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The freshwater transport (FWT) by the Labrador Current (LC) around the Grand Banks of Newfoundland (GBN) is diagnosed with the 26-year Global Ocean Physical Reanalysis 1/12° data (GLORYS12v1) during 1993 - 2018. The time-mean FWT of the LC above the 1027.25 kg/m3 isopycnal surface is 83.6 mSv (1 mSv = 103m3/s) southward through the Flemish Pass. Among this 83.6 mSv, 42% (35.2 mSv) is exported into the interior of the North Atlantic along the whole pathway of the LC from the Flemish Pass to the Tail of the GBN, with 25.5 mSv by the mean advection and 7.2 mSv by the mesoscale eddy transport. The seasonal and inter-annual variations of the FWT in the east of the GBN are mainly caused by the variation of the horizontal velocity of the LC, and the variation of salinity makes a nontrivial contribution to the variation of the FWT to the north of 45°N. Around the Tail of the GBN, the mesoscale eddies make significant contributions to the time-mean FWT and the seasonal and inter-annual variations of the FWT.
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1 Introduction

The Labrador Current (LC) flows southward offshore of Labrador and Newfoundland, carrying cold and fresh water to meet the warm and salty water of the North Atlantic Current (NAC) in the east and south of the Grand Banks of Newfoundland (GBN), as shown schematically in Figure 1. The freshwater within the LC enters the interior of the North Atlantic through different processes, such as the wind-driven Ekman transport, eddy exchange (Howatt et al., 2018) and advection by the time-mean flow (Fratantoni and McCartney (2010), hereinafter referred to as F&M2010). This freshwater, entering the interior of the North Atlantic, modifies the upper layer stratification. Eventually, the strength of upper layer stratification in the subpolar North Atlantic affects the amount of deep water formation through vertical convection in winter and hence tunes the Atlantic Meridional Overturning Circulation (AMOC) that has a strong impact on climate (e.g., Zhang, 2015). Studies have suggested a linkage between freshwater discharge into the North Atlantic and the climate variability (Renssen et al., 2002).




Figure 1 | The western North Atlantic with the red and blue vectors denoting the direction of the North Atlantic Current (NAC) and Labrador Current (LC). The box outlines the Grand Banks of Newfoundland (GBN) and adjacent oceans. The color shading shows the depth of the isopycnal surface of 1027.25 kg/m3 determined from the potential density averaged over 1993 - 2018. In grey shaded area, the maximum potential density is less than 1027.25 kg/m3. Black contours are isobaths of 200 m, 500 m, 2000 m and 4000 m. The two red dots at (50°W, 47°N) and (47°W, 47°N) are the positions for calculating the sea surface height differences shown in Figure 9.



As a confluence of the West Greenland Current, the Baffin Island Current and the outflow from the Hudson Strait, the LC has multiple freshwater sources: the Arctic seawater, river discharge and ice sheet melting from continents. The Arctic Ocean exports its freshwater into the LC through two main pathways: one through the Fram Strait and continuing along the east and then west coasts of Greenland (Aagaard and Carmack, 1989); the other through the Canadian Arctic Archipelago (CAA) to the Baffin Bay and the Davis Strait (Cuny et al., 2005). Additionally, a small portion of the Arctic water flows through the Fury and Hecla Straits into the Hudson Bay and outflows through the Hudson Strait (Straneo and Saucier, 2008). The discharge of continental rivers into the Hudson Bay and CAA is another freshwater source for the LC (Déry et al., 2009). Moreover, the ice sheets over Greenland are an additional freshwater source for the LC in the form of melting water and sea ice (Mernild et al., 2009).

Receiving freshwater from those sources with significant seasonal variations, the salinity of the LC has an evident seasonal cycle. Using historical hydrographic observation data, F&M2010 studied the seasonal variation of the salinity of the LC within the shelf water layer between the isopycnal surface of 1026.8 kg/m3 and the ocean surface. Overall, they found that the LC south of 51°N is fresher in summer and saltier in winter because of more river discharge and ice melting in summer (Petrie et al., 1991; Schmidt and Send, 2007; Straneo and Saucier, 2008). At the downstream of the LC on the eastern shelf break of the GBN, the salinity anomaly signal can be mainly attributed to advection from upstream rather than being caused locally by the freshwater flux across the air-sea interface (F&M2010).

