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The Nordic Sea overflow, being a significant driver of the thermohaline circulation, exerts a substantial influence on environmental dynamics in the Arctic and globally. A better understanding about the trend of the storage volume of the Nordic Seas Overflows is of paramount importance to a realistic assessment of the North Atlantic circulation and variability. EN4.2.2 reanalysis data were utilized to acquire the monthly average time series of overflow water storage volume in the Nordic Sea from 1950 to 2022. The storage volume demonstrates seasonal variations, with fluctuations of approximately 10% around the average. Over the period from 1980 to 2022, the average volume per decade exhibited a consistent decrease. Linear fitting of the annual average data estimated the overall relative change trend in the last 43 years to be -7.2 ± 2.6%. However, the quality of the EN4.2.2 data brings the average error of about 12% in the calculation of the overflow storage volume, which implies that the downward trend requires further validation. From a spatial standpoint, the Norwegian Sea, particularly the Lofoten Basin, is the primary region where overflow water storage volume in the Nordic seas have decreased. This decrease corresponds to an increase in ocean temperatures within the upper layer (0-600m) of both the Lofoten Basin and the Norwegian Basin. The warming of these regions has directly impacted the overflow water storage volume, leading to its reduction. It is noteworthy that the ocean temperature rise in the upper layer is more influenced by the Atlantic inflow rather than air-sea flux, particularly in the Norwegian Basin. This is attributed to the substantial increase in SST in the North Atlantic, which aligns with the warm current regions in the Atlantic Ocean, and the lack of statistical significance in linear trend of the air-sea heat flux. Furthermore, there has been a more rapid reduction in the overflow storage volume in the Norwegian Sea from 2011 to 2022. Specifically, the annual average overflow volume from 2018 to 2022 dropped below the previous lowest value. Concurrently, the salinity of the upper Norwegian Sea and the Atlantic inflow decreased considerably, while there has been no significant change in ocean temperature. Therefore, this short-term fluctuation is predominantly attributed to the decrease in Atlantic inflow salinity. Interestingly, the decrease in overflow water volume in the Nordic Seas does not follow a linear pattern in relation to increasing ocean temperature; instead, it exhibits an accelerating trend. If the ocean temperature rises by 1°C, the overflow water volume in the Nordic Seas will decrease to 86% of the total volume. Overall, the overflow water storage in the Norwegian Sea undergoes complex interannual variations and is notably influenced by the influx from the Atlantic Ocean.
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1 Introduction

The Nordic Sea (Norwegian, Greenland, and Iceland Seas) serves as the primary link connecting the Arctic Ocean and the North Atlantic Ocean. The northern part of the Nordic Sea is connected to the Arctic Ocean through the Fram Strait. The sill depth of this strait is about 2600m, making it the only deep-water channel in the Arctic Ocean. As a result of global climate change and its amplification in the Arctic, the Nordic Sea is particularly impacted by climate change and, in turn, exerts a significant feedback effect on climate change. Relevant studies have demonstrated that the North Atlantic meridional overturning circulation transports heat from the upper ocean to the deep ocean, effectively slowing down the global warming trend (Chen and Tung, 2014; Stolpe et al., 2018; Caesar et al., 2020; Kim et al., 2023). Alterations in the overflow intensity of the Nordic Sea can influence the thermohaline circulation, leading to changes in the global warming process (Zhang et al., 2011). Such changes can impact the distribution and transmission of oceanic heat in the Arctic and potentially exacerbate Arctic warming (Telesiński et al., 2022). In the Nordic Seas, seawater shallower than the depth of the Greenland-Scotland Ridge (GSR) (840m) and with a potential density ( ) greater than 27.8 kg/m3 could overflow. Theoretical arguments imply that the overflow transport is associated with the pressure difference between both sides of the GSR at the depth of the overflow core (Crease, 1965; Whitehead, 1998; Girton et al., 2006; Käse, 2006; Olsen et al., 2008; Smedsrud et al., 2022). The Nordic Sea serves functioned as a transit station or temporary reserve for overflow water, where the storage volume of overflow water indicates its intensity and directly affects overflow intensity through barocline (Yang and Pratt, 2013). By understanding the trend of the storage volume, we can gain insights into the behavior and variability of these overflows, which is essential for predicting and studying climate patterns. Besides, the Nordic Seas Overflows are also important for the formation of deep water masses, which are essential for the transport and storage of heat, carbon, and other substances in the ocean. Changes in the storage volume can have implications for the exchange of these substances between the surface and deep ocean, which can impact global biogeochemical cycles and climate. Therefore, studying changes in the storage volume of overflow water in the Nordic Sea is of great significance.

