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The East Greenland Polar Front (EGPF) is an important front with strong salinity and temperature gradients in the Nordic Seas. It is formed by the interaction between Arctic-origin and Atlantic-origin water. The variations of EGPF are closely linked with sea ice melting and heat content transport associated with North Atlantic water recirculation. For a three-dimensional (3D) daily analysis, we use the global ocean eddy resolution reanalysis product (GLORYS12V1) from 1993 to 2018 to calculate the salinity and temperature horizontal gradient in the upper ocean and obtain the spatiotemporal distribution and intensity characteristics of EGPF. After assessment, the thresholds of the salinity and temperature fronts are set to 0.04 psu/km and 0.09°C/km, respectively. Compared with satellite observations of sea ice concentration, a significant spatial relationship is observed between the main position of EGPF and the ice edge before the sea ice shrinks to the continental shelf sea area. Affected by the freshening of the Arctic-origin water due to the melting of the sea ice, the intensity and area of EGPF show significant seasonal variations. Against the background of global warming, the sea ice area presents an obvious decreasing trend in the Greenland Sea. The melting of sea ice increased annually every summer from 1998 to 2018. The heat content transport of the Atlantic-origin water has also increased in recent years. The 3D characteristics (intensity and volume) of EGPF as salinity and temperature fronts exhibit increasing trends.
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1 Introduction

The Greenland Sea is one of the main marginal seas in the Nordic Seas, and it is connected the Arctic Ocean and North Atlantic Ocean. The East Greenland Current (EGC) flows southward along the East Greenland shelf break, and the North Atlantic Current recirculates in the southern part of the Fram Strait (FS) (Figure 1A). EGC transports over 90% of the sea ice exported through the Fram Strait from the Arctic Ocean, Arctic Ocean water, and recirculating Atlantic water (AW) (Schlichtholz and Houssais, 1999; Woodgate et al., 1999; Rudels et al., 2002; Håvik et al., 2017). The upper water in the western Greenland Sea is a mixture of Arctic-origin and Atlantic-origin water (Figures 1B, C). The continental shelf sea area is covered by sea ice, so its oceanic environment is seasonally affected by sea ice formation and melting (Visbeck et al., 1995; Li et al., 2005; Ballinger et al., 2018; Selyuzhenok et al., 2020).




FIGURE1 | Schematic of circulation (Raj et al., 2016; Våge et al., 2018; Huang et al., 2020) in the Nordic Sea and the study region (black boundaries). (A) Topography is from ETOPO1 (Amante and Eakins, 2009). The black arrows denote the 1993–2018 July climatological absolute geostrophic current field from AVISO. The thick red gradient lines present the North Atlantic Current, and the thick gray-blue line presents the East Greenland Current. The thin red line is the section selected for further analysis of spatial relationship between the main position of EGPF and the ice edge (15% sea ice concentration). (B) Spatial distributions of the July climatological sea surface salinity. (C) Spatial distributions of the July climatological sea surface temperature.



One of most conspicuous features of the Greenland Sea is the East Greenland Polar Front (EGPF), especially in the northern summer. EGPF is believed to have been formed by the interaction between Arctic-origin and Atlantic-origin water (Paquette et al., 1985; Kostianoy and Nihoul, 2009). In the Nordic Seas, EGPF exhibits a large gradient in terms of salinity and temperature fields (Figures 1B, C), whereas other fronts exhibit only a high salinity gradient, a high temperature gradient, or weak salinity and temperature gradients (Figures 2A, C). For example, the Norwegian Shelf Front has a high salinity gradient, and the Arctic Front and the Iceland Coastal Front have a high temperature gradient. Meanwhile, the Iceland-Faeroe Front has the characteristics of salinity and temperature fronts, but its gradients are weaker than those of EGPF (Figures 2A–D). With its high gradient of salinity and temperature, EGPF effectively separates Arctic-origin water from Atlantic-origin water.




