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Impact of Decadal Trends in the Surface Climate of the North Atlantic Subpolar Gyre on the Marine Environment of the Barents Sea
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The Barents Sea is a key region in the Earth System and is home to highly productive marine resources. An integrated approach for strategic sustainable management of marine resources in such shelf-sea marine ecosystems requires, among many other aspects, a robust understanding of the impact of climate on local oceanic conditions. Here, using a combined observational and modelling approach, we show that decadal climatic trends associated with the North Atlantic Subpolar Gyre (SPG), within the period 1960–2019, have an impact on oceanic conditions in the Barents Sea. We relate hydrographic conditions in the Barents Sea to the decadal variability of the SPG through its impact on the Atlantic Inflow via the Faroe-Shetland Channel and the Barents Sea Opening. When the SPG warms, an increase in the throughput of subtropical waters across the Greenland-Scotland Ridge is followed by an increase in the volume of Atlantic Water entering the Barents Sea. These changes are reflected in pronounced decadal trends in the sea-ice concentration and primary production in the Barents Sea, which follow the SPG after an advective delay of 4–5 years. This impact of the SPG on sea-ice and primary production provides a dynamical explanation of the recently reported 7-year lagged statistical relationship between SPG and cod (Gadus morhua) biomass in the Barents Sea. Overall, these results highlight a potential for decadal ecosystem predictions in the Barents Sea.
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1. INTRODUCTION

The Subpolar Gyre (SPG) of the North Atlantic is a cyclonically circulating oceanic gyre that exhibits pronounced decadal-to-multidecadal variability in its properties (Delworth et al., 1993; Marshall et al., 2001; Böning et al., 2006; Born and Mignot, 2012). Over the last sixty years, periods of strong decadal trends in surface temperature of the SPG (-60:10 ◦E, 50:62 ◦N) have been observed—cooling in the 1960s, the warming in the 1990s and the recent cooling in the 2000s (Dickson et al., 1988; Bersch et al., 2007; Reverdin, 2010; Robson et al., 2016; Piecuch et al., 2017; Holliday et al., 2020). The SPG has also been widely implicated as the source of large-scale changes in the subpolar marine environment (Hátún et al., 2009, 2016), and is thought to influence the properties of the Atlantic Inflow to the Nordic Seas (Hátún et al., 2005; Koul et al., 2020; Asbjørnsen et al., 2021). Recently, the SPG was also shown to impart decadal predictability to the cod (Gadus morhua) stock in the Barents Sea (Årthun et al., 2018; Koul et al., 2021). However, the underlying dynamical mechanisms linking the decadal trends in the SPG to the Barents Sea, via the Faroe-Shetland Channel (FSC) and the Barents Sea Opening (BSO) (Figure 1), and their impact on local marine environment remained incompletely understood.


[image: Figure 1]
FIGURE 1. (A) Mean (1960:2019 average) temperature and currents (upper 200 m) in the subpolar North Atlantic from the assimilation experiment. The black lines show 200 m and 500 m isobaths. Mean salinity at the hydrographic section at (B) Faroe Shetland Channel (FSC) and (C) Barents Sea Opening (BSO). The sections are shown as green lines in (A). The Barents Sea regions analyzed in this study are defined as the black box (for wind stress curl) and red box (for Atlantic Water volume) in (A).


The Barents Sea is a highly productive shelf sea and is open to the influence of the Atlantic Ocean through the southwest. It acts as a transition zone for the warm and saline Atlantic Water headed toward the Arctic Ocean and plays an important role in the transformation of Atlantic water masses (Smedsrud et al., 2013). Over the past decades, the climate of the Barents Sea has undergone a dramatic change. The sea-ice area in the Barents Sea has declined by more than 50% in the last 30 years (Årthun et al., 2012), and the area occupied by the warm and saline Atlantic Water has nearly doubled (Dalpadado et al., 2012; Oziel et al., 2017). Observations also reveal large shifts in fish communities resulting from the “Atlantification” [increase in Atlantic Water transport into the Barents Sea and subsequent decline in sea-ice extent, see (Årthun et al. (2012)] of the Barents Sea (Fossheim et al., 2015). While the greenhouse gas warming is an important factor in driving these observed long term changes in the Barents Sea, an important role of the variability originating in the subpolar North Atlantic in driving decadal to multi-decadal changes in the Barents Sea has also been well recognised (Levitus et al., 2009; Yashayaev and Seidov, 2015; Årthun et al., 2019).

