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In this study, we examined the long-term spatiotemporal trend of marine heatwaves (MHW) and marine cold spells (MCS) characteristics in the southern North Sea over the last four decades (1982-2021). We then estimated the difference between their annual mean values and the possible relationship with the large-scale climate modes of natural sea surface temperature (SST) and atmospheric variability using satellite SST data. The SST warming rate was 0.33 ± 0.06°C/decade and was associated with an increase in MHW frequency (0.85 ± 0.39 events/decade) and a decrease in MCS frequency (-0.92 ± 0.40 events/decade) over the entire period. We found a distinct difference between the annual mean values of MHW and MCS characteristics, with a rapid increase in total MHW days (14.36 ± 8.16 days/decade), whereas MCS showed an opposite trend (-16.54 ± 9.06 days/decade). The highest MHW frequency was observed in the last two decades, especially in 2014 (8 events), 2020 (5 events), and 2007 (4 events), which were also the warmest years during the study period. Only two years (2010 and 2013) in the last two decades had higher MCS frequency, which was attributed to the strong negative phase of the North Atlantic Oscillation (NAO). Our results also show that on the annual scale, both the East Atlantic Pattern (EAP) and the Atlantic Multidecadal Oscillation (AMO) play a more important role in the formation of the MHW in the southern North Sea than the other teleconnections (e.g., the NAO). However, the NAO made the largest contribution only in the winter. Strong significant (p < 0.05) positive/negative correlations were found between oceanic and atmospheric temperatures and the frequency of MHW/MCS. This suggests that with global warming, we can expect an increase/decrease in MHW/MCS occurrences in the future.
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1 Introduction

Global mean sea surface temperature (SST) has increased in recent decades due to anthropogenic-induced climate change (IPCC, 2021). One of the most certain consequences of this global warming is extremely warm ocean temperatures, known as marine heatwaves (MHWs) (Hobday et al., 2016). Due to the destructive impacts of MHWs on marine ecosystems, biodiversity, and fisheries, most of the previous studies have focused on MHWs at regional and global scales (Selig et al., 2010; Mills et al., 2013; Frölicher and Laufkötter, 2018; Smale et al., 2019; Sen Gupta et al., 2020). The other extreme cold-water phenomena, known as marine cold-spells (MCSs) have received little attention (Schlegel et al., 2021a; Wang et al., 2022), although MCSs also have crucial negative impacts on the marine ecosystem, such as shifts in the geographic distribution of marine species, mass mortality, and coral bleaching (Schlegel et al., 2017; Tuckett and Wernberg, 2018; Yao and Wang, 2022), As a result of anthropogenic global warming, the frequency and duration of MHW have increased globally over the last four decades (Oliver et al., 2018; Yao et al., 2022), while MCS generally decreased (Schlegel et al., 2021a; Wang et al., 2022). Because MHWs are driven by long-term SST warming rather than SST variability (Oliver, 2019), MHWs are expected to become more frequent and intense over the next century (Frölicher et al., 2018; Oliver et al., 2019). Recently, Mohamed et al. (2022b) found that these MHW events have extended to the Arctic seas (e.g., the Barents Sea) and are becoming more frequent, especially after the amplification of SST warming in the Arctic Ocean that occurred after 2004.

Numerous recent studies have focused on the causes and impacts of MHWs at regional to global scales, from the surface to the subsurface (Frölicher et al., 2018; Holbrook et al., 2019; Roberts et al., 2019; Sen Gupta et al., 2020; Smith et al., 2021; Schlegel et al., 2021b; Yao et al., 2022; Aboelkhair et al., 2023; Smith et al., 2023). The main ecological consequences of these extreme MHWs are their disturbance effects on foundation marine species (e.g., corals, seagrasses, and kelp forests) (Holbrook et al., 2020), benthic mass mortality (Garrabou et al., 2009), harmful algal blooms (Trainer et al., 2020), reduced surface chlorophyll levels (Bond et al., 2015; Hamdeno et al., 2022; Hamdeno and Alvera-Azcaráte, 2023), and changes in species behavior and fishing practices (Mills et al., 2013; Smale et al., 2019). MHWs are triggered by an interplay of regional atmospheric and oceanic processes and can be influenced by teleconnections and other large-scale climate variability (Holbrook et al., 2019; Holbrook et al., 2020). These processes include the persistence of a high-pressure system combined with reduced cloud cover over the ocean (i.e., atmospheric blocking), which can increase solar radiation and enhance heat transfer to the ocean. Weaker winds at the ocean surface and slower vertical mixing in the upper ocean can retain more heat at the ocean surface (Chen et al., 2015; Holbrook et al., 2019; Holbrook et al., 2020). In addition, enhanced horizontal heat advection by ocean currents and reduced coastal upwelling or Ekman pumping can increase local SST (Oliver et al., 2017; Holbrook et al., 2019).

The most influential large-scale climate modes of SST and atmospheric variability in the North Atlantic and European regions are the North Atlantic Oscillation (NAO), the East Atlantic Pattern (EAP), and the Atlantic Multidecadal Oscillation (AMO) (Hurrell et al., 2003; Knight et al., 2005; Trenberth and Shea, 2006; Scannell et al., 2016; Mohamed et al., 2022a; van der Molen and Pätsch, 2022). These climate modes are associated with changes in SST at interannual time scales (e.g., NAO) and on time scales of decades and longer (e.g., AMO and EAP) and can influence the likelihood of a MHW in this region. Several studies suggest that the genesis of MHW in the North Atlantic was strongly associated with these large-scale climate modes (Holbrook et al., 2019). For example, the most intense and prolonged MHW that occurred in the Northwest Atlantic in 2012 and severely impacted fisheries in that region (Mills et al., 2013), was primarily caused by local atmospheric warming that was enhanced by anomalous northward movement of the jet stream (Chen et al., 2014; Chen et al., 2015). This MHW began with a strong positive NAO phase in late 2011 (Chen et al., 2014; Chen et al., 2015), and the positive AMO conditions during the whole year increased the likelihood of MHW in the northwest Atlantic in 2012 (Scannell et al., 2016). Scannell et al. (2016) also found that MHW frequency in the North Atlantic was more strongly modulated by the AMO than by the NAO.

