of Inrahim et al. [18], between 1982 and 2020, have shown that over the Eastern Mediterranean, the marine heat wave (MHW) frequency increased by 1.2 events per decade, with a maximum significant MHW SST event (6.35 °C above the 90th SST climatology threshold) in 2020. They related this increase to a decrease in the wind stress, an increase in the air temperature, and to an increase in the mean sea level pressure. Some parts of the Aegean revealed longer durations of MHWs (~20 days) than the rest of the Mediterranean. The mean event duration ranged between 8 and 13 days during the 1982–2017 period, increasing the thermal stress-related mass mortalities of marine species [19]. Darmaraki et al. [20], on the basis of future emission scenarios, predicted 4 times more intense, and 42 times more severe MHW events by 2100.



In this study, we focus on the spatial and temporal SST variability during the most recent 14-year period (2008–2021), using high-resolution satellite-derived data and field observations. We discuss the spatial differences between seven subregions of the AIC Seas (Figure 1: NW Aegean, NE Aegean, SW Aegean, SE Aegean, Cretan Sea, N Ionian, and S Ionian). The motivation of the study is to identify the SST differences between the AIC subregions and the respective coastal waters during the last decade, which is potentially useful to the research on the implications between biochemical properties and sea temperature levels. The main goal is to detect the interannual SST trend of each sub-basin and their spatial differences, focusing also on the formation of MHWs and their interannual variability. We will also focus on the effects of the extreme atmospheric heat wave that occurred in the summer of 2021 (https://www.meteo.gr/, accessed on 20 November 2021) on the warming of the water masses, taking into account the prevailing environmental conditions (met-ocean). In addition, we will examine the interannual evolution of the MHWs over the entire study region in comparison to the extreme conditions of 2021. The along-shore variability and interannual trends of the entire coastal region, which is of great social and ecological importance, will also be discussed for the first time.




2. Data and Methods


The data used in the current study consist of satellite observations (temperature and ocean colors), atmospheric modeling data assimilated with observations, and ocean field observations covering the study period from 1 January 2008 to 15 November 2021. A summary of the data and their main characteristics is presented in Table 1.



2.1. Satellite Observations


Two types of satellite data were used (Table 1). The first type includes the sea surface temperature (SST) set, distributed by the E.U. Copernicus Marine Service (https://www.copernicus.eu/, accessed on 20 November 2021), which covers the entire study period (2008–2021). The names of the SST datasets are the “Mediterranean Sea High Resolution and Ultra High Resolution Sea Surface Temperature Analysis” (SST_MED_SST_L4_NRT_OBSERVATIONS_010_004_c), and the “Black Sea High Resolution and Ultra High Resolution Sea Surface Temperature Analysis (SST_BS_SST_L4_NRT_OBSERVATIONS_010_006_c)”. The satellite-derived data consist of the daily mean gap-free (L4) horizontal fields [21] at a high spatial resolution (0.01°) over the AIC and Black Seas. Remotely sensed L4 SST datasets are operationally produced and distributed in near-real-time by the Consiglio Nazionale delle Ricerche—Gruppo di Oceanografia da Satellite (CNR-GOS). The accuracy of the Mediterranean satellite data is around 0.4 °C, higher than the Black Sea SST data, which evidence an error of around 0.6 °C [22]. Additional observations that have been collected by Sentinel-3B were integrated into the satellite data after 2019 [22] and enhanced the quality of the data used in this study. For the Mediterranean products, the validation results show a mean bias and a root mean square deviation (RMSD) of −0.078 ± 0.003 °C and 0.408 ± 0.003 °C, respectively. For the Black Sea products, the validation shows a mean bias and an RMSD of −0.23 ± 0.07 °C and 0.61 ± 0.07 °C, respectively. Further information about the datasets and their quality are discussed by Nardelli et al. [22]. The Mediterranean SST data were used to analyze the SST temporal and spatial variability, and to detect the MHWs over the AIC Seas. The Black Sea SST data were used to examine the SST ability to trace BSWs in the Aegean Sea.



The second type of satellite data extracts the chlorophyll-a (chl-a) concentrations in the sea water over the entire study region using ocean color information, distributed by the Copernicus Marine Service (L4 processing level, [23]). The ocean color data is a combined product collected by various sensors and satellites (MODIS-Aqua, NOAA-20-VIIRS, NPP-VIIRS, Sentinel3A-OLCI). The temporal and spatial resolution of the dataset is daily and 1 km, respectively. The chl-a concentrations were used for the detection of the brackish and highly productive BSW plume over the N Aegean region during 2021.




2.2. Atmoshperic Data


The meteorological conditions for our domain and study period were derived from the ERA5 hourly data on single levels distributed by the Copernicus Marine Service (Table 1). The ERA5 dataset is a fifth-generation ECMWF reanalysis that combines model data with observations (data assimilation), and that provides hourly estimates for a large number of atmospheric quantities. Herein, we used the meridional and zonal components of the wind at a height of 10 m above the sea surface to compute the variability of the wind speed over the AIC Seas during the 2008–2021 period. In addition, we also collected the air temperature at 2 m above the surface, which is produced by the interpolation between the lowest model level and the Earth’s surface, taking into account the atmospheric conditions. The spatial resolution of the atmospheric hourly fields was 0.25°.




2.3. Field Observations


Field observations, collected at the Athos Buoy (Figure 1) of the Poseidon System (Hellenic Center of Marine Research; https://poseidon.hcmr.gr/, accessed on 1 September 2021), were also used to define the physical ocean conditions and the vertical structure of the upper 20 m of the water column during the entire study period. In situ temperature and salinity hourly values, measured at 1 m and 20 m, and the field air temperature in dry bulb were analyzed to estimate the temperature variability, stratification frequency, the heat storage of the subsurface layers, as well as the BSW presence in the Aegean Sea.



The study adopts the definition proposed by Hobday et al. [24] to determine MHW events, on the basis of abrupt SST increases above a “climatologic” value (the baseline temperature) for a certain time period. To define a baseline temperature, Hobday et al. [24] proposed a period of 30 years, which is associated with the timescale variability of ocean drives (e.g., El Nino); however, sorted periods are also accepted. According to this definition, an MHW is defined as a “discrete and prolonged anomalously warm ocean-based event”. Hobday et al. [24] also pointed out that an MHW should be defined relative to a baseline period and a particular time of the year, from which the intensity, duration, and spatial extent of the MHW can be defined. This also means that MHWs are not just limited to the warmer months, since, for some biological applications, the consideration of heatwaves in colder months is essential. The term “discrete” implies that the MHW is an identifiable event, with clear start and end dates, and the term “prolonged” means that it has a duration of at least five days. Gaps between events of two days or less with a subsequent five days or more will be considered as a continuous event. “Anomalously warm” means that the water temperature is warm compared to the baseline temperature. The baseline temperature used in the present study, considering the limitation of the available data used (i.e., the period from 2008 to 2021), is defined by the seasonal (monthly) varying 90th percentile, derived from the 2008–2021 SST data in the resolution (0.01°) of the AIC domain. Moreover, the duration (the time between the start and end dates ≥5 days) was also computed for all detected MHW events.





3. Results


3.1. Interannual Variability of SST


The mean annual SST levels were averaged over the entire study region (19° E–28.5° E, 34° N–41° N), and for each subregion (Figure 1) separately (Figure 2a). The mean SST of the entire study region (black line in Figure 2a) reveals a clear increasing trend, derived from the annual means (0.49 °C/decade, Table 2), with a significantly high annual mean in 2021 (~20.9 °C, Figure 2a), while the respective annual mean was approximately 20 °C in 2008. The increasing trend is statistically significant on the basis of the Mann–Kendal [25,26] trend test (p value = 0.003 < 0.01: statistical significance level 99%, Table 2), with a small residual square error (RSE, Figure 3a). The annual 99th percentiles, representing the highest 1% of the SST values and averaged over the entire region, show a respective, but milder, interannual increase (Figure 2b) of about 0.35 °C/decade (Table 2). However, the linear trend derived from the yearly mean values is not statistically significant (p value = 0.157, Table 2), and is characterized by higher RSEs than the mean levels (Figure 3b).