An important source of climate and ecosystem variability in the Barents Sea is the inflowing Atlantic Water at its southwestern entrance, i.e., at the BSO (Ottersen and Stenseth, 2001; Smedsrud et al., 2010). An increase in the volume flux of the Atlantic Water is positively correlated with the temperature of the Barents Sea (Oziel et al., 2017). At interannual to decadal timescales (1–10 years), the variability in the volume flux of Atlantic Water at the BSO is, in-turn, largely driven by atmospheric variability associated with the North Atlantic Oscillation (NAO, Ingvaldsen et al., 2003; Sandø et al., 2010). For example, periods of a positive NAO are associated with enhanced southwesterly winds which increase the volume flux of Atlantic Water and plankton into the Barents Sea (Drinkwater et al., 2003). However, the relationship between large scale atmospheric winds associated with the NAO and the volume flux of Atlantic Water into the Barents Sea is non-stationary (Smedsrud et al., 2013), and there are periods when the role of local wind forcing dominates (Orvik and Skagseth, 2003; Lien et al., 2017; Muilwijk et al., 2018).

Apart from the variability in the volume flux of the Atlantic Water at the BSO, a change in Barents Sea temperature can occur due to a change in temperature of inflowing Atlantic Water. In this case as well, the NAO can influence the temperature of the inflowing water through its impact on the width of the Norwegian Atlantic Current and thereby controlling how much heat this current exchanges with the atmosphere (Ådlandsvik and Loeng, 1991). Another source of changes in the temperature of inflowing Atlantic Water is the thermohaline anomalies originating in the subpolar North Atlantic which are known to propagate downstream toward the Nordic Seas (Holliday et al., 2008; Yashayaev and Seidov, 2015). On multidecadal timescales (>50 years), the climate of the Barents Sea varies with the Atlantic Multidecadal Variability (AMV, Levitus et al., 2009; Yashayaev and Seidov, 2015), a manifestation of the rise and fall of North Atlantic surface temperatures. Embedded in such variability is decadal to multidecadal variability (also called inter-decadal timescales) associated with the SPG, the impact of which is the focus of the present study.

At decadal to multi-decadal time scales (10–20 years), the origin and propagation of heat and freshwater anomalies into the Nordic Seas and further downstream toward the Arctic has been investigated in observations and model simulations (Glessmer et al., 2014; Årthun and Eldevik, 2016; Langehaug et al., 2019). A consistent view emerging from these studies is that the variability in large scale oceanic circulation in the subpolar North Atlantic is the source of oceanic anomalies propagating into the Nordic Seas and further downstream. However, in light of the reported advective lags, it is not known whether and to what extent the observed hydrographic and biogeochemical anomalies in the Barents Sea follow the decadal trends in the surface climate of the SPG.

In this article, we investigate SPG-driven dynamical links between the variability in the Atlantic Inflow at the FSC and at the BSO extending back to 1960, and the subsequent impact of such variability on the volume of Atlantic Water and the sea-ice in the Barents Sea. We assess three dominant decadal trends in the surface temperature of the SPG whose impact on the Barents Sea is likely to be pronounced. Our results illustrate that the SPG signal can be traced in sub-surface properties at the BSO, and we hypothesise that by modulating the throughput of the Atlantic Water, the SPG causes variability in Atlantic Water volume in the Barents Sea. Our results also illuminate the dynamical basis for the recently reported statistical relationship between the SPG and cod biomass in the Barents Sea (Årthun et al., 2018; Koul et al., 2021). Changes in Atlantic Water volume have an impact on cod biomass through changes in sea-ice extent and primary production in the Barents Sea.



2. MATERIALS AND METHODS

The available oceanic observations in the subpolar North Atlantic cover important hydrographic sections but do not provide a continuous spatiotemporal record of surface and sub-surface temperature, salinity, and velocity fields extending back to 1960s. In this respect, we carry a data assimilation experiment with an Earth System Model that combines available atmospheric and oceanic observations and model output to provide a continuous spatiotemporal record over the past 60 years. The climatological temperature, salinity and velocity fields from this data assimilation experiment over the regions of interest are shown in Figure 1 and Supplementary Figure 1.