The LC transports the low salinity water from the upstream, and along its pathway, this freshwater is gradually lost into the interior of the North Atlantic. Previous observations and numerical model simulations (Lazier and Wright, 1993; Han et al., 2008; Ma et al., 2016) have shown that the LC has an inshore branch flowing along the coast of Newfoundland and an offshore branch near the shelf break. A part of the inshore branch of the LC passes through the Avalon Channel, and the other part joins the offshore branch of the LC around 49°N. The offshore branch bifurcates around 48°N ~ 49°N north of the Flemish Pass, with a small portion of freshwater exported eastward but the major part exported southward through the Flemish Pass. The offshore branch of the LC can exchange the freshwater with the interior of the North Atlantic along its pathway. Based on the observations with the gliders, Howatt et al. (2018) revealed that the freshwater can be exported from the Labrador Shelf into the interior of the Labrador Sea by the Ekman transport and mesoscale eddies. They concluded that only a small proportion (approximately 3%) of freshwater originating from the Hudson and Davis Straits is exported across the shelf break into the interior of the Labrador Sea. Observations by Loder et al. (1998) suggested that a large portion of freshwater, carried by the branch of the LC on the shelf break, is lost in the region between Flemish Pass and the Tail of the GBN. F&M2010 suggested that, in the east of the GBN, the retroflection of the LC above the main pycnocline is the primary process of the freshwater transport (FWT) into the interior of the North Atlantic. They described the retroflection of the LC as the “Southwest Corner” of the subpolar gyre overshooting, analogous to the “Northwest Corner” that is the overshooting of the subtropical gyre.

Depending on where the freshwater enters the interior of the North Atlantic, the impacts of freshwater on the upper layer stratification can be different. As the major process of transporting freshwater from the LC to the interior of the North Atlantic, the LC retroflection was previously believed to only occur at the Tail of the GBN. F&M2010 constructed a map to show the depth of the 1027.25 kg/m3 isopycnal surface with the time-mean hydrographic data. They interpreted the contours of the isopycnal surface depth as the streamlines of the geostrophic flows, and suggested that the LC retroflected along the entire pathway of the LC from the Flemish Cap to the Tail of the GBN. While F&M2010 depicted the picture of the FWT with the time-mean retroflection of the LC, they were unable to describe the temporal variations of the FWT or quantify the contribution of the mesoscale eddies due to the temporal-spatial sparseness of the hydrographic surveys and the lack of velocity observations.

In this contribution, a high-resolution, data assimilative global ocean reanalysis product is analyzed to diagnose the spatial and temporal variations of the FWT of the LC near the GBN. This product, referred to as GLORYS12v1, is obtained from the Copernicus Marine Service (CMS, https://marine.copernicus.eu; https://doi.org/10.48670/moi-00021). It has a horizontal resolution of 1/12° in longitude/latitude and 50 levels in the vertical direction and spans from January 1993 to December 2018. The ocean model is based on the Nucleus for European Modelling of the Ocean (NEMO). The assimilated observational data include the sea surface heights (SSH), sea surface temperature and sea ice concentration retrieved from satellite remote sensing, and vertical profiles of salinity and temperature from multiple versions of CORA (Coriolis Ocean database for Re-Analysis) database containing ship-board surveys and Argo floats, etc. Comprehensive evaluations of GLORYS12v1 are described in details in a “Quality Information Document” at the CMS website, and also in Lellouche et al. (2018) and Lellouche et al. (2021). These evaluations suggest that GLORYS12v1 possesses good skills in reproducing the observed mean state and mesoscale variations of ocean circulation and salinity, as well as other ocean and sea-ice parameters. We use the monthly-mean GLORYS12v1 output of the salinity and the horizontal velocities to compute the volume flux and FWT.

In section 2, we introduce the method of decomposing the variations of the FWT into different components based on time scales. The results of the time-mean FWT are presented in section 3. Section 4 presents the analysis of the temporal variations of the FWT. Finally, section 5 presents the conclusions and discussion of the results.



2 FWT calculation


2.1 Regional ocean climatology

With the monthly salinity and temperature from GLORYS12v1, the monthly potential density is calculated during 1993 - 2018 for all the 50 levels in the region around the GBN. Following F&M2010, the FWT is calculated for the upper layer with a potential density less than 1027.25 kg/m3. Figure 1 presents the depth of the 1027.25 kg/m3 isopycnal surface, interpolated from the potential density averaged over 1993 - 2018. Along two sections at 45°N and 50°W, Figure 2 shows that this isopycnal surface only varies slightly in different seasons. In Figure 1, the GBN shelf is shaded grey because the maximum density on the seafloor is smaller than 1027.25 kg/m3. The 1027.25 kg/m3 isopycnal surface is shallower than 150 m in the region of the LC and deeper in the NAC region, exceeding 400 m to the south of 42°N. To the east of the shelf break of the GBN, the 1027.25 kg/m3 isopycnal surface shows a ridge shape whose minimum depth is about 150 m at 45°N, and this ridge disappears close to the Tail of the GBN. As described by F&M2010, the contours of this isopycnal depth represent the streamlines of the time-mean geostrophic flow. Thus the map of Figure 1 reveals a retroflection of the LC: the LC flowing southward along the eastern shelf break of the GBN, turning offshore near the Tail of the GBN and continuing flowing northeastward. The map of the depth of the 1027.25 kg/m3 isopycnal surface also indicates a flow meander around (47°W, 44°N), corresponding to a similar meander of the 4000 m isobath. Figure 2 shows the time-mean (a) meridional and (b) zonal velocities across the sections at 45°N and 50°W. On the 45°N section, a steep ridge of the 1027.25 kg/m3 contour appears in the core of the LC around 48.6°W, where the maximum southward velocity reaches 0.5 m/s. On the 50°W section, the same isopycnal does not show a ridge, but the 1027 kg/m3 contour at shallower depth contains a gradual ridge associated with a much weaker time-mean zonal flow. On both sections at 45°N and 50°W, the 34.8 isohaline mainly lies below the 1027.25 kg/m3 isopycnal surface within and adjacent to the LC and shoals rapidly in the region where the NAC is present.




