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Role of the Labrador Current in the Atlantic
MeridionalOverturningCirculation response
to greenhouse warming

Xuan Shan 1,2 , Shantong Sun 3 , Lixin Wu 1,3 & Michael Spall2

Anthropogenicwarming is projected to enhanceArctic freshwater exportation

into the Labrador Sea. This extra freshwater may weaken deep convection and

contribute to the AtlanticMeridional Overturning Circulation (AMOC) decline.

Here, by analyzing an unprecedented high-resolution climate model simula-

tion for the 21st century, we show that the Labrador Current strongly restricts

the lateral spread of freshwater from the Arctic Ocean into the open ocean

such that the freshwater input has a limited role in weakening the overturning

circulation. In contrast, in the absence of a strong Labrador Current in a cli-

mate model with lower resolution, the extra freshwater is allowed to spread

into the interior region and eventually shut down deep convection in the

Labrador Sea. Given that the Labrador Sea overturning makes a significant

contribution to theAMOC inmany climatemodels, our results suggest that the

AMOCdecline during the 21st century could be overestimated in thesemodels

due to the poorly resolved Labrador Current.

Increased freshwater supply to the Arctic Ocean in a warming climate

makes high-latitude regions susceptible to dramatic changes in ocean

circulation. As anthropogenic warming continues in the 21st century,

Arctic summer sea ice is likely to disappear in a few decades1,2,

increasing theArctic liquid freshwater storage. A stronger hydrological

cycle in the atmosphere will also put more freshwater into the Arctic

through an increase in net precipitation and river runoff3,4. Coupled

climate models suggest that these extra freshwater sources to the

Arcticwill lead to a larger freshwater exportation to the subpolarNorth

Atlantic in the 21st century5,6. The additional freshwater will increase

ocean stratification and potentially slow down the Atlantic Meridional

Overturning Circulation (AMOC), with serious consequences for

regional and global climates7–10.

In this study, we focus on the influence of the extra freshwater

from the Arctic on the ocean circulation in the Labrador Sea, a critical

region for AMOC changes11–14. Climate models consistently project a

slowdown of the AMOC during the 21st century due to warming and

freshening in the high-latitude North Atlantic15–17. However, the over-

turning and deep convection responses to freshwater input are

crucially impacted by the boundary current that typically circulates

around open-ocean convection regions, where deep water forms. For

example, there is significant freshwater input into the Weddell Sea, a

key region for bottom water formation in the Southern Ocean, due to

themelting of Antarctic ice sheet and sea ice. In the presence of a well-

resolved Antarctic Slope Current, the extra freshwater largely stays on

the shelf region as the slope current restricts the lateral spread of

freshwater, with limited influence on open-ocean convection18. The

Labrador Current can also restrict the lateral exchange of freshwater

between the shelf and open ocean19,20. Thus, we hypothesize thatwhen

the extra freshwater enters the Labrador Sea from the Arctic through

the Canadian Arctic Archipelago21, the Labrador Current restricts the

freshwater from spreading into the open ocean and weakening the

overturning circulation. Typical climatemodels for theCoupledModel

Intercomparison Project (CMIP) of Intergoverment Panel for Climate

Change (IPCC) assessment report, mostly at 1° resolution, are unable

to resolve the Labrador Current22 (supplementary Fig. 1), and thus

could overestimate overturning responses to the freshwater forcing

due to anthropogenic warming23.
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Here, we study the role of the Labrador Current in regulating the

overturning responses to an increased Arctic freshwater export in the

Labrador Sea and its influence on AMOC changes in an unprecedented

high-resolution coupled simulation over the 21st century (2006–2100)

under the high-emission scenario (RCP8.5) from the CMIP5 protocol.

The simulation (HighRes)24 is conducted using the Community Earth

SystemModel version 1 (CESM1), with a nominal horizontal resolution of

0.1° for the ocean, ~6.5 km in the Labrador Sea, and 0.25o for the

atmosphere (see “CESM simulations” in “Method”). HighRes performs

well in reproducing the narrow Labrador Current25 (supplementary

Fig. 1) and the Labrador Sea overturning circulation26 (supplementary

Fig. 2) when compared to observations. These processes are often

biased in coarse-resolution climate models (supplementary

Figs. 1 and 2). To quantify the role of the Labrador Current in regulating

the overturning circulation changes, we also look at the overturning

responses in a coarse-resolution counterpart of HighRes, LowRes, with a

nominal 1° resolution as in most climate models in CMIP5 and CMIP6.