Figure 2 | Spatial distributions of the horizontal gradient of (A) June to August (JJA) climatological average sea surface salinity, (B) December to February (DJF) climatological average sea surface salinity, (C) JJA climatological average sea surface temperature, and (D) DJF climatological average sea surface temperature. Numbers 1 to 5 in the figure represent the positions of (1) the East Greenland Polar Front, (2) the Norwegian Shelf Front, (3) the Arctic Front, (4) the Iceland Coastal Front, and (5) the Iceland–Faeroe Front. The green line is the median ice edge in February, and the blue line is the median ice edge in August (15% sea ice concentration).



Oceanic fronts can release potential energy to induce submesoscale motions (e.g., Manucharyan and Thompson, 2017). Therefore, they are thought to play a crucial role in the energy cascading from the global circulation scale to the small dissipation scale (Wadhams, 2005). In addition, the ocean front can affect the structure of the ocean flow field, ocean heat exchange, material transport, and air-sea interaction (Park and Chu, 2006). Various oceanic or atmospheric phenomena and processes—such as high biological productivity, abnormal wind and waves, dramatic changes in ocean color, strong vertical motion, and local weather conditions—are related to the ocean front (Vélez-Belchí and Tintoré, 2001; Sokolov and Rintoul, 2002; Nencioli et al., 2013). Large-scale fronts can influence the weather and even climate (Zhao et al., 2006). Some previous observational studies have demonstrated that the currents on both sides of the front differ considerably (Manley et al., 1987). The wind stress above the EGPF zone also changes rapidly (McPhee et al., 1987). Evidently, EGPF is an important ocean dynamic factor in the ocean–sea ice–atmosphere interactions in the Greenland Sea.

The sea ice in the Greenland Sea has been changing rapidly (Divine and Dick, 2006; Markus et al., 2009). According to a study that used the Pan-Arctic Ice Ocean Modeling and Assimilation System, from 1979 to 2016, the loss of the overall sea ice volume in the Greenland Sea was 113 km3 per decade (9.4 km3 month−1 per decade) (Selyuzhenok et al., 2020). The ice conditions in the Greenland Sea are primarily regulated by the sea ice imported through the Fram Strait and by local sea ice variations (Selyuzhenok et al., 2020; Chatterjee et al., 2021). The sea ice area export shows considerable seasonal variations, with the maximum in March and the minimum in August (Smedsrud et al., 2017). The ice volume export presents a similar seasonal variation but has a relatively smaller February export in the freezing season (Min et al., 2019; Wei et al., 2019; Spreen et al., 2020). The sea ice volume export presents a notable decreasing trend due to the persistent thinning trend of Arctic sea ice (Wang et al., 2021). From 1992 to 2014, the Arctic Sea ice volume export displayed a negative trending with 27% ± 2% per decade (−54 ± 4 km3 month−1 per decade) (Spreen et al., 2020). However, because of the increment in ice drift speed across 79°N, the annual ice area export has increased by about +6% per decade from 1979 (Smedsrud et al., 2017). The melting of sea ice exported from the Arctic basin through the Fram Strait dominates the freshwater content of Greenland open sea areas (de Steur et al., 2015).

Accompanying the fast-changing sea ice in the Greenland Sea, the subpolar Atlantic Meridional Overturning Circulation has been strengthening since the 2010s (Jackson et al., 2022). The flow strength of AW is largely controlled by the wind stress over the Greenland Sea (Muilwijk et al., 2019). The wind stress curl over the Greenland Sea presents a marked seasonal variation. It starts to build up in September, reaches its maximum in November, and maintains the maximum until April. Then, it almost disappears from May to August (Jónsson, 1991). The positive wind stress curl strengthens the cyclonic Greenland Sea Gyre (GSG) circulation in the central Greenland Sea. Warm and saline AW are recirculated from the FS region to the southwestern Greenland Sea by a strong GSG circulation (Chatterjee et al., 2021). The increase in temperature in AW along the main currents of the Nordic Seas induces an increase in the oceanic heat content in the Greenland Sea (Selyuzhenok et al., 2020).

Against the background of the freshening of the Arctic Ocean and warming of North AW, EGPF is hypothesized to exhibit significant variations in response to changes in the properties of Arctic-origin and Atlantic-origin water. Various oceanic or atmospheric phenomena and processes related to EGPF are expected to become increasingly vigorous. Studying the spatiotemporal variation of EGPF is one of fundamental tasks in this area.

