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 8 

The Atlantic Meridional Overturning Circulation, a key constituent of the climate system, is 9 

projected to slow down in the 21st century due to a weakening of the Labrador Sea convection, itself 10 

a response to greenhouse gas warming and/or enhanced freshwater flux from the Arctic. However, 11 

the first observations from the Overturning in the Subpolar North Atlantic Program reveal a 12 

minimal response of the Meridional Overturning Circulation to the strong Labrador Sea 13 

convection during winters of 2015-2016. From an analysis of observational and reanalysis data, we 14 

show here that this weak response can be explained by strong density compensation in the 15 

Labrador Sea. While convection induces strong changes of temperature and salinity in the basin 16 

interior, the export of the thermal and haline anomalies to the boundary current largely takes place 17 

along density surfaces. As a result, the transformation across density surfaces, i.e. the imprint on 18 

the overturning circulation, is relatively small. This finding highlights the critical relationship 19 

between temperature and salinity in determining the overturning strength in the Labrador Sea and 20 

underlines the necessity of accurate freshwater flux estimates for improved MOC predictions. 21 
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Paleo-oceanographic and modeling studies have consistently linked the Meridional Overturning 22 

Circulation (MOC) variability to the strength of Labrador Sea convection1-3. However, assessing the 23 

importance of convection to the MOC has been stymied by the relatively large uncertainty of the indirect 24 

estimates of the diapycnal (i.e. across density surfaces) mass flux in the Labrador Sea (2-10Sv; 1 Sv = 25 

10!𝑚"/𝑠), which have been based on indirect estimates (see Supplementary Information)4-9.  26 

Recent observational studies have provided new insights into the linkage between Labrador Sea 27 

convection and the MOC. The Overturning in the Subpolar North Atlantic Program (OSNAP) has 28 

provided the first continuous measurements for the MOC in density space across the Labrador Sea from 29 

August 2014 to April 201610,11. With a mean of 3.3 Sv and a monthly standard deviation (SD) of 1.1 Sv, 30 

the weak Labrador Sea MOC contributes minimally to the total overturning circulation in the subpolar 31 

North Atlantic (14.9Sv; Fig.1a). This finding is especially surprising because convection in the Labrador 32 

Sea during the 2015/2016 winters, among the largest ever observed12, was expected to significantly 33 

strengthen the MOC. A similarly small MOC in the Labrador Sea (2 Sv) was reported based on a 34 

composite of hydrographic sections during 1990-1997, years over which the basin experienced strong 35 

wintertime convection5. This study further showed that heat transport across the Labrador Sea was 36 

accomplished primarily along density surfaces (i.e. by means of the horizontal gyre circulation) with little 37 

contribution from the MOC, a partitioning attributed to a large degree of density compensation by 38 

temperature and salinity. This work, and the recent OSNAP observations, raise the question as to how 39 

density compensation impacts the MOC strength and whether the compensated relationship is persistent 40 

with time.  41 

To answer these questions, we use the 21-month continuous observations from OSNAP to analyze the 42 

transport and water mass structure along OSNAP West (from the Labrador shelf to the southwestern tip of 43 

Greenland; Fig.1b inset), and then compare the transformation in density space with that in temperature 44 

and salinity space. The analysis is repeated for a longer temporal record using an ocean reanalysis dataset. 45 
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Transport and water mass structure along OSNAP West 46 

The Labrador Sea is characterized by strong boundary currents and weak flow in the basin interior13,14 47 

(Fig.1b). Waters enter the basin via the West Greenland Current (WGC) and exit in the Labrador Current 48 

(LC). The two boundary currents have similar vertical transport structure, but they carry waters of distinct 49 

properties (Fig.2). Above the shelf-break, cold and fresh waters (θ<2.0°C, S<34.10) from the Nordic Seas 50 

are transported into the basin by the WGC. On the other side of the basin, the LC exports the coldest fresh 51 

waters (θ<0.2°C, S<34.00). These waters primarily originate from the Baffin Bay and the Hudson Bay. 52 

Seaward of the shelf and below the surface layer (~200-1000m), the WGC carries warmer and saltier 53 

Atlantic-origin waters (θ~4.5°C, S~34.94) into the Labrador Sea. As these waters are advected 54 

downstream, the instability of the WGC facilitates property exchange with the large reservoir of cold and 55 

fresh Labrador Sea Water (LSW), the product of convection, in the basin interior15,16 (Fig.2). Additionally, 56 

direct heat loss and freshwater input within the boundary current may also lead to property modification 57 

of these waters. As a result, the exiting LC is much colder and fresher compared to the incoming WGC at 58 

these intermediate depths.  59 

In the deep layer (below ~1500m), the Overflow Waters (OW), which include the relatively salty 60 

