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Abstract

:

The Baltic Sea is one of the fastest-warming marginal seas globally, and its temperature rise has adversely affected its physical and biochemical characteristics. In this study, forty years (1982–2021) of sea surface temperature (SST) data from the advanced very high resolution radiometer (AVHRR) were used to investigate spatial and temporal SST variability of the Baltic Sea. To this end, annual maximum and minimum SST stacked series, i.e., time series of stacked layers of satellite data, were generated using high-quality observations acquired at night and were fed to an automatic algorithm to detect linear and non-linear trend patterns. The linear trend pattern was the dominant trend type in both stacked series, while more pixels with non-linear trend patterns were detected when using the annual minimum SST. However, both stacked series showed increases in SST across the Baltic Sea. Annual maximum SST increased by an average of 0.062 ± 0.041 °C per year between 1982 and 2021, while annual minimum SST increased by an average of 0.035 ± 0.017 °C per year over the same period. Averaging annual maximum and minimum trends produces a spatial average of 0.048 ± 0.022 °C rise in SST per year over the last four decades.
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1. Introduction


Sea surface temperature (SST) has been recognized as an essential climate variable and one of the leading indicators of climate change [1]. SST is a necessary parameter for atmospheric models, atmosphere–ocean interaction studies, and ocean forecasting from regional to global scales [2,3]. Information about SST conditions at local to regional scales is required to understand marine ecosystem dynamics [4] and the direct and indirect effects of climate change on fish stocks [5]. These reasons justify the necessity of measuring high-quality SST through time, supporting the successful accomplishment of relevant studies, and monitoring SST dynamics. Satellite remote sensing observations offer a unique opportunity to measure SST in consistent spatial and temporal scales [6,7]. The extensive spatial coverage and long temporal record of satellite observations provide a synoptic view of SST and enable the monitoring of their dynamics. Accordingly, several global and regional SST datasets based on remote sensing satellites have been generated [2,8,9], which could be used to quantify the spatial and temporal dynamics of SST.



The Baltic Sea is one of the fastest-warming marginal seas [10], and its SST variability has attracted the interest of researchers. Several recent studies have been conducted based on either remote sensing SST observations or other sources (e.g., atmospheric forcing models) to quantify the magnitude of SST dynamics through time [2,10,11,12,13,14,15]. These studies are in general agreement that the Baltic SST trend has been increasing, though the reported magnitudes differ mainly due to different data sources or studied periods. For instance, Stramska and Bialogrodzka [15] examined the spatial and temporal SST variability of the Baltic Sea using 31 years (1982–2013) of the advanced very high resolution radiometer (AVHRR) observations and reported increasing trends ranging between 0.03 °C and 0.06 °C per year. Likewise, Høyer and Karagali [2] used AVHRR observations to determine linear temporal SST dynamics of the Baltic Sea between 1982 and 2012, which were reported to be 0.04 °C per year. More recently, Kniebusch et al. [13] investigated the Baltic Sea SST variations using reconstructed atmospheric forcing field data. Their results revealed increasing SST trends in the Baltic Sea between 1856 and 2005, with average magnitudes between 0.03 °C and 0.06 °C per decade in northeastern and southwestern regions, respectively. Furthermore, they found that an intensified increase in SST occurred in later decades, reaching 0.4 °C per decade between 1978 and 2007. Likewise, Dutheil et al. [10] used similar data to those of Kniebusch et al. [13] for the period 1850–2008 to analyze the spatial and temporal SST trends in the Baltic Sea. Their results indicated a mean SST increase of 0.047 °C per decade with a standard deviation (0.008 °C per decade).



Climate change increases SST and alters ocean circulation patterns [16], and the warming of the Baltic Sea has resulted in critical physical and biochemical effects that have direct effects on marine ecosystem functioning and ecosystem services. Likewise, the increase in the melting rate of sea ice due to SST rise is also reported to cause environmental issues [17]. These include catalyzing eutrophication, enriching cyanobacteria blooms, and increasing hypoxia [18,19], which negatively affect the ecosystem services provided by the Baltic Sea, such as fisheries and tourism. As the Baltic is likely to continue warming in the future [20], timely monitoring of its SST is necessary to support efficient marine ecosystem management. Although several studies were conducted to investigate the SST trend in the Baltic Sea, there has been a considerable paucity of studies that have included Baltic SST observations from the current decade (2011–2021), which is surprising since this decade is the warmest on record according to the Copernicus Climate Change Service [21]. More notably, previous studies based on satellite observations have only considered linear trend patterns, while SST could have non-linear dynamics due to the non-linear impact of climate change and climate feedback [10]. Therefore, the main objective of this paper is to detect both linear and non-linear trend patterns of SST in the Baltic Sea based on four decades (1982–2021) of AVHRR satellite observations using an automatic polynomial trend analysis framework, PolyTrend [22], and generate per-pixel slope magnitude, along with the t-test analysis for statistical significance evaluation, to better understand Baltic Sea SST dynamics. Finally, the slope magnitudes were separately computed for five subregions in the Baltic Sea.