The increasing trend of the mean annual minima (Figure 2c) is stronger (0.38 °C/decade, Table 2) and statistically significant (p value = 0.026 < 0.05: statistical significance level 95%, Table 2) in comparison to the trend of the maxima. The analysis of the residuals confirms the significance of the minima trend (RSEs < 0.5; Figure 3c). The 2021 minimum SST values are the highest among the entire study period, reaching the level of 15.2 °C, thus showing an increase of approximately 1 °C in comparison to 2008. This trend indicates that, during the cold season, when the lowest values usually occur, the winter–spring surface waters became warmer through the years. Even though summer–autumn (warm season) also revealed increased temperatures, the winter–spring values are the possible cause of the increasing mean values derived for the entire domain (Figure 2a). The variance of the annual values (Figure 2d) did not reveal a significant interannual trend, with almost zero Sen’s slopes (−0.04 °C/decade), large RSEs (>1, Figure 3d), a very high p value, and large upper and lower confidence intervals, based on the Mann–Kendal trend test (statistically insignificant, Table 2). These results show that the surface temperature difference between the cold (e.g., winter–spring) and warm waters (e.g., summer–autumn), which appear during the annual cycle, remained relatively constant throughout the 14-year study period, ranging around 16 °C.



The annual mean SST values were averaged over all the regions and revealed the narrowest confidence interval among the four parameters (mean, 99th percentile, min, and variance). Almost all of the values are aligned between the lowest and upper 95% intervals and along the linear trend (R2 = 0.5, Figure 4a). The uncertainty of the minima trend line is also low, showing a relatively small difference between the upper and lower confidence intervals (R2 = 0.35, Figure 4c).



All of the subregions show similar increasing trends to the mean annual values (Figure 2a), characterized by statistical significance (Table 2). The stronger trend appeared for the southern Ionian (0.69 °C/decade, with a p value = 0.0003), which revealed the smallest RSE (0.183 °C, Figure 3a), and the smallest difference between the upper and lower confidence intervals of the Sen’s slopes (Table 2). The mildest trend is derived for the Cretan Sea (0.45 °C/decade). The southern Ionian also revealed a statistically significant increasing trend of the lowest values (0.77 °C/decade) with the smallest upper and lower intervals, being the only region with a statistically significant increasing trend of the 99th percentiles (0.69 °C/decade). This implies that the increasing interannual trend of this basin is related to both cold and warm periods. The Ionian Sea, and especially the southern part, showed the stronger statistical significance among all the AIC regions (Table 2), in agreement with the results of Garcia-Monteiro et al. [27], who also computed lower p values for the Ionian Sea in comparison to the respective Aegean Sea trends. The highest annual 99th percentiles occurred in the northwestern Aegean during the first half of the study period (2008–2014, Figure 2b), while during the second half of the period, the highest values were derived from the northern Ionian. The highest 99th percentiles of 2021 were also computed for the northwestern Aegean (~29 °C, see also Section 3.5.1). The highest annual values of variance were computed for the northwestern Aegean (> 20 °C for all years, Figure 2d), due to the very low minimum SST values (< 13.5 °C, Figure 2c) and the high maxima (Figure 2b). The strong interannual increase in the lowest values of this region (0.60 °C/decade), and the respective smaller increase in the maxima (0.16 °C/decade), resulted in a small decrease in the variance throughout the study period (Figure 2d), though it is not statistically significant (Table 2). The general increasing trend of the minima (cold seasons), computed for the entire region, is mainly associated with the statistically significant trends of the Ionian Sea and the N Aegean Sea, where the highest Sen’s slopes occurred (0.6–1 °C/decade). Although the lowest values (minima) also increased for the other areas (the S Aegean Sea and the Cretan Sea), the slopes were smaller (0.2–0.5 °C/decade) and were not statistically significant (p values > 0.05, with high upper and lower confidence intervals, Table 2). The stronger increasing trend of the N Aegean (>0.60 °C/decade) is higher than the respective trends of the yearly mean values derived for the S Aegean (0.47 °C/decade for the SW Aegean, and 0.51 °C/decade for the SE Aegean). Skliris et al. [13] showed that, during the 1985–2008 period, the southern Aegean revealed an increasing trend similar to the trend we derived from the 2008–2021 period. However, Skliris et al. [13] presented a smaller trend for the N Aegean prior to 2008 (0.42 °C/decade), which is significantly lower than the trend derived from this study for the 2008–2021 period.



The spatial variability of the Sen’s slope, derived from the annual means over the entire AIC domain, is presented in Figure 5a. The highest statistically significant (p value < 0.05, Figure 5b) slopes are observed in parts of the N Aegean (> 0.75 °C/decade) and central and southern Ionian (> 0.65 °C/decade). The straits between the Peloponnesus and the northern Greek mainland are also characterized by strong SST trends. The eastern Aegean Sea and the SW Aegean Sea revealed the weakest trends, with very high p values. In particular, a distinctive region between Peloponnesus and Crete (~24° E–36° N) showed trends less than 0.1 °C/decade. Very low Sen’s slopes (< 0.35 °C/decade) were also computed for the area southeast of Crete.



The interannual variability of the seasonal SST levels is presented in Table 3. The results confirm the strong increasing trends of the winter levels when the minimum values usually occur. The evolution of the mean winter SST over the entire AIC region is characterized by a high Sen’s slope (0.76 °C/decade), which is statistically significant (p value < 0.05), with narrow confidence intervals, especially for the lower interval (−0.191). Statistically significant increasing trends were also computed for the Ionian subregions (p value < 0.01). Although all seasons revealed increasing trends, they were smaller than the winter ones and the respective minimum values (Figure 2c) and were not statistically significant.




3.2. Formation of Marine Heat Waves


The formation of marine heat waves (MHWs) was computed and analyzed for the entire study region, and for the whole time period. Both the annual number of MHW events and their total annual durations (days), which were averaged over the AIC domain, revealed an increasing trend during the 14-year period (Figure 6). The two trends are statistically significant (p value = 0.01), with relatively high coefficients of determination. The increase in the MHW days is 21.3 days/decade, and the respective increase in the MHW events is 1.7 events/decade, in agreement with the trend derived by Darmaraki et al. [19] for the whole Mediterranean Sea, using a different MHW definition and a longer period. Three peaks were computed in 2012, 2018, and 2019, respectively, with approximately four MHWs lasting around 30 to 35 days in total, constituting the high peaks of the mean values presented in Figure 2a. The fewest events occurred in 2008. The last four years (2018–2021) revealed a number of events and durations higher than all the previous periods, with the exception of 2012, when severe and long surface MHWs were observed in the whole Mediterranean basin [19].