Northeast Atlantic Deep Water (NEADW; θ~2.8°C, S~34.92) and the fresh Denmark Strait Overflow 61 

Water (DSOW; θ~1.5°C, S~34.90), flow into the basin via the WGC. The properties of these deep waters 62 

in the LC are similar to those in the WGC, with slight modifications. The 21-month mean (August 2014 -63 

April 2016) transport of the entire WGC is 41.5 Sv, with a monthly SD of 4.4 Sv. This number roughly 64 

equals the total transport of all waters exiting the basin (-43.1 ± 4.4 Sv), with the difference -1.6 Sv due 65 

to the Arctic throughflow from the Davis Strait17.  66 

Weak volume flux in density space 67 

An accounting of the horizontal transport in each density layer (Fig.1b) reveals the weak diapycnal mass 68 

flux. Even though large incoming and outgoing transports are observed in each layer, net transports are 69 
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quite small. For example, in the upper layer between 27.32	𝑘𝑔/𝑚" and 27.70	𝑘𝑔/𝑚", the transport of the 70 

incoming waters is 11.0±2.4 Sv, of which 7.6±2.3 Sv exits the basin within the same density layer. The 71 

resultant net transport, 3.4±1.3 Sv, contributes to diapycnal mass flux by transforming to the LSW layer 72 

(assuming that all diapycnal transformation occurs between neighbouring layers). In the LSW layer 73 

(27.70-27.80	𝑘𝑔/𝑚"), the net volume flux is -3.9±1.9 Sv, indicating a net production of the LSW. Since 74 

the transformation rate from the upper layer is 3.4 Sv, there must be a small transformation (~0.5 Sv) 75 

from the denser layer (i.e. the NEADW layer) into the LSW layer. In the OW layers, net transports of 76 

2.8±1.0 Sv and -1.3±0.5 Sv are observed in the NEADW layer (27.80-27.89	𝑘𝑔/𝑚") and in the DSOW 77 

layer (>27.89	𝑘𝑔/𝑚"), respectively. Such a transport structure suggests a possible transformation from 78 

NEADW to DSOW within the Labrador Sea. As shown in Fig.1a, there is indeed a small overturning cell 79 

present in these deep layers. 80 

The weak diapycnal mass flux across OSNAP West is reflected by the small difference in the isopycnal 81 

(i.e. density surfaces) slopes that bound the waters of the WGC and the LC. These comparable isopycnal 82 

slopes stand in stark contrast to the significant difference in the isotherm and isohaline slopes (Fig.2a-b). 83 

This contrast indicates strong density compensation by temperature and salinity in the boundary current, 84 

which we explore next.  85 

 86 
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Fig.1: Observed circulation along OSNAP West. (a) The mean overturning streamfunction from 87 

August 2014 to April 2016 along OSNAP West (solid black), with its monthly SD shaded in gray. The 88 

mean overturning streamfunction along the entire OSNAP line (from Labrador to Scotland) is plotted in 89 

dashed black.  (b) The mean velocity perpendicular to OSNAP West (inset). Positive (negative) velocities 90 

indicate flow into (out of) the basin. Black lines show mooring locations and dashed gray contours denote 91 

density surfaces. The transport (mean ± monthly SD) of the total inflow (outflow) in each density class is 92 

labeled in red (blue), with the net transport labeled in black. Arrows indicate directions of diapycnal 93 

transformation. WGC: West Greenland Current; LC: Labrador Current. 94 

 95 

Fig.2: Observed property fields along OSNAP West. (a) The 21-month mean potential temperature. 96 

The black contour shows the 3.7°C isotherm, where the maximum overturning in temperature space is 97 

reached (Fig.3b). (b) As in (a) except for salinity. Here, the isohaline of 34.90 (where the maximum 98 

overturning in salinity space is reached; Fig.3c) is contoured in black. (c) As in (a) except for potential 99 
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vorticity. The contoured isopleth of 6×10#$%𝑚#$𝑠#$ denotes the newly-formed LSW. Densities are 100 

plotted in dashed gray. Upper: upper layer; LSW: Labrador Sea Water; NEADW: Northeast Atlantic 101 

Deep Water; DSOW: Denmark Strait Overflow Water. 102 

Strong volume flux in temperature-salinity space 103 

To illustrate the impact of density compensation, we grid the mean transports in potential temperature and 104 

salinity (θ-S) space (Fig.3a). The transport in each θ-S grid represents the total volume flux across the 105 