Figure 2 | Velocity, salinity and potential density averaged over 1993-2018 on sections at (A) 45°N, and (B) 50°W. Colors present the meridional velocity (northward as positive) in (A) and zonal velocity(eastward as positive) in (B). The magenta and black contours are the isohalines and isopycnals averaged for all the seasons. The seasonal variations of the 1027.25 kg/m3 isopycnals are presented using the solid blue (Winter: January to March), dashed blue (Spring: April to June), solid green (Summer: July to September), and dashed green (Fall: October to December) curves. The two vertical black lines show the locations of sections B and D.





2.2 Freshwater flux

The freshwater flux vector (FWV),  , is defined as



Here x,y,z are the coordinates in the zonal, meridional and vertical directions with the positive directions as eastward, northward and upward; t is time;   is the horizontal velocity. The non-dimensional variable SR(x,y,z,t) is the relative salinity, defined as



where S(x,y,z,t) is the salinity of the seawater, and Sref is a reference salinity. The value of Sref is set to be 34.8, consistent with the previous studies of the FWT of the LC (Mertz et al., 1993; Petrie and Buckley, 1996).

The salinity and horizontal velocity vary on different time scales, i.e., seasonal, inter-annual and intra-seasonal. In order to investigate the contributions of the variations on different time scales to the variations of the FWT, SR(x,y,z,t) and   are decomposed according to



The symbol “ – ” denotes the time-mean quantity, obtained by averaging the monthly data over 1993 - 2018. The symbol “ ~ ” stands for the seasonal cycle, obtained by taking the average of the data of the same calendar month over the 26 years and with the above time-mean value subtracted. The symbol “ * ” denotes the inter-annual anomaly, calculated as averaging the data of each year, again with the time-mean value subtracted. Finally, the symbol “′” denotes the residual that mainly represents the intra-seasonal anomaly mostly due to the mesoscale eddies.

Substituting (3) into (1), the various components of   are defined as



The first term on the right-hand-side (r.h.s) of (4) is the time-mean FWV, expressed as



It is obtained by taking the time average of all products of different components of SR and   , but only keeping those terms that have a non-zero mean. For example, SR and   at different time scales are not correlated hence their products have zero mean values, while SR and   at the same time scales can have non-zero mean values.

The second term on the r.h.s of (4) is the seasonal variation, practically obtained by averaging the monthly anomalies of   in the same calendar month over different years. Mathematically it can be expressed as



That is, this term represents the sum of the seasonal components that may be contained in the products of various components of SR and  . For example, the third term at r.h.s. of (6) comes from the product of the seasonal variations of SR  and  , which can include a non-zero mean component [second term at r.h.s. of (5)] and a semi-annual variation accounted here as the seasonal component. In practice, all terms at r.h.s. of (6) can be obtained by averaging the monthly anomalies of each product term in the same calendar month over different years. The seasonal components in the products of   with   and   should be very small because the anomalies at different time scales are not correlated, and similarly for products of  ,  ,   and  .

The third term on the r.h.s. of (4) is the inter-annual variations, practically obtained by taking the annual average of the monthly anomalies of  . Following the similar argument as deriving equation (6) this term can be approximately expressed as



And finally, the fourth term is the intra-seasonal variation of the FWV, defined as



Figure 3 shows the meridional component of   on the section at 45°N. The southward FWV within the LC mostly occurs above the depth of the 1027.25 kg/m3 isopycnal surface. Thus, the layer between the ocean surface and the 1027.25 kg/m3 isopycnal surface is selected for studying the FWT of the LC. In the following, the FWT per unit length (hereinafter referred to as unit FWT),  , is obtained by vertically integrating   for this layer as




Figure 3 | Same as in Figure 2A except that the colors show the meridional component of  .