Time series of surface temperature over the SPG (area averaged over -60:-10 ◦E, 50:62 ◦N) and BSO (area averaged over 10:25 ◦E, 70:78 ◦N) from this assimilation experiment compare very well with observations (Koul et al., 2021) and are analyzed in the present work. Additionally, satellite observations of sea-ice concentration (Meier et al., 2021, data retrieved from https://nsidc.org/data/g02202/versions/4/) and chlorophyll-derived net primary production (Behrenfeld and Falkowski, 1997, data retrieved from http://orca.science.oregonstate.edu/1080.by.2160.monthly.hdf.vgpm.m.chl.m.sst.php) are also analyzed to complement the results from the assimilation experiment. The time series of the TSB of Northeast Arctic Cod is obtained from the ICES Arctic Fisheries Working Group's report (http://doi.org/10.17895/ices.pub.6050).

We also analyze the time series of the annual mean volume transport through the FSC and the BSO (see Figure 1 for the location of these sections). We define “total volume transport” as the volume transport (Sv, 1 Sv = 106 m3 s−1) of all eastward (u>0) flowing waters in the entire water column. The 1960–2019 mean total volume transport is about 5.9 Sv at the FSC and 3.65 Sv at the BSO which is larger than the observational estimates of 4 Sv at the FSC (Berx et al., 2013) and 1.8 Sv at the BSO (Skagseth et al., 2008) but within the range of estimates from other global ocean models (Ilıcak et al., 2016). We distinguish the total volume transport from the “Atlantic Inflow,” which is defined as the volume transport of all eastward (u>0) flowing waters in the entire water column with T>8.5 ◦C, S>35.25 at the FSC, and T>5.5 ◦C, S>35.0 at the BSO. The Atlantic Inflow is essentially the warm and saline part of the total volume transport. Within the Barents Sea, the spatial extent of the volume of the warm and saline water is also analyzed. We define “Atlantic Water” as water with T>3 ◦C and S>34.8 (Oziel et al., 2016).


2.1. Model

The Max Planck Institute Earth System Model (MPI-ESM) is a global Earth system model, and is used in its low resolution (LR) setup in the present study (hereafter MPI-ESM-LR). The ocean general circulation component of MPI-ESM-LR, the Max Planck Institute Ocean Model, MPIOM (Jungclaus et al., 2013), is a free surface model with primitive equation solved on an Arakawa C-grid, and with hydrostatic and Boussinesq approximations. It has a total of 40 z-levels in the vertical and the surface layer thickness is 12 meters. Formulations by Pacanowski and Philander (1981) are followed for vertical mixing and diffusion, and tracer transport is parameterized following Gent et al. (1995). Statically unstable flow over sills and shelves is represented by a slope-convection scheme (Marsland et al., 2003).

The MPIOM setup used in the study has a rotated grid configuration (GR15) for which the singularity at the North Pole is replaced over Greenland. This has the advantage that horizontal resolution is enhanced north of 50◦N, reaching 15 KM near Greenland. Otherwise, the nominal horizontal resolution of MPIOM in LR setup is 1.5 degrees. Embedded in MPIOM is also the ocean biogeochemistry component, the Hamburg Ocean Carbon Cycle model, HAMOCC (Ilyina et al., 2013). Among other processes, HAMOCC incorporates phosphate and oxygen cycles, and defines marine food web based on nutrients, phytoplankton, zooplankton, and detritus (NPZD) based approach.

The atmospheric general circulation component of MPI-ESM-LR is the European Center-Hamburg model, ECHAM, (Stevens et al., 2013). In MPI-ESM1.2-LR, the ECHAM is run at a horizontal resolution of T63 and with 47 vertical levels, the model top being at 0.0 1hPa. The land surface-atmosphere interactions are simulated by the land vegetation module, JSBACH (Reick et al., 2013) which is embedded in ECHAM. A land hydrology module which contains a river-routing scheme is used for interactive simulation of river runoff (Hagemann and Gates, 2003), MPIOM receives the fresh water fluxes due to river runoff as part of the precipitation field from ECHAM.



2.2. Model Experiment

We analyze a data assimilation experiment (1960–2019) carried out with MPI-ESM-LR using an oceanic ensemble Kalman filter (EnKF) and atmospheric nudging. The oceanic EnKF in MPI-ESM-LR (Brune et al., 2015; Brune and Baehr, 2020) assimilates monthly profiles of temperature and salinity from EN4 (Good et al., 2013). Simultaneously, atmospheric vorticity, divergence, temperature, and surface pressure are nudged to ERA40/ERAInterim re-analyses (Dee et al., 2011). It should be noted that neither sea surface temperature from satellite observations nor atmospheric temperature below 900 hPa are assimilated in order to allow for a model-consistent assimilation across the atmosphere-ocean boundary. The assimilation experiment uses observed solar irradiation, volcanic eruptions, and atmospheric greenhouse gas concentrations (SSP2-4.5 concentrations from 2015 onward) as boundary conditions, taken from CMIP6 (Eyring et al., 2016).