OSNAP West section with shared temperature and salinity (see Methods), and is therefore useful in 106 

diagnosing water mass transformation in terms of properties. In the upper layer, 9.5±2.4 Sv of the warm 107 

and salty incoming waters (transport-weighted mean �̅�~4.7°C, 𝑆̅~34.84) become colder and fresher 108 

(�̅�~3.3°C, 𝑆̅~34.67) when exiting the basin. Since these thermal and haline changes largely occur along 109 

isopycnals, most of these waters (6.0±2.2 Sv) are exported in the same density class. The property 110 

changes for the remaining 3.5±1.3 Sv are not density compensated and, as such, are transformed to LSW 111 

layer, as discussed above. Similar along-isopycnal transformation of temperature and salinity takes place 112 

in the other deep layers: in the LSW layer, the transformation is 12.4±2.8 Sv with significant property 113 

changes (from �̅�~3.8°C, 𝑆̅~34.92 to �̅�~3.4°C, 𝑆̅~34.87); in the NEADW layer, the transformation is 114 

6.0±1.3 Sv with smaller property changes (from �̅�~2.9°C, 𝑆̅~34.93 to �̅�~2.8°C, �̅�~34.92); and the 115 

transformation in the DSOW layer is 1.1±0.3 Sv (from �̅�~1.9°C, 𝑆̅~34.91 to �̅�~1.8°C, 𝑆̅~34.90). 116 

Collectively these analyses show that, while convection during the OSNAP observational period 117 

produced a large transformation of temperature and salinity, a weak diapycnal mass flux (and therefore a 118 

weak MOC) resulted because the thermal and haline changes in the boundary current primarily occurred 119 

along isopycnals. This finding emphasizes the important role of density compensation in setting the 120 

overturning strength in the Labrador Sea. If we consider transformation in temperature and salinity space 121 

separately, the resultant “MOC” (by using the term “MOC” in temperature or salinity space, we mean the 122 

net transport across isotherms or isohalines) is as large as 13.9 ± 3.0 Sv in temperature space (𝑀𝑂𝐶&; 123 
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Fig.3b) and 11.4 ± 2.8 Sv in salinity space (𝑀𝑂𝐶'; Fig.3c). Both of these estimates are 3-4 times greater 124 

than the MOC in density space. Many models are known to exhibit property biases in the Labrador Sea18, 125 

especially for salinity19,20 due to large uncertainties in modeling the hydrographic cycle, sea-ice 126 

interactions, Greenland ice sheet melting, the freshwater pathways and/or mixing. Such salinity biases 127 

may lead to a temperature-dominated density structure across the basin such that the transformation 128 

across isopycnals (i.e. the MOC) would resemble the much stronger transformation across isotherms (i.e. 129 

𝑀𝑂𝐶&) (Fig.4). It is also possible that salinity biases change the pattern of convection (by, for example, 130 

producing too much deep water and/or producing it in areas outside the observed region21) and /or 131 

influence the relative proportion of isopycnal and diapycnal mixing between the boundary current and the 132 

basin interior. We surmise that in both cases an overestimate of MOC may result, which has the effect of 133 

exaggerating the impact of convection22.  134 
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 135 

Fig.3: Observed transformation in θ-S space. (a) The 21-month mean volume flux in θ-S space. 136 

Positive (negative) transport in each grid box (∆𝜃=0.1°C; ∆𝑆 = 0.002) indicates that waters with the 137 

same temperature and salinity flow into (out of) the basin. The total positive (negative) transport between 138 

density surfaces (mean ± monthly SD) is labeled in red (blue), with the net transport labeled in black. 139 

Arrows indicate directions of diapycnal transformation. (b) The overturning streamfunction with respect 140 

to temperature space, with a maximum reached at 3.7°C. (c) The overturning streamfunction with respect 141 

to salinity space, with a maximum reached at 34.90.  142 
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 143 

Fig.4: A schematic of transformation along OSNAP West. Warm and salty waters enter the basin via 144 

the WGC and exit in the LC with cold and fresh anomalies, a result from the exchange between the 145 

boundary current and the cold and fresh basin interior. The resultant sharp tilt of isotherm from the WGC 146 

to the LC (red dashed line) suggests strong transformation with respect to temperature space (red arrow). 147 