HighRes and LowRes differ from each other primarily in their horizontal

resolutions. We show that the well-resolved Labrador Current in High-

Res strongly restricts freshwater to the shelf and leads to amuchweaker

response in the Labrador Sea overturning circulation than LowRes, in

which the Labrador Current is poorly resolved. Thus, we conclude that,

without resolving the Labrador Current, coarse-resolution climate

models may overestimate the AMOC decline during the 21st century.

Results
Increased Arctic freshwater exportation into the Labrador Sea
Consistent with climate models from CMIP66 and previous

generations5, HighRes projects a significant increase in liquid

freshwater input to the Arctic Ocean due to anthropogenic warming

(Fig. 1a–c). Under the RCP8.5 scenario inHighRes, the annualmean sea

ice volume decreases by 98.5% from 16,298 km3 in 2006–2015 to

243 km3 in 2091–2100; summer sea ice is completely lost in the 2060s.

Net precipitation and river runoff also increase significantly due to a

stronger atmospheric hydrological cycle by ~161% and 39%, respec-

tively. The larger Arctic freshwater input will necessarily lead to an

increased liquid freshwater exportation into the subpolar North

Atlantic, including the Labrador Sea.

We estimate the freshwater transport into the Labrador Sea

(Fig. 1d) from the north across Davis Strait, from the west across

Hudson Strait, and from the east by the West Greenland Current in

HighRes (see “Freshwater flux” in “Method”). Salinity averaged in

the Labrador Sea (denoted by the box in Fig. 1d) in the year 2006 is

used as the reference salinity. The increase in the freshwater flux

from Davis Strait is most significant, at a rate of about 1.4mSv yr−1

over the 21st century (Fig. 1e). The freshwater flux across Hudson

Strait also enhances with a smaller rate of 0.35mSv yr−1 (Fig. 1e).

Both the trends are significant at the 95% confidence level accord-

ing to a two-tailed Student’ t test. The freshwater flux coming from

the east weakly increases in 2020–2040 and decreases after the

year 2040 (Fig. 1f). The freshwater pathway into the Labrador Sea is

determined by several processes, including the Arctic circulation

and the location of freshwater sources. The differing freshwater

flux trends between the western and the eastern routes are likely

related to the structure of liquid freshwater increases in the Arctic

Ocean in HighRes: liquid freshwater content increases in the

Canadian basin but decreases in the Eurasian basin (supplemen-

tary Fig. 3).

Fig. 1 | Enhanced freshwater input into the Arctic Ocean and freshwater

exportation into the Labrador Sea. Changes (2091–2100 minus 2006–2015) in

a equivalent sea-ice thickness, b precipitation minus evaporation (P-E), and c river

runoff in the Arctic in HighRes. d Surface ocean circulation in the Labrador Sea in

HighRes over 2006–2015. The shading shows mixed layer depth in March during the

same period. The 1000m, 2000m, and 3000m isobaths are indicated by blue

contours. The black box encloses the Labrador Sea region. LC is the Labrador Current.

WGC is the West Greenland Current. Time series of anomalous freshwater flux (FWF)

into the Labrador Sea (defined as positive) from e the west of Greenland across Davis

Strait (red line) and Hudson Strait (yellow line) and f from the east of Greenland. The

freshwater flux anomaly is relative to the year 2006. The thin lines in e and f show the

annual mean anomaly. The thick lines represent 20-year running mean.
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Surface freshening confined to the western shelf by the Labra-
dor Current
The extra freshwater in the Labrador Sea reduces sea surface sali-