The spatial distribution of the total number of MHWs is presented in Figure 7. The largest number of MHWs was observed in the northern Aegean Sea (>35), where the accumulative period of all MHWs is more than 300 days. The entire northwestern region of the Aegean and the Thermaikos Gulf, especially, can be characterized as a “hot spot” of MHWs, affecting the respective coastal areas (see Section 3.5.1). Smaller areas with high numbers of MHW events, and total durations around 280 days, were also detected offshore the Ionian Sea. Both the Ionian Sea and the northwestern Aegean Sea revealed the highest annual 99th percentiles for all the years (Figure 2b). Smaller patches of high MHW numbers were also detected over the southern part of the SW Aegean (between Peloponnesus and Crete), in agreement with the strong SST trends (Figure 5a), but with relatively smaller numbers of total days (<270 days). The southeastern Aegean (Dodecanese Islands), and especially the southern Cretan Sea (Libyan Sea), revealed SST values closer to the seasonal variability (90th percentile, temperature baseline), with smaller numbers of events (<20) and durations (<200 days) of MHWs. The Cyclades Archipelago (southcentral Aegean) is also characterized by a low occurrence of MHWs. All the southern areas reveal the smallest increasing trends of the mean SSTs between all the study regions (0.46–0.57 °C/decade, Table 2). Similarly, the entire eastern Aegean Sea, except for the northeastern tip, revealed low numbers of MHWs.




3.3. Effects of Atmospheric Conditions on SST Variability


The mean monthly evolution of the SST (seasonal cycle removed), along with the yearly mean values (Figure 2a, Table 2), show statistically significant increasing trends for all regions (Figure 8). All of the trend p values are lower than 0.01, showing that the risk to accept the hypothesis that there is a trend in the monthly SST time series is less than 1%. The respective air temperature values (seasonal cycle removed) reveal a similar variability to the SST time series, leading to high positive correlation coefficients (Rp > 0.70) between the two parameters for all the study basins. All of the Pearson coefficients are also statistically significant (p values < 0.01).



The lag (in days) between the two parameters is almost zero. Once the seasonal cycle is removed, the interaction between them is direct, showing a high correlation (Rp = 0.65; Figure 9b). It is noted that this Pearson coefficient is derived from daily values to estimate the lag between the two time series, and, therefore, it is different from the one derived from the mean monthly values presented in Figure 8a (Rp = 0.77). On the contrary, the lag between the two variables is between 5 and 10 days if the seasonal cycle is included in the computation (Rp = 0.97, Figure 9a). The agreement between the two parameters confirms the known effect of the atmospheric temperature on the sea surface temporal and spatial evolutions, which varies between the regions because of other environmental factors, both atmospheric (e.g., wind speed, radiations) and oceanic (e.g., river plumes, lateral fluxes, vertical mixing, general circulation). A clear difference between the Aegean and Ionian Seas is detected in the relation between the air and sea temperatures. The north and south Ionian Seas reveal significant increasing trends for both the air and sea temperatures (all trend p values are lower than 0.01, Figure 8b,c). Even though the Aegean sub-basin events reveal statistically significant increasing trends as well, especially for the SST, they show higher p values, especially for the NE Aegean, and the correlation coefficient between the air and sea temperatures is the lowest among all the subregions (Rp = 0.71, Figure 8e).



Similarly, the wind speed contributes to the variability of the SST, showing negative Pearson coefficients (countercorrelation) for all basins (Figure 10). High SST anomalies usually coincide with weak wind anomalies throughout the study period. Contrary to the air temperature evolution, the wind speed does not show any statistically significant trend; the trends of the SST are mainly related to the air temperature increasing trends (Figure 8). The northern Aegean revealed the lowest correlation coefficients between the wind speed and the SST anomalies, with smaller, or even nonstatistical, significances: Rp = −0.18, with a p value = 0.05 for the NE Aegean, and RP = −0.09, with a p value > 0.05 for the NW Aegean, respectively (instead of the 99% significance level that was computed for all other basins). More information about the factors affecting the temperature levels in the northern Aegean in relation to the later buoyant input from the Black Sea (BSW), besides the atmospheric ones, will be discussed in Section 3.5.2.



The wind effect on the SST variability is stronger during the spring season, when the relation between the two parameters reveals the narrowest uncertainty confidence levels (95%) for all the subdomains of the IAC region (Figure 11). The spring coefficients of determination are the highest among all seasons (R2 > 0.45), reaching the value of 0.68 for the entire domain (Figure 8a). The weakest relation is computed for winters when the cold atmospheric conditions are more important for the SST levels. However, stronger wind velocities were observed during the winter months for all areas (>8 m/s), and they are associated with the lowest temperature levels (~16 °C) because of the intense wind-induced mixing. A different relation between the wind and surface temperatures is observed during the summer months for almost all areas; weaker winds are associated with lower temperature values, but also with very low coefficients of determination. Note that a very large uncertainty was computed for the NE Aegean (wide confidence intervals), especially during summer, due to the effect of the oceanic conditions, which will be discussed in Section 3.5.2.




3.4. Variability and Trends in the Coastal Waters


The effects of the SST variability are more severe in the biochemical characteristics and the quality of the coastal waters than in the open sea because of the additional pressures from land-originating sources (e.g., nutrients and other pollutants due to drainage and river runoff). Another factor is the shallow and enclosed bathymetry of the coastal areas, which increases the ocean heat capacity and reduces the renewal of the water masses. Moreover, the coastal areas concentrate most of the human activities that are strongly related to the marine environment and its quality. Thus, understanding the temperature levels and trends is vital for the protection and management of the coastal zone.



The coastal distribution of the SST levels averaged over the 2008–2021 period is presented in Figure 12a. A clear north–south gradient, with a 20 °C threshold, is observed over the study region, with values lower than 20 °C for the northern and central Aegean coasts, and values higher than 20 °C along the Ionian, Peloponnese, S Aegean, and Cretan coastal regions. Southeastern Crete and the southern Dodecanese Archipelago, especially, reveal mean values higher than 22 °C (Figure 12a), and minimum values higher than 16 °C (Figure 12c).



Conversely, the Ionian Sea did not reveal such a gradient, showing mean SST values higher than 20 °C everywhere, except from the most northern coasts, which ranged between 19–20 °C (north of 39.5° N, Figure 12a). The levels of both the maximum (Figure 12b) and minimum SST values (Figure 12c) reveal a generally homogenous distribution along the Ionian coasts, resulting in a homogenous distribution of the variance (16 °C, Figure 12d). The Aegean north–south gradient is mainly related to the cold seasons, as derived from the distribution of the minimum SST values (Figure 12c), as observed in older findings [5]. The N Aegean coast revealed the lowest values of the entire study region (< 11 °C; Figure 12c). Another smaller, but apparent, gradient, decreasing from west to east, is detected between the NW and NE Aegean coasts. This west–east gradient is more profound in the maximum SST values over the entire region and is mainly related to the coastal upwelling and vertical advection of colder waters towards the surface (<28 °C, Figure 12b) over the eastern Aegean during the prevailing Etesian winds in the summer months. Relatively low maximum values were also measured over the Cyclades Archipelago (Figure 12b). The highest variances were found for the NW Aegean coasts, and especially for the Thermaikos Gulf (Figure 12d), where the highest maximum (> 31 °C) and lowest minimum (< 9 °C) levels of the entire coastline were detected. This result confirms the characterization of the Thermaikos Gulf as a “hot spot”, based on the numbers and durations of MHWs (Figure 7).