Here, H(x,y) is the depth of the 1027.25 kg/m3

isopycnal surface determined from the time-mean density field (see Figure 1). Replacing   in (9) with its components of  ,  ,   and   as given in (5), (6), (7) and (8), we can obtain the time-mean value, and the seasonal, inter-annual and intra-seasonal variations of the FWT per unit length, denoted as  ,  ,   and  , respectively. Additionally, the vertically integrated volume flux per unit length,  , is defined as






3 Time-mean FWT


3.1 Horizontal view of the FWT

Figures 4A, B show the horizontal view of   and   during 1993 - 2018. Because we focus on the transport of seawater with low salinity, the region with the depth-mean salinity greater than Sref is shaded grey. High amplitudes of both   and   appear on the shelf break of the GBN, indicating the main pathway of the LC. In In Figure 4A, the center-line of the LC (magenta curve) is identified as the locations where the amplitude of   are the largest across the LC. Figure 4B shows that the main source of freshwater of the LC on the eastern shelf break of the GBN is the inshore branch of the LC that directs eastward at 49°N. A small portion of   splits from the main branch and directs eastward to the north of the Flemish Cap. To the south of 47°N,   directs southward, and its amplitude decreases dramatically before reaching the Tail of the GBN. Further offshore,   and   have opposite directions from those on the shelf break.




Figure 4 | Vectors and color shading: (A)   and (B)   and their amplitudes. The grey-shaded area represents the region where the salinity, averaged temporally over 1993 - 2018 and vertically above the 1027.25 kg/m3 isopycnal surface, is greater than Sref = 34.8. The magenta curve in (A) marks the centre line of the LC, which is obtained as the locations where the amplitudes of   reach the maximum values across the LC. Numbers beside sections A, B, C, D (boundaries of the control volume) and E are the integrals of   and   along these sections with the units of mSv. Negative (positive) values denote that the fluxes/transports are into (out of) the control volume, or westward (eastward) across section E The values following the ± sign are the standard deviations of the monthly time series.



A control volume is closed by four horizontal sections (marked with A, B, C and D in Figure 4), the mean 1027.25 kg/m3 isopycnal surface (see Figure 1) and the ocean surface. Section D is set at the location where the meridional component of   vanishes between 43°N and 47°N. Similarly, at 50°W, the endpoint of section D is located at the position where the zonal component of   is equal to zero. Moreover, the point at 43°N and the endpoint at 50°W, obtained from the above steps, are smoothly connected with a cubic polynomial curve. In this way, section D separates the flows with opposite directions, the south- or westward LC and the north- or eastward retroflection of the LC and the NAC. Section B is set to have a fixed distance of 60 km from the center-line of the LC, but its locations do not extend westward of 50°W. Sections A and C are set at the fixed latitude of 47°N and longitude of 50°W, respectively, with the same endpoints as sections B and D. Moreover, a short section E is set to characterize the retroflection of the LC after its westward passing across section C. Section E is along the meridian of 50°W starting from the southern endpoint of section C till the location where the salinity, averaged over time and depth within the layer above the 1027.25 kg/m3 isopycnal surface, equals 34.8. At each boundary of the control volume, a flux/transport is defined as positive (negative) if it is out of (into) the control volume. As for section E, the eastward flux/transport is defined as positive.

The time-mean volume flux and FWT (± standard deviation) across the five sections, defined above in unit of milli-Sverdrup (mSv, 1 mSv = 103 m3/s), are shown in Figure 4. The freshwater is transported into the control volume through sections A and B with the time-mean FWT of 83.6 mSv and 1.5 mSv. The main part of their sum, about 42%, directs out of the control volume across the offshore section D. The outflow of low salinity water across section D mixes with the northeastward NAC, then passes the east of the Flemish Cap to the Northwest Corner. About 29% of the FWT of the LC directs westward across section C. Across section E, the FWT is only 1.5 mSv and directs westward, while the volume flux is eastward with a value of 160.4 mSv that is about 31% of the westward volume flux through section C. The opposite directions between the volume flux and FWT through section E are related to the contributions to FWT by the mesoscale eddies. The FWT and volume flux through these sections have significant amplitude of standard deviations related to seasonal, inter-annual and intra-seasonal variations. The time variations of FWT will be discussed in section 4.

In order to examine the locations where the LC water is exported out of the control volume through section D, the cumulative volume flux and FWT across section D are computed by integrating   and   starting from the northern endpoint of section D at 47°N till the southern endpoint at 50°W, as shown in Figure 5. The outward volume flux and FWT occur at almost all locations along section D, consistent with the findings of F&M2010 that the retroflection occurs along the whole pathway of the LC in the east of the GBN. Moreover, the outward transports are more intense south of 43.5°N, indicating that a larger proportion of the retroflection takes place there.