In contrast, the isopycnal slope is comparable on both sides of the basin due to density compensation, 148 

resulting in a weak diapycnal transformation (black arrow). 149 

Though this 21-month record provides clear evidence for a density-compensated MOC in the Labrador 150 

Sea, the relatively short time series begs the question as to the representativeness of this time period. We 151 

examine this question by repeating our analysis with an ocean reanalysis dataset GloSea5 that represents 152 

well the observed water mass distribution and velocity structure across the Labrador Sea (see Methods 153 

and Extended Data Fig.1-3). The simulated MOC during August 2014-April 2016 is 2.3 ± 1.2 Sv. The 154 

mean MOC over the 25-year domain of the reanalysis (1993-2017) is 2.7 Sv with a monthly SD of 2.1 Sv. 155 

Interestingly, during the strongest convective period (1993-1996), the MOC is as low as 2.0 Sv. All of 156 

these values are comparable to the OSNAP observations, as well as to estimates from hydrographic 157 

sections during the 1990s5. In addition, the large overturning in temperature space (13.3 ± 5.6 Sv) and in 158 
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salinity space (17.6 ± 4.7 Sv) from 1993 to 2017 show a consistent picture of strong along-isopycnal 159 

mixing between the boundary current and the basin interior. Thus, it is suggested that 1) the minimal 160 

contribution of the Labrador Sea convection to the total overturning in the subpolar gyre is likely 161 

representative of longer time periods and 2) density compensation of the large temperature and salinity 162 

changes is primarily responsible for the disconnect between convection and overturning in this basin.  163 

Temporal variability of the overturning transports 164 

We now turn our attention to the temporal variability of the overturning transports in the Labrador Sea. 165 

The observed monthly overturning transports are compared to the amount of newly-formed LSW (i.e. the 166 

product of convection) volume across OSNAP West (Fig.5a). The volume is characterized as the cross-167 

sectional area (unit: 𝑚%) with low potential vorticity (PV≤6×10#$%𝑚#$𝑠#$) in Fig.2c, the variability of 168 

which well represents the variability of the total newly-formed LSW volume within the entire Labrador 169 

Sea (i.e. total volume of low PV in the basin; Extended Data Fig.4). The maximum LSW volume occurs 170 

in April 2015, after which cold and fresh LSW is exported out of the basin via the LC. The cold and fresh 171 

anomalies in the LC enhance the cross-sectional temperature and salinity difference and result in 172 

increased 𝑀𝑂𝐶& and 𝑀𝑂𝐶'. While 𝑀𝑂𝐶& and 𝑀𝑂𝐶' depend on differences in temperature and salinity 173 

across the basin, the temporal variability of  𝑀𝑂𝐶& is more correlated to temperature anomalies in the 174 

outgoing LC whereas 𝑀𝑂𝐶' is more correlated to the incoming salinity anomalies in the WGC (Extended 175 

Data Fig.5).  176 

Density compensation results in weak monthly variability of the MOC, with no direct linkage to 177 

convection (Fig.5a). We note that the observed variability of the diapycnal mass flux along OSNAP West 178 

does not reflect the variability of the total diapycnal transformation in the Labrador Sea (i.e. northwest of 179 

OSNAP West) because the system is not in steady state. The total diapycnal transformation exhibits much 180 

stronger monthly variability in response to surface forcing and diapycnal mixing in the basin interior, and 181 
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is mostly damped by volume changes in isopycnal layers23 (Extended Data Fig.6). In short, the LSW 182 

production variability does not translate to the MOC variability.  183 

The observed monthly variability of the overturning transport is well simulated in GloSea5 (Extended 184 

Data Fig.7). Compared to the monthly climatology over the 1993-2017 time period, simulated MOC and 185 

𝑀𝑂𝐶' during the OSNAP period (August 2014 – April 2016) do not stand out. 𝑀𝑂𝐶&, on the other hand, 186 

has a stronger and earlier peak (June compared to October for the long-term mean). This difference is 187 

likely attributable to enhanced convection during the OSNAP years, which can lead to colder anomalies 188 

exported to the boundary current at a faster rate24. 189 

On interannual time scales, the volume of newly-formed LSW is correlated with 𝑀𝑂𝐶& (r=0.54), with the 190 

former leading by 1 year (Fig.5b). As on monthly time scales in the observational record, the interannual 191 

variability of 𝑀𝑂𝐶& from this modeled time series is related to temperature anomalies in the LC 192 