2. Study Area


The study area is in northern Europe between 53°57′N and 65°46′N longitudes and between 8°34′E and 29°50′E latitudes (see Figure 1). It includes mainly the Baltic Sea (i.e., Gulf of Bothnia, Gulf of Finland, Gulf Riga, and Baltic Sea), Kattegat, and part of Skagerrak. The Baltic Sea is connected to the North Sea and the Atlantic Ocean through the narrow straits of Denmark. As the Baltic Sea is semi-closed and receives a considerable inflow of freshwater from surrounding rivers, its waters are brackish with salinity varying between 3 and 12 g/kg [23]. It has high bathymetric variability with a relatively low average depth of approximately 54 m [10]. The Baltic Sea has been recognized as one of the fastest-warming marginal seas in recent decades, which has had adverse effects on its biochemical and physical conditions [10]. Figure 1 presents the spatial patterns of maximum SST values over the study area in 2021 and 1982, which were 20.89 °C and 19.29 °C on average, respectively, possibly an indication of a warming condition. The per-pixel maximum SST values for 2021 and 1982 were obtained by computing the maximum SST value of each pixel using all available high-quality AVHRR SST observations within the corresponding year, acquired at night (see Section 3.1). Finally, spatial averages of all maximum SST values were computed to be reported as a single indicator.




3. Materials and Methods


3.1. Sea Surface Temperature (SST) Dataset


The AVHRR Pathfinder Version 5.3 (PFV5.3) SST dataset was used for trend analysis in this study. PFV5.3 is the latest release of the Pathfinder SST program, providing a long-term global SST dataset for research, modeling, and trend analysis [24]. PFV5.3 is generated from a combination of AVHRR sensors onboard the National Oceanic and Atmospheric Administration (NOAA) satellite series. It contains day and night observations (i.e., twice daily) of global SST values at 4 km spatial resolution from August 1981 to the present. The SST values have been computed through a non-linear SST algorithm [25], in which the corresponding coefficients have been determined using co-located in situ and satellite measurements [26]. The PFV5.3 dataset provides SST values with reasonable accuracy with a root mean square error (RMSE) in the range of 0.31 °C to 0.37 °C [27].



The PFV5.3 SST dataset was downloaded and pre-processed using the Google Earth Engine (GEE) cloud computing platform [28,29], which is available through the GEE Snippet of ee.ImageCollection(“NOAA/CDR/SST_PATHFINDER/V53”). The AVHRR PFV5.3 provides day and night global SST observations. Here, only night SST observations (i.e., one per night) were used to ultimately generate two forty-year stacked series for trend analysis. This is rooted in the fact that day observations are subjected to the diurnal warming effect, which is reported to be significant in the Baltic Sea [30].



Night-time SST values were first separated for further processing. The quality flag data were then incorporated to exclude lower-quality SST values. Only SST values with quality flags equal to 4 (acceptable quality) and 5 (best quality) were used for further analysis. In the final step, annual maximum and minimum values for each year between 1982 and 2021 were computed using high-quality SST values acquired at night. This resulted in two spatial time series that included forty SST values, one for each year, covering the last forty years (1982–2021). Although maximum and minimum functions were used here to generate the two SST stacked series for trend analysis, in other studies [31,32], average SST values in each year were considered. However, it was not possible to use annual average SST values in this study because the number and temporal distribution (i.e., positions of observations in a year) of high-quality SST observations for all pixels were not identical over the Baltic Sea. Therefore, averaging could lead to an inconsistent dataset that would introduce further uncertainties into the trend analysis.