Figure 5 | The cumulative time-mean (A) volume flux and (B) FWT, along section D starting from its northern endpoint at 47°N. The vertical axis is the distance from a location on section D to the northern endpoint, with the corresponding latitudes marked with the horizontal dashed lines.





3.2 Decomposition of time-mean FWT

Figure 6 shows the spatial distributions of the vector norms of the four components of  , which represent contributions of the mean advection and the seasonal, inter-annual and intra-seasonal variations of the horizontal velocity and salinity, respectively, calculated by vertically integrating the r.h.s. of (5). Across section A, the dominant component of 84.4 mSv of the southward FWT is due to the mean advection, which is slightly greater than the total time-mean FWT of 83.6 mSv southward through this section. The seasonal variations of the velocity and salinity induce a northward FWT of 0.6 mSv, and the components of the FWT caused by the inter-annual and intra-seasonal variations are both 0.1 mSv northward. The mean advection contributes 1.2 mSv FWT through section B into the control volume, which accounts for 80% of the total FWT across this section. The remaining contributions to the FWT are from the inter-annual variation (13%) and intra-seasonal variation (7%).




Figure 6 | Same as Figure 4B, except for the contributions to   by the (A) mean advection, (B) seasonal variation, (C) inter-annual variation, and (D) intra-seasonal variation, calculated by vertically integrating (5).



Through section C, the time-mean velocity causes 15.4 mSv FWT out of the control volume, which accounts for 63% of the total FWT across this section. Seasonal and inter-annual variations also contribute to the westward FWT with the values of 1.3 mSv and 2.6 mSv, respectively. The intra-seasonal variation makes a 5 mSv contribution to the westward FWT, which is 21% of the total FWT through section C. Across section D, the mean advection contributes 25.5 mSv to the FWT, which accounts for 72% of the total eastward FWT through this section. The seasonal, inter-annual, and intra-seasonal variations contribute the remaining 28% with the values of 0.4 mSv, 2.2 mSv and 7.2 mSv, respectively.

Across section E, the mean advection contributes an eastward 2.0 mSv to the total FWT. However, the contributions to the time-mean FWT by the seasonal, inter-annual and intra-seasonal variations are 0.1 mSv, 1.1 mSv and 2.3 mSv, respectively, and direct westward. Thus the net FWT through section E is 1.5 mSv westward.




4 Time variations OF FWT

Figure 7 shows the monthly time series of the FWT through the A, B, C and D boundaries of the control volume and section E, superimposed with the low-pass filtered time series with a cut off frequency of 0.67 cpy (18-month period). A wavelet analysis is performed for each time series of above, and the results are shown in Figure 8. For this analysis, we adopt the method proposed by Liu et al. (2007), which rectifies the bias towards the low frequencies in traditional wavelet analysis method. Statistical significance testing is performed for a red-noise process with a lag-1 coefficient of 0.72 (Torrence and Compo, 1998), and the 90% confidence level is shown as the black contour lines in the left column of Figure 8. According to the time-averaged wavelet power spectra (right column of Figure 8), the variations of the FWT through sections A, C and D exhibit an evident seasonal cycle. At sections A and C, the seasonal cycle dominates the FWT variations over other (inter-annual and intra-seasonal) time scales (right panels of Figures 8A, C). This feature of seasonal cycle dominance at these two sections presents in most the years during 1993 - 2018 (left panels of Figures 8A, C).




Figure 7 | Monthly time series (black curve) of FWT through the boundaries (A-D) of the control volume and section (E), superimposed with the low pass filtered time series (red curve) with a cut-off period of 1.5 years. The dashed lines indicate the time-mean values of the corresponding monthly time series.






Figure 8 | Left: normalized rectified wavelet power spectra for the time series through sections (A–E) shown in Figure 7. Values within the black contours are above the 90% confidence level. Values overlaid with crossed lines are affected by the edge effects. Right: the time-averaged wavelet power spectra multiplied by the variance of the FWT time series.



Section B shows no seasonal cycle but an evident semi-annual cycle. Moderate inter-annual variations of the FWT are present at sections B, C and D. Intra-seasonal variations make significant contributions to the variances of the FWT across sections B, C, D and E. At section E, the variation of the FWT covers the broad time scales from intra-seasonal to inter-annual without an evident seasonal cycle, while the time evolution of the wavelet spectrum (left panel of Figure 8E) and the time series of the FWT (Figure 7E) suggest extremely strong eddy variations during 2009 and 2015. These strong meso-scale eddy events near the Tail of GBN are evident in an animation of the SSH anomalies (not shown).