Previous studies have shown that the position of the oceanic front is related to the ice edge location in the Pan-Arctic region (Niebauer and Alexander, 1985; Johannessen et al., 1987; Mu and Zhao, 2013; Strong and Rigor, 2013). According to a cruise observation in the Bering Sea in the Spring of 1982, the ice edge retreated by 6–38 cm/s from 1 to 12 May; the upper ocean front also moved fast and kept pace with the retreating ice edge, but the deeper front was nearly stationary (Niebauer and Alexander, 1985). Brenner et al. (2020) used an underway conductivity–temperature–depth system to capture the approximately 3-day evolution of a density front located at the ice edge in Beaufort Sea. They found that the frontogenesis in the marginal ice zone in Beaufort Sea is linked to an “up-front” wind stress. Our study area, East Greenland Sea, is far from Beaufort Sea. Although the oceanic fronts of both are in marginal ice zones, the sea ice conditions exhibit different spatial variations. In Beaufort Sea, the sea ice is over the salty water side across the fronts, and the melting is from the coastal sea to the open sea. In Greenland Sea, the sea ice is over the freshwater side across the fronts, and the melting is from the open sea to the continental shelf sea area.

The current study focuses on the variation region of EGPF. The study area is bounded by black curves in Figure 1 and is about 5.57 × 105 km2. We investigate the spatiotemporal variation of the EGPF in terms of seasonal cycles and long-term trend.



2 Data and methods

The horizontal gradients of the climatological sea surface salinity and climatological sea surface temperature in the Nordic Seas are not greater than 0.001 psu/km and 0.01°C/km, respectively (Kostianoy and Nihoul, 2009). He and Zhao (2011) examined the spatiotemporal variations of the oceanic front. They defined the salinity front threshold as 0.002 psu/km and the temperature front threshold as 0.015°C/km in the Nordic Seas to investigate the distribution characteristic of the front and its seasonal variation. The position and intensity of the front were defined using climatology and low-resolution data from a previous study. Notably, they analyzed EGPF at a depth of 100 m (He and Zhao, 2011). The main concern of our study is the near-surface layer that is directly affected by the sea ice. EGPF is a mesoscale process with rapidly spatiotemporal changes, especially in summer. Describing the intensity and position of surface EGPF by using daily high-resolution data and relative criteria for the defined front is reasonable. In this study, we utilize multi-year daily average reanalysis data to reshape EGPF by using reasonable thresholds. We employ the intensity and area in both surface and three-dimensional (3D) fields to describe EGPF. The seasonal variation and long-term trend of EGPF are investigated. We posit that the variation of the salinity characteristic of EGPF (salinity front) is directly affected by Arctic-origin water with the seasonal salinity variations modulated by sea ice. On the contrary, the variation of the temperature characteristic of EGPF (temperature front) is directly affected by Atlantic-origin water with seasonal temperature variations.


2.1 Data

Remote sensing data. Sea ice concentration and temperature data from the Operational Sea Surface Temperature and Ice Analysis (OSTIA)–reprocessed product (Good et al., 2020) are used in this study. These data have a horizontal resolution of 1/20°, and the time range is 1981–2020. The absolute geostrophic current data are from the Archiving, Validation, and Interpretation of Satellite Oceanographic Data (AVISO). These data have a horizontal resolution of 1/4° and spans the period of 1993–2019. All datasets are distributed by the Copernicus Marine Environment Monitoring Service (CMEMS; https://marine.copernicus.eu/).

Reanalysis data. For the salinity and temperature data, the global ocean eddy resolution reanalysis product called GLORYS12V1, which is also distributed by CMEMS, is used. GLORYS12 is a global eddy-resolving physical ocean and sea ice reanalysis with 1/12° horizontal resolution and 50 standard vertical levels. It covers the altimetry period of 1993 up to present. GLORYS12 assimilates along-track altimeter sea level anomaly, satellite sea surface temperature, sea ice concentration, and in situ temperature and salinity vertical profiles. Quality assessments have shown that GLORYS12 effectively captures the main, expected climate interannual variability signals for oceans and sea ice. It represents the small-scale variability of surface dynamics particularly well and effectively captures the low-frequency variability of the sea ice extent in Arctic and Antarctic Oceans (Jean-Michel et al., 2021). When assessed against 14 years (2002–2015) hydrographic observations collected at 59.5°N in the subpolar North Atlantic, the GLORYS12 effectively produced the thermohaline structure and reliably represented the ocean heat content in the upper 700-m layer (Verezemskaya et al., 2021). Further details about GLORYS12 can be obtained from the work of Jean-Michel et al. (2021).