2.3. Trend Analysis and Statistical Significance

We compute linear trends over three periods of 10-years each except for sea-ice concentration and primary production wherein only 9 years from the last decade are considered after taking into account the advective delays from the SPG to the Barents Sea (detailed explanation is provided in the results and discussion sections). The statistical significance of the trend is calculated using a bootstrap approach wherein robust properties of a statistic (in this case the linear trend) are computed through random sampling and replacement to generate a distribution of the statistic. The confidence interval is taken as the 90% range (5th to 95th percentile) of this distribution. Our null hypothesis is that of a zero trend, and we fail to reject the null hypothesis if zero lies within the confidence intervals. Other non-parametric estimates of the linear trend and their statistical significance such as the Theil-Sen estimate of linear trend and the Mann-Kendall test were also evaluated (figures not shown). Except for the statistical significance of the 9-year trends for sea-ice and primary production (in our analysis, at-least 10-years are required for the Mann-Kendall test), our results are robust to these different estimates of decadal trends.



2.4. Correlations and Statistical Significance

All the correlations presented in this article are calculated from detrended time series (linear trend over 1960–2019 is removed). The non-detrended time series are presented in the main text. The statistical significance of correlation is assessed using a two tailed t-test. To account for the autocorrelation in the time series, the degrees of freedom is calculated by taking into account the lag-1 autocorrelation of the time series (Bretherton et al., 1999).




3. RESULTS

Decadal trends can be identified in surface temperature (T) and salinity (S) of the SPG over the past sixty years (Figure 2). Three decades clearly stand out when the trends were strong: (a) the cooling from 1966 to 1975, coinciding with the “great salinity anomaly” (Dickson et al., 1988), (b) the warming and salinification from 1996 to 2005, coinciding with a marked shift in the NAO phase in the winter of 1995/96 (Bersch et al., 2007), and (c) the cooling from 2006 to 2015, when the largest freshening event in more than a century was observed (Holliday et al., 2020). The basin-wide extent of the spatial patterns of these decadal trends and the concurrence of the periods of cooling and freshening as well as those of warming and salinification suggest that variability in large scale ocean circulation is involved (Piecuch et al., 2017; Koul et al., 2020). In the subsequent analysis, we investigate whether decadal trends corresponding to these three periods also emerge, after some years, in the regional environment of the Barents Sea.
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FIGURE 2. (A). Time series of modelled surface temperature and surface salinity of the North Atlantic Subpolar Gyre (-60:-10 ◦E, 50:62 ◦N) from the assimilation experiment, and total stock biomass of cod in the Barents Sea for the period 1960–2019. For each of the time series shown, light lines are annual means and bold lines are three-year running mean values. The time series are not linearly detrended. The blue and red shaded time periods highlight the three dominant decadal trends. Trends in the surface temperature of the North Atlantic Subpolar Gyre (oC yr−1) for (B) 1966–1975 cooling, (C) 1996–2005 warming, and (D) 2006–2015 cooling. The stippling marks statistically significant trends at 90% confidence level.


A likely impact of the SPG on local oceanic conditions in the Barents Sea is implicitly hinted by the high correlation between the total stock biomass (TSB) of Northeast Arctic cod and SPG properties (Figure 2 and Table 1). The TSB is the total biomass of mature and immature fish and it reflects the integrated impact of climate on fish population. The TSB time series suggests that the cod has undergone periods of decline and recovery, mainly at decadal to multi-decadal timescales (Figure 2). There is a statistically significant and high correlation between the TSB and SPG T/S (see Table 1), as was found in earlier investigations (Årthun et al., 2018; Koul et al., 2021). The correlation of TSB with surface salinity (r = 0.82) is similarly high as that with surface temperature (r = 0.77), which hints at a role of inflowing Atlantic Water into the Barents Sea. Read together with their advective lags, these high positive correlations point toward a possible impact of the SPG variability on cod biomass. As we show below, the SPG-driven changes in the Atlantic Inflow into the Barents Sea plays an important role.


Table 1. Pearson's correlation coefficients (r) among various variables and the lag at which r is maximum (@Lag (years)).