4.1 Seasonal variation

The seasonal variation of the FWT of the LC can be attributed to the variation of the major sources of freshwater, e.g., outflows through the Hudson Strait and the Davis Strait. The southward FWT through the Davis Strait, calculated using the one-year-long observational data, has a mean value of 116 mSv and peaks in December-January (Curry et al., 2011). The FWT through the Hudson Strait into the LC was estimated to be 42 mSv (Dickson et al., 2007) with a peak in October-December (Straneo and Saucier, 2008). At the downstream of the LC on the Labrador Shelf, the minimum salinity at 200 m appears in December (Lazier, 1982), consistent with the peaks of FWT from both upstream straits. However, Lazier (1982) showed that the minimum salinity occurred in July-August at the surface and progressively later with increasing depth. F&M2010 found that the minimum values of the salinity appeared in July-September for both the inshore and offshore branches of the LC above the isopycnal surface of 1026.8 kg/m3 (less than 100 m on the Labrador Shelf). F&M2010 suggested that the seasonal pulses of the low salinity along the shelf break and close to the coast were more dominated by the advection process rather than the local atmosphere forcing.

With the observational data, the above studies (Lazier, 1982; F&M2010) were able to characterize the seasonal variation of the salinity. However, the seasonal variation of the FWT consists of different components as in (6). Figure 9 shows the seasonal variations of the volume flux and FWT across the four boundaries of the control volume and section E, obtained by averaging the monthly anomalies in the same calendar month during 1993 - 2018. Through section A, the seasonal variation of the volume flux reaches the positive (northward) maximum value of 0.34 Sv in June and negative (southward) maximum value of -0.25 Sv in January, and the seasonal variation of the FWT reaches the positive (northward) maximum value of 9.8 mSv in February and the negative (southward) maximum value of -14.1 mSv in September. Note that a positive (northward) maximum value of the variation of the volume flux or FWT across section A means that the southward LC is seasonally the weakest across this section and vice versa for the minimum value. The difference in seasonal phases between the volume flux and FWT across section A is caused by the phase difference between the salinity and velocity. Across this section, the first two terms at r.h.s. of (6) make similar contribution to the seasonal FWT (Figure 10), with their phases determined by the seasonal velocity and salinity, respectively.




Figure 9 | Seasonal variations of the (A) volume flux and (B) FWT through the 5 sections, and the result by subtracting the SSH value at (47°W, 47°N) from that at (50°W, 47°N), then taking the average for the same calendar month over 1993- 2018. The positive directions of the seasonal variations of the volume flux and FWT for each section are (A): northward; (B): westward; (C): westward; (D): eastward, and (E): eastward. The two locations for calculating the SSH difference are shown in Figure 1.






Figure 10 | The RMS of the vector norms of the four components of  : (A)  , (B)  , (C)   and (D)  , which are the vertical integrals of the four terms on the right hand side of (6). Numbers having the unit of mSv are the RMS of the four components of the seasonal variation of the FWT across different sections.



The seasonal phases of the horizontal velocity and salinity in the vicinity of section A are discussed below. As reviewed in the introduction, in summer the salinity within this part of LC is low as a result of the southward advection of low salinity water from upstream. The low salinity in combination with high water temperature leads to higher SSH within the LC. Further to the west on the GBN the increase of SSH is smaller, thus the SSH gradient from west to east is reduced. This is confirmed by the magenta curve in Figure 9, which is the mean seasonal cycle of the SSH at (50°W, 47°N) minus that at (47°W, 47°N) (the two locations marked in Figure 1). Again the mean seasonal cycle is calculated by taking the average of the SSH difference in the same calendar month during 1993 - 2018. This mean seasonal SSH difference has a minimum value in June. It corresponds to the minimum southward LC velocity (or the maximum northward anomaly), because the LC velocity has a weak vertical shear (Figure 2A) hence closely follows the variation of the SSH difference. While the southward FWT across section A increases due to the lower salinity, the southward volume flux decreases because of the reduced velocity.

Across section B, the volume flux and FWT show weak semi-annual variation with two troughs in January and July and two peaks in May and December in Figure 9. Across section D, the volume flux and FWT out of the control volume both reach maximum (minimum) in June/July (December). At section C, the seasonal variations of the volume flux and FWT have the opposite phases from those at section D. Hence, the stronger outflow through section D corresponds to the weaker outflow through section C. With a weaker inflow from section A in summer, there is more LC water passing through section D, and vice versa in winter. In the study of the Agulhas Current retroflection with an idealized model, Dijkstra and De Ruijter (2001) stated that the inertia plays a more important role in controlling the retroflection than the side-wall friction if the Agulhas Current is strong. Apply this to the LC, the stronger flow in winter could overshoot the Tail of the GBN, westward pass across section C and retroflect eastward across section E, resulting in a larger westward volume flux or FWT across section C. On the other hand, with the weaker incoming flow in summer, the LC may detach from the shelf break of the GBN, analogous to the phenomenon of the western boundary currents separating from their coasts as investigated by many others (Dengo, 1993; Pichevin et al., 2009; Pierini et al., 2011; Ezer, 2016). Thus in summer, the LC may retroflect at higher latitudes rather than after overshooting the Tail of the GBN, resulting in more LC water exported across section D. Through section E, the volume flux and FWT show weak seasonal variations with different phases. The eastward FWT through section E roughly corresponds to the westward FWT through section C.