3.2. Trend Analysis Method


The PolyTrend algorithm [22] was implemented to examine SST trends of the study area over the last four decades. This algorithm was originally developed for automatic vegetation trend analysis [22] and was later applied to other disciplines, such as precipitation [32], tropospheric NO2 [33], and air temperature trend analyses [34]. The PolyTrend algorithm detects linear and non-linear trends and considers five different trend patterns, as shown in Figure 2. The algorithm begins by checking the existence of a cubic trend, and if the required criteria are not met, it will proceed with checking the existence of a quadratic trend. If the criteria of either cubic or quadratic trend patterns are met but the SST net change between the start and end year of the study period is negligible (i.e., statistically insignificant), then a concealed trend will be assigned. This is determined by checking the significance of the coefficient of a linear fit. In case of rejecting the existence of a non-linear trend pattern, a linear function is fitted to the input data, and the significance of the linear coefficient will lead to the assignment of the linear trend pattern. Finally, the no-trend pattern will be assigned to the corresponding input data when no statistically significant trend (linear or non-linear) is found. It is important to note that the algorithm can be employed with tunable confidence intervals based on the Student’s t-test, which in this study was set to 95%.



Accordingly, the two forty-year SST stacked series were fed to the PolyTrend algorithm, and each pixel containing 40 SST values (either annual maximum or minimum) was subjected to trend analysis, according to Figure 2. Then, per-pixel trend patterns, SST variability, and slope magnitude maps were produced based on annual maximum and minimum SST. Finally, for each stacked series, SST variability and slope magnitude were averaged to generate representative maps that contain the results of both annual maximum and minimum SST.





4. Results


The per-pixel SST trend pattern between 1982 and 2021 for approximately 47,000 pixels that comprise the Baltic Sea is shown in Figure 3. The linear trend pattern was the dominant trend type detected by the PolyTrend algorithm when using annual maximum SST (Figure 3a). Areas with direct exchange with the North Sea, such as the western parts of the Baltic Sea and Skagerrak, were dominated by the no-trend patterns. Meanwhile, non-linear trend patterns (i.e., cubic, quadratic, and concealed) were only detected nearshore. The non-linearity of trends in nearshore areas could possibly be due to water–land interactions, water level effects on SST values in each year, and influence of land surface warming/cooling on adjacent water surfaces in remote sensing data. Annual maximum and annual minimum Baltic Sea SST exhibited markedly different behavior over the course of the study period. Annual maximum SST exhibited a linear trend pattern over 81.01% of the pixels comprising the Baltic Sea. The remainder exhibited no-trend, quadratic, concealed, and cubic trends representing 15.33%, 1.42%, 1.32%, and 0.93% of pixels, respectively (Figure 3a). On the other hand, annual minimum SST had a more heterogeneous pattern, with non-linear trend patterns being more frequent (Figure 3b). Although the two dominant trend patterns for annual minimum SST were linear (39.86%) and no-trend (28.65%), the portion of non-linear trends was higher than annual maximum SST. In particular, the pixels that were assigned to cubic, concealed, and quadratic trend patterns covered 19.71%, 8.86%, and 2.94% of the surface area, respectively. Despite the differences in trend pattern, both annual maximum and minimum stacked series showcase the rise in Baltic SST based on the detected trend directions. In fact, nearly 97% of pixels in both stacked series had a positive trend direction over the last forty years. Meanwhile, a low number of pixels were found to have negative trends, which were located nearshore. This discrepancy could be due to uncertainties associated with pixels near land, as mentioned earlier.



The temporal variability of annual maximum and minimum SST across the Baltic Sea is shown by the standard deviation (SD) over the last forty years (Figure 4). The SD of annual maximum SST ranged between 1.4 °C and 7.3 °C (Figure 4a), and that of annual minimum SST was between 0.5 °C and 7.1 °C (Figure 4b). For annual maximum and annual minimum SST, 95% of pixels had SD values lower than 2.7 °C and 2.4 °C, respectively. For both stacked series, pixels with very high SD values were mainly located nearshore. Considering the spatial average of annual maximum and minimum SST (Figure 4c), the SD values had an average of 1.75 ± 0.44 °C over the last four decades, indicating relatively high variation across the Baltic.