[image: Table 1]

The Atlantic Inflow mainly enters the Barents Sea through the BSO (see Figure 1 for the location of this region). Before arriving at the BSO, the Atlantic Inflow crosses the Greenland-Scotland Ridge (Hátún et al., 2005) and passes through the FSC (Hansen et al., 2008). As illustrated in Figure 1, the core of Atlantic Inflow is seen as subsurface salinity maxima in the water column. Thus, the correlations of the SPG T and S are lower with respective surface T and S at the BSO than with sub-surface T and S (Figure 3 and Table 1). Note that the correlations are calculated from linearly detrended time series. The decadal to multi-decadal variability, particularly the freshening of the BSO from 1970 to 1979 (corresponding to the freshening of the SPG in the late 1960s) clearly emerges in sub-surface salinity time series and to some extent in the corresponding decrease of the sub-surface temperature only. The lack of correlation of the surface T and S at the BSO with the SPG T and S together with pronounced interannual variability at the surface suggests a dominating impact of overlying atmospheric variability.


[image: Figure 3]
FIGURE 3. Time series of modelled surface and sub-surface (A) temperature and (B) salinity in the North Atlantic Subpolar Gyre (-60:10 ◦E, 50:62 ◦N) and an the Barents Sea Opening (10:25 ◦E, 70:78 ◦N) for the period 1960–2019. For each of the time series shown, light lines are annual means and bold lines are three-year running mean values. The shaded time periods highlight the time periods four years after the respective decadal trends in the SPG.


Another way to assess the impact of SPG on oceanic properties downstream of the Greenland-Scotland Ridge is through the variability in volume transport. The mean total volume transport (see Methods for the definition) is high at the FSC and relatively low at the BSO—the 1960–2019 mean volume transport is about 5.9 Sv at the FSC and 3.65 Sv at the BSO. Downstream of the FSC, the Atlantic Water mixes with ambient water masses and dilutes its properties. This is apparent in the maximum total volume transport which occurs at T = 9-10 ◦C and S = 35.3-35.4 at the FSC and at T = 6-7 ◦C and S = 35.0-35.1 at the BSO (Figure 4). The decadal to multi-decadal variability seen in the SPG is present in the Atlantic Inflow. The Atlantic Inflow (see Methods for the definition) through the FSC decreased during the cooling and freshening of the SPG in 1960s, the inflow increased during the warming and salinification of the SPG in mid 1990s, and the recent cooling of the SPG has coincided with ongoing reduction of the Atlantic Water (Figure 4).


[image: Figure 4]
FIGURE 4. (A) Time series of modelled Atlantic Inflow (Sv, 1 Sv = 106 m3 s−1) across the Faroe Scotland Channel (FSC, orange) and Barents Sea Opening (BSO, blue), and time series of wind stress curl (WDSC, green) over the Barents Sea (black box in Figure 1A). For each of the time series shown, light lines are annual means and bold lines are three-year running mean values. The shaded time periods highlight the time periods four years after the respective decadal trends in the SPG. Atlantic Inflow is defined as the volume transport of water with eastward zonal velocity and with T > 8.5 ◦C and S > 35.25 at the FSC, and T > 5.5 ◦C and S > 35.0 at the BSO. Histograms of volume transport (Sv) in various temperature (T) and Salinity (S) classes across the (B,D), FSC and (C,E), BSO, respectively. The location of the FSC and the BSO section for computing volume transports is shown in Figure 1A.


The low frequency character of the Atlantic Inflow at the FSC is also largely seen in the Atlantic Inflow at the BSO (r = 0.67, lag = 1 year), and both have a statistically significant correlation with SPG T and S (Table 1). The variability in the Atlantic Inflow at the BSO is not closely linked with the wind stress curl over the Barents Sea (Figure 4). For the time period considered (1960–2019), the correlation between the wind stress curl and the Atlantic Inflow is low and statistically insignificant (r = 0.25, lag = 0 year). As is clear from the time series, the wind stress curl exhibits a strong interannual variability. However, wind stress curl drives the total volume transport at the BSO (r = -0.71, Supplementary Figure 2). Thus it appears that the warm and saline part of the total volume transport, i.e., the Atlantic Inflow, is related to the variability in the SPG. The respective correlations (Table 1) also suggest that the SPG signal is much clearer in the depth-integrated Atlantic Inflow than in temperatures at a single depth.