Figure 10 shows the Root Mean Square (RMS) of the vector norm of each component of   (seasonal unit FWT). Along the LC pathway,   can be mainly attributed to the seasonal variation of the horizontal velocity (Figure 10A). The contribution due to the seasonal variation of the salinity is significant to the north of 44°N. By integrating the four components of   along each section, the values of the RMS of each component at different sections are indicated with numbers in Figure 10. The variation of the horizontal velocity results in 11.2 mSv of the RMS of the seasonal variation of the FWT across section A, while the seasonal variation of the salinity causes 10.7 mSv. Through section B, the seasonal variation of the FWT is mainly caused by the variation of the horizontal velocity with an RMS value of 9.6 mSv, much greater than the other three components. Through section C, the seasonal variation of the horizontal velocity makes the most contribution to the FWT seasonal variation, and the seasonal variation of the salinity is not important, while the seasonal variation of mesoscale eddies makes a sizable contribution of 3.6 mSv to the RMS. Section D is similar to section C, where the seasonal variations of the horizontal velocity and mesoscale eddies both make major contributions. Finally, through section E, intra-seasonal variations (mesoscale eddies) make the largest contribution to the seasonal variation of FWT.



4.2 Inter-annual variation

Figure 11 shows the inter-annual variations of the volume flux and FWT through boundaries A, B, C and D of the control volume and section E. The inter-annual variation of the southward volume flux through section A has a magnitude of 0.4 Sv. The variations of the volume fluxes through sections C and D have larger magnitudes of 1.8 Sv and 2.2 Sv, respectively, and their correlation coefficient is -0.92. The increase of volume flux westward through section C corresponds to the decrease of the volume flux eastward through section D. The fact that the magnitude of the variation of the volume flux across either section C or D is much greater than that across section A can be caused by multiple mechanisms, including the inter-annual variation of the location of the LC retroflection position and the impact of the NAC. Although the magnitude of the inter-annual variation of the volume flux through section C or D is greater than that through section A, the inter-annual variations of the FWT through sections A, C and D have the similar magnitudes of 40 mSv. Thus is related to the combined contributions of the inter-annual variations of velocity and salinity, to be discussed below.




Figure 11 | As in Figure 9, except for the inter-annual variations of the (A) volume flux and (B) FWT.



Figure 12 shows the RMS of the vector norms of the four components of   (inter-annual unit FWT). Similar to the seasonal variation  ,   is mainly caused by the inter-annual variation of horizontal velocity in most regions. The inter-annual variation of the salinity makes a significant contribution to the RMS of vector norm of   in the north of 44N. The variation of the salinity makes a significant contribution to the RMS of the inter-annual variation of the FWT across section A. The contribution due to the interaction between the inter-annual anomalies of the velocity and salinity is smaller than the first two components in most regions but is nontrivial at section D. Finally, the fourth component, mainly representing the inter-annual variation of mesoscale eddies, makes significant contributions at sections C, D and E.




Figure 12 | As in Figure 10, except for the four components of  : (A)  , (B)  , (C)   and (D)  .






5 Conclusion and discussion

The global ocean reanalysis product, GLORYS12v1, is analyzed for quantifying the spatial-temporal variations of the FWT above the 1027.25 kg/m3 isopycnal surface in the region east of the GBN. Firstly, the results for the time-mean FWT are presented in Figures 4–6 and Table 1. The GLORYS12v1 product enables the quantification of the spatial variation of the time-mean FWT and the magnitudes of the standard deviations, as well as the contributions to the time-mean by the mean advection and the interactions between the time variations of velocity and salinity on seasonal, inter-annual and intra-seasonal time scales [equation (5)]. Through section A at the Flemish Pass, the southward LC is the dominant FWT into the defined control volume due mainly to the mean advection. A major proportion of the freshwater carried by the LC enters into the interior of the North Atlantic along the offshore boundary of the LC between the Flemish Pass and the Tail of the GBN. Across section D, the eastward FWT amounts to 42% of the southward FWT across section A. The FWT through section D can be further decomposed to 72% due to the mean advection and 27% due to the combined contributions of the inter-annul and intra-seasonal variations of the circulation and salinity. At the Tail of the GBN, the westward FWT through section C accounts to 29% of the southward FWT through section A, and 63% of this westward FWT is due to mean advection while 37% is due to the other three components. After the LC passes across section C, a part of this cold and fresh water continues flowing westward to the Scotian Slope (Loder et al., 1998; Brickman et al., 2018), and another part mixes with the NAC and retroflects eastward to the interior of the North Atlantic (F&M2010). The retroflection of the LC is diagnosed through a short section E to the south of the Tail of the GBN. Through section E, the time-mean FWT is westward, amounting to 6% of the westward FWT through section C. We note that the FWT due to the mean advection is eastward, consistent with the direction of the LC retroflection. However, the eastward mean advection is overtaken by the westward FWT due to the inter-annual and intra-seasonal variations of the circulation and salinity.