Finally, the slope magnitudes of SST changes over the past forty years were calculated based on annual maximum and minimum stacked series (Figure 5). Figure 5a illustrates the spatial distribution of the slope of annual maximum SST ranging between −0.35 °C and 0.23 °C per year, with an average of 0.062 ± 0.041 °C per year. The western parts of the Baltic Sea and Skagerrak had relatively lower slope magnitudes, while the northern parts (latitudes > 60° N) had higher slope magnitudes than the southern ones. Likewise, Figure 4b shows the SST slope magnitudes calculated based on annual minimum SST, varying from −0.11 °C to 0.34 °C per year, with an average of 0.035 ± 0.017 °C per year. In contrast to annual maximum SST (Figure 5a), southern parts (latitudes < 60° N) of the Baltic Sea experienced a relatively higher rate of annual minimum SST rise (Figure 5b). The statistical analysis revealed that 16.65% and 37.51% of pixels had insignificant trends in annual maximum and minimum SST, respectively. Figure 5c,d show uncertainties of slope estimation for both SST. In general, larger uncertainties were observed in the southern parts of the study area, while more significant uncertainties were observed in the Kattegat and Skagerrak according to annual minimum SST. The average slope of annual maximum and minimum SST (Figure 5e) represents a relatively similar warming pattern across the Baltic Sea, except for the western parts with lower warming rates in the Skagerrak, which could be due to the direct water exchange with the North Sea and the Atlantic Ocean. The magnitude of the average annual maximum and minimum SST slopes varied from −0.18 °C to 0.19 °C per year, with a spatial average of 0.048 ± 0.022 °C per year across the Baltic (Figure 5e).



The slope magnitudes were also computed for five different subregions of the study area that could be of interest to local researchers. According to the maximum/minimum stacked series, the average SST change slopes of the Gulf of Bothnia, Gulf of Finland, Gulf of Riga, Baltic Sea (only southern parts), and Kattegat and Skagerrak were 0.076/0.029 °C, 0.052/0.020 °C, 0.060/0.030 °C, 0.062/0.043 °C, and 0.038/0.029 °C, respectively. The average slope of annual maximum and minimum SST (Figure 5c) indicated 0.052 ± 0.018 °C, 0.036 ± 0.041 °C, 0.045 ± 0.031 °C, 0.052 ± 0.018 °C, and 0.033 ± 0.019 °C annual SST rise for the Gulf of Bothnia, Gulf of Finland, Gulf of Riga, Baltic Sea (only southern parts), and Kattegat and Skagerrak, on average, and the slope magnitudes were in ranges of −0.17 °C to 0.19 °C. This reveals that the Baltic Sea and Gulf of Bothnia experienced higher SST rise, while the Kattegat and Skagerrak had the lowest SST rise over the past four decades.



Less than 3.2% of spatially averaged pixels had negative or high positive slope magnitudes greater than 0.09 °C per year (Table 1), and these were mainly located nearshore. Furthermore, the highest portion of pixels for annual maximum SST (63%), annual minimum SST (61.4%), and their spatial average (75.9%) had SST slopes from 0.06 °C to 0.09 °C, 0.03 °C to 0.06 °C, and 0.03 °C to 0.06 °C per year, respectively, demonstrating considerable SST rise across the Baltic Sea.




5. Discussion


The trend analysis results demonstrated a spatially consistent SST rise across the Baltic Sea in recent decades, which is in agreement with previous studies [2,10,11,12,13,14,15]. Stramska and Białogrodzka [15] estimated the slope magnitudes to be in the range of 0.03 °C and 0.06 °C per year for their study period (1982–2013). In this study, 75.9% of pixels had the same range based on the averaged slope values of annual maximum and minimum SST (see Table 2). The spatially averaged slope value of this study was 0.048 °C per year, which is close to the value of 0.041 °C per year for the years 1982 to 2012 reported by Høyer and Karagali [2].



The PFV5.3 SST observations were collected by AVHRR sensors onboard the NOAA satellite series (e.g., NOAA-7, -7, 9, 11, 14, 16, 17, 18, and 19). These platforms do not have identical orbits, and thus, the local time of SST observations may differ between years depending on the platforms. This common issue in long-term datasets could affect the trend analysis results. However, the AVHRR PFV5.3 has been generated according to the Group for High Resolution SST (GHRSST) data specification and reported to be suitable for long-term trend analysis [24].



In this study, only high-quality SST observations collected at night were used for trend analysis to eliminate the effect of diurnal warming in daytime observations [2], which was reported to be significant in the Baltic Sea [30]. Since satellite local time overpasses are not identical (e.g., due to satellite drifts, different missions, and climatic conditions), the SST observations collected in the daytime are subjected to different diurnal warming effects, which can reach up to 7 °C under low wind and strong solar illumination [35]. This issue associated with diurnal warming will introduce spurious interannual trends and can reduce the robustness of annual trend analysis results [8].