2021 was an exceptional year for the northern Aegean coasts, revealing the highest values among all the study years (Figure 13a). Generally, the highest values occurred during three distinctive years, depending on the sub-basin: 2021 for the northern Aegean; 2010 for the rest of the Aegean and Crete; and 2015 for the Ionian coastal areas, in agreement with the averaged values over the sub-basins presented in Figure 2. It is noted that the MHWs of 2021 mainly affected the northern Aegean coasts (Section 3.5). The distribution of the coldest years, with respect to the minimum SST values along the coastline, reveals a stronger spatial variability (Figure 13b). Notably, the coldest coastal waters of the Cyclades Archipelago were observed in 2018, while the lowest values of Crete were observed within two different years: 2018 in the west, and 2009 in the east. Similarly, 2009 was the coldest for the Ionian coasts and the southern Dodecanese Archipelago. The daily satellite observations of the entire 2008–2021 period also revealed increasing trends (positive slope coefficients of the linear trends, Figure 13d) for all the coastal areas, which are all statistically significant on the basis of the MK trend test of 99% (p value < 0.0001, Figure 13c). However, the slope of the trend varies between the coastal regions, with milder trends in the eastern Aegean, and stronger trends in the northern Aegean and central Ionian coasts. The only coastal region that revealed nonsignificant trends is the exit of the Dardanelles Strait, which is mainly affected by the brackish BSW that outflow into the Aegean Sea (Figure 13c). The results along the coastline are consistent with the general mean values of the sub-basins that showed higher Sen’s slopes for the Ionian and northern Aegean regions than for the southern Aegean and Cretan basins (Table 2, Figure 5).




3.5. The Warm Year of 2021


The year of 2021 was characterized by successive atmospheric heat waves, starting on 28 July until 14 August (http://magazine.noa.gr/archives/4560, accessed on 31 December 2021). We examine the SST variability during this event, the formation of MHWs, mainly for the northern Aegean Sea, and the prevailing environmental conditions, both oceanic (e.g., BSW buoyant input) and atmospheric, on the basis of the available satellite and field observations.



3.5.1. Temperature Variability and MHWs


All the sub-basins of the AIC Seas reveal large SST anomalies between the July–August 2021 values and the monthly mean values derived from the previous period (Figure 14a). In addition, January–March of 2021 also revealed SST anomalies higher than the mean monthly values (Figure 14a), confirming the warmer waters of the cold period of 2021 (Figure 2c). April to June and September to November ranged around the mean values for almost all regions (<0.5 °C). Colder waters were observed, especially in the NE Aegean, in October 2021. The daily maximum SST values (90th percentile of 2021, red line in Figure 14b) were higher than the monthly 90th percentile derived from the entire study period (dashed line in Figure 14b) during winter and summer. The 90th percentile of 2021 reached 29 °C in early August, after a short-term increase of 1.5 °C at the end of July. The January and February 2021 90th percentiles were also higher than the respective seasonal values, by approximately 2 °C. Even the daily mean values of 2021 in January, February, and August followed the levels of the seasonal 90th percentile (Figure 14b, blue line in Figure 14b). The daily climatology, derived from the entire 2008–2021 period, and averaged over the entire AIC region (black line in Figure 14b), is lower than the respective levels of 2021 (blue line in Figure 14b), from January until mid-March, in June–July, and especially in early August (2 °C, Figure 14b). The daily SST levels for the rest of spring and autumn range around the climatological values. The most extreme values were computed for the N Aegean (NW and NE Aegean) for the winter and the summer period (Figure 14a). The NW Aegean SST anomaly was more than 1.5 °C during July and August, in agreement with the highest among all the basin 99th percentiles that were computed for this region (Figure 2b) and the northern coastal waters (Figure 13a). The smallest anomaly was also computed for the southernmost areas, the SE Aegean and Cretan Seas (Figure 14a).



The highest values of the N Aegean in the summer of 2021 are mainly related to the MHWs that were formed in the western part of this region, and especially in the broader Thermaikos Gulf (Figure 15b). The duration of the MHWs was more than 20 days in August 2021 and reached 30 days close to the western coasts of the central Gulf (40° N). Persistent MHWs (>20 days) also occurred in the Chalkidiki Peninsula, while the entire NW Aegean was characterized by MHWs with durations between 15 and 20 days. The rest of the N Aegean basin showed MHWs that lasted approximately 10–20 days. The northern part of NE Aegean, especially, revealed long MHW periods, confirming that the high SST levels of these regions (Figure 14a) were also characterized by long durations during the whole month. The NW region revealed shorter MHWs during June and July (< 15 days, Figure 15a). Generally, the MHWs that occurred in June–July 2021 were characterized by very small durations over the entire study domain (<10 days, Figure 15a). The western Ionian Sea (west of 20° E, and between 35° N to 39° N) also showed long MHWs during August 2021, which were mainly formed away from the coastal zone, where the durations were lower than 10 days, in agreement with the coastal SST variability presented in Figure 13. The southern Aegean and Cretan Seas did not reveal any MHWs during August 2021 (Figure 15b), in accordance with the SST levels derived for these regions (Figure 14a). These southern basins showed the mildest interannual SST trends among all the regions (Table 2, Figure 5), and the lowest number of MHW days for the entire study period (Figure 7b).




3.5.2. Environmental Conditions over the N Aegean


The main buoyant water mass over the N Aegean region is the BSW that flow through the upper layer of the Turkish Straits and exits into the Aegean from the Dardanelles. The BSW are characterized by low salinity levels [28] and high productivity [29], controlling not only the thermohaline functioning of the N Aegean [30], the dense water formation processes [31,32], and the coastal upwelling processes [9,10], but also the ecological character of the Aegean Sea [33,34,35]. These brackish BSW may occupy approximately the upper layers (0–50 m) of the water column, while the intermediate and deeper layers of the Aegean are mainly controlled by the intrusion of more saline Levantine waters from the south. While the SST is quite a good tracer of BSW in the Aegean Sea during cold seasons, in the summer, when the more severe MHWs usually occur, the shallow thermocline results in similar SSTs between the Marmara Sea and the N Aegean [33]. The large difference between the Aegean and Black Sea SST levels in winter–spring 2021 is minimized during summer (Figure 16a). The presence of the BSW is usually more profound in the summer months [28,36,37], following the hydrological cycle of the Black Sea [30]. Recent measurements show that the BSW outflow rates through the Dardanelles may reveal a very weak seasonal signal, with strong interannual variability [30]. Skliris et al. [13] dissociated the observed SST increase in the Aegean from the increased warming of the BSW inflow. In addition, Skliris et al. [8] argued that the nonseasonal variability of the Aegean’s SST is not affected by the SST variations in the BSW inflow. However, the summer of 2021 is a characteristic example, with very high SST levels, and the extended spreading of BSW over the N Aegean. Herein, we investigate the BSW contribution to the SST variability, and especially their relation to the increased number of MHWs over the northern regions in 2021.



We used the field measurements collected at the Athos Buoy, located on the meridional boundary between the NE and NW Aegean Sea (Figure 1), to describe the temporal variation of the surface (1 m) and subsurface (20 m) vertical structures. The surface salinity ranged between 39 and 38 from January to April 2021, and began to decrease in May, revealing stronger daily variations, with strong salinity drops of 2 to 4 units (Figure 16a). A large salinity drop was observed in mid-June, and a more profound low appeared at the end of July, and especially in August (~30), associated with the presence of BSW over the central N Aegean region. One of the main circulation branches of BSW evolve along the Rim Current over the Athos deep basin and south of Chalkidiki Peninsula, carrying brackish waters westward and towards the NW Aegean [28]. During the same period (May to June), the surface temperature (1 m) increased, reaching 28 °C at the end of June. A short-term temperature drop was observed in July, when the salinity levels showed a respective peak (38). The surface temperatures reached their highest levels in early August, in agreement with the satellite-derived NW and NE Aegean SST values (Figure 16a), when the surface salinity revealed its lowest values (30). The Athos Buoy temperature variation is similar to the levels derived from the satellite data, showing that the location of this Poseidon System buoy is representative of the SST variability of the broader N Aegean region. The Pearson correlation coefficient between the salinity and temperature field time series of 2021 is high (RP = −0.79) and statistically significant, on the basis of the Mann–Kendal test (p value < 0.0001).