2.2 Methods


2.2.1 Method for determining the front

Some studies have used the isoline of temperature, salinity, or density to determine the existence of a front (Van Aken et al., 1991; Parsons et al., 1996; Belkin and O'Reilly, 2009). This method is suitable for the frontal analysis of profile data. In this study, we use the front detection algorithm proposed by Belkin and O'Reilly (2009). The horizontal gradient field is calculated to determine the position and intensity of EGPF.

We calculate the distance between every two grid points as follows:

 

where a is the latitude difference Lat1− Lat2, b is the longitude difference Lon1 – Lon2, and R is the Earth’s radius (i.e., 6,378.137 km). Then, we use the Sobel operator’s convolution kernels GX and GY ( GX rotated by 90°) to calculate the gradients (GX, GY) in the X and Y directions, respectively. The calculation formula is as follows:

 

where disx is the distance in the X direction between two grid points and disy is the distance in the Y direction. A is the original 2D data. Hence, the gradient value G can be obtained by the square root of the gradient in the X and Y directions as follows:

 

The value of G is used to determine the position and intensity of EGPF. The threshold of the front is an empirical value and varies in different sea area. The selection of the threshold depends on the overall situation of the spatial and temporal characteristics of the front in the study area. If the threshold is set too low, then the sea area will be full of fronts. If the threshold is set too high, then fronts will no longer be continuous spatially and temporally. In this study, we choose 0.04 psu/km and 0.09°C/km as the threshold value of salinity and temperature fronts to define the daily EGPF. These thresholds satisfy the continuity conditions in space and time. In the probability cumulative curve of the gradient values in the research area, these thresholds correspond to about 95% of the accumulation grid points (non-front area; Figures 3A, B). These thresholds can avoid the disorder of fronts in the study area. The climatological gradient values are the mean of daily gradient values. We choose 0.01 psu/km and 0.02°C/km as the threshold values to define the climatological EGPF in the Greenland Sea. The area of the climatological EGPF is larger than the daily EGPF, so the climatological EGPF thresholds correspond to about 85% of the accumulation grid points (non-front area; Figures 3C, D) in the research area.




Figure 3 | Thresholds. Grid point number accumulative curves of (A) 1993–2018 salinity gradient, (B) 1993–2018 temperature gradient, (C) climatological salinity gradient, and (D) climatological temperature gradient.





2.2.2 Surface characteristic of the front

We use two indices, the front area and the mean intensity, to describe EGPF. The front area Sg of the front is calculated as follows:

 

where disxi and disyi are the distances between two adjacent grid points in the zonal and meridional directions, respectively; Si is the grid area; and Gmask is a matrix, in which the part corresponding to G being greater than the threshold value is set to 1, and the rest is set to 0. The average intensity of the front is defined as follows:

 

The front area calculation method shown above is affected by the resolution of the data grid, but the average intensity is not. In this study, we use the average intensity and front area to analyze the variation of the EGPF in the Greenland Sea.



2.2.3 3D characteristics of the front

Similar to the surface characteristics, we use the front volume and the 3D mean intensity to describe EGPF. The volume of EGPF is defined as follows:

 

where hk is the layer thickness and k is the layer index. GLORYS12 has 50 vertical levels. The level depth is the center depth of the associated layer. The seasonal variation of the front (strength) is mainly in the upper 19 levels. We select the upper 19 layers to calculate the front volume. We multiple the front area by the layer thickness in each layer and then integrate the vertical volume. The integrated thickness is actually about 60 m (60.3 m).

The mean 3D front intensity is defined as follows:

 

We multiply the gradient by its 3D grid volume and then average the total value of the whole volume.