Previous research has estimated that the storage volume of overflow water above the GSR sill depth in the Nordic Sea can provide decades of overflow without water source renewal (Hansen and Østerhus, 2000; Käse, 2006; Smedsrud et al., 2022). However, the above estimation assumes that high density seawater shallower than the depth of GSR can be freely supplied for overflow, disregarding the fundamental dynamic laws controlling ocean circulation. The large-scale ocean circulation in the Nordic Sea is nearly geostrophic, with streamlines aligned along the isobaths (Nøst and Isachsen, 2003). Consequently, the majority of dense water is unable to freely overflow as it is confined within closed geostrophic contours in the deep basin. The study of Yang and Pratt (Yang and Pratt, 2013) revealed that approximately 80% to 85% of the dense water does not immediately spill over the ridge and the effective capacity of the reservoir for overflow water is only 15% to 20%, which is the volume that is not prevented by conservative, nearly geostrophic dynamics from overflowing the ridge. Therefore, the Nordic Seas has a relatively small capacity as a dense water reservoir and thus the overflow transport is sensitive to climate change (Yang and Pratt, 2013).

Several investigations have indicated a significant reduction in deep water production in the Nordic Seas since the 1960s, with the depth of the deep water in Greenland being less than 1000m in 2006 (Bönisch et al., 1997; Marshall and Schott, 1999; Latarius and Quadfasel, 2010; Yang and Neelin, 2010). Modern climate simulations have demonstrated that the both the overflow transport in the Nordic Seas and the deep ocean convection in the Greenland Sea are showing a weakening trend (Dong and Sutton, 2005; Gregory et al., 2005; Guemas and Salas-Mélia, 2008). However, both observations and model data indicate no significant trend in overflow transport (Serra et al., 2010; Yang and Pratt, 2013). Olsen et al. (Olsen et al., 2008) utilized an ocean general circulation model to indicate that deepening isopycnals in the Norwegian Sea have contributed to a decrease in pressure difference across the Greenland–Scotland ridge. However, this has been compensated by changes in sea level, resulting in no significant trend in volume transport. Eldevik et al. (2009) found that the main source for change in the overflow waters is the Atlantic water circulating in the Nordic seas, rather than the open-ocean convection.

As the production of overflow water in the Nordic Sea decreases while the volume transport remains unchanged, a significant decrease in the storage volume of Nordic Seas Overflows is expected if the overflow water supplied by the Arctic Ocean remains constant. To verify whether the storage volume of overflow water is indeed decreasing and to identify the main reasons and mechanisms leading to this variation, the reanalyzed long-term hydrographic data are used to construct the variation series of the storage volume of the Nordic Seas Overflows and analyze its trend. The paper is organized as follows. After the introduction, Section 2 provides a description of the data and methodology. The reduction in the storage volume of the Nordic Seas Overflows and the changes in the properties of the overflow water are presented in Section 3. Section 4 discusses the reasons for the decrease in overflow water storage volume. Finally, Section 5 examines the impacts of future ocean warming on the storage volume of the Nordic Seas Overflows.




2 Data and methodology



2.1 Data

The hydrological data used to analyze the changes in the storage volume, ocean temperature and salinity profiles in the Nordic Seas are derived from the monthly average analysis data of EN.4.2.2 (Good et al., 2013). The EN.4.2.2 is provided by the Met Office Hadley Centre (https://www.metoffice.gov.uk/hadobs/en4/). The EN4 dataset combines data from four sources: Argo, the Arctic Synoptic Basin-wide Oceanography (ASBO) project, the Global Temperature and Salinity Profile Program (GTSPP), and the World Ocean Database (WOD), which have high reliability. The horizontal resolution is 1°×1°, covering the area of 1°E-360°E, 83°S-89°N. In the vertical direction, the data is divided into 42 levels, with varying water layer thickness ranging from 10 meters in the upper layer to 300 meters in the deep layer.

The monthly average climatological temperature data of the Nordic Seas, obtained from HydroBase2 (http://www.whoi.edu/hydrobase/php/index.php), are provided by Woods Hole Oceanographic Institution (Curry, 2001). These observations have a horizontal resolution of 0.25°×0.25°, and cover the period from 1953 to 2002. The dataset is developed based on the technique of averaging along the isopycnic surface, which was previously employed by Lozier et al. (Lozier et al., 1995). Its advantage is that it maintains the temperature and salinity structure well during the averaging process, reflecting the highly changing frontal structure in the ocean (Chang and Chao, 2000). HydroBase2 is used for studying the impact of different warming scenarios on the storage volume of the Nordic Seas overflow.

The air-sea fluxes are computed using net heat fluxes, net fresh water fluxes, and surface solar radiation. The atmospheric variables necessary for these parameterizations are acquired from the ERA5 hourly reanalysis data (Hersbach et al., 2020) with a spatial resolution of 1/4°. ERA5 is the fifth generation ECMWF atmospheric reanalysis of the global climate covering the period from January 1940 to the present. Besides, Sea Surface Temperature (SST) data are sourced from the NOAA National Center for Environmental Prediction (NCEP) Optimum Interpolation (OI) SST monthly products (https://rda.ucar.edu/datasets/ds277.0/), with a horizontal resolution is 1°×1° (Smith et al., 2008).