Chl-a is another variable, besides salinity, that can be used to detect the signal of BSW because of its high productivity, which is associated with the brackish plume [30]. The evolution of the satellite-derived chl-a concentrations is similar to the salinity variability, especially during the summer months, supporting the presence of BSW over the N Aegean (Figure 16b). A significant peak of the chl-a concentrations (~3 mg/m3) was measured when the lowest salinity levels (~30) occurred in the beginning of August. However, the chl-a distribution is also influenced by other environmental conditions that may control the levels of the primary productivity (e.g., river inputs, the seasonality of the atmospheric conditions, nutrient levels, ocean circulation, and vertical mixing). Therefore, the correlation coefficient between salinity and chl-a is not very high (RP = −0.45), but it is negative (countercorrelation) and statistically significant. Although there were periods (e.g., mid-July) where chl-a was increased in conjunction with high salinity levels (BSW absence), the extreme values (>2 mg/m3) usually coincide with periods of BSW presence (very low salinity, e.g., late July and early August).



The hypothesis is that this shallow and less saline BSW layer is subject to increased heating, resulting in higher SST levels. In a recent study, Amaya et al. [38] stated that a shallower mixed layer is associated with a smaller heat capacity, which could further intensify the SST warming in the summer, contributing to the formation of MHWs. They showed that the long-term shoaling of the mean mixed layer depth also has important implications for the magnitude of the SST extremes. We used the available salinity and temperature measurements of two layers at the Athos Buoy (1 and 20 m) to investigate the evolution of the upper ocean stratification characteristics during the entire study period (2008–2021, Figure 17). The nonseasonal temperature time series at the surface of the buoy revealed 12 significant peaks (higher than the 2 °C threshold, Figure 17b). The nonseasonality of the time series allows for the detection of the SST peaks during the annual cycle. The respective air temperature evolution is presented in Figure 17a. The SST peaks are not always correlated with the respective air temperature peaks in relation to the lower correlation coefficient (air–sea temperature), computed for the N Aegean regions in comparison to the rest of the AIC basins (Figure 8). The Brunt-Väisälä stratification frequency (N2, Equation (1)), derived from the physical properties of the upper 1-m and lower 20-m layers, represents the stratification characteristics between these two layers (Figure 17e):


   N 2  =    (    − g  /   ρ 1     )   (   ρ 1  −  ρ 2   )    Δ z    



(1)




where g is the gravitational acceleration (9.806 m/s2); ρ1 and ρ2 are the upper- and lower-layer densities, respectively; and Δz is set equal to 19 m in order to calculate the stratification frequency in the 1–20-m layer. The salinity levels of each layer (Figure 17c), their differences (ΔSalinity, Figure 17d), and the stratification frequencies (Figure 17e) provide concurrent information about the presence and the thickness of the BSW layer; large salinity differences and high N2 values are related to shallow barrier layers occupied by BSW.



During all 12 events, the surface salinity (when measured) showed very low values, while the deeper layer (20 m) was characterized by more saline waters (~38, Figure 17c). The ΔSalinity (Figure 17d) was high during these periods, resulting in the specific peaks of the stratification frequency (Figure 17e). The highest N2 values (0.0035 s−1, Figure 17e) occurred in the warm period of 2010 (Events 2 and 3), when very low surface (30), and high deeper (38) salinities were measured (Figure 17c). The respective SST peak was more than 3 °C during Event 2 and was more than 2 °C during Event 3. Similarly, the temperature increase in 2012 coincided with large ΔSalinity values and stratification frequencies, associated with a positive SST peak in September (Event 4). Event 5 is also related to increased N2 and very high temperature values (>3 °C). The stratification of the upper ocean increased in the summer of 2019 (Event 9), when the SST showed its second highest value of the entire period (Figure 17b). Our results confirm the hypothesis that the presence of a clear but shallow BSW layer contributes to the warming of the surface layer. The ocean heat content (OHC), which represents the energy stored in the ocean, was computed for the entire period when the thermohaline measurements in the two layers were available (Equation (2), Figure 17f).


  Q =    ∫   h 1     h 2      C p   ρ z   T z  d z     



(2)




where Q is the OHC per square meter for the ocean layer between h1 (1 m) and h2 (20 m) depths; ρz is the water density; Tz is the temperature; and Cp is the specific heat capacity of the seawater, as described in Landolt-Boernstein, New Series V [39]. The OHC revealed very high values during all 12 study events, with a large peak of 7 × 108 Joules/m2 in 2013 (Events 2 and 3). The lowest values occurred during periods of very weak stratification, strong mixing, and homogenous salinity between the upper and lower layers, with either small (deep BSW signal, e.g., August 2008, August 2009, and August 2016) or large (no BSW signal, winters of 2011, 2012, 2014, and 2016) values.



The correlation coefficient between the stratification frequency and the OHC is relatively high and positive (RP = 0.53, Figure 18a), and the variation of the values follows an increasing linear fit with the higher OHC levels associated with strong upper ocean stratification. The evolution of the N2 over this brackish-affected area is mainly determined by the salinity distribution, resulting in a respective good correlation between the salinity differences (ΔSalinity) and the OHC for the entire study period (Figure 18b). It is shown that the strong stratification, related to the buoyant barrier layer at the surface (BSW), may increase the heat storage capacity of the upper layers, contributing to the further warming of the surface water masses of the N Aegean.






4. Summary and Discussion


High-resolution satellite-derived sea surface temperature (SST) data were analyzed to investigate the spatial and interannual SST variability over the Aegean, Ionian, and Cretan (AIC) Seas during the recent 14-year period (2008–2021). The high resolution and the good quality of the satellite observations, especially after 2019 [22], allowed for the detailed investigation of the SST levels, both over offshore and coastal waters. Comparisons with field measurements during the marine heat waves of the summer of 2021 confirmed the good quality of the satellite data, where both datasets (satellite and in situ) described in detail the daily variations and the extreme peaks of temperature.



We found a general increasing trend of 0.49 °C/decade over the AIC Seas, with stronger local gradients over the southern Ionian and northern Aegean Seas (>0.60 °C/decade), as was also reported by Mohamed et al. [40]. The general trend is slightly higher than the trend of the broader eastern Mediterranean basin (0.40 °C/decade), derived from a spatially coarser (0.25°) dataset [41]. Some parts of the northern Aegean, those closer to the northern shelves, revealed the highest statistically significant Sen’s slopes (> 0.75 °C/decade). Mohamed and Skiris [41] also computed stronger trends over the northern part of the Aegean Sea. The strong increasing trends of the northern Aegean are higher than the ones computed for the southern Aegean (0.47 °C/decade for SW Aegean, and 0.51 °C/decade for SE Aegean). García-Monteiro et al. [27], on the basis of a longer dataset from MODIS (2003–2019), showed a strong increasing trend for the broader Aegean Sea (0.60 °C/decade), in line with our results for the northern part of the region. The strongest trend slopes were computed east of the Chalkidiki Peninsula and along the respective coastal areas, in agreement with Garcia-Monteiro et al. [27]. The southern Aegean revealed similar increasing trends to a previous observational period (1985–2008, [13]). However, prior to 2008, the same observations showed significantly smaller increasing trends (0.42 °C/decade, [13]) for the northern Aegean in comparison to the trends of the 2008–2021 period.



The high occurrence frequency of MHW events over the northern Aegean (>35 events) during the 14-year study period is associated with the strong increasing trends of the SSTs that were computed for this region. MHWs were not very frequent over the southern regions, especially over the SE Aegean and the Cretan Sea; these subdomains were characterized by the lowest number of events (<20) and durations (<200 days) within the 2008–2021 period. Moreover, the eastern Aegean Sea showed the weakest trends and low occurrence frequencies of MHWs. Very low Sen’s slopes (<0.35 °C/decade) and small MHW periods were additionally computed for the area south of Crete. The period (14-years) that we have used to derive the temperature baseline, instead of using a longer dataset, may have underestimated the number of MHWs detected over the AIC Seas. However, the computed numbers and the durations of the MHWs agree with the levels derived from other studies for the broader Mediterranean Sea (e.g., the modeling study by Darmaraki et al. [19]: an increase of 1.7 events/decade; satellite observations by Ibrahim et al. [18]: an increase of 1.2 events/decade). Moreover, the high-resolution of the SST data (0.01°) provided significant information about the spatial distribution of both MHWs and the SST trends over the study domain, following a recommendation by Hobday et al. [24].