The North Sea is projected to warm twice as fast as global levels (Hobday and Pecl, 2014; Smale et al., 2019) and is strongly affected by extreme meteorological events (Chen et al., 2022). For example, the extreme atmospheric heatwaves of summer 2018 (from mid-July to early August 2018), which hit northwestern Europe with record-breaking air temperatures, were observed in many countries in this region (Kueh and Lin, 2020). During this event, dissolved methane concentrations in seawater along the Belgian coast were three times higher than normal concentrations at this time of year (Borges et al., 2019). The North Sea is also considered one of the most productive fisheries in Europe (Guiet et al., 2019) and a large marine ecosystem (Ducrotoy et al., 2000). ​The SST changes in this region had profound impacts on biological systems (Kirby et al., 2007) and resulted in significant economic consequences (e.g., for fisheries). However, few studies have focused on investigating SST extremes and their consequences in this region (Chen et al., 2022). To the best of our knowledge, there are no published studies that have examined the characteristics of MHW and MCS and their effects in the North Sea.

In this study, 40 years (1982-2021) of satellite-based SST data and ERA5 reanalysis of atmospheric variables (e.g., air temperature, air pressure, zonal and meridional wind components) over the southern North Sea were used to investigate: (1) the occurrence and classification of marine heatwaves (MHWs) and cold-spells (MCSs) and the spatiotemporal evolution and long-term changes in their main metrics (frequency, total days, and maximum intensity); (2) the local differences in the mean and trend between the MHW and MCS metrics; (3) the relationships between MHW/MCS frequency and the large-scale climate modes of natural SST and atmospheric variability (e.g., AMO, NAO, and EAP); (4) the atmospheric conditions during the two case studies of MCS in 2013 and MHW in 2014 that occurred in the last decade.




2 Materials and methods



2.1 Study area and dataset

The North Sea is a marginal sea in northwestern Europe that connects the Baltic Sea to the Atlantic Ocean via the Norwegian Sea in the north and the English Channel in the southwest. This study focuses on the southern North Sea, a shallow water basin bordered by the United Kingdom (UK) to the west and the coasts of Germany and the Netherlands to the east, Belgium, and France to the south. The southern North Sea is defined as the area between 0-9°E longitude and 50-55°N latitude (Figure 1), connected to the Atlantic Ocean by the English Channel and the Strait of Dover. The average depth of the southern North Sea is about 25 m, with a maximum depth of about 50 m in the north and south of the United Kingdom and the shallowest depth (20 m) on Dogger Bank in the north. The southern North Sea is strongly influenced by the inflow of warm Atlantic water (AW) from the southwest through the English Channel (Figure 2A). This warm and salty AW flows further northward into the North Sea and influences the climate in the region.




Figure 1 | Bathymetry (source: GEBCO, https://www.gebco.net) of the Southern North Sea with the main geographical features. Isobaths of 10, 20, 30, 40, and 50 m are shown in black. The abbreviations stand for the English Channel (EC) and Dover Strait (DS).






Figure 2 | Spatial distribution of climatological daily mean (1982–2021) of (A) SST, (B) the 90th percentile of SSTA, (C) the 10th percentile of SSTA, and (D) standard deviation of detrended SSTA at each grid cell in the southern North Sea.



To detect MHW and MCS and their characteristics, we use high-resolution (0.05° × 0.05°) daily gridded SST data obtained from the Copernicus Marine Environment Monitoring Service (CMEMS; https://doi.org/10.48670/moi-00168, last accessed: 15 May 2023). This product was created from multiple satellite sensors and in situ observations by the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA; Good et al., 2020). The southern North Sea SST data were extracted from this global dataset, which covers a period of 14,610 days (from 1 January 1982 to 31 December 2021) and 9828 regular grid points.

To better understand the relationship between MHW/MCS and atmospheric conditions, we use the hourly gridded (0.25°x0.25°) atmospheric variables from the European Centre for Medium-Range Weather Forecasts (ECMWF) fifth-generation ERA5 reanalysis dataset (Hersbach et al., 2020). ERA5 provides hourly estimates for many atmospheric and oceanic variables from 1979 to the present. Variables used here include the daily mean surface air temperature (SAT), 10-m wind components (u10 and v10) and mean sea-level pressure (MSLP) from 1982 to 2021. Finally, the normalized monthly average time series of three of the large-scale teleconnection patterns, the NAO, the EAP, and the AMO, are obtained from the NOAA Climate Prediction Center (CPC https://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml; https://psl.noaa.gov/data/timeseries/AMO/, accessed on 5 April 2023).