2.2 Calculation of storage volume of overflow waters

The calculation of the volume of overflow water focuses on water shallower than 840m and with a potential density greater than 27.8 kg/m3 (Eldevik et al., 2009). The study area encompasses the Nordic Seas, as depicted in Figure 1. The red small triangles in Figure 1 represent the stations of EN4 data used to determine the storage volume of overflow waters in the Nordic Sea, totaling 784 stations. Additionally, the blue circle points are the data grid points used for analyzing Atlantic inflow in Section 4.2. To derive the overflow water volume, the vertical density profile is computed for each grid using ocean temperature and salinity data from EN.4.2.2 data and the depth corresponding to a potential density of 27.8 kg/m3 is calculated by interpolation. Subsequently, taking into account the average water depth at each grid point, the thickness of the overflow layer at each grid point is determined. Multiplying the thickness of the overflow layer by the area of the grid yields the overflow water volume for that specific grid. Finally, the storage volume of overflow waters in the Nordic Sea is obtained by summing the overflow water volume across all grids within the Nordic Sea (the sum range is enclosed by the red dashed line in Figure 1).




Figure 1 | Topographic map of the Nordic Sea and EN4 data (red small triangles). Note: The Nordic Sea is composed of the Norwegian Sea, the Icelandic Sea and the Greenland Sea. In the Norwegian Sea, LB stands for the Lofoten Basin and NB stands for the Norwegian.



When calculating the storage volume of overflow waters, it is important to consider the discontinuous vertical stratification and uncertainty in ocean temperature and salinity of EN.4.2.2, as they can introduce errors. The vertical layering of EN4 data is uneven. For water depths below 110m, the layer thickness is 10m. In the water depth range of 110m to 315m, the layer thickness increases from 12m to 40m. Beyond 315m, the layer thickness rapidly increases from 60m to 150m. In the area shallower than 800m, there are 25 layers with varying thicknesses: 5m, 15m, 25m, 35m, 45m, 56m, 66m, 77m, 87m, 98m, 110m, 122m, 135m, 149m, 166m, 185m, 207m, 235m, 271m, 315m, 373m, 447m, 541m, 657m, 800m, 968m. To estimate the vertical error of each layer, we consider it to be half the thickness of the layer where the water with a potential density of 27.8 kg/m3 is located. The average variation amplitude, calculated as maximum and minimum difference, caused by the layer thickness of the annual average overflow water is 5.15×104 km3, which corresponds to approximately 4% of the storage volume of overflow waters. Consequently, the average calculation error resulting from the layer thickness is approximately 2% of the overflow water volume. Given its relatively small magnitude, this error can be disregarded.

In addition, the EN.4.2.2 is assimilated by multiple measured data, introducing uncertainty errors in the ocean temperature and salinity of each grid point and layer (Good et al., 2013). Variations in ocean temperature and salinity can affect the calculated density, consequently impacting the estimation of the Nordic Sea overflow volume. To account for data uncertainty and obtain the maximum value of the Nordic Sea overflow volume, the density can be calculated by adding the temperature uncertainty errors to the ocean temperature and subtracting the salinity uncertainty errors from the salinity. Conversely, the minimum value of the Nordic Sea overflow volume can be obtained. Figure 2 illustrates the annual variation of calculation errors in the Nordic Sea overflow volume caused by uncertainty in ocean temperature and salinity. The average variation amplitude, calculated as maximum and minimum difference, caused by temperature uncertainty of the annual average overflow water is 1.35×105 km3, which accounts for approximately 10.7% of the storage volume of overflow waters. This suggests that the temperature uncertainty has a significant impact on the calculation of overflow water volume, with an average calculation error of approximately 5.3%. The combined error from ocean temperature and salinity uncertainty reaches approximately 10% of the overflow water volume.




Figure 2 | Annual variation of calculation errors in the Nordic Sea overflow volume caused by uncertainty in ocean temperature and salinity.







3 The change in the storage volume of the Nordic Seas Overflows



3.1 Temporal variation of the storage volume of the Nordic Seas Overflows

The storage volume of the overflow water exhibits seasonal variations (Figure 3), with seasonal fluctuations of approximately 10% around the average overflow. Spring experiences higher overflow, while autumn sees less. This phenomenon may be attributed to the seasonal generation of overflow water in the Nordic Seas, with high-density overflow water generally occurring in winter.




Figure 3 | The seasonal variation of the storage volume of the Nordic Seas overflows.



The volume transport of the Denmark Strait (DS) overflow does not display significant seasonal variation, with a seasonal fluctuation amplitude of less than 0.2Sv (1Sv (sverdrup) = 106 m3s-1). This accounts for only 5% of the total fluctuation amplitude (Jochumsen et al., 2012). When comparing the volume transport of overflow water across the three channels in the Nordic Seas, only the Faroe Bank Channel (FBC) exhibits significant seasonal fluctuations, accounting for approximately 8% of the total fluctuation energy, with the highest volume transport occurs during summer. Observations indicate that the total volume transport of overflow water in the Nordic Seas is approximately 5 Sv, with half of this passing through DS and 1/3 passing through FBC (Hansen and Østerhus, 2007). Therefore, the seasonal fluctuation characteristics of the volume transport of overflow water in the Nordic Seas are not significant. However, during winter, there is a continuous generation of overflow water, which leads to the maximum storage volume of overflow water in April under the accumulation. In contrast, no overflow water is generated during summer. As a result, under continuous overflow conditions, the storage volume of overflow water in the Nordic Seas significantly decreases, reaching its minimum in October.