(Extended Data Fig.8), which are product of the exchange with the interior. In contrast, no significant 193 

correlation is found between LSW volume and 𝑀𝑂𝐶' (r=-0.20). We explain this result by noting that 194 

changes in the salinity of the incoming WGC, the freshwater flux from the Arctic and the freshwater cycle 195 

can all impact salinity variability and thus 𝑀𝑂𝐶' in the basin. While temperature transformation seems 196 

tightly coupled to convective heat loss in the interior, the primary cause of the salinity transformation 197 

awaits further investigation. Finally, MOC remains low throughout the time series and shows 198 

insignificant correlation (r=0.11) with the LSW volume variability. Such a weak correlation and the 199 

persistently low MOC magnitude in the Labrador Sea over the past two decades, which contain periods of 200 

both strong and intermediate convections, provide compelling evidence that density compensation 201 

explains the minimal imprint of the Labrador Sea convection on the MOC.  202 
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 203 

Fig.5: Variability of LSW volume and overturning transports. (a) Observed monthly time series of 204 

newly-formed LSW volume anomalies (relative to the 21-month mean; gray bars), 𝑀𝑂𝐶& (orange), 𝑀𝑂𝐶' 205 

(blue), and MOC (black) along OSNAP West. Colored dashed lines indicate the 21-month mean of the 206 

overturning transports in each coordinate. (b) Simulated annual time series of newly-formed LSW volume 207 

(gray bars), 𝑀𝑂𝐶& (orange), 𝑀𝑂𝐶' (blue), and MOC from GloSea5. Color shading indicates the monthly 208 

SD for each year. All time series have been detrended. The results based on original (i.e. non-detrended) 209 

time series yield similar conclusions.  210 

Discussions and implications 211 

We have presented observational evidence for significant density compensation of the mixing between 212 

the boundary current and the basin interior in the Labrador Sea, which serves to diminish the impact of 213 

convection on the MOC. This finding highlights the critical relationship between temperature and salinity 214 

in setting the density structure, thereby the MOC, in the basin. While global warming and emerging 215 

freshwater accumulation from Greenland25,26 may lead to a weakened convection in the Labrador Sea, it 216 

remains unclear whether these changes would break the compensated influence of temperature and 217 

salinity on density, and thereby modify the MOC.  As such, this work suggests that models need to 218 
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correctly simulate the salinity (as well as temperature) field in order to adequately reproduce the MOC 219 

and predict its response to future climate change. 220 

Finally, we note that Lozier et al. (2019)10 offered a reconciliation between the recent OSNAP results and 221 

past studies3,27 that have used mid-depth densities in the Labrador Sea as proxies for the downstream 222 

MOC strength. Specifically, they note that a reconciliation “is possible if the density anomalies in the 223 

Labrador Sea are signatures of upstream density anomalies imported from the eastern subpolar gyre 224 

and/or have a remote impact on the overturning between Greenland and Scotland.” Our work here 225 

suggests that the temperature and salinity anomalies formed via convection might also serve as proxies 226 

for the same reason, but they are unlikely drivers of the downstream MOC variability. Indeed, a recent 227 

estimate of the mean MOC in the subpolar North Atlantic, reconstructed from combined shipboard 228 

current measurements and hydrographic profiles, suggest that the Nordic Seas, rather than the Labrador 229 

Sea, are “key to the state of the MOC”28. 230 

Methods 231 

Observational data across the OSNAP array 232 

We use gridded property and velocity data across the OSNAP West section for each 30-day period 233 

between August 2014 and April 2016. The grid, following the section, has variable horizontal resolution 234 

with an upper limit of ~25km, and a uniform vertical resolution of 20m. These gridded data are primarily 235 

based on continuous temperature, salinity and velocity measurements from twenty high-resolution 236 

moorings (~15km apart) that were deployed in both boundaries of the Labrador Sea since August 2014 237 

(see Fig.1b for location). The gridded data also incorporate many other observations in the region 238 

including those from Argo, satellite altimetry and shipboard CTD stations. 239 

In the boundaries covered by the moorings, moored property and velocity measurements are interpolated 240 

onto the predefined grid mentioned above. Away from the moorings in the basin interior, the geostrophic 241 
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velocities are calculated from the two bounding dynamic height moorings by referencing to the time-242 

mean surface velocities that are provided by satellite altimetry. In addition, a spatially-uniform 243 

compensation velocity is added at each 30-day period, yielding a 1.6 Sv southward net transport across 244 

the section to match the long-term observations across the Davis Strait17.  Property fields in the basin 245 

interior down to 2000m are constructed via an objective analysis (OA) method10,29,30. The OA method 246 

used temperature and salinity from Argo profiles, OSNAP moorings, and World Ocean Atlas 2013 247 