2.2 Detections of MHW and MCS

In this study, MHWs and MCSs were determined according to the standard method outlined in Hobday et al. (2016) and (Schlegel et al., 2021a). Therein, MHWs (MCSs) are defined as “an unusually warm (cold) water event lasting at least five consecutive days with SST above (below) the seasonally varying 90th (10th) percentile threshold for that time of year”. The baseline climatology should be based on 30 years or more (Hobday et al., 2016). Here, the baseline climatology and thresholds for MHW and MCS are calculated for each grid cell for each calendar day of the year using daily SST data over the entire study period (1982-2021). When two consecutive MHW or MCS events occur with less than 2 days gap, they are considered a single event (Hobday et al., 2016). The use of these seasonally varying thresholds and baseline climatology allows the detection of MHW and MCS events at any time of the year, not just during the warm or cold seasons, whereas fixed thresholds (e.g., Frölicher et al., 2018) typically detect only MHW during the warm season and MCS during the cold season.

We used the MATLAB Marine Heatwaves (M_MHW) toolbox created by Zhao and Marin (2019) based on (Hobday et al., 2016) to detect all MHW and MCS characteristics. This implementation code is also publicly available in Python and R (Hobday et al., 2016; Schlegel and Smit, 2018), which are functionally identical to MATLAB (Hobday et al., 2016; Zhao and Marin, 2019; Pastor and Khodayar, 2023). Once the MHW/MCS events are detected, three indices are used in this study to represent the MHW/MCS characteristics, namely MHW/MCS frequency (the number of MHW or MCS events in each year), MHW/MCS days (the total number of MHW or MCS days in each year), and MHW/MCS maximum intensity (the highest SST anomalies occurring within all MHWs or MCSs in each year). The daily SST anomalies (SSTAs) were calculated with respect to the seasonal climatology for each grid cell. This is done by subtracting from the SST of each calendar day (e.g., January 1, 1982) the mean SST of that day (January 1) over the entire study period (1982-2021). The least squares method (Wilks, 2011) and the Modified Mann–Kendall (MMK) test (Hamed and Ramachandra Rao, 1998; Wang et al., 2020) are used to estimate the linear trends of SSTA and MHW/MCS characteristics (frequency, total days, and maximum intensity) and their statistical significance at the 95% confidence level.

To quantify the role of essential climate variables and large-scale climate indices on the observed MHW and MCS, we examined the relationship between MHW/MCS frequency and total days with the following climate variables and indices: SST, SAT, AMO, EAP, and NAO at the annual and seasonal scales. In shallow water regions such as the southern North Sea, the evolution of vertical thermal stratification is associated with the seasonal cycle of water temperatures (Chen et al., 2022). Therefore, in this study, we define three months with higher SST mean values (July–August–September) as summer and those with lower SST mean values (January–February–March) as winter. In addition, a spatial correlation and composite analysis were performed between MHW/MCS frequency and the three selected large-scale climate modes (AMO, NAO, and EAP) to investigate their possible role in forcing MHW and MCS in the southern North Sea. The positive and negative phases of each climate mode are defined when their values are higher or lower than one standard deviation from their climatological mean (1982–2021) (Sandler and Harnik, 2020; Mohamed et al., 2022b).





3 Results and discussion



3.1 SST climatology and trend

The regional climatological mean SST over the southern North Sea, 90th percentile SSTA, 10th percentile SSTA, and standard deviations of detrended SSTA from 1982 to 2021 are shown in Figures 2A–D. The southern North Sea is characterized by a lower climatological SST mean (< 10.6°C) in the northwestern part and in the German Bight (Figure 2A), compared to the southern part of the basin, which has a higher climatological SST mean (> 12.2°C), possibly due to the inflow of warm Atlantic water through the English Channel and Dover Strait (Ducrotoy et al., 2000). After subtracting annual cycles, the 90th percentile SSTA from 1982 to 2021 was generally above 1.4°C in most of the southern North Sea, with the highest values (up to 2°C) in the northeastern part and along the Dutch coast and the German Bight (Figure 2B). The lowest values (<1.4°C) were recorded along the British coasts. The 10th percentile SSTA shows an opposite pattern with the highest negative values in the northeastern part (Figure 2C). The 10th percentile threshold anomaly values are generally about -0.6 to -1.8°C below the seasonal climatological mean (Figure 2C). Figure 2D shows the spatial pattern of the standard deviations of detrended SSTA over the entire study period. These standard deviation values allow us to assess the overall SST variability that is not explained by the seasonal cycle and linear trends. The highest standard deviations (> 1.2°C) are observed in the northeastern part of the North Sea and the German Bight (Figure 2D). The region of the AW inflow has the lowest standard deviations (0.4-0.8°C). In general, the 90th percentile, standard deviation, and 10th percentile of the SSTA show zonal (west-east) variation, with the highest values in the east for both the 90th percentile and standard deviation and the lowest values for the 10th percentile.

From the analysis of SST anomalies (Figures 3, S1B), it is evident that there is a strong temporal evolution of the regionally averaged SSTA in the southern North Sea from 1982 to 2021. Between 1982 and 1997, the southern North Sea shows predominantly negative SSTA, except for 1989/1990 and 1995, which show positive SSTA during this period. From 1998 onward, overall positive SSTAs predominated, except in the winters of some years (e.g., 2006, 2009-2013, and 2018) negative SSTAs were observed. These negative SSTAs were associated with a strong negative phase of the NAO index (see Figure S2A). The reversal of SST from negative to positive anomalies coincides with the AMO inversion from negative to positive phase in 1998 (see the red line in Figure 3). The AMO index is strongly correlated (R= 0.6) with SSTA in the North Sea on the interannual time scale (i.e., 12-month mean). In general, 2007, 2014, and 2020 were the warmest years during the study period, with SSTAs of 1.5°C above the climatological mean (1982-2021). The years 1985-1987, 1996, 2011, and 2013 were the coldest years during the study period, as the SSTA was less than 1.5°C below the climatological mean (1982-2021). The overall temporal trend of SSTA is about 0.33 ± 0.06°C/decade (the solid black line in Figure 3). This result is consistent with Tinker and Howes (2020).