Based on Figure 4, the storage volume of the Nordic Seas overflows has shown a downward and fluctuating trend from 1950 to 2022. Analyzing the interdecadal change of the overflow water volume, it can be noted that the downward trend from the 1950s to the 1980s was not significant. However, since the 1980s, the average volume per decade has consistently decreased. The storage volume of the Nordic Seas overflows decreased from 1.29×106 km3 in the 1980s to 1.25×106 km3 in the 2010s. In recent years, the storage volume dropped to 1.20×106 km3, indicating a decrease of approximately 7% of the overflow water volume. Besides, from the data quality of EN.4.2.2, there are more observation data after the 1980s. Therefore, this paper primarily focuses on analyzing the storage volume of Nordic Seas overflows after the 1980s. The annual average storage volume of Nordic Seas overflows from 1980 to 2022 was linearly fitted, resulting in a calculated descent speed of (-2.1 ± 0.7)×103 km3/a, which passed the 95% confidence test. The analysis of the datasets revealed that the average storage volume of overflow water in the Nordic Sea during this period was approximately 1.26×106 m3. Based on this, the total relative change trend in the last 43 years can be estimated to be -7.2 ± 2.6%.




Figure 4 | Time series and trends of the storage volume of the Nordic Seas Overflows. The red dashed line represents the monthly average data; The blue line represents the curve after removing seasonal changes; The green dots represent the annual average data; The black line represents the result of the age average.



However, it can be found from Section 2.2 that the errors caused by layer thickness account for approximately 2.0% of the overflow water volume and the collective error resulting from the uncertainty in ocean temperature and salinity amounts to approximately 10%. As a result, the vertical resolution, temperature uncertainty, and salinity uncertainty inherent in the EN4.2.2 data can lead to a potential error in the calculated overflow volume of ±12%. This indicates that the margin of error significantly surpasses the observed decrease, which may or may not actually exist. Further validation of this downward trend is necessary after accumulating additional data.

Additionally, there was a notable decrease in the volume of overflow water in the Nordic Seas from 2011 to 2022. From the initial volume of 1.31×106 km3 in 2011, the storage volume decreased to around 1.17×106 km3 in 2018, and then followed by a subsequent rise to 1.20×106 km3 in 2020. The overall decrease during this period amounted to approximately 8.4%. Notably, from 2018 to 2022, the annual average volume of overflow water in the Nordic Seas was lower than the minimum annual average volume between 1950 and 2018, indicating a discernible trend of accelerated decline. A similar pattern was observed from 1985 to 1995, wherein the volume of overflow water experienced a brief and rapid decrease followed by an increase. Consequently, the rapid decline observed in the past decade may represent a short-term fluctuation and may not persist in the future. It is possible that overflow water storage volume will demonstrably increase in the coming years, reverting to the long-term pattern of gradual decline.




3.2 Spatial variation of the storage volume of the Nordic Seas Overflows

The density of 27.8 kg/m3 defines the upper limit of the overflow layer. Figures 5A, B depict the depth of the upper limit of the overflow layer in the Nordic Seas during the 1980s and the last 12 years (2010-2022), respectively. The depth of the upper limit of the overflow layer in the Greenland Sea and the Icelandic Sea is 0m, indicating that the density of surface seawater exceeds 27.8 kg/m3. Compared to the depth of the upper limit of the overflow layer during the 1980s and the last 12 years, the depth in the Lofoten Basin has shown a significant increase, suggesting a decrease in the density of the upper layer.




Figure 5 | The spatial distribution of the change of the overflow layer in the Nordic seas. Spatial distribution of the depth of the upper limit of the overflow layer in the Nordic Seas for 1980–2004 (A) and 2004–2014 (B), and change rate of the overflow layer thickness above 840m in the Nordic Seas (C). The cumulative contribution of extreme values to the magnitude of change rate (D). The trend was obtained through direct linear fitting of monthly mean data. The black lines in this and subsequent spatial distribution figures represent 1000 and 3000 m bathymetrical contour lines.



The Norwegian Sea, representing 37% of the total area of the Nordic Seas, has experienced an 80% decrease in the storage volume of overflow water, of which the reduced storage volume of the Lofoten Basin contributes 50%. The storage volume of the Lofoten Basin and surrounding areas (red area in Figure 5D) decreased by 70%, accounting for 27% of the Nordic Seas area. These areas, including the Lofoten Basin and surrounding areas, play a significant role in the stagnation of the average sea level rise in the Nordic Seas. Therefore, they are defined as the core area responsible for the reduced storage volume of overflow water.