(WOA13) climatology. There are on average 99 Argo profiles in the Labrador Sea each month between 248 

2014 and 2016. Below 2000m, data from the hydrographic sections during the summers of 2014 and 2016 249 

are used.  250 

The reader is referred to Lozier et al. (2019)10 for a detailed description on the calculation method and the 251 

data products from OSNAP.  252 

Reanalysis GloSea5  253 

We also use data from the global ocean and sea ice reanalysis GloSea527,31, which uses the NEMO GO5 254 

model with a nominal resolution of 0.25° and with 75 vertical layers32 and the NEMOVAR v13 255 

assimilation scheme33. The assimilated observations are: in-situ and satellite sea surface temperatures; 256 

sub-surface ocean profiles of temperature and salinity; sea ice concentration; and sea level anomalies. The 257 

experiment is described in more detail in Jackson et al. (2016)27.  258 

To show that the reanalysis data can adequately simulate the property field in the Labrador Sea, we 259 

compare the cross-sectional potential vorticity, temperature, salinity, density and velocity fields between 260 

GloSea5 and the OSNAP data during the observational period (Extended Data Fig.1-3). Overall, the 261 

magnitude and variability of MOC in the reanalysis compares fairly well with the observations. 262 

There are two differences to note. First, the salinity gradient between the Labrador Current and the West 263 

Greenland Current is stronger in the reanalysis. Second, the maximum overturning in the reanalysis takes 264 
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place at a denser level (~27.80𝑘𝑔/𝑚"; Extended Data Fig.3a) compared to the observations 265 

(~27.70𝑘𝑔/𝑚"; Fig.1a), a difference that possibly attributable to a weaker stratification in the deep 266 

Labrador Sea in GloSea5.  267 

Water mass definition in density space 268 

Deep water masses in the Labrador Sea can be identified from property fields12. Along OSNAP West, 269 

LSW is identified by low salinity, relatively low temperature, low potential vorticity (Fig.2) and potential 270 

density (𝜎& , referenced to the surface), which is generally between 27.70 𝑘𝑔/𝑚" and 27.80 𝑘𝑔/𝑚". 271 

Below LSW, the Northeast Atlantic Deep Water (NEADW), with low temperature and high salinity, 272 

occupies the layer between 27.80 𝑘𝑔/𝑚" and 27.89 𝑘𝑔/𝑚". Finally, the layer below 27.89 𝑘𝑔/𝑚" 273 

contains the Denmark Strait Overflow Water (DSOW), which has the lowest temperature and relatively 274 

low salinity. The water mass distribution shown here is very similar to those discussed in Yashayaev and 275 

Loder (2017)12.  276 

In this study, the water masses are defined only by 𝜎& specified above because of its direct relationship 277 

with the stratification and potential energy. In addition, a definition in neutral density space does not show 278 

qualitative difference from that in 𝜎& space.  279 

Calculation of overturning in longitude-density space 280 

In this study, the MOC is calculated as the maximum of the overturning streamfunction in 𝜎& space,  281 

                 𝑀𝑂𝐶(𝑡) = 𝑚𝑎𝑥Ψ(𝜎& , 𝑡) = max	[−∫ ∫ 𝑣(𝑥, 𝜎& , 𝑡)𝑑𝑥𝑑𝜎&
(!
("

)#
)#$%&

],                     [1] 282 

where 𝑣(𝑥, 𝜎& , 𝑡) represents the transport component per unit length per unit density (unit: (𝑚" ∙283 

𝑠#$)(𝑚)#$(𝑘𝑔 ∙ 𝑚#")#$) that is perpendicular to the section. A positive 𝑣 indicates a flux into the basin 284 

(i.e. northwestward across OSNAP west). 𝑥* denotes the westernmost position of the section, which is 285 

the Labrador Coast, and 𝑥+ denotes the easternmost position, which is the southwestern tip of Greenland. 286 
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The overturning streamfunction Ψ(𝜎& , 𝑡) is integrated from high density (𝜎&,-() to low density (𝜎&), 287 

which is different from the traditional calculation (from low density to high density). The latter method 288 

inevitably includes the southward flux of the lightest waters along the Labrador shelf that are not involved 289 

in the diapycnal transformation in the basin, leading to a smaller estimation of MOC (Extended Data 290 

Fig.9). Finally, we note that, in the Labrador Sea, the strength of the MOC in neutral density space is 291 

nearly identical to that in 𝜎& space10.  292 

In Fig.1a, the 21-month mean Ψ(𝜎& , 𝑡)HHHHHHHHHHH is shown, whose maximum is 2.5Sv, reached at 27.70𝑘𝑔/𝑚". 293 