2.2.4 Heat content transport

The heat content transport along one section is calculated as follows:

 

where Qt is the heat content transport, Si is the grid area, disxi is the distance between two adjacent grid points in the zone, hk is the vertical layer thickness, ρ0 is sea water density, cp is the sea water specific heat capacity, Ti,k is the temperature at each point in each layer, and Vi,k is the southward velocity at each point in each layer.

The seasonal temperature variations change obviously in the upper 14 levels. We calculate the heat content transport in the upper 14 layers along the red line section in Figure 1A. The integrated thickness is actually about 30 m (29.447 m).





3 Results


3.1 Spatial relationship between the main position of the EGPF and the ice edge

As the sea ice melts in the Greenland Sea from June to September, the sea ice extent shrinks toward the continental shelf, and EGPF moves and keeps pace with the ice edge. The spatial distributions of the ice edge and the horizontal gradient of the sea surface salinity/sea surface temperature in the Greenland Sea on 18 June and 18 July 2012 are shown in Figure 4. The black line is the daily marginal ice line, and the purple line is the 330-m isobath and represents the shelf break with a high topography gradient between the continental shelf and the slope. On 18 June 2012 (Figures 4A, C), the ice edge was located outside the shelf break. Its southernmost point reached 67°N, and the overall sea ice extent shrank toward high latitudes. On 18 July 2012 (Figures 4B, D), the ice edge was near the continental shelf break, and its southernmost point was at 69°N. In most years, the sea ice covered the continental shelf north of 77°N. Compared with the situation in 2012, the ice edge in the other years presented a similar variation, but the sea ice extent shrank more significantly.




Figure 4 | Spatial distributions of the ice edge, salinity front, and temperature front in the Greenland Sea on 18 June and 18 July 2012. (A, B) Horizontal gradient of sea surface salinity and (C, D) horizontal gradient of sea surface temperature. The black line is the daily ice edge, and the purple line is the 330-m isobath that represents the shelf break with a high topography gradient.



When the ice edge is outside the shelf break (Figures 4A, C), the strong salinity and temperature gradient is mainly concentrated at the ice edge. During the northward movement of the south margin of the ice edge, the front moves and keeps pace with the ice edge. When the sea ice retreats toward the continental shelf, the front is limited to the shelf break (Figures 4B, D), but the intensity and area of the front gradually decrease after the sea ice shrinks further more (not shown).

To clarify the relationship between the position of the EGPF and the ice edge in the Greenland Sea, we select a section (red line in Figure 1A) to analyze the relative position changes compared with the shelf-slope break. The daily variations of the sea surface salinity horizontal gradient and sea surface temperature horizontal gradient along the section in 2004 are shown in Figure 5. The results are similar for the other years (not shown). The black dots are the daily variation of the intersections between the marginal ice line and the section line, and the solid purple line is the position of the shelf break along the section line (Figures 5A, B). In May, the sea ice area (concentration and extent) begins to decline, the seawater under the ice is freshened, and a strong gradient appears. In June, the intensity of EGPF strengthens. When the sea ice is beyond the continental shelf from June to August, EGPF is always distributed along the ice edge and keeps pace with the ice edge. When the sea ice shrinks back to the continental shelf (black dots below the solid purple line), EGPF is restricted to the vicinity of the shelf break. However, its intensity is gradually reduced. After August, EGPF (salinity front and temperature fronts) gradually weakens.




Figure 5 | Daily variation of (A) sea surface salinity horizontal gradient and (B) sea surface temperature horizontal gradient (background color) along the section (red line) indicated in Figure 1A. The black dots are the daily variation of the intersections between the marginal ice line and the section line. The abscissa is the time for 2004, and the ordinate is the longitude of the section. The solid purple line is the position of the shelf break along the section line.





3.2 Seasonal variations of EGPF

On the basis of observed/reanalysis data, the climatological (1993–2018) seasonal variation in the study area (thick black solid and dashed lines in Figure 6A) shows that the sea ice area decreases rapidly in May, shrinks to the continental shelf sea area in July (the continental shelf sea area of the research area is about 9.53 × 104 km2, marked with a thin solid black line in Figure 6A), and reaches its minimum value of 2.86 × 104 km2/3.07 × 104 km2 in September. The sea ice area accounts for about 5%–5.5% of the total study area (5.57 × 105 km2). Notably, this conclusion is based on climatological statistical results. It varies slightly in some local regions in some years. For example, in Figure 5, the sea ice edge (15% sea ice concentration) with a strong front is not within the shelf slope break sea area in early August due to the complex sea ice conditions and topography influence. However, generally, the sea ice retreats from the southeast outer shelf to the northwest shelf in summer and shrinks to the continental shelf sea area in the southern part of the study area in July.