Figures 5A, B reveal the rate of change in the overflow layer thickness and the cumulative contribution of extreme values to this rate. The average change rate of the depth of the upper limit of the overflow layer in the Nordic Seas is -1.3m/a (Figure 5C), indicating a decrease in the storage volume of overflow water. The descent speeds for areas with 80%, 70%, 60%, and 50% decreases in the storage volume are greater than 0.32m/a, 0.59m/a, 0.82m/a, and 1.10m/a, respectively. The Norwegian Sea region accounted for 80% of the reduction in the storage volume of overflow water in the Nordic Seas, with the Lofoten Basin and its surrounding areas (areas shaded red in Figure 5D) experiencing the most significant decline. Despite the areas of the Norwegian and Lofoten Basins comprising only approximately 27% of the total area of the Nordic Seas, they contributed to approximately 70% of the reduction in the storage volume of overflow water. Consequently, these two basins were the main regions contributing to the reduction in the storage volume of overflow water.





4 Analyzing the reasons for the potential decrease in overflow water storage volume

The reduction in the depth of the upper limit of the overflow layer in the Nordic Seas indicated a decrease in the density of the upper seawater. The changes in the seawater density of the upper layers primarily result from variations in ocean temperature and salinity. To quantitatively analyze the contribution of ocean temperature and salinity to the density reduction, we calculated the linear rates of change for average ocean temperature and salinity at different depths in the core region. These linear change rates were then multiplied by the volume expansion coefficient and salinity compression coefficient, respectively. Figure 6A reveals that the increase in ocean temperature is the main factor behind the decrease in density of the upper seawater in the core region. The linear trends of ocean temperature, salinity and density over depth for the upper 840 m are shown in Figure 6B, which were calculated from the 1980–2022 time series data. To perform the calculation, we averaged the data within 50m layers in the upper 500 m and 100m layers from 500 to 840 m. The purplish-red line in Figure 6B represents the mean ocean temperature trend (0.014 K/a) for the depth range of 0–840 m. Notably, significant ocean temperature increases are observed in each layer at depths less than 550 meters. The surface layer exhibits the highest rate of ocean temperature rise, approximately 0.03K/a. Moreover, the ocean temperature rise rate gradually decreases with increasing depth, and no significant trend changes are observed at depths greater than 600 m. Most water layers do not show significant trend changes in salinity, and the amplitude of change is minimal. The rate of density change at different depths is relatively consistent with ocean temperature. Thus, the decrease in overflow water storage volume in the Nordic Seas from 1980 to 2022 is attributed to the rise in ocean temperature in the upper layer (0-600 meters) of the Lofoten Basin and the Norwegian Basin.




Figure 6 | The spatial distribution of ocean temperature change rate for the upper 840 m, as calculated from the time series 1980–2022 (A). Profiles of ocean temperature, salinity and density trends for the Norwegian Sea (B).



The processes responsible for changes in the upper seawater include air-sea flux, lateral flux, and vertical flux within the ocean (Carvalho and Wang, 2020; Iakovleva and Bashmachnikov, 2021). Generally, vertical exchange is limited, and Figure 6 demonstrates that there are no significant alterations in water properties beyond a depth of 600m. Consequently, ocean temperature changes in the upper layer are minimally influenced by vertical flux within the ocean. Research indicates that the shallow waters of the Norwegian Sea, with depths shallower than 600m, are primarily influenced by local air-sea flux, southward Atlantic inflow, and western Arctic water from the Arctic Ocean (Rossby et al., 2009). The Lofoten Basin is predominantly impacted by the inflow of Atlantic water, with its upper layer being predominantly occupied by Atlantic water (Köhl, 2007). Conversely, the Norwegian Basin experiences direct influence from the cold and fresh water emanating from the Icelandic Sea, alongside the influence of warm Atlantic water (Curry and Mauritzen, 2005; Mork et al., 2014; Brakstad et al., 2023). On the western margin of the Nordic Seas, cold Arctic water flows southward with the East Greenland Current (EGC), constantly mixing with the returning Atlantic water. The majority of this water enters the western North Atlantic, but a fraction of this water flows directly back into the Norwegian Basin as the East Icelandic Current (EIC). Curry and Mauritzen (Curry and Mauritzen, 2005) highlighted that the Norwegian Sea would be affected by the cold Arctic water during periods of predominantly negative North Atlantic Oscillation (NAO) index and strong northerly winds. However, between 1993 and 2014, a strongly negative NAO occurred solely in 2010 without concurrent strong northerly winds (Mork et al., 2014), so the impact of the EIC on the Norwegian Sea was minimal. Furthermore, Figure 6A illustrates that the amplitude of ocean temperature increase in the Lofoten Basin surpasses that in the Norwegian Basin, suggesting a more pronounced influence of Atlantic inflow on the upper seawater in the Norwegian Sea. In summary, the Norwegian Sea primarily experienced the influence of the Atlantic inflow and demonstrated a lesser impact from the EIC from 1980 to 2022.