Figure 3 | Southern North Sea averaged sea surface temperature anomaly (SSTA) and Atlantic Multidecadal Oscillation (AMO) index from 1982 to 2021. The red/blue shaded regions represent positive/negative SSTA, respectively. The black line represents the temporal linear SSTA trend (°C/decade). The red line is the normalized AMO index smoothed with a12-month window.



The spatial distribution of the warming SSTA trend is statistically significant (p < 0.05) over the entire southern North Sea from 1982 to 2021 (Figure 4). However, this trend is not uniform over the whole region and exhibits high spatial variability, ranging from 0.1 to 0.5°C/decade. The highest SST trend is observed in the central and northeastern parts of the study region. This could be attributed to the increased inflow of warm Atlantic water. The lowest SST trend is found along the northern Dutch coast and in the German Bight, where cold freshwater inflows occur (Ducrotoy et al., 2000).




Figure 4 | Spatial trend (°C/decade) map of SSTA over the southern North Sea from 1982 to 2021. Note that the SSTA trends are statistically significant (p < 0.05) at the 95% confidence level over the whole region.






3.2 Spatial patterns of mean and trends of MHW and MCS characteristics

The mean annual characteristics of MHW and MCS between 1982 and 2021, such as annual days and maximum intensity, and the difference between these characteristics over the southern North Sea are shown in Figure 5. Mean annual MHW and MCS days exhibit high spatial variability (Figures 5A, C), but this variability is not systematic (Figure 5E). High mean annual MHW days (more than 30 days) are observed in the region between the United Kingdom and Belgium and in the northern Netherlands and in the German Bight. The lowest values of MHW days (20-24 days) are found in the English Channel and northwestern regions (Figure 5A). A higher number of MCS days is found in most of the study area (Figure 5C), except for the northern coasts of the Netherlands and Germany (i.e., the same region that shows a lower SST trend, see Figure 3).




Figure 5 | Spatial distribution of annual mean values of the total number of days and the maximum intensity of marine heatwaves (MHW) and marine cold-spells (MCS) and the differences between them in the southern North Sea from 1982 to 2021, (A) MHW days (days), (B) MHW maximum intensity (°C), (C) MCS days (days), (D) MCS maximum intensity (°C), (E) the difference between the mean annual MHW days and the mean annual MCS days (i.e., (A) minus (C)), and (F) the difference between the mean MHW maximum intensity and the mean MCS maximum intensity (i.e., (B) plus (D)). For (E, F), positive values (red areas) indicate that annual MHW days are greater than annual MCS days and MHW maximum intensities are more intense than MCS maximum intensities. The opposite is true for the negative values (blue areas).



The maximum intensity of MHW and MCS is greatest along the northern Dutch coast and in the German Bight (Figures 5B, D). The spatial pattern of MHW maximum intensity exhibits a dipolar or zonally increasing gradient from west to east (Figure 5B). The most intense MHWs, in terms of maximum intensity, are in the eastern part of the southern North Sea (i.e., the northern Dutch coast and the German Bight) with values above 2.7°C. The lowest MHW maximum intensity is found in the south and northwest of the study area, with values between 1.5 and 2.5°C. This pattern corresponds to areas of high SST variability (see Figure 2D), as the spatial maps of SST standard deviation are strongly correlated with maximum MHW intensity (R = 0.95) and MCS intensity (R = -0.91; i.e., SSTA is more negative with increasing standard deviation). The maximum intensity of both MHW and MCS and the SST standard deviation generally increased from west to east. Note that MCS intensity has negative values (i.e., negative SSTA). Similar to the results of (Schlegel et al., 2021a; Wang et al., 2022), the spatial pattern difference between the mean values of MHW and MCS maximum intensity (Figure 5F) is consistent with the SST variability pattern (Figure 2D).

For both MHW and MCS, the linear trend pattern of frequency and total number of days is statistically significant (p < 0.05) over most of the study region (Figures 6A–D), whereas maximum intensity shows a non-significant (p > 0.05) trend (Figures 6E, F). MHW frequency and days increased over the entire study area between 1982 and 2021, with the strongest trend in MHW frequency (up to 1.4 events/decade) in the south and west of Dogger Bank and along the northern coasts of the Netherlands and Germany (Figure 6A). The highest trend of the MHW days (up to 22 days/decade) is found in the central part of the study area (i.e., between the United Kingdom, Belgium, and the Netherlands, see Figure 6C). The non-significant MHW trend was found only in the deep region to the southwest of the Dogger Bank (see black dots in Figure 6C). In contrast, MCS frequency and days decreased significantly in most of the study area, with the strongest negative trend for frequency (-1.4 events/decade) and total days (-26 days/decade) in the northwestern part of the area (Figures 6B, D). However, MCS frequency and MCS days show a non-significant increase in regions with a lower SST trend (i.e., along the north coast of the Netherlands and Germany, see Figure 3). Non-significant trends in maximum MHW and MCS intensities are observed throughout the southern North Sea (Figures 6E, F), with only the northern coasts of the Netherlands and Germany showing significant trends with positive values of 0.2~0.6°C/decade for MHW (Figure 6E) and negative values of -0.4 ~ -0.2°C/decade for MCS (Figure 6F).




Figure 6 | Trend maps of marine heatwaves (MHW) and marine cold-spells (MCS) characteristics in the southern North Sea during 1982-2021; (A) MHW frequency (events/decade), (B) MCS frequency (events/decade), (C) MHW days (days/decade), (D) MCS days (days/decade), (E) maximum MHW intensity (°C/decade) and (F) maximum MCS intensity (°C/decade). In all subgraphs, the black dots hatch regions where trends are not statistically significant at the 95% confidence level (alpha=0.05) using Modified Mann-Kendall non-parametric test for a trend.