Figure 6 | Seasonal variations. (A) Surface salinity front intensity, area and sea ice area. The thick black solid/dashed line refers to the GLORYS12v1/remote sensing data results. The thin solid black line represents the continental shelf area of the research area. (B) Surface temperature front intensity, area, and heat content transport along the upper 25-m section (red line) indicated in Figure 1A. (C) 3D salinity front intensity, volume, and averaged salinity. (D) The 3D temperature front intensity, volume, and averaged temperature.



We use four indicator variables, namely, surface front area, surface front intensity, 3D front volume, and the 3D front intensity, to explore the variation of the EGPF. The salinity and temperature fronts do not fully overlap spatially, and they have different characteristics and temporal variations. We discuss them separately. In the analysis, the daily thresholds of the salinity front and the temperature front are set to 0.04 psu/km and 0.09°C/km, respectively.

With regard to the climatological seasonal variation, the surface salinity front intensity and front area (Figure 6A) begin to increase rapidly in May. The surface salinity front intensity reaches its highest value of 0.08 psu/km in the early July and the salinity front area reaches its peak value of 8.86 × 104 km2 (the area proportion is about 16%) at the end of July. Although the sea ice continues to melt until September, when the sea ice shrinks back to the continental shelf, EGPF is limited to the continental shelf break. As the thermodynamic environment for maintaining EGPF disappears, the EGPF’s intensity begins to decrease. However, because of mixing and diffusion, the EGPF area can enlarge and reach its peak in August. After August, the intensity and area of the EGPF gradually weaken until April of the next year.

The intensity of the surface temperature front (Figure 6B) has a similar seasonal variation as the salinity front intensity. It also reaches its highest value of 0.19°C/km in July and then decreases. However, the temperature front area is different from the salinity front area. The area of the temperature front reaches its peak value of 5.58 × 104 km2 (the area proportion is about 10%) in early July and then maintains this peak value in the whole of July. After August, the temperature front area gradually reduces with intensity. The heat content transport along the upper 25-m section begins to increase rapidly in May (Figure 6B). It reaches its peak value of 5.84 × 1012J/s in the middle of September and then decreases. In a previous study by He and Zhao (2011), a strong and continuous temperature front was observed in September. We think the different result is mainly due to the depth used for analysis. We study EGPF in the surface ocean which is close to the variation of sea ice, whereas they analyzed the front at a depth of 100 m.

As the sea ice melts in summer, the extent of the fresh water expands and deepens, and the salinity gradient gradually strengthens. The climatological evolution processes are shown by the variations of the red isolines for salinity and dashed isolines for the salinity gradient in Figures 7A–D. The gradient isolines are larger than the climatological threshold of 0.01 psu/km. The 3D daily characteristics are mainly reflected in the upper 55 m. The spatial distributions of the horizontal gradient of salinity at 0, 47, and 92 m depths on 6 August 1993 are shown in Figure 8. The daily threshold of the salinity front is still set to 0.04 psu/km. We select the salinity/temperature front in the upper 55 m for a 3D daily analysis.




Figure 7 | Climatological monthly salinity and salinity gradient along the red line section in Figure 1A (A–D for May to August). The red solid lines are the salinity isolines, the blue dashed lines are the salinity gradient isolines, and the black marks represent the centers of the salinity front in the upper 55-m section.






Figure 8 | The spatial distributions of the horizontal gradient of the salinity in 0, 47, and 92 m on 6 August 1993.