Focusing on the Atlantic inflow and air-sea flux, this paper discusses the mechanism of the ocean temperature rise of the upper layer in the Norwegian Sea and the reasons for the decrease in overflow water storage volume.



4.1 Effect of the air-sea flux

The air-sea heat flux is the sum of surface solar shortwave radiation, longwave radiation, and latent and sensible fluxes. The trends of the heat flux, SST and SAT (Surface Air Temperature) in the Nordic Seas from 1982 to 2022 calculated by ERA5 data are shown in Figure 7. The linear trend of the air-sea heat flux in most sea areas of the Nordic Seas was not statistically significant, except for some marginal sea areas, there was a downward trend in ocean heat dissipation (Figure 7A). As indicated in Appendix A, an increase in ocean temperature of 0.014K/a at depths shallower than 840m can be attributed to a growth rate of 1.51 W/(m2·a) in air-sea heat flux. However, there is no notable trend of air-sea heat flux in the Lofoten Basin, where the ocean temperature rises rapidly at 0.015K/a.




Figure 7 | The trend of the heat flux, SST and SAT in the Nordic Seas from 1982 to 2022. (A) The heat flux trend, (B) SST trend and (C) SAT trend were calculated by ERA5 data. (D) Comparison of SST anomalies and SAT anomalies with those calculated by EN4.2.2 and OISST data. (E) SST change rate from 1982 to 2022 calculated by OISST data.



The ocean temperature anomalies derived from the ERA5, EN4.2.2 and OISST data all exhibit a significant increase in SST in the Nordic Seas, and the amplitudes of SST increase obtained from these three datasets are consistent. As shown in Figures 7B, C, the trends of SST and SAT calculated using ERA5 data in the Norwegian Sea are nearly identical. The mean trends of SST and SAT in the Norwegian Sea are estimated to be (3.08 ± 0.72)×10-2°C/a and (3.79 ± 1.03)×10-2°C/a, respectively. Given that air has lower density and specific heat capacity compared to the ocean, it is implausible for the temperature increase in the Norwegian Sea’s upper 600m to be driven solely by rising air temperature. The average air-sea heat flux in the Norwegian Sea from 1980 to 2022 is -224 W/m2, indicating that the ocean releases heat into the atmosphere. The increase in air temperature in the Norwegian Sea might be attributed to the increase in SST. However, it is worth noting that the increase in air temperature supports the elevation of SST.

In addition, the SST trend observed in the core area using ERA5 data aligns with that of EN4.2.2. The SST change rate from 1982 to 2022 calculated by OISST data can reach 0.05°C/a in the Norwegian Basin. As shown in Figure 7E, the region experiencing a significant SST increase in the North Atlantic correspond to warm current regions in the Atlantic Ocean. These findings suggest that the Atlantic inflow caused the rapid warming of the upper layer in the Norwegian Basin.

In brief, the available evidence does not support the hypothesis that the rapid warming of the upper layer water in the Norwegian Sea was caused by air-sea heat flux.




4.2 Effect of the Atlantic inflow

In the Norwegian Sea, there are two ways to alter the properties of upper seawater influenced by the high temperature and high salinity Atlantic inflow. One approach involves modifying the properties of the Atlantic inflow, while the other involves changing the overflow transport of the Atlantic inflow. Across the Iceland-Faroe-Shetland Channel, the high salinity Atlantic water entered the Nordic Seas. The time series of average ocean temperature and salinity for the Atlantic Inflow Water (AIW) and Norwegian Sea Upper Water (NUW) are shown in Figure 8. The AIW is identified as the water at the pink station (Figure 1), with a depth of less than 600m and salinity greater than 35.1 (Wang et al., 2015). The NUW refers to the water below 600m in the Norwegian Sea. The average ocean temperature ascending speed of the AIW is (1.2 ± 0.7)×10-2°C/a and that of the NUW is (2.3 ± 0.6)×10-2°C/a. Besides, the average salinity ascending speeds of the AIW and NUW are (-1.7 ± 4.8)×10-4 a-1 and (3.4 ± 8.2)×10-4 a-1 respectively, both of which fail to pass the 95% confidence test and there is no significant trend.




Figure 8 | The observation stations of AIW and time series of average ocean temperature  (A) and salinity (B) of the AIW and NUW.



The upper water of the Norwegian Sea is directly affected by the Atlantic inflow water, and the warming Atlantic inflow water is the primary factor behind the warming of the upper water in the Norwegian Sea. However, the warming AIW alone is insufficient to account for the warming of NUW. If the NUW heats up from the AIW, the volume of the Atlantic inflow should also increase significantly to contribute to the greater temperature rise of the NUW. Previous studies have indicated that the warming of the AIW is synchronized with the increase in the volume of the Atlantic inflow (Furevik and Nilsen, 2005; Mork et al., 2014; Tsubouchi et al., 2021). Furthermore, the ocean temperature of the Atlantic inflow is 3°C higher than that of the Norwegian Sea upper water (Figure 8). Therefore, although the warming amplitude of AIW is smaller than that of NUW, it has the potential to significantly warm the upper water in the Norwegian Sea through increased inflow transport.