The volume of Atlantic Water within the Barents Sea (red box in Figure 1) shows a general increasing trend from the late 1970s (Figure 5). This is inline with the gradual Atlantification of the Barents Sea in the recent decades. The variability of Atlantic Water within the Barents Sea is directly related to the Atlantic Inflow at the BSO (r = 0.8, lag = 1 year, Figure 5). In the 1970s, a nearly 30% reduction in the volume of Atlantic Water in the Barents Sea occurred following the sharp decline in the Atlantic Inflow at the BSO during the same period (Figure 5). Similarly, Atlantic Water volume increased by about 20% from early 2000s following an increase in Atlantic Inflow. Interestingly, for the period 2010–2019 (corresponding to the most recent cooling/freshening of the SPG after accounting for the advective delays), while there was a decline in the Atlantic Inflow at the BSO (from a high of 1.5 Sv in 2010 to a low of 1.0 Sv in 2019), there was no significant change in the Atlantic Water volume during that period. Similarly, the variability in sea-ice area in the Barents Sea has closely followed the variability in both the Atlantic Inflow at the BSO and the volume of Atlantic Water in the Barents Sea (Table 1). Sea-ice in the Barents Sea grew in the 1970s, declined in the early 2000s and has not undergone a large decline from 2005 to 2019 in the assimilation experiment.
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FIGURE 5. Time series of modelled Atlantic Inflow (Sv) across the Barents Sea Opening (BSO, red), volume of Atlantic Water (Km3) in the Barents Sea (blue) and total sea-ice area (m2) in the Barents Sea (green). Following (Oziel et al., 2016), Atlantic Water is defined as water with T > 3.5 ◦C and S > 34.8 within the Barents Sea. For each of the time series shown, light lines are annual means and bold lines are three-year running mean values. The shaded time periods highlight the time periods four years after the respective decadal trends in the SPG.


Differences in the spatial extent of the Atlantic Water within the Barents Sea present a more clearer picture of its regional inhomogeneities in Atlantic Water volume (Figure 6). Corresponding to the cooling/freshening in the 1970s, a reduction in the volume of Atlantic Water occurred in the southwestern region of the Barents Sea. Similarly, in the late 1990s and early 2000s when more Atlantic Water entered the Barents Sea, an increase in the Atlantic Water volume occurred as far as 35◦E. Even for the last decade of our interest (2010–2019), a decline in the Atlantic Water volume has occurred which was not evident from the area integrated time series (Figure 5). Clearly, most of this decline is limited to the southwestern region of the Barents Sea from where the Atlantic Water enters the Barents Sea (i.e., along the mean current pathways). The location of the 1◦C isotherm at 100 m, applied here as a proxy for the northern limit of the Atlantic Water, also presents a consistent picture, except for the last decade when the isotherm shifted further northward from 2010 to 2019.
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FIGURE 6. Mean volume of Atlantic Water (x102 Km3) at each grid point from the assimilation experiment over three years centered on (A) 1970, (B) 1979, their difference (C) 1979–1970, (D) 2000, (E) 2009 and their difference (F) 2009–2000. Since the model experiment ends at 2019, the Atlantic Water volume is shown for individual years (G) 2010, (H) 2019 and their difference (I) 2019–2010. The red contour line is the 1◦C isotherm at 182 meters model level.


Now, we turn to the key aspect of the impact of the SPG, i.e., the changes in the sea-ice extent and primary production in the Barents Sea. An increase in sea-ice area limits the available area for the primary production in the Barents Sea (Dalpadado et al., 2014), which can reduce the feeding grounds of fish communities (Drinkwater et al., 2010). Thus, an impact of SPG on sea-ice area and primary production in the Barents Sea may provide the physical explanation behind the high correlations between SPG and cod biomass (Figure 2 and Table 1). After adjusting for advective delays inferred from preceding analysis, trends in sea-ice area fraction and primary production can be identified along the climatological sea-ice boundary (Figure 7). In the first two decades of interest (1971 to 1980 and 2001 to 2010), the trends are strongest in the northern Barents Sea along the sea-ice edge. The first cooling period results in the growth of sea-ice in the Barents Sea and a corresponding decline in the net primary production. Similarly, the 1990s warming of the SPG leads to a decline in the sea-ice area from 2001–2010 and a corresponding increase in primary production. For the period 2011 to 2019, corresponding to the 2006–2015 cooling of the SPG, the increase in the sea-ice area and the resulting decrease in primary production has occurred mainly outside and further north of the Barents Sea. Within the Barents Sea, however, a positive trend in the primary production emerges. This aspect is taken up further in the discussion section.