nity, but the freshening is mostly confined to the shelf close to

Newfoundland and Labrador of Canada (Fig. 2a). The freshening on

the shelf is ~0.67 psu in 2091–2100 relative to 2006–2015. In con-

trast, in the interior Labrador Sea with depth deeper than 2000m,

where deep convection occurs, the surface freshening is only

~0.27 psu. We quantify the salinity changes along the Atlantic

Repeat Hydrography Line 7 West line (AR7W line)25 (black dashed

line in Fig. 2a). The freshening ismost obvious in the upper 150m on

the shelf (Fig. 2b). The exchange of freshwater between the shelf

and the open ocean is strongly restricted by the narrow Labrador

Current (Fig. 2b, supplementary Fig. 1), consistent with previous

studies19,20. The Labrador Currentmay also help flush the freshwater

out into the subpolar North Atlantic, contributing to reducing the

freshening effects. Coarse-resolution models (e.g., LowRes), on the

other hand, cannot fully resolve the Labrador Current, and thusmay

misrepresent the freshening of the interior Labrador Sea with

excessive freshwater input from the shelf. Indeed, with similar

increase in total freshwater flux that is mostly due to enhanced

freshwater flux from the western route via Davis Strait and Hudson

Strait (supplementary Fig. 4), the surface freshening is almost uni-

form in the Labrador Sea in LowRes, with a 1.52 psu decrease in the

interior (Fig. 2c). The broader surface salinity decrease is related to

the too weak and wide Labrador Current (Fig. 2d, supplementary

Fig. 1), which allows freshwater to enter the interior Labrador Sea.

Thus, we suggest that the coarse-resolution CESM model

overestimates the freshwater influence on surface salinity changes

in the Labrador Sea.

The Labrador Current also regulates ocean stratification and

mixed layer depth (MLD) changes in the interior Labrador Sea due to

surface freshening. Ocean stratification, quantified as the density dif-

ferencebetween the sea surface and 1 kmdepth, increases by 91% from

2006–2015 to 2091–2100 in HighRes (supplementary Fig. 5). The

strengthening is surface intensified and almost equally attributed to

surface warming and freshening (Fig. 3a, b, supplementary Fig. 6). In

contrast with HighRes, the upper-ocean stratification increases more

dramatically in the 21st century by 158% in LowRes (supplementary

Fig. 5). The larger stratification increase in LowRes can be mostly

(~80%) attributed to thewidespread surface freshening in the Labrador

Sea that leads to a dramatic decrease in surface density (Fig. 3c, d,

supplementary Fig. 6). Similar conclusions can be drawn for MLD

changes (supplementary Fig. 7). In HighRes, the March MLD in the

interior Labrador Sea decreases by 56% from 430m in 2006–2015 to

190m in 2091–2100. While in LowRes, the March MLD shoals by 91%

from 928m to 83m during the same period. We note that the present-

day MLD in LowRes is overestimated as in many coarse-resolution

models27–29. The results highlight the role of the Labrador Current in

future ocean stratification changes in the Labrador Sea and suggest

that coarse-resolution models may overestimate the stratification

increase due to freshwater forcing.

Response of the Labrador Sea overturning and the AMOC
Through its impacts on surface freshening and stratification changes,

the Labrador Current regulates overturning circulation changes in a

Fig. 2 | Freshening of the Labrador Sea during the 21st century. a, c Changes

(2091–2100 minus 2006–2015) in sea surface salinity (SSS) in a HighRes and

c LowRes. The black dashed line indicates the Atlantic Repeat Hydrography Line

7West line (AR7W line). b, d Salinity changes (2091–2100minus 2006–2015) along

the AR7W line in b HighRes and d LowRes. The contour lines show velocity of

currents across the AR7W line with interval of 12 cm s−1. The dashed (solid) lines

represent currents out of (into) the Labrador Sea.
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warming climate. The stratification increase will decrease deep water