Upon comparing Figures 4, 8, it is evident that the ocean temperature of NUW exhibited no significant trend from 2011 to 2022, while the salinity of NUW experienced a substantial decrease. Consequently, the noteworthy reduction in the overflow water storage volume in the Nordic Sea during this timeframe can be primarily attributed to the decline in the salinity of the upper water in the Norwegian Sea. Additionally, the salinity of AIW also notably decreased during this period. From 2011 to 2022, the AIW salinity declined from 35.21 psu to 35.14 psu, representing a decrease of 0.07 psu, while the NUW salinity decreased from 35.12 psu to 35.0 psu, denoting a decrease of 0.10 psu. Thus, it can be inferred that the substantial reduction in the Nordic Sea’s overflow water storage volume during this period was also predominantly influenced by the inflow from the North Atlantic.





5 The ongoing influence under future ocean warming

Increasing ocean temperature is among the most prominent aspects of the Earth’s climate change, with the average ocean temperature predicted to increase by +3°C by 2100 (IPCC, 2021). As the ocean temperature gradual increases, the density of the upper seawater decreases. In this study, HydroBase 2 was utilized to analyze the changes in the temperature of the overflow water in the upper seawater of the Nordic Seas in response to the rising ocean temperature.

The spatial distribution of the depth of the upper limit of the overflow layer in the Nordic Seas calculated by HydroBase 2 is shown in Figure 9, which correlates well with EN4.2.2 calculation results depicted in Figure 5B. The overflow water volume in the Nordic Seas calculated based on Hydrobase 2 is estimated to be 1.201×106 km3, which is essentially equivalent to the estimate derived from EN4.2.2.




Figure 9 | The spatial distribution of the depth of the upper limit of the overflow layer in the Nordic Seas calculated by HydroBase 2.



Figure 10 shows the changes in the overflow water volume under different warming amplitudes in the shallow water at depths less than 840m. The temperature rise step size is 0.2°C, with a total temperature rise of 6°C, and the change curve of overflow water volume under different increasing temperatures is obtained. As shown in Figure 10, the decrease in overflow water volume is not linear as the ocean temperature increases. When the ocean temperature increases by 1°C, the overflow water volume decreases to 86% of the total volume. In addition, when the ocean temperature increases by 2°C, 2.8°C and 3.2°C, the overflow water volume decreases to 70%, 51%, and 37%, respectively. When the ocean temperature increases by 4°C, the overflow water volume decreases to 0. Therefore, the descent curve is not linear and shows an accelerating trend with the increasing ocean temperature.




Figure 10 | Changes in the overflow water volume under different warming amplitudes in the shallow water (depth<840m).



The changes in the depth of the upper limit of the overflow layer in the Nordic Seas under different warming amplitudes are shown in Figure 11. The Lofoten Basin exhibits the most substantial decrease in overflow water volume, indicating a faster decline compared to other areas under the same warming scenarios. With a 1°C increase in ocean temperature, the upper limit of the overflow layer in the Lofoten Basin experiences a 300m decrease, while the decrease in overflow water volume is comparatively smaller in the Icelandic Sea and the Greenland Sea. The rapid decline of the overflow water volume in the Lofoten Basin is related to the specific characteristics of the upper ocean temperature and salinity structure. The decrease of 10% of the overflow water volume corresponds to a 0.8°C increase in ocean temperature, which is consistent with the warming amplitude of the Lofoten Basin.




Figure 11 | The depth of the upper limit of the overflow layer in the Nordic Seas under different warming amplitudes of (A) 1.0K, (C) 2.0K and (E) 3.0K. The changes of the upper limit of the overflow layer between (B) 1K and 0K, (D) 2K and 1K, (F) 3K and 2K. K is the Kelvin temperature, and its variation is equal to that of Celsius temperature.



With a 2°C increase in ocean temperature, the overflow water volume in the Norwegian Sea decreases significantly, while the decrease in overflow water volume remains less pronounced in the Icelandic Sea and the Greenland Sea. As the ocean temperature rises by 3°C, the overflow water volume in the Nordic Seas, excluding the Greenland Sea, experiences a substantial reduction, and the depth of the upper limit of the overflow layer in the Lofoten Basin drops below 840m, indicating a complete absence of overflow water in that region. Therefore, it is necessary to focus on the changes in the overflow water storage volume of the Lofoten Basin in the future.




6 Conclusions

Based on the EN4.2.2 reanalysis data, a 73-year time series was constructed, encompassing monthly, annual, and decadal averages of the overflow water storage volume in the Nordic Sea from 1950 to 2022. Subsequently, the time series was used to extract the multiscale temporal variation characteristics of the overflow water storage volume in the Nordic Sea. Upon analyzing the monthly average data, it is evident that the storage volume of the overflow water demonstrates seasonal variations, exhibiting fluctuations of approximately 10% around the average overflow. Specifically, spring months show higher overflow, while autumn months exhibit lower levels.