It was anticipated that annual maximum SST would lead to a higher SST slope magnitude than annual minimum SST [36]. However, the results paint a complex picture of the SST trend in the Baltic over the past four decades. Annual maximum SST has been increasing faster (i.e., higher slope values) in the northern Baltic Sea, i.e., the Gulf of Bothnia and the Gulf of Finland, than in the southern parts (Figure 4a). This trend pattern was also found by Siegel, Gerth, and Tschersich [37] and Lehmann, Getzlaff, and Harlaß [38] but for shorter time periods (1990–2004 and 1990–2008, respectively). The likely cause for this faster trend is the result of increases in summer warming [38], and the fact that both the Gulfs of Bothnia and Finland are surrounded by land, which causes water temperatures in these parts of the Baltic Sea to be under the influence of the relatively faster warming land [2]. Future projections of temperature indicate a significant increase in the northern and northeastern portion of the Baltic Sea by the end of the 21st century, which is driven by disappearance of the sea ice [10].



A considerably high proportion (81.01%) of the trend in annual maximum SST was linear. This is expected because annual maximum SST coincides with the northern summer warming [15], which has been experiencing more frequent strong heatwaves [39,40,41]. However, this intense warming in recent years has had a different effect on annual minimum SST in the Baltic Sea, which coincides with northern winter cooling. Annual minimum SST has double the non-linear trends and half the linear trends. Approximately one-third (31.51%) of the trends in annual minimum SST are non-linear and are evenly distributed across the Baltic Sea. Annual minimum SST is affected by the extent of sea ice, but there are many associated feedback loops, such as surface winds, upwelling, and the isolation of the water from the atmosphere [10], which can potentially contribute to the non-linearity of the trend.




6. Conclusions


This study used forty years of AVHRR satellite observations across the Baltic Sea and found a consistent rise in SST during that period. Only high-quality SST observations acquired at night were considered to eliminate the diurnal warming effect. The results show that the trend patterns largely depended on whether annual maximum or annual minimum SST was considered. The trend pattern detection with annual minimum SST stacked series obtained more non-linear trend patterns (31.51%), while the non-linear trend patterns were scarcely detected when using annual maximum SST.



Furthermore, annual maximum SST led to a higher SST slope estimate (on average 0.062 ± 0.041 °C per year) than annual minimum SST (on average 0.035 ± 0.017 °C per year). Accordingly, to provide a moderate estimate of the SST rise, the generated slope maps were averaged, leading to an estimation of about 0.048 ± 0.022 °C per year, which is generally in agreement with previous studies.
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Figure 1. The geographical location of the study area, along with maximum sea surface temperature (SST) in 1982 and 2021 computed using high-quality AVHRR remote sensing data acquired at night. 
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Figure 2. Flowchart of the PolyTrend algorithm implemented to examine the sea surface temperature (SST) trend of the Baltic Sea (after Jamali et al. [22]). 
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Figure 3. Sea surface temperature (SST) trend maps of the Baltic Sea over the last four decades derived using (a) annual maximum and (b) annual minimum SST values of AVHRR Pathfinder data acquired at night. 
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Figure 4. Standard deviation (SD) of AVHRR Pathfinder sea surface temperature (SST) of the Baltic Sea over the last four decades based on (a) annual maximum SST, (b) annual minimum SST, and their spatial average (c) acquired at night. 
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Figure 5. AVHRR Pathfinder sea surface temperature (SST) change slope magnitudes and associated uncertainties across the Baltic Sea over the last four decades calculated using (a,c) annual maximum, (b,d) annual minimum, and (e) the average slope magnitudes of both SST stacked series. Insignificant trends based on annual maximum and minimum SST are hatched with black lines at 45 and 135 degrees, respectively. 
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Table 1. The proportion (%) of different slope magnitude ranges of the Baltic Sea surface temperature (SST) based on annual maximum SST, annual minimum SST, and their average values over the last four decades.
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Stacked Series

	
Slope Magnitude Range per Year (°C)

	
Total




	
[−0.35–−0.15]

	
(−0.15–−0.05]

	
(−0.05–0]

	
(0–0.03]

	
(0.03–0.06]

	
(0.06–0.09]

	
(0.09–0.12]

	
(0.12–0.35]

	






	

	
Proportions (%)

	




	
Maximum

	
1.1

	
1.4

	
0.8

	
2.6

	
26.2

	
63.0

	
4.2

	
0.7

	
100




	
Minimum

	
0.1

	
0.1

	
2.2

	
34.2

	
61.4

	
1.3

	
0.4

	
0.3

	
100




	
Averaged

	
0

	
1.4

	
1.4

	
4.8

	
75.9

	
16.1

	
0.3

	
0.1

	
100
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