With regard to the climatological seasonal variation (Figure 6C), the 3D salinity front intensity and volume also increases rapidly in May. The 3D intensity reaches its peak value of 0.06 psu/km in the middle of July and then decreases. Compared with the surface intensity peak, there is a time lag of about half a month. The 3D volume reaches its peak value of 1.35 × 103 km3 at the end of July, and the volume proportion is about 4% compared with the whole volume of 3.36 × 104 km3 of the research region. In addition, with sea water desalination, the salinity of the 3D salinity front decreases rapidly in May. It drops from the maximum value of 34.27 psu to the minimum value of 33.15 psu at the end of July.

Compared with the salinity front, the intensity and volume of the 3D temperature front reach the peak value of 0.15°C/km and 2.18 × 103 km3, respectively (the volume proportion is about 6.5%), at the end of July (Figure 6D) and then decreases. The background temperature reaches its peak value of 2.14°C at the end of August.



3.3 Long-term trend of EGPF

Sea ice has been decreasing considerably in recent decades. According to analyses based on satellite passive microwave radiometers, the sea ice extent trend was −6.5 ± 1.1 × 103 km2/year (−8.6 ± 1.5% decade−1) in the Greenland Sea from 1979 to 2010 (Cavalieri and Parkinson, 2012). According to GLORYS12V1 (1993–2018), in our study area, the sea ice area anomaly presented an increasing trend from 1993 to 1997, and a decreasing trend from 1998 to 2018. According to Cavalieri’s results, the ice area of the Greenland Sea also showed this decadal regime shift around 1997 (Cavalieri and Parkinson, 2012). In this study, we mainly analyze the sea ice and EGPF from 1998 to 2018.

The long-term trend of the monthly sea ice area anomaly obtained after subtracting the climatological monthly mean is shown in Figure 9A. It presented a decreasing trend of −1.66 × 103 km2/year (−1.57 × 103 km2/year in remote sensing data; both significant at the 95% confidence level) from 1998 to 2018. Across the thin red line in Figure 1A, the monthly heat content transport anomaly presented an increasing trend of 3.72 × 1010 J/s/year from 1998 to 2018 (Figure 10A; statistically significant at the 95% confidence level).




Figure 9 | Long-term trend from GLORYS12v1 data. (A) Monthly sea ice area anomaly, (B) 3D salinity front volume anomaly, and (C) intensity anomaly. All lines are filtered by three (months) points moving average.






Figure 10 | Long-term trend. (A) Monthly heat content transport anomaly along the upper 25-m section (red line) indicated in Figure 1A, (B) 3D temperature front volume anomaly, and (C) intensity anomaly. All lines are filtered by three (months) points moving average.



Given this background, the monthly 3D salinity front volume anomaly showed an increasing trend of 20.41 km3/year from 1998 to 2018 (Figure 9B; statistically significant at the 95% confidence level). The monthly 3D salinity front intensity anomaly presented an increasing trend of 9.56 × 10−5 psu/km/year from 1998 to 2018 (Figure 9C; statistically significant at the 95% confidence level). The 21-year increasing value 2.01 × 10−3 psu/km could reach about 5% (20%) of the daily threshold of 0.04 psu/km (climatological threshold of 0.01 psu/km). The intensity and volume show that the salinity front gradually strengthened in recent years.

The long-term trend of the 3D temperature front is shown in Figure 10. The monthly volume anomaly of the temperature front increased by 12.29 km3/year from 1998 to 2018 (Figure 10B; statistically significant at the 95% confidence level). The monthly temperature front intensity anomaly increased by 1.55 × 10−4°C/km/year from 1998 to 2018 (Figure 10C; statistically significant at the 95% confidence level), The total increase could be up to 3.6% (16%) of the daily threshold of 0.09°C/km (climatological threshold of 0.02°C/km). The temperature front also gradually strengthened in recent years.




4 Discussion and conclusion

The spatiotemporal variations of 3D daily EGPF are analyzed on the basis of GLORYS12V1 reanalysis data from 1993 to 2018. The significant spatial relationship between the main position of EGPF and the position of the marginal ice edge before the sea ice shrinks to the shelf break is illustrated. In summer, the solar shortwave radiation increases, leading to a rise in air and seawater temperature. As the sea ice melts dramatically, the cold and fresh seawater induces and strengthens the salinity and temperature fronts. Thus, the front area with strong salinity and temperature gradients is mainly distributed along the ice edge.