3.3 Interannual and seasonal variation of MHW and MCS

In this section, we examine the seasonal and interannual variations in MHW and MCS characteristics (frequency, days, and maximum intensity) between 1982 and 2021 (Table 1; Figure 7). A total of 71 MHWs and 67 MCSs have occurred in the southern North Sea over the past four decades (1982-2021). These MHWs and MCSs can occur at any time of year, but the MHWs are more frequent in summer: 23 MHWs occurred between July and September during the study period (1982-2021), compared to 16 MHWs in winter between January and March. While MCSs occur more frequently in winter (17 events) than in summer (14 events) (Table 1). The total number of MHW and MCS days between 1982 and 2021 was 1050 and 1141 days, respectively.


Table 1 | Summary of annual and seasonal MHW/MCS frequencies in the southern North Sea between 1982 and 2021.






Figure 7 | Regionally averaged annual mean MHW/MCS (A) frequency, (B) days, and (C) maximum intensity from 1982 to 2021. The red and blue bars represent MHW and MCS, respectively. The red and blue dashed lines represent the best-fit linear curves of the MHW and MCS characteristics, respectively. Note that the trend values are also displayed at the top of each subgraph.



Figure 7 shows the annual evolution of the frequency, total number of days, and maximum intensity of MHW (red bars) and MCS (blue bars) observed at all grid points over the southern North Sea throughout the study period. The highest annual MHW frequency was observed in 2014 (8 events, with a total of 160 MHW days), followed by 2020 (5 events, with 68 MHW days), and 2007 (4 events, with 110 MHW days) (see Figures 7A, B, red bars). The highest MCS frequency was recorded in 1985 (7 events, with 112 MCS days), followed by 1986 (5 events, with 158 MCS days), 1987 (5 events, with 117 MCS days), and 1996 (4 events, with 110 MCS days) (see Figures 7A, B, blue bars). These results are consistent with the SSTA (see Figure 3), where the highest MHW and MCS frequency occurred in the warmest and coldest years, respectively.

MHW and MCS characteristics (frequency, days, and maximum intensity) over the southern North Sea show a clear temporal trend from 1982 to 2021 (red and blue dashed lines in Figures 7A–C). Statistically significant (p < 0.05) increasing trends in annual MHW frequency and MHW days are observed over the study period (1982-2021), with trends of 0.85 ± 0.39 events/decade and 14.36 ± 8.16 days/decade, respectively (Figures 7A, B). The trend in MCS frequency and MCS days is of similar magnitude but decreases by about -0.92 ± 0.39 events/decade and -16.54 ± 9.06 days/decade, respectively (Figures 7A, B). The trend of maximum MHW intensity is 0.12 ± 0.08°C/decade, which is higher than the trend of maximum MCS intensity of 0.01 ± 0.09°C/decade (Figure 7C). Note that the MCS intensity is a negative value (blue bars in Figure 7C), and therefore, a positive trend in the maximum MCS intensity over time implies a weakening of the MCS.

On the decadal scale, the total number of MHWs increases from one decade to the next, whereas MCS have become less frequent since 1982 (Table 1; Figure 8). Figure 8 shows the annual MHW and MCS frequency versus their maximum intensities. The mean annual MHW frequency is increasing, especially in the last decade (2012–2021) with a record of 31 MHW events in this decade, 8 events in winter and 10 events in summer (Table 1), accounting for about 43%, 50% and 43% of the total annual, winter and summer events, respectively. Only five years (2004, 2010, 2012, 2013, and 2015) in the last two decades (2002-2021) have multiple MHWs below the climatological mean (1982-2021) annual MHW frequency (1.8 events, vertical dashed black line in Figure 8A), while only two years (1990 and 1995) in the first two decades (1982-2001) exceeded the mean annual MHW frequency. This increase in frequency is particularly notable in the last 10 years, as 2011, 2013, and 2015 are the only years below the mean value. Regarding the maximum intensity of MHW, there is neither a clear trend nor a clear relationship between the maximum intensity of MHW and the frequency. However, it can be observed that the MHWs have become more intense in most years of the last two decades, with the MHW maximum intensity above the annual average (1.98°C, horizontal dashed blue line in Figure 8A). The total number of MHW days has also gradually increased in the southern North Sea over the last two decades, especially in the last decade (red circles).




Figure 8 | Annual mean maximum intensity versus frequency and total number of days in the southern North Sea by decade. (A) MHW, and (B) MCS. The dashed lines indicate the mean values for maximum intensity (horizontal) and frequency (vertical). The size of the colored circles indicates the annual average of total days. The black circles in the southeast corner of (B) represent the reference size of the circle for 10, 30, and 50 days.



The lowest MCS frequency was observed in the last two decades, especially in the last decade (2012-2021), where only 7 MCS events occurred, 5 events in winter and 2 events in summer (Table 1), representing about 10%, 14%, and 6% of the total annual winter and summer events, respectively. More than half of all MCSs detected during the analysis period occurred in the first decade (see Table 1). Only two years (2010 and 2013) in the last two decades (2002-2021) have a higher MCS frequency than the climatological mean (1982-2021) of annual MCS frequency (1.7 events, vertical dashed black line in Figure 8B). In the last decade, MCS are less intense and shorter (red circles) than in the first decade (green circles). In general, a large increase in MHW frequency and total days were observed in the last two decades, while MCSs generally decreased.