[image: Figure 7]
FIGURE 7. (A) Climatology of the annual mean sea-ice concentration (percent of grid cell occupied by sea-ice) and (B) integrated net primary production (gCm−2yr−1) for the period 1960–2019 from the assimilation experiment. Trends in annual mean sea-ice concentration (second row) and integrated net primary production (third row) for the three periods (C,F) 1971–1980, (D,G) 2001–2010, and (E,H) 2011–2019. The stippling marks statistically significant trends at 90% confidence level.


As we have not assimilated satellite observations into the model, it is instructive to see whether similar trends have emerged in satellite observations of sea-ice concentration and primary production (Figure 8). For the decade 2001 to 2010, the decadal trends in observed sea-ice concentration show a similar statistically significant decline as seen in the assimilation experiment. The sea-ice edge moved northwards in this decade owing to the increased heat transport into the Barents Sea. For the decade 2011 to 2020, although a statistically significant trend has not emerged in the Barents Sea, the absence of a declining trend in sea-ice is consistent with the antecedent cooling of the SPG. In the case of observed net primary production, the pronounced increase along the sea-ice edge in the decade when sea-ice retreated northwards, as was seen in the assimilation, is absent. However, in the last decade, 2011–2020, the decline within the Barents Sea is inline with reduced Atlantic Water volume (Figure 6I) but a statistically significant trend is yet to emerge.
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FIGURE 8. Climatology of the annual mean sea-ice concentration and integrated net primary production (gCm−2yr−1) for the period 1997–2020 from satellite observations. Trends in annual mean sea-ice concentration (second row) and integrated net primary production (third row) for the two periods 2001–2010 and 2011–2020. The stippling marks statistically significant trends at 90% confidence level.


In summary, our results reveal decadal changes in the marine environment of the Barents Sea that are related to the upstream changes in the subpolar North Atlantic. The SPG signal present in the Atlantic Inflow, both at the FSC and the BSO, is closely linked with the volume of Atlantic Water in the Barents Sea, which then has an impact on the sea-ice area and primary production, and consequently, on the cod biomass.



4. DISCUSSION AND CONCLUSIONS

In this article, through a data assimilation experiment, we present evidence to support the hypothesis that oceanic anomalies associated with the SPG have an impact on oceanic conditions in the Barents Sea. Recently, the Northeast Arctic cod biomass was shown to be predicable at multi-year lead times wherein a statistical temperature-cod relationship was leveraged (Årthun et al., 2018; Koul et al., 2021). Here, we present the mechanistic links underlying the statistical temperature-cod relationship, and we reveal SPG-driven co-variability in the Atlantic Inflow at the FSC and the BSO. Our results suggest that SPG-driven changes in the Atlantic Inflow are the primary drivers of decadal trends in the sea-ice area and primary production in the Barents Sea.

Our results, although derived in an Eulerian framework, corroborate the earlier reported 3–5 year advective delay in the propagation of oceanic anomalies from the eastern subpolar North Atlantic into the Barents Sea (Gao et al., 2005; Holliday et al., 2008; Langehaug et al., 2019). Our data assimilation based analysis also shows that the core of the warm and saline Atlantic Water lies at 150–300 m depth in the water column, both in the FSC and at the BSO, consistent with observations (Furevik, 2001; Yashayaev and Seidov, 2015). We find that the SPG signal is more pronounced in subsurface salinity downstream of the Greenland-Scotland Ridge (Figure 3). Temperature, due to air-sea interactions, has a short memory of the antecedent forcing history.

The dynamical basis of multiyear changes in volume transport of Atlantic Water into the Barents Sea, following periods of strong decadal trends in the SPG temperature and salinity, is the weakening and strengthening of the SPG circulation. The warming and cooling of the SPG is dynamically related to its weakening and strengthening, respectively (Bersch et al., 2007; Häkkinen et al., 2011; Koul et al., 2019, 2020). The strength of the SPG circulation controls the throughput of subtropical waters crossing the Greenland-Scotland Ridge. It is this SPG-driven waxing and waning of high salinity (and high temperature) waters that is mirrored in the Atlantic Inflow at decadal to multi-decadal timescales. At seasonal and interannual timescales, the SPG signal is contaminated by overlying atmospheric variability.