The trend of the mean annual SST values is mainly associated with the interannual increase in the lowest values (weaker minima during the cold seasons). The annual maximum SST values demonstrate an increasing trend, which was not statistically significant. A statistically significant strong trend of the annual maxima (0.69 °C/decade) occurred only in the southern Ionian. In addition, this area revealed the strongest increasing trend of the minima (0.77 °C/decade), indicating that the SST increase was important during both cold and warm periods. Our results suggest that, for the rest of the basins, the winter–spring surface waters became warmer through the years. Although summer–autumn (warm seasons) also recorded an increasing trend, the increase in the annual means is mainly associated with the cold seasons. The winter values revealed the strongest interannual increasing trends among all the seasons. A characteristic example occurred in 2021, which showed the highest minimum SST values of the entire study period, confirming that the winter–spring surface waters became warmer throughout the years.



The satellite-derived SST observations of the 2008–2021 period confirm the increasing trends for almost all of the coastal waters with stronger trend slopes on most northern Aegean and central Ionian coasts, and milder trend slopes in the eastern Aegean Sea. Very weak trends were detected at the exit of the Dardanelles Strait, which is mainly affected by the brackish BSW that outflow into the Aegean Sea. This result agrees with older observations from 1985–2008, when the area around Dardanelles Strait revealed half SST trends in comparison to the Aegean basin-average trend [13]. Mean interannual values higher than 20 °C were detected along the Ionian, Peloponnesus, southern Aegean, and Cretan coastal regions. The coasts of southeastern Crete and the southern Dodecanese Archipelago revealed mean values higher than 22 °C, and minimum values higher than 16 °C. The northern Aegean, and especially Thermaikos Gulf, can be characterized as a “hot spot” of MHWs. The maximum SST values of the northwestern Aegean during the hot summer of 2021 are mostly related to the MHWs that were formed in the western part of this region (Thermaikos Gulf). The duration of the MHWs was more than 20 days in August 2021, reaching 30 days in the proximity of the western coasts in central Thermaikos.



Several environmental parameters may affect the SST variability. The interannual variability and the increasing positive trends of the air temperature are very similar to the SST variations, showing a 5-to-10-day lag between the two parameters for all regions. The removal of the monthly cycle though showed a zero-day lag, confirming that the nonseasonal changes in the atmospheric temperature may directly affect the sea temperature variations. Although the wind speed plays a role in the SST variability (e.g., strong winds enhance the vertical mixing, resulting in lower SST values), it does not show a statistically significant increase; the trends of the SST are mainly related to the air temperature positive trends. A clear difference between the Aegean and Ionian Seas is evident in the relation between the air and sea temperatures. Both the north and south Ionian Sea reveal significant increasing trends for both air and sea temperatures. The interannual variability of the atmospheric heat waves and their correlation with MHWs over the AIC domain can be a future research effort that will improve the predictability of MHWs that have significant biochemical and ecological implications for the marine environment.



The temperature levels in the northern Aegean, in addition to the atmospheric conditions, are strongly related to the lateral buoyant input from the Black Sea. The northern Aegean had the lowest correlation coefficients between the wind speed and SST anomalies, with smaller, or even nonstatistical significances (especially in the summer), when the presence of BSW is usually more profound [30,36,37]. Although the BSW temperature variations have a minimal direct effect on the Aegean’s SST [13], the strong stratification in the northern Aegean, related to the buoyant barrier layer at the surface (BSW), may increase the heat storage capacity of the upper layers, contributing to the further warming of the surface water masses. Our results confirm the hypothesis that shallow mixed layers contribute to the warming of the surface layer, in agreement with Amaya et al. [38]. This was the case in the summer of 2021, which was a unique year for the northern Aegean coasts, recording the highest values among all the study years. Numerical modeling efforts may further quantify the effects of the mixed layer characteristics, especially the influence of the BSW barrier layer on the SST variability.




5. Concluding Remarks


The sea surface temperature (SST) is an important factor and indicator of the sea water quality, with various ecological and anthropogenic implications. The interannual, seasonal and spatial variability of the SST over the Aegean, Ionian, and Cretan Seas and their respective coastal waters has been examined, covering a period from 2008 to 2021. The marine heat wave (MHW) events and formation regions were also identified and analyzed to detect their interannual variability over all the AIC subdomains. We focused on the warm year of 2021 and examined the environmental factors on the extended SST levels detected, especially over the northern Aegean Sea. We identified significant differences of the SST interannual trends between the Aegean, Ionian, and Cretan sub-basins. The general increasing SST trend over the whole AIC Seas is 0.49 °C/decade, with stronger local gradients over the southern Ionian and the northern Aegean (0.6 °C/decade). For the northern Aegean especially, the recent trend (2008–2021) is stronger than the relevant trend derived from an older period (1985–2008, [13]). On the contrary, the respective changes over the southern Aegean between the two periods are negligible. The increasing trends of the annual means are strongly associated with the cold seasons, showing that the winter surface waters became warmer throughout the years. The analysis over the coastal waters showed strong trends in most of the coasts of the northern Aegean and central Ionian, and milder trend slopes in the eastern Aegean and Minor Asia coasts.