3.4 Composite analysis and relationship between the MHW/MCS and climate indices (NAO, EAP, AMO)

To explore the effects of large-scale teleconnection patterns (e.g., AMO, NAO, and EAP) on the annual variations of MHW and MCS in the southern North Sea, we first examine the relationship between annual SST and these climate indices (Figures 9A–C). We then examine the relationship between these climate indices with MHW/MCS frequency and total days at the annual and seasonal scales (Figures 9D–I, Table 2). We note that on the annual scale, both the AMO and EAP have a highly significant correlation (p < 0.05) with SST over the entire southern North Sea (Figures 9A, B), while the NAO is not statistically significantly (p > 0.05) correlated with SST (Figure 9C). The highest correlation between SST and AMO is found in the regions directly influenced by the inflow of warm Atlantic water (i.e., the northwestern part of the study area and the English Channel), as shown in Figure 9A. The highest correlation between SST and EAP is observed over the same region that has a stronger SST trend (i.e., the SST trend and the correlation between SST variability and EAP show similar patterns) (see Figures 4. 9B). This result indicates that the increase in surface air temperature seems to drive the SST trends in the southern North Sea, since the positive phases of the EAP are always associated with above-average surface air temperatures in Europe throughout the year.




Figure 9 | Spatial distribution of correlation coefficients (R) between annual SST (top panels), MHW frequency (middle panels), and MCS frequency (bottom panels) with the different climate modes (A, D, G) AMO, (B, E, H) EAP, and (C, F, I) NAO from 1982 to 2021. Dotted areas indicate that the correlations are not statistically significant at the 95% confidence level (p > 0.05).




Table 2 | Correlation coefficients (R) between MHW/MCS frequency and total days with climate modes (AMO, EAP, and NAO) and variables (SST and SAT) between 1982 and 2021.



We also found that at the annual scale, the frequency of MHW (MCS) had a statistically significant (p < 0.05) positive (negative) correlation with both AMO and EAP indices over most of the southern North Sea (Figures 9D, E, G, H). A non-significant correlation between the MHW frequencies and EAP was found only in the deep-water regions (e.g., in the northern of English Channel and south of the Dogger Bank, see Figure 9E), while the highest correlation with the AMO is found in the northwestern part of the southern North Sea (Figure 9D). In addition, the EAP and AMO indices have a significant positive (negative) correlation with MHW (MCS) total days (Table 2). There is no significant correlation between the NAO and the frequency or total days of MHW and MCS at the annual scale (Figures 9F, I, Table 2). Generally, on the seasonal and annual scale, significant correlations were found between the frequency and total days of MHW and MCS with two climate indices (AMO and EAP, see Table 2). This suggests that the MHW and MCS variations in the southern North Sea can be attributed to the AMO and atmospheric changes driven by the EAP climate modes. In contrast, NAO correlated only with the frequency of MHW (R= 0.39) and MCS (R= -0.68) and MCS days (R= -0.43) in winter (Table 2), whereas NAO did not correlate significantly with either the frequency of MHW and MCS or MHW and MCS days in summer (Table 2).

Furthermore, both SST and SAT showed highly significant correlation with MHW/MCS characteristics (frequency and total days). The positive correlation of MHW frequency with SAT (R= 0.78) is similar in strength to the correlation with SST (R= 0.86), and the same is true for MHW days, but shows a lower correlation with SAT (0.67) and SST (R=0.74). MCS frequency shows a strong negative correlation with SST (R= - 0.86) and SAT (R= - 0.91), and a higher negative correlation was also found between MCS days with SST (R=-0.87) and SAT (R=-0.88). This indicates that both oceanic and atmospheric warming play an important role in the formation of MHW in the southern North Sea. The relationship between MHW characteristics, SST, and SAT is stronger in summer than in winter, while the reverse was found for MCS characteristics (Table 2).

To better understand the distinct effects of the different phases of AMO, EAP, and NAO on the MHW or MCS in the southern North Sea, we performed a composite analysis by calculating the average frequency of MHW or MCS associated with the positive (> 1 standard deviation) and negative (< -1 standard deviation) phases of each climate mode (Figures 10, S3–S5). In this way, we obtain a clearer representation of the constructive and destructive influences associated with each phase. Compared to the negative phases of these climate modes, the annual frequency of MHW increased significantly in the positive phases (Figure S3). During the positive phases of AMO, EAP, and NAO, the average annual MHW frequency was found to be 2.53, 2.94, and 1.6 events, respectively. In contrast, considering only the negative phases of AMO, EAP, and NAO, the average annual frequency of MHW was 0.47, 0.80, and 0.74 events, respectively (Figure S3). The largest difference in MHW frequency between the positive and negative phases of the AMO index is found in the region affected by warm Atlantic water (i.e., the northwestern part of the southern North Sea, see Figure S3C). The atmospheric climate modes (i.e., EAP and NAO) control the westerly winds in the North Atlantic. The positive phases of these climate indices are associated with strong westerly winds leading to increased inflow of Atlantic water into the North Sea (van der Molen and Pätsch, 2022), while the negative phases represent weak westerly winds (Becker and Pauly, 1996).




Figure 10 | The percentage of MHW events coinciding with different phases (positive and negative) of three selected climate modes (AMO, EAP, and NAO) on the annual and seasonal scales. The total number of MHW events in each phase is shown above the bars.