This maximum is smaller than the mean of the monthly maximum streamfunctions, i.e. 𝑚𝑎𝑥Ψ(𝜎& , 𝑡)HHHHHHHHHHHHHHHHH, 294 

which is 3.3Sv. This is because when averaging monthly streamfunctions, the level at which the 295 

maximum is reached is not taken into account10. As such, the mean streamfunction results in a weaker 296 

overturning. 297 

Calculation of overturning in temperature-salinity space 298 

To compute overturning in potential temperature-salinity (θ-S) space, we follow the approach in previous 299 

studies34,35 by first computing volume transport in θ-S space, 300 

                                        𝑣∗(𝜃∗, 𝑆∗, 𝑡) = 	 $
∆&∆'∬𝛿∆&𝛿∆'𝑣(𝑥, 𝑧, 𝑡)𝑑𝑥𝑑𝑧,                                 [2] 301 

where 𝛿∆& and 𝛿∆' are defined as discrete delta functions such that, 302 

                                                 𝛿∆& = L1, |𝜃 − 𝜃
∗| ≤ ∆𝜃/2

0,				𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒	 ,                                                     [3] 303 

                                                 𝛿∆' = L1,			|𝑆 − 𝑆
∗| ≤ ∆𝑆/2

0,				𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒	 .                                                    [4] 304 

As such, 𝑣∗(𝜃∗, 𝑆∗, 𝑡) is the transport over the bin area ∆𝜃 × ∆𝑆 at (𝜃∗, 𝑆∗), with units of (𝑚" ∙305 

𝑠#$)(℃)#$. Following a series of sensitivity tests to assess which ∆𝜃 × ∆𝑆 best describes the 306 
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temperature/salinity structure in the Labrador Sea,  ∆𝜃 is prescribed as 0.1°C and ∆𝑆 as 0.002. The 307 

overturning streamfunction with respect to temperature, 𝛹&(𝜃, 𝑡), and salinity space, 𝛹'(𝑆, 𝑡), can then be 308 

obtained by integrating 𝑣∗(𝜃∗, 𝑆∗, 𝑡) along isotherms and isohalines according to: 309 

                                        𝛹&(𝜃, 𝑡) = ∫ ∫ 𝑣∗(𝜃∗, 𝑆∗, 𝑡)𝑑𝑆∗𝑑𝜃∗'$%&
'$'(

&
&$%&

,                                  [5] 310 

                                       𝛹'(𝑆, 𝑡) = ∫ ∫ 𝑣∗(𝜃∗, 𝑆∗, 𝑡)𝑑𝜃∗𝑑𝑆∗&$%&
0$'(

'
'$%&

.                                   [6] 311 

Here 𝛹&(𝜃, 𝑡)/𝛹'(𝑆, 𝑡) are both integrated from high to low values. Note that due to the high salinity 312 

contained in the NEADW layer, the salinity profile across OSNAP West is not monotonic with depth, 313 

different from density and temperature. As such, the strength of 𝛹' can be influenced by the transport in 314 

the salty NEADW layer. To exclude this influence and to keep the calculation consistent with that in 315 

temperature space, we calculate 𝛹' only with waters lighter than 27.80	𝑘𝑔/𝑚". A test calculation of 𝛹' 316 

with all waters does not change any of our conclusions but only results in a stronger 𝛹'. 317 
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 418 

Extended Data Fig.1: Simulated mean property distribution in GloSea5. (a) Mean potential 419 

temperature averaged between August 2014 and April 2016 along simulated OSNAP West section. (b) 420 

Mean salinity from the same source. (c) Mean PV (× 10#$%𝑚#$𝑠#$) from the same source. The 421 

simulated OSNAP West section is created using model grid points that minimize the distance from the 422 

grid locations to the observational locations. Temperature, salinity and PV are then extracted along the 423 

section. Note that the section definition allows for an accurate calculation of the transport on the model 424 

grid. 425 
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 426 

Extended Data Fig.2: Simulated mean circulation in GloSea5.  (a) The mean velocity perpendicular to 427 

the simulated OSNAP West section during August 2014 and April 2016. Positive (negative) velocities 428 

indicate flow into (out of) the basin. Mean volume flux in each density class is labeled, similar to that in 429 