The increase in the marine heat wave (MHW) total annual duration was 21.3 days/decade, and the respective increase in MHW events is approximately 1.7 events/decade. The most recent four years (2018–2021) revealed the highest number of MHWs, with the longest durations, especially for the northern Aegean Sea. The strong upper ocean stratification, related to buoyant barrier layers at the surface (Black Sea Waters), increased the heat storage capacity of the upper layers, contributing to the further warming of the surface water masses of the northern Aegean. This was the case over the northern Aegean in the summer of 2021, for which the highest maximum temperature levels among all years over the northern Aegean were recorded, and which was characterized by intense MHWs in August. Generally, the northern Aegean, and especially Thermaikos Gulf (NW Aegean), is characterized as a “hot spot” for MHWs, showing a large number of events with long durations during the entire study period. The prolonged extreme sea temperature conditions (>31 °C) in the summer of 2021 over Thermaikos Gulf were crucial for the ecological state of the area, affecting the biotic environment, the tourist industry, and fishing and aquaculture activities. Kontantinos Vervitis, the president of the Shell Fishing Association, “Poseidon”, of the Municipality of Delta stated: “Due to the very high temperatures that exist at sea, we observed mortality in the mussels of the production of 2021 at a rate of 50%, which had not been sold until then. What was worse, however, was that in August, we also saw infant mortality, that is, the mussels that we put in to have production in ‘22. In order to stay at work and because we will now have production in 2023, we ask for the help and support of the state”. (https://www.athina984.gr/en/2021/09/16/antimetopoi-me-tin-klimatiki-krisi-oi-mydokalliergites/, accessed on 31 December 2021).
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Figure 1. Bathymetry of the study area divided into 7 subregions: northwestern (NW) Aegean, northeastern (NE) Aegean, southwestern (SW) Aegean, southeastern (SE) Aegean, the Cretan Sea, northern (N) Ionian, and southern (S) Ionian. The main topographical features described in the study are marked. The location of the Athos Buoy (blue, Poseidon System) is also marked. Each subregion is defined by the magenta lines and the neighboring land boundaries. 
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Figure 2. Annual variability (dashed lines) and trends (continuous lines) of: (a) the mean sea surface temperature (SST; °C); (b) the 99th percentile of SST; (c) the minimum (min) SST; and (d) the variance, averaged over 8 regions (all regions: black; N Ionian: red; S Ionian: orange; NW Aegean: blue; NE Aegean: dark green; SW Aegean: purple; SE Aegean: light green; Cretan Sea: grey (Figure 1)), for the period 2008–2021. Note that the dataset of 2021 extends until 15 November. 
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Figure 3. Residuals derived between the observed mean annual, and the respective trend values of: (a) the mean sea surface temperature (SST; °C); (b) the 99th percentile of the SST; (c) the minimum (min) SST; and (d) the variance, averaged over 8 regions (all regions: black; N Ionian: red; S Ionian: orange; NW Aegean: blue; NE Aegean: dark green; SW Aegean: purple; SE Aegean: light green; Cretan Sea: grey (Figure 1)), for the period from 2008–2021. The residual square error (°C) for each trend is also shown. 
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Figure 4. Annual variability (dots) and trends (continuous black lines) of: (a) the mean sea surface temperature (SST; °C); (b) the 99th percentile (PER) of the SST; (c) the minimum (min) SST; and (d) the variance, averaged over all regions for the period 2008-2021. The confidence intervals (95%; grey dashed lines) for each case are shown. 
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Figure 5. Spatial distribution of: (a) the Sen’s slopes (°C/year) of annual sea surface temperature (SST) means; and (b) the respective MK statistical significance thresholds (p value), derived from the 2008–2021 period. 
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Figure 6. Annual numbers (black) of events and total durations (days, red) of MHWs, averaged over the entire study domain from 2008 to 2021. 
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Figure 7. Spatial distribution of the (a) total numbers of MHW events, and (b) durations (days), as derived from the entire 2008–2021 period. The threshold of 35 events and 300 days in total is marked with a black solid line. 
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Figure 8. Monthly evolution without the seasonal cycle of sea surface temperature (SST, black line, °C) and air temperature (red line, °C), averaged over: (a) all regions; (b) N Ionian; (c) S Ionian; (d) NW Aegean; (e) NE Aegean; (f) SW Aegean; (g) SE Aegean; and (h) Cretan Sea, over the 2008–2021 period. The linear trend, the respective trend p value, and the Pearson correlation coefficient (Rp) between the two time series are shown. One (*) and two (**) asterisks indicate statistically significant correlations of 99% and 95%, respectively. 
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Figure 9. Cross correlation between air temperature and sea surface temperature (SST) daily values, averaged over the entire study domain, (a) with the seasonal cycle, and (b) without the seasonal cycle. The y- and x-axes represent the Pearson correlation coefficients and the lag (days) between the two time series, respectively. 






Figure 9. Cross correlation between air temperature and sea surface temperature (SST) daily values, averaged over the entire study domain, (a) with the seasonal cycle, and (b) without the seasonal cycle. The y- and x-axes represent the Pearson correlation coefficients and the lag (days) between the two time series, respectively.



[image: Jmse 10 00042 g009]







[image: Jmse 10 00042 g010 550] 





Figure 10. Monthly evolutions, without the seasonal cycle, of the sea surface temperatures (SSTs, black line, °C) and wind speeds (red line, m/sec), averaged over: (a) all regions; (b) N Ionian; (c) S Ionian; (d) NW Aegean; (e) NE Aegean; (f) SW Aegean; (g) SE Aegean; and (h) the Cretan Sea, over the 2008–2021 period. The linear trends and the Pearson correlation coefficients (Rp) for each case are shown. One (*) and two (**) asterisks indicate statistically significant correlations of 99% and 95%, respectively. 






Figure 10. Monthly evolutions, without the seasonal cycle, of the sea surface temperatures (SSTs, black line, °C) and wind speeds (red line, m/sec), averaged over: (a) all regions; (b) N Ionian; (c) S Ionian; (d) NW Aegean; (e) NE Aegean; (f) SW Aegean; (g) SE Aegean; and (h) the Cretan Sea, over the 2008–2021 period. The linear trends and the Pearson correlation coefficients (Rp) for each case are shown. One (*) and two (**) asterisks indicate statistically significant correlations of 99% and 95%, respectively.



[image: Jmse 10 00042 g010]







[image: Jmse 10 00042 g011 550] 





Figure 11. Scatter diagrams of the mean monthly wind speeds (m/sec) and sea surface temperatures (SST; °C), averaged over: (a) all regions; (b) N Ionian; (c) S Ionian; (d) NW Aegean; (e) NE Aegean; (f) SW Aegean; (g) SE Aegean; and (h) the Cretan Sea. Each season (winter, spring, summer, autumn) consists of all the respective months of the entire 2008–2021 period, and they are marked with different colors. The 95% confidence intervals and the coefficients of determination (R2) for each case are also shown, with the same seasonal colors. 
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Figure 12. Spatial distribution along the coastline of the study domain of the (a) mean sea surface temperature (SST); (b) the maximum (max) SST; (c) the minimum (min) SST; and (d) the variance of the SST, derived from the daily SST values of the study period (2008–2021). 
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Figure 13. Spatial distributions along the coastlines of the study domain of: (a) the year of the maximum (max) sea surface temperature (SST); (b) the year of the minimum (min) SST; (c) the p values of the Mann–Kendal statistical significance test (99%); and (d) the respective slope coefficients of the linear trends, derived from the daily SST values of the study period (2008–2021). 
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Figure 14. (a) Monthly SST anomalies computed from the differences between the 2021 mean monthly means (January to August) and the respective mean monthly means of the entire 2008–2021 period, spatially averaged over each study subregion. (b) Daily 90th percentiles (red line) and means (blue line) of SSTs derived from the entire region for 2021. The black lines represent the mean monthly 90% percentiles of the SSTs (dashed with black dots) and the daily climatology (solid), derived from the 2008–2021 period, and averaged over the entire region. Note that the dataset of 2021 extends until 15 November. 
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Figure 15. Spatial distribution of the mean heat wave (MHW) durations (days) for: (a) June–July 2021, and (b) August 2021. The detection of the MHWs is based on the daily SSTs of 2021 and the baseline temperatures derived from the entire study period (2008–2021). 
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Figure 16. Daily evolutions of: (a) temperature (black), and salinity (red), measured at a 1-m depth at the Athos Buoy, and satellite-derived sea surface temperatures (SSTs), averaged over the NW (blue), and the NE (green) Aegean, and the entire Black Sea (grey); and (b) salinity (red), measured at a 1-m depth at the Athos Buoy, and satellite-derived chlorophyll-a (chl-a) concentrations (green), averaged over the N Aegean (NW and NE combined), from January 2021 to August 2021. One (*) and two (**) asterisks indicate statistically significant correlations of 99% and 95%, respectively. 
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Figure 17. Weekly means of: (a) air temperature in dry bulb; (b) sea temperature at 1 m; (c) salinity at 1 m (black) and salinity at 20 m (red); (d) salinity anomaly between the two layers (1 m and 20 m, ΔSalinity); (e) the Brunt-Väisälä stratification frequency (N2), derived between 1 and 20 m; and (f) the ocean heat content (OHC; Joule/m2) of the upper 20 m, derived from the Athos Buoy daily values, without the seasonal cycle. The red dashed lines represent 12 events when the surface temperature was higher than 2°C (red-shaded area in (b)). 
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Figure 18. Scatter diagram of ocean heat content (OHC; Joule/m2) of the upper 20 m, and (a) the Brunt-Väisälä stratification frequency (N2; sec-1); (b) salinity anomaly between the two layers (1 m and 20 m, ΔSalinity), derived from the Athos Buoy measurements during 2008–2021. The linear fit, the Pearson correlation coefficient (RP), and the respective p values of the Mann–Kendal significance test for each case is shown. 
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Table 1. Main characteristics (parameter, type, resolution, period, coverage area, source) of the data used in the study.
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	Parameter
	Type
	Res.
	Step
	Period
	Area
	Dataset Source