Affected by the formation and melting of sea ice, the intensity and area of EGPF (salinity front) show seasonal variations. The sea ice area begins to decrease rapidly in May, whereas the average intensity and area of the salinity front begin to increase rapidly. When the sea ice extent shrinks to the continental shelf in late June, the surface intensity of the salinity front reaches its highest value (~0.08 psu/km). The sea ice continues to melt in the continental shelf, and the front is restricted to the continental shelf break. In the meantime, the maintaining mechanism of the strong salinity gradient steadily weakens in the shelf break, and the salinity front intensity begins to decrease. Although the front intensity weakens due to the horizontal diffusion and mixing, the surface salinity front area is still expands and reaches its peak value of ~8.86 × 104 km2 (16% of the research area) in late July. Then, the salinity front area gradually decreases. The variation of EGPF (temperature front) is directly affected by Atlantic-origin water, and this front also shows seasonal variations. The surface temperature front’s intensity and front area begin to increase rapidly in May. The intensity of the surface temperature front reaches its highest value of 0.19°C/km in July and then decreases. The temperature front area reaches its peak value of 5.58 × 104 km2 (the area proportion is about 10%) in early July and then maintains this peak value in the whole of July. After August, the temperature front area gradually decreases with intensity. The heat content transport along the upper 25-m section begins to increase rapidly in May. It reaches its peak value 5.84 × 1012J/s in the middle of September and then decreases.

Compared with the surface, although the 3D salinity/temperature front intensity and volume also increases rapidly in May, there is a time lag before 3D intensity reaches the peak value. The 3D salinity front intensity reaches its peak value of 0.06 psu/km in the middle of July. The 3D temperature front reaches its peak value of 0.15°C/km at the end of July. In the upper 55 m, the research volume is about 3.36 × 104 km3. The 3D salinity front volume reaches its peak value of 1.35 × 103 km3 (the volume proportion is 4% compared with the research volume) at the end of July, and the 3D temperature front volume reaches its peak value of 2.18 × 103 km3 (6.5%).

In terms of long-term trend, the EGPF gradually strengthens as the sea ice area decreases. Specifically, from 1998 to 2018, the sea ice area showed a decreasing trend of −1.66 × 103 km2/year in the Greenland Sea. The melting of sea ice increases year by year in summer. Given this background, the 3D salinity front intensity increases by 9.56 × 10−5 psu/km/year, and the total (21 years) increase is about 5% (20%) of the daily (climatological) threshold. The salinity front volume shows an increasing trend of 20.41 km3/year. The heat content transport anomaly increases by 3.72 × 1010 J/s/year. The 3D temperature front intensity has an increasing trend of 1.55 × 10−4°C/km/year, and the total increase is about 3.6% (16%) of the daily (climatological) threshold. The 3D temperature front volume also has an increasing trend of 12.29 km3/year.

Given the freshening of the Arctic Ocean and warming of North AW, the strength and range of EGPF show increasing trends. As the transition zone, EGPF presents high contrast between Arctic-origin and Atlantic-origin water. The strengthening of EGPF induces abundant energetic submesoscale motions. In the Greenland Sea, the early (delayed) spring phytoplankton bloom associated with high primary production levels is linked to high (low) Arctic sea ice flux through the Fram Strait (Mayot et al., 2020). Given the strong convergence ability of EGPF, the variations of EGPF influence the chlorophyll-a and phytoplankton distributions and variations in the Greenland Sea. We can speculate that various oceanic or atmospheric phenomena and processes related to EGPF will become increasingly active. Furthermore, the frontal process is closely related to mixing. One of the front generation mechanisms is shear dispersion. Oscillation wind induces spatial inhomogeneity in the horizontal mixing, and the minimum total diffusivity is accompanied with the maximum property gradient. The wind-induced shear dispersion facilitates the frontogeneses in the shelf break (Ou and Chen, 2006). Meanwhile, rapid cross-frontal mixing is generated by frontal instabilities (Wenegrat et al., 2020). The Greenland Sea is one of the important sea areas affecting the North Atlantic thermohaline circulation through mixing. Thus, further study of the dynamic processes associated with EGPF throughout its various stage is necessary.
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