Table 1 | A summary of time-mean FWT (± standard deviation) through the 5 sections as shown in Figure 4B and the four components that contribute to the time-mean FWT as shown in Figure 6.



The monthly FWTs across the five sections, based on 26 years of data from GLORYS12v1, show significant magnitudes of standard deviations. The time series and power density spectra further show the FWT variations at the seasonal, inter-annual and intra-seasonal time scales. The seasonal and inter-annual variations are further decomposed into contributions due to the variations of velocity and salinity, including their correlations (equations (6) and (7), Figures 10, 12). For FWT variations at both time scales, the variations of velocity (advecting the time-mean salinity) cause the largest FWT RMS values across sections A, B, C and D. Only across section A, the variations of salinity (advected by the time-mean velocity) cause the RMS values comparable to that caused by the variations of velocity. The correlations between variations of velocity and salinity, at both seasonal and inter-annual scales, cause relatively smaller RMS values across each section. Finally, the correlation between the intra-seasonal variations the velocity and salinity causes significant RMS values across sections C and E, and specifically the largest across section E, for both seasonal and inter-annual FWT variations.

The inter-annual variations of the volume fluxes across sections C and E are negatively correlated, as shown in Figure 11A, with the correlation coefficient of -0.69. On the other hand, the inter-annual variations of the FWT across these two sections are positively correlated, as shown in Figure 11B. The above behavior can be explained by the variation of the positions of the LC or NAC in the meridional direction, and the contribution of the mesoscale eddies. Because the two sections are separated at   = 0, a northward shift of NAC (LC) will decrease the westward volume transport across section C while increase the eastward transport across E. In the meanwhile, as the high salinity water shifts northward, the westward FWT across section C decreases. Across section E, the increases of both eastward velocity and salinity favor the decrease of the eastward FWT. The opposite occurs when the NAC (LC) shifts southward. Note that the inter-annual variations of the FWT across section E are mostly caused by the correlation between intra-seasonal variations of the velocity and salinity, representing the contributions due to the mesoscale eddies. A cyclonic cold-core (low salinity) eddy, near the separation position between sections C and E, will cause u' > 0 and   (smaller S) across E, hence the increase of the eastward FWT, while u'< 0 (increased westward velocity) and   (larger S) across C cause the increase of the westward FWT. The opposite occurs when an anti-cyclonic warm-core (high salinity) eddy is present. Thus, the mesoscale eddies cause evident inter-annual variations of the westward FWT across section C, which is positively correlated with the eastward FWT across section E.

Overall, the main results of the present study are consistent with the conclusions of previous studies. However, the continuous time series of a multi-decade eddy-resolving ocean product (GLORYS12v1) enables a more comprehensive quantification of the multi-scale variations of the FWT carried by the Labrador Current, and the different contribution components to the time-mean, and seasonal and inter-annual variations of the FWT. Such quantification is difficult to achieved using sparse observation data and coarse resolution or short-term model simulation results. The model results may help to assess the accuracy of the FWT estimates derived from observations and guide the design of observations. For example, for the time-mean FTW, through sections A and B they are mainly caused by the mean advection, hence the accuracy of their estimations depends on that of the measured time-mean velocity and salinity; for sections C, D and E, simultaneous measurements of the time variations of and salinity are needed because their correlations make significant contributions to the time-mean FWT.

The present study focuses on the LC east of the GBN till reaching its southern tail. In future work it would be interesting to analyze how the fresh (and cold) water carried by the LC impacts the variations of hydrography from the west of the tail to the Scotian Slope. Furthermore, because of the significant influences of intra-seasonal (mesoscale) variations, exploring the predictability of hydrography (and circulation) in this region is challenging, and we hope that advancements in this aspect can be achieved using more advanced analysis methods (e.g., machine learning). Finally, GLORYS12v1 is one of the eddy-resolving global analysis products created with intensive assimilation of ocean observational data in recent years. Its 1/12° horizontal resolution, and also the use of monthly data in this study, may cause underestimation of the contribution of the mesoscale eddies. It would be valuable to compare the present analysis results with that based on daily output of GLORYS12v1 and the simulation/reanalysis results of other models with similar and higher spatial resolutions.
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