	SST
	Satellite
	0.01°
	Daily
	01/01/08–15/11/21
	AIC and Black Sea
	Copernicus System



	Chlorophyll-a concentrations
	Satellite
	0.01°
	Daily
	01/01/21–15/11/21
	AIC
	Copernicus System



	Air temperature (2 m)
	ECMWF Reanalysis (ERA5)
	0.25°
	Hourly
	01/01/08–15/11/21
	AIC
	Copernicus System



	Wind components (10 m)
	ECMWF Reanalysis (ERA5)
	0.25°
	Hourly
	01/01/08–15/11/21
	AIC
	Copernicus System



	Temperature and salinity (1 and 20 m)
	In situ
	Buoy
	Hourly
	01/01/08–31/08/21
	Athos (N Aegean)
	Poseidon System



	Air temperature (dry bulb)
	In situ
	Buoy
	Hourly
	01/01/08–31/08/21
	Athos (N Aegean)
	Poseidon System
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Table 2. Sen’s slopes (°C/year) and the respective MK statistical significance thresholds (p value), the upper (UpConf) and lower (LowConf) confidence intervals for the mean, the 99th percentiles (Perc), the minimums (Min), and the variances (Var), derived from yearly mean SST values, averaged over all regions (Figure 1) for the 2008–2021 period.
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All

Regions

	
N

Ionian

	
S

Ionian

	
NW

Aegean

	
NE

Aegean

	
SW

Aegean

	
SE

Aegean

	
Cretan

Sea






	
Mean

	
Sen’s Slope

	
0.049 *

	
0.060 **

	
0.069 *

	
0.063 **

	
0.060 **

	
0.047 **

	
0.051 **

	
0.045 *




	
p value

	
0.003

	
0.026

	
0.0003

	
0.019

	
0.042

	
0.036

	
0.036

	
0.010




	
UpConf

	
0.251

	
0.337

	
0.244

	
0.354

	
0.368

	
0.315

	
0.281

	
0.220




	
LowConf

	
−0.123

	
−0.234

	
−0.078

	
−0.166

	
−0.203

	
−0.142

	
−0.211

	
−0.124




	
Perc 99

	
Sen’s Slope

	
0.035

	
0.067

	
0.069 **

	
0.016

	
0.015

	
0.019

	
0.008

	
0.044




	
p value

	
0.157

	
0.157

	
0.047

	
0.830

	
0.784

	
0.591

	
0.830

	
0.279




	
UpConf

	
0.552

	
0.692

	
0.505

	
0.856

	
1.038

	
0.818

	
0.452

	
0.567




	
LowConf

	
−0.312

	
−0.582

	
−0.282

	
−0.361

	
−0.733

	
−0.541

	
−0.477

	
−0.381




	
Min

	
Sen’s Slope

	
0.038 **

	
0.096 *

	
0.077 *

	
0.060 **

	
0.068 *

	
0.023

	
0.050

	
0.035




	
p value

	
0.026

	
0.001

	
0.005

	
0.019

	
0.042

	
0.518

	
0.233

	
0.388




	
UpConf

	
0.306

	
0.376

	
0.283

	
0.538

	
0.594

	
0.407

	
0.424

	
0.408




	
LowConf

	
−0.178

	
−0.261

	
−0.193

	
−0.316

	
−0.282

	
−0.416

	
−0.292

	
−0.341




	
Var

	
Sen’s Slope

	
0.015

	
-0.067

	
-0.005

	
0.027

	
-0.086

	
0.039

	
-0.011

	
0.084




	
p value

	
0.914

	
0.591

	
1.000

	
0.914

	
0.622

	
0.591

	
0.830

	
0.331




	
UpConf

	
1.118

	
1.876

	
1.954

	
1.858

	
1.720

	
1.388

	
0.726

	
0.968




	
LowConf

	
−0.939

	
−2.552

	
−2.759

	
−1.602

	
−1.351

	
−1.105

	
−0.596

	
−0.802








One asterisk (*) and two asterisks (**) indicate statistically significant trends of 99% and 95%, respectively.
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Table 3. Sen’s slopes (°C/year) and the respective MK statistical significance thresholds (p value), and the upper (UpConf) and lower (LowConf) confidence intervals for the seasonal trends (winters, springs, summers, autumns), derived from the mean monthly SST values, averaged over all regions (Figure 1) for the 2008–2021 period.






Table 3. Sen’s slopes (°C/year) and the respective MK statistical significance thresholds (p value), and the upper (UpConf) and lower (LowConf) confidence intervals for the seasonal trends (winters, springs, summers, autumns), derived from the mean monthly SST values, averaged over all regions (Figure 1) for the 2008–2021 period.





	

	
All

Regions

	
N

Ionian

	
S

Ionian

	
NW

Aegean

	
NE

Aegean

	
SW

Aegean

	
SE

Aegean

	
Cretan

Sea






	
Winter

	
Sen’s Slope

	
0.076 **

	
0.125 *

	
0.104 *

	
0.094

	
0.061

	
0.070

	
0.086

	
0.064




	
p value

	
0.047

	
0.001

	
0.002

	
0.157

	
0.127

	
0.193

	
0.062

	
0.101




	
UpConf

	
0.478

	
0.512

	
0.506

	
0.775

	
0.965

	
0.603

	
0.559

	
0.547




	
LowConf

	
−0.191

	
−0.255

	
−0.208

	
−0.346

	
−0.362

	
−0.208

	
−0.356

	
−0.172




	
Spring

	
Sen’s Slope

	
0.034

	
0.041

	
0.043

	
0.031

	
0.037

	
0.028

	
0.032

	
0.030




	
p value

	
0.157

	
0.101

	
0.127

	
0.331

	
0.279

	
0.127

	
0.331

	
0.279




	
UpConf

	
0.314

	
0.254

	
0.313

	
0.668

	
0.564

	
0.377

	
0.374

	
0.267




	
LowConf

	
−0.231

	
−0.177

	
−0.220

	
−0.497

	
−0.344

	
−0.314

	
−0.284

	
−0.242




	
Summer

	
Sen’s Slope

	
0.034

	
0.027

	
0.051

	
0.027

	
0.016

	
0.024

	
0.018

	
0.034




	
p value

	
0.331

	
0.591

	
0.193

	
0.667

	
0.591

	
0.451

	
0.518

	
0.331




	
UpConf

	
0.277

	
0.503

	
0.321

	
0.429

	
0.694

	
0.594

	
0.400

	
0.317




	
LowConf

	
−0.331

	
−0.472

	
−0.262

	
−0.406

	
−0.478

	
−0.414

	
−0.298

	
−0.334




	
Autumn

	
Sen’s Slope

	
0.057

	
0.064

	
0.083

	
0.051

	
0.039

	
0.041

	
0.047

	
0.060




	
p value

	
0.127

	
0.193

	
0.062

	
0.036

	
0.388

	
0.451

	
0.193

	
0.193




	
UpConf

	
0.461

	
0.609

	
0.597

	
0.560

	
0.519

	
0.516

	
0.582

	
0.447




	
LowConf

	
−0.440

	
−0.554

	
−0.445

	
−0.399

	
−0.370

	
−0.394

	
−0.474

	
−0.335








One (*) and two (**) asterisks indicate statistically significant trends of 99% and 95%, respectively.
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