Fig.1b. Note that the along-isopycnal transport in each layer is stronger in GloSea5 compared to the 430 

observations (Fig.1b). This is because that when integrating the total positive/negative transport across 431 

the section, the recirculation branches in the basin interior are also included. (b) Mean volume flux in 𝜃-S 432 

space from the reanalysis. Black arrow indicates direction of the diapycnal transformation. 433 

 434 
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 435 

Extended Data Fig.3: Simulated mean overturning streamfunction in GloSea5. (a) The mean 436 

overturning streamfunction in density space during August 2014 - April 2016 (solid black), with monthly 437 

SD shaded in gray. Dashed curve indicates the overturning streamfunction averaged over the entire 438 

temporal domain from the reanalysis (i.e. 1993-2017). (b) Similar to (a), but in 𝜃 space. (c) Similar to (a), 439 

but in S space.  440 

 441 

Extended Data Fig.4: Observed monthly variability of LSW volume. Monthly time series of the total 442 

area (unit: 𝑚%) with low potential vorticity (PV≤6×10#$%𝑚#$𝑠#$) across OSNAP West from 443 

observations (black), and the total volume (unit: 𝑚")  with low PV in the entire Labrador Basin (gray) 444 
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from the Met Office Hadley Centre observational datasets EN4.2.136. Plotted are the anomalies relative to 445 

the 21-month mean. 446 

 447 

Extended Data Fig.5: Observed relationship between 𝑴𝑶𝑪𝜽 (𝑴𝑶𝑪𝑺) and temperature (salinity) 448 

distribution.  (a) Observed monthly anomalies of 𝑀𝑂𝐶& (orange) since August 2014 and potential 449 

temperature difference between the WGC and the LC (i.e. 𝜃[𝑊𝐺𝐶] − 𝜃[𝐿𝐶]) at 700-800 m (solid black), 450 

the depths at which the correlation between the two time series is the strongest. The temperature 451 

anomalies for the WGC (i.e. 𝜃[𝑊𝐺𝐶]) are plotted in dashed black and the negative temperature anomalies 452 

for the LC (i.e. −𝜃[𝐿𝐶]) are shown in dashed gray. (b) Similar to (a), but for 𝑀𝑂𝐶' and salinity 453 

anomalies in the boundary current.  454 
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 455 

Extended Data Fig.6: Strong monthly LSW layer volume variability. Plotted in black is the LSW 456 

layer (27.70-27.80𝑘𝑔/𝑚") volume variability within the Labrador Sea (northwest of OSNAP West) since 457 

August 2014, which is derived from EN4.2.136. Observed monthly transport in the LSW layer across 458 

OSNAP West is plotted in blue. The variability between the two time series is similar (r=0.61), but the 459 

magnitude differs significantly.  460 

 461 
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Extended Data Fig.7: Simulated monthly LSW volume and overturning transports in GloSea5. 462 

Climatological monthly time series of newly-formed LSW volume (gray bars), 𝑀𝑂𝐶& (dashed orange), 463 

𝑀𝑂𝐶' (dashed blue), and 𝑀𝑂𝐶) (dashed black) from GloSea5 during 1993-2017. Shaded areas represent 464 

2×standard deviation of the annually varying transport for each month. The simulated transport time 465 

series during the OSNAP time period (August 2014 – April 2016) are plotted in solid colored lines.  466 

 467 

Extended Data Fig.8: Relationship between interannual 𝑴𝑶𝑪𝜽 (𝑴𝑶𝑪𝑺) and temperature (salinity) 468 

distribution in GloSea5.  (a) Simulated annual anomalies of 𝑀𝑂𝐶& (orange) and the temperature 469 

difference between the WGC and the LC (i.e. 𝜃[𝑊𝐺𝐶] − 𝜃[𝐿𝐶]) at 200-300m (solid black). The depths 470 

between 200-300m are where the maximum correlation between 𝑀𝑂𝐶& and temperature difference is 471 

reached. The temperature anomalies for the WGC alone (i.e. 𝜃[𝑊𝐺𝐶]) are plotted in dashed black and the 472 

minus temperature anomalies for the LC (i.e. −𝜃[𝐿𝐶]) are plotted in dashed gray. (b) Similar to (a), but 473 

for 𝑀𝑂𝐶' and salinity anomalies in the boundary current.  474 
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 475 

Extended Data Fig.9: Observed overturning streamfunction with the traditional calculation. The 476 

21-month mean overturning streamfunction integrated from low density to high density (solid black), 477 

with monthly standard deviation shaded in gray. The MOC with this calculation is 1.4±1.7Sv (see 478 

Methods). 479 