In addition, Figure 10 shows the percentage of occurrence of MHW with different phases of the three selected climate modes (AMO, EAP and NAO). On the annual scale, both AMO and EAP influence SST (Figures 9A, B). However, the EAP has the strongest influence on the occurrence of MHW (Figure 10). Particularly, when the EAP is in a positive phase, the probability of MHW occurrence increases. More than 45% (33 MHW events out of 71 events) of MHW occurred during the positive EAP phase, whereas only 4 MHW events (5%) occurred during the negative EAP phase. For the AMO index, 35% of MHW (25 MHW events out of 71 events) occurred in the positive AMO phase, while only 4 MHW events occurred in the negative AMO phase. On the seasonal scale, the coexistence rate of MHWs with positive AMO modes is higher in summer than in winter, and the opposite was found for the EAP. Although the NAO does not correlate with MHW frequency at the annual scale (Table 2), more than 70% of the observed winter MHWs occurred during the positive phase of the NAO. The strong correlation and stronger coexistence of MHWs with the EAP and AMO modes indicate that the EAP and AMO modes play an important role in modulating MHWs in the North Sea. From the composite MCS analysis (Figures S4, S5), the negative phase of the AMO index had the strongest influence on the occurrence of MCS. On the annual scale, approximately 39% of MCS events (26 MCS events out of 67 events) occurred during the negative AMO phase (i.e., mainly before 1998, see Figure S2C). On the seasonal scale, the coexistence rate of MCSs with negative AMO modes is higher in summer (57%) than in winter (30%). In general, this composite analysis strengthens our previous correlation results (Figure 9) and confirms that MHW frequency is higher during the positive phases of these climate modes than during their negative phases. For MCS, the opposite is true.




3.5 Atmospheric conditions during MCS 2013 and MHW 2014

Here, we explore the MHW and MCS events that occurred between 2013 and 2014 and the role of atmospheric conditions in the development of one of these events as a case study. As shown in Section 3.3, the highest MHW frequency was recorded in 2014 (8 events, with a total of 160 MHW days), while the highest MCS frequency in the last two decades was recorded in 2013 (3 events with a total of 73 MCS days). All these MHWs and MCSs were classified as moderate events because the SSTAs were above/below the difference between the 90th/10th percentile and the climatological mean (Hobday et al., 2018). The duration of these events reached 50 days for MHWs and 38 days for MCSs. The longest and most intense MCS event occurred in spring, while the longest but not the most intense MHW occurred in Autumn (Figure 11).




Figure 11 | Daily time series of SST (in black) of the averaged southern North Sea between 2013 and 2014. The blue, green, and green dashed lines indicate the climatological mean, 90th, and 10th percentiles, respectively. The red and blue areas above and below the black curve indicate the MHW and MCS, respectively.



The case study considered here as spring MCS, which covered more than 90% of the study area, lasted from March 25 to May 1, 2013 (hereafter MCS13) and spring MHW, which covered 79% of the study area, lasted from March 31 to May 9, 2014 (hereafter MHW14), see Figure 11. MCS13 was the most intense in terms of SSTA (-2.14°C), mean intensity (-2.1°C), maximum intensity (-3.5°C), with an average absolute SST of 5.3°C. It was also the longest MCS in the last two decades, with a duration of 38 days. MHW14 had an average SSTA (1.62°C), mean intensity (1.12°C), maximum intensity (2.67°C), and an average absolute SST of about 9.1°C. The SSTAs and atmospheric conditions in April 2013 and April 2014 of MCS13 and MHW14 are shown in Figures 12A–F. During MCS13, pronounced cold (i.e., negative SSTA) was observed over the entire southern North Sea, with the highest negative anomalies (up to -3°C) along the Dutch and Belgian shelves (Figure 12A), while during MHW14, pronounced warmth (i.e., positive SSTA) was also observed over the entire southern North Sea (Figure 12B), with the highest values (up to 3°C) mainly in the same regions that exhibited negative anomalies during MCS13.




Figure 12 | Composite map of anomalies in SST and atmospheric conditions during the April 2013 MCS (left) and April 2014 MHW (right) in the southern North Sea. (A, B) Sea surface temperature anomaly (SSTA, °C). (C, D) Surface air temperature anomaly (SATA, °C). (E, F) Wind speed anomalies (WSA, unit: m/s, vectors are wind direction; the shaded is magnitude). The dashed red lines show the mean sea level pressure anomaly (MSLPA, hPa).



The strong significant correlation between MHW/MCS and atmospheric factors suggests that atmospheric factors are the most important driver of MHW/MCS in the southern North Sea. In addition, previous studies in the North Sea (Becker and Pauly, 1996; Tinker and Howes, 2020), have concluded that atmospheric influences play a larger role in SST variability than oceanic influences. Therefore, the atmospheric forcings were analyzed here to explore their role in the generation of these extreme events. Atmospheric conditions during MCS13 (April 2013) showed overcooling of surface air temperature across the study region (Figure 12C), with the highest negative SAT anomalies in the same region that had the greatest negative intensity of this MCS event (Figure S6A). During the cold event (MCS13), SLP anomalies over the study region showed a zonally increasing gradient from west to east (red contour lines, Figure 12E), with an increase in absolute (Figure S7E) and anomalous wind speed values (shading, Figure 12E), showing an anticyclonic anomaly with southeasterly winds over the regions that had higher negative SSTA. The strong wind speed, especially the offshore winds (Figure 12E), could increase the vertical instability of the water column and increase the vertical mixing that brings cold water from the lower layer to the surface and cools the upper layer (Chen et al., 2022) increasing the possibility of MCS occurrence. Moreover, this MCS was associated with a strong negative phase NAO (Figure S2A).