The interannual to decadal variability in the total volume transport is driven by the wind stress curl over the northern Barents Sea, however, the same is not the case for the Atlantic Inflow (Supplementary Figure 2 and Figure 4). The low frequency variability as seen in Atlantic Inflow at BSO does not match that in the wind stress curl. This suggests that while the total volume transport is wind driven and is an important driver of the variability in sea-ice and primary production in the Barents Sea (Sandø et al., 2021), the warm and saline part of the total volume transport (i.e., the Atlantic Inflow) is instead driven by the variability in SPG-associated changes in temperature and salinity. Nevertheless, the large scale wind field over the subpolar North Atlantic plays an important role in the variability of the SPG circulation (Koul et al., 2020; Holliday et al., 2020).

It is possible that SPG-associated variability in temperature and salinity between the FSC and BSO might lead to local geostrophic circulation anomalies which can in turn influence Atlantic Inflow across the BSO. We do find consistent trends in temperature, salinity and zonal geostrophic currents in the first two decades of our analysis (Supplementary Figure 3), however, except salinity, the trends over the last decade show an inconsistent increase in both temperature and geostrophic currents. This can be due to the fact that in the last decade, the waters at the BSO have freshened and their temperatures have increased (Figure 3). This would cause a local steric sea level change resulting in anomalous eastward geostrophic flow. Noting that the trends are spatially incoherent, we leave it to future studies to quantify the impact of such geostrophic current anomalies on Barents Sea temperature and salinity.

Within the Barents Sea, observation show near doubling of the area occupied by the Atlantic Water over the last three to four decades (Oziel et al., 2016). In this article, we show that embedded in the long term trend are decadal changes in the area occupied by the Atlantic Water. In the first two decades analyzed in this study (i.e., 1970–1979 and 2000–2009), the extent of the area occupied by the Atlantic Water follows decadal trends in the SPG temperature, i.e., a decline in the former and an increase in the latter decade. While this holds for the last period considered as well (2010–2019), the change is not uniform throughout the Barents Sea. The decline is mainly seen in the southwestern region from where the Atlantic Water enters the Barents Sea. Also, this decline is mainly due to a decrease in salinity than due to a decrease in temperature (Figure 3 and Supplementary Figure 3). The analysis of the differences in Atlantic Water volume for the last decade is based on individual years (2019 and 2011) and thus might be contaminated by interannual variability. A clear signal might have emerged after 2019.

Sea-ice in the Barents Sea exerts a dominant control on the spatial distribution of primary production. Observations over a short record of less than 20 years suggest a bi-modal pattern in the spatial distribution of primary production which closely tracks the position of sea-ice edge during years with large changes in sea-ice extent (Oziel et al., 2017). In our analysis, although we also find that the variability in the primary production closely tracks the sea-ice edge, the spatial pattern of the response of primary production to decadal changes in sea-ice extent is different. We find significant trends in primary production in response to trends in sea-ice area fraction both within and outside the Barents Sea. For the period 2011–2019, significant increase in sea-ice and decrease in primary production has occurred north of Spitzbergen. This suggests that as the region of interaction between Atlantic Water and sea-ice shifts northward due to long term warming, the influence of the SPG would also extend northward.

Given the advective delays from the subpolar North Atlantic to the Barents Sea, the full impact of recent cooling of the SPG is expected after 2019, which is the last year of our experiment, and which could also explain the absence of significant trends in the northern Barents Sea in the last 9 years of our analysis. This latter conjecture is supported by the trends in the observed sea-ice and primary production for which the year 2020 is included. There is no significant declining trend in sea-ice concentration toward the north and the reduction in primary production is seen within the Barents Sea for the period 2011–2020. The absence of a decline in the sea-ice in the last decade of our analysis is consistent with the predicted slowdown of the sea-ice loss in the Barents Sea sector (Yeager et al., 2015) and satellite observations showing a slight recovery from the 2012 minimum.

The decadal trends in sea-ice and primary production, associated with the SPG, can influence cod biomass in various ways. For example, a large ice-free region allows habitat expansion which favours growth through increased food availability (Ottersen et al., 2010). A northward retreat of sea-ice edge also allows increased northward penetration of nutrients and zooplankton carried by the Atlantic Inflow, both of which can have an impact on the growth of Capelin, the main prey of cod in the Barents Sea. Thus, the high correlation between the SPG temperature, salinity and cod biomass is a manifestation of impact of the SPG on marine environment of the Barents Sea which has implications for predictability of marine ecosystems in this shelf-sea.
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