The decline of the overflow water storage volume is particularly notable from 1980 to 2022. Since the 1980s, there has been a steady decrease in the decadal average overflow water storage volume. The annual average storage volume of overflow water in the Nordic Seas during the period from 1980 to 2022 was linearly fitted, revealing a calculated significant descent speed of -2.1×103 km3/a. The overall relative change in the past 43 years is estimated to be -7.2 ± 2.6%. However, the average error in the calculated overflow water storage volume, due to vertical discontinuities, ocean temperature uncertainties, and salinity uncertainties in the EN4 data, amounts to approximately 12%. The findings indicate that the long-term declining trend lacks significance, necessitating further research for validation. If the long-term downward trend persists, moreover, the reduction in overflow water is primarily concentrated in the Norwegian Sea, particularly in the Lofoten Basin, which is the core area of the decrease in overflow water. The increase in the ocean temperature of the upper layer of the Lofoten Basin is the main factor contributing to the decrease in the overflow water storage volume.

To discuss the mechanism of the increase in the ocean temperature of the upper layer in the Norwegian Sea, the effects of the Atlantic inflow and air-sea flux on the overflow water were analyzed using the ERA5 and OISST data. There is no significant trend of air-sea heat flux in the Lofoten Basin, where the ocean temperature rises rapidly. The rise rates of SST and SAT in the Norwegian Sea are almost equal and existing evidence does not support that the rapid warming of the upper layer water in the Norwegian Sea was caused by air-sea heat flux. Besides, although the warming amplitude of Atlantic inflow water is smaller than that of the Norwegian Sea upper water, increased inflow transport can cause significant warming in the Norwegian Sea upper water.

The overflow water storage volume in the Nordic Sea has exhibited a more rapid decline from 2011 to 2022. Specifically, the annual average storage volume in the Nordic Sea between 2018 and 2022 have been lower than the historical minimum values. This short-term rapid reduction is primarily attributed to declining upper-layer salinity in the Norwegian Sea, aligning with reduced salinity in the Atlantic inflow. This observation further underscores the substantial influence of the Atlantic inflow on the overflow water stock in the Nordic Sea.

As the ocean temperature of the Nordic Seas increases in the future, the overflow water volume in the Lofoten Basin will first decrease and disappear at the earliest. Besides, the overflow water volume in the Nordic Seas does not decrease linearly with increasing ocean temperature but has an accelerating trend. When the ocean temperature increases by 4°C, the overflow water volume in the Nordic Seas will decrease to 0. When the overflow water volume in the Nordic Seas disappears, the depth of the upper limit of the overflow layer will be greater than the depth of the overflow channel. The overflow in the Nordic Seas may become unstable, similar to the current overflow in the Iceland-Faroe Ridge, and will exhibit significant fluctuations forced by wind stress. It is also possible that there may be less dense overflow water. Whether the overflow flow will decrease or the density of overflow water will decrease, both are manifestations of the weakening of the overflow in the Nordic Seas. The long-term downward trend identified in this study cannot be definitively confirmed due to limitations in the quality of current ocean data. Nonetheless, as a significant component of the Atlantic meridional overturning circulation, the reduction in overflow in the Nordic Seas will inevitably impact the global circulation system and warrants careful consideration.

In summary, understanding the trend of the storage volume of the Nordic Seas Overflows is crucial for understanding climate patterns, predicting impacts on weather and ecosystems, and studying oceanic processes. Monitoring and studying these overflows help us better comprehend and address the complex dynamics of the Earth’s climate system. It is hoped that the potential long-term reduction trend of overflow water storage volume derived from this study, as well as the accelerated reduction expected from continued warming in the future, will capture the attention of stakeholders.
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Appendix: Method for calculating changes in ocean temperature caused by air-sea flux

Based on the research conducted by Shi et al. (2017), thermodynamic formulas (Equations A1, A2) can be utilized to analyze the impact of air-sea heat flux on ocean temperature changes in the upper water column.

 

 

where H represents the height of the water column, ρ denotes the mean density of the water column, α is the thermal expansion coefficient, Cp is the specific heat capacity of seawater, ΔE represents the change in heat flux, ΔT is the resultant temperature change, and Δh is the resultant change to the height of water column.

Based on the information provided, assuming that the changes in seawater properties caused by air-sea flux uniformly act on the water columns shallower than 840 m (H=840 m), we can analyze the impact of these changes on the temperature of the upper water column. In the Norwegian Sea, typical shallow seawater properties are considered to be 10 °C for the initial temperature. The specific heat capacity of seawater is assumed to be 4×103 J/(kg·°C), and the pressure Pz is approximately 3×106 Pa. The thermal expansion coefficient of seawater based on TEOS_10 is 1.715×10–4 K–1. Then the change in heat flux amounting to 1.0 W/(m2·a) could result in a heating rate of 0.94×10-2 °C/a for the upper water (shallower than 840 m). The increase in the ocean temperature of 0.014K/a can be caused by a growth rate of 1.51 W/(m2·a) of air-sea heat flux.
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