During the warm event (MHW14), SLP anomalies showed a positive value over the ocean and a negative value over the land (red contour lines, Figure 12F). This resulted in a warm air temperature over the southern North Sea (Figure 12D) and a decrease in surface winds (Figure 12D). Averaged positive SAT anomalies reached 1.6°C in April 2014, which was one of the warmest years in recent decades (Figure S8B). The largest decrease in absolute values (Figure S7F) and anomalies (Figure 12F) of wind speed was observed in the English Channel and along the Belgian and Dutch shelves. As shown in Figure 12F, wind speed decreases by 1 m/s in most of the southern North Sea. The reduction in wind speed could enhance the thermal stratification of the water column and prevent the warm SST from mixing with the cold water below the surface, contributing to further warming of the surface water and thus the occurrence of the MHWs. This result indicates that the 2014 MHW is likely due to atmospheric forcing. However, with the anomalous SST warming, there was also an anomalous southeasterly wind over the English Channel, which could enhance the influx of warm Atlantic water into the North Sea. Therefore, further data sets and analysis are needed to investigate the local dynamic factors responsible for the development of MHW in the North Sea, including the role of oceanic forcing (e.g., heat advection by ocean currents) in the trend and variability identified in this study.





4 Summary and conclusions

In this study, we quantified and compared the mean values and trends of MHW and MCS in the southern North Sea over the last four decades (1982-2021). We then described their seasonal and interannual evolution, as well as their possible relationship with large-scale climate modes (e.g., AMO, NAO, and EAP). The main conclusions of this study are summarized below.

The long-term warming SST trend in the southern North Sea showed a regional variation between 0.1 and 0.5°C/decade. The lowest SST trends were observed in coastal areas (e.g., along the northern Dutch coast and in the German Bight), while the highest SST trends were observed in the central and northeastern parts of the southern North Sea. This could be due to the accumulation of warm Atlantic water in these regions. The overall SST trend was about 0.33 ± 0.06°C/decade between 1982 and 2021. High spatial variability was also observed in mean MHW and MCS total days and maximum intensity. Regions with high MHW and MCS maximum intensity coincide with regions with high SST variability (see Figures 2D, 5B, D). The long-term warming trend of SST in the southern North Sea also increased the frequency and total number of MHW days to 0.85 ± 0.39 events/decade and 14.36 ± 8.16 days/decade, respectively. In contrast, the frequency and total number of MCS days showed the opposite trend, reaching -0.92 ± 0.39 events/decade and -16.54 ± 9.06 days/decade, respectively. There were no significant trends in the maximum intensity of MHW and MCS.

The composite analysis of MHW frequency with different phases of AMO, EAP, and NAO (Figures 10, S3, Table 2) showed the role of AMO and EAP in regulating MHW in the southern North Sea at the annual scale and NAO in winter. At the annual and seasonal scales, we found that positive AMO and EAP phases considerably increase the probability of MHW occurrence in the southern North Sea, while the NAO was the largest contributor only in winter. On an annual basis, we found that about 45%, 33%, and 18% of the total observed MHWs (71 events) occurred during positive EAP, AMO, and NAO phases, respectively. During winter, more than 70% of the MHW events occurred when the NAO index was in positive phase. The highest annual mean MHW frequency was associated with the positive phases of EAP (2.94 events), AMO (2.53 events), and NAO (1.6 events), while it was lower during the negative phases of these climate modes. This result suggests that the positive phases of these climate modes may be a favorable condition for a more frequent occurrence of MHW in the southern North Sea. This was also confirmed by the correlation analysis between MHW frequency and these climate modes (Figure 9) and by comparing MHW statistics during the positive and negative phases of the different climate modes (Figures S3, S4).

The highest correlation between SST and climate modes was found for the EAP index over the entire southern North Sea (Figure 9B), suggesting that atmospheric forcing has the largest influence on SST, consistent with previous studies (Becker and Pauly, 1996; Tinker and Howes, 2020). However, advective transports from the North Atlantic also play a role and likely explain part of the observed SST changes (Winther and Johannessen, 2006), particularly at the entrances to the North Sea, as indicated by the correlation between SST and the AMO index (Figure 9A), which is an indicator of AW inflow to the North Sea. We also found that MHW generally had a higher (lower) annual frequency during the positive (negative) phases of the EAP and AMO modes, which also showed a high correlation with annual MHW frequency. These results suggest that the annual variability of MHW in the southern North Sea could be attributed to the EAP-related atmospheric forcing and AMO. Moreover, our study showed that anomalous atmospheric warming and wind play a more important role in the formation of MHWs.

Overall, this study has improved our understanding of MHW and MCS in the southern North Sea, including their characteristics and their seasonal and interannual variability driven by low-frequency climatic modes such as AMO, EAP, and NAO. Future research needs to focus in more detail on specific MHW events (e.g., MHW 2022) to better understand the physical mechanisms and causes of these events, particularly ocean dynamic factors, including advection by ocean currents. This may include in situ data that include time series of the entire water column, not just SST, to examine the vertical extent of MHW from the surface to the subsurface (i.e., bottom MHW) and to estimate the heat budget of the mixed layer during these events. The earlier study by (Smale et al., 2019) identified the North Sea as a region where a high proportion of species are at the edge of their thermal tolerance range and high levels of non-climatic human stressors and intensification of MHW have affected the ecosystem (Tinker and Howes, 2020). A recent study (Alvera-Azcárate et al., 2021) has found that the spring bloom happens now one month earlier than 23 years ago. The causes of this phenology shift are still elusive, and the trend changes in extreme temperature observed in this study might help explaining partially this phenomenon. Thus, more research is needed to not only better understand but also monitor the consequences of these increasing MHW events in a region. Especially in the coastal environment and nearshore areas where important commercial fishing activities occur.
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