formation in the Labrador Sea and potentially contribute to the AMOC

weakening during the 21st century. We quantify the Labrador Sea

overturning at the west leg of Overturning in the Subpolar North

Atlantic Program (OSNAP) observing system (Fig. 4a, c, see “OSNAP

overturning streamfunction” in “Method”), at the exit of the Labrador

Sea. The Labrador Sea overturning is weakened by ~55% in HighRes

from 2006–2015 to 2091–2100. In comparison, the weakening of the

Labrador Sea overturning in LowRes is more substantial by ~ 90%

during the same period. The deep convection in LowRes almost

completely shuts down at the end of the 21st century. The much

stronger weakening of the Labrador Sea overturning in LowRes can be

attributed to the overly stratified ocean in the Labrador Sea. We cal-

culate the surface water mass transformation (SWMT), which is dyna-

mically connected to the overturning13,14,30, using surface buoyancy

flux and surface density (see “Surface water mass transformation” in

“Methods” section). The SWMT largely reproduces the Labrador Sea

overturning circulation as well as its changes during the 21st century

(supplementary Fig. 8). Decomposing the SWMT changes into con-

tributions due to changes in the surface buoyancy flux and surface

density (see “Surface water mass transformation” in “Method”), we

show that the differing Labrador Sea overturning responses between

HighRes and LowRes are mainly owing to changes in surface density

structure (supplementary Fig. 8). The surface buoyancy flux is not

significantly different betweenHighRes and LowRes at 98% confidence

level (supplementary Fig. 9) and cannot explain their difference in the

overturning changes.

The weakening of the Labrador Sea overturning circulation con-

tributes to the AMOCdecline during the 21st century. We calculate the

North Atlantic overturning in density space and then remap it to depth

space following previous studies31,32 (see “Density-space AMOC” in

“Method”, supplementary Fig. 10). Consistent with the Labrador Sea

overturning circulation changes, the AMOC decline appears to be

faster in LowRes (Fig. 4d) than HighRes (Fig. 4b). Overturning changes

across OSNAP East, which dominates the North Atlantic overturning in

observations, may also contribute to the faster AMOC decline in

LowRes (supplementary Figs. 11 and 12). However, the difference in

OSNAP East overturning changes between LowRes (53%) and HighRes

(39%) is less dramatic as compared to OSNAP West (Fig. 4a, c).

Discussion
In this study, we highlight the role of the Labrador Current in reg-

ulating the Labrador Sea responses to increased liquid freshwater

input due to anthropogenic warming. The narrow Labrador Current

strongly restricts the lateral exchange of freshwater between the

continental shelf and open ocean. In the absence of this narrow

boundary current, the extra freshwater input from the Arctic spreads

into the open ocean and causes a much stronger increase in ocean

stratification, leading to an overestimated weakening of the Labrador

Sea overturning circulation. The impact of the Labrador Current in

restricting lateral freshwater exchange might evolve as the climate

continues to warm. HighRes predicts a weakening of the Labrador

Current due to surface wind changes (supplementary Fig. 13), sug-

gesting a slightlydiminishing role of the LabradorCurrent in the future

climate. Nevertheless, given that the Labrador Sea overturning circu-

lation makes a significant contribution to the AMOC in many climate

models of coarse resolution27–29, our results suggest that the AMOC

weakening may be overestimated in these climate models.
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Fig. 3 | Strengthening of ocean stratification in the interior Labrador Sea.

a, c Changes of potential density (σ, reference pressure at sea surface) profiles in

the Labrador Sea in aHighRes and c LowRes. Solid (dashed) lines indicate themean

in 2006–2015 (2091–2100). b, d Strengthening of the upper-1000m ocean strati-

fication, N2, calculated as g/σ1000m·(σ1000m
–σ0m)/1000 and its contributions due to

temperature changes, ΔNT
2, and salinity changes,ΔNS

2, in bHighRes and d LowRes.

The temperature stratification,NT
2, is calculated as -gα500m(T1000m

–T0m)/1000,where

T is the potential temperature andα is the thermal expansion coefficient. Thehaline

stratification, NS
2, is calculated as gβ500m(S1000m

–S0m)/1000, where S is salinity and β

is the haline contraction coefficient. Only regions in the Labrador Sea (denoted by

the box in Fig. 1d) deeper than 2000 m are considered here.
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A similar dependence of the AMOC decline rate on model reso-

lutions has been found in GFDL models33. However, the overturning

responses to anthropogenic forcing are complex and involve many

processes (e.g., ice sheet melting) that are not resolved even in the

high-resolution CESM. Our discussions aremostly based on one single

climate model under the previous CMIP5 protocol. It is possible that

the dependence of the AMOC decline rate on model resolution is

model-dependent. In this regard, HighResMIP34 may be useful for a

more comprehensive comparison of AMOC decline among various

climate models. However, the high-resolution models in HighResMIP,

mostly based on NEMO ocean model35,36, only partially resolve the

boundary current at 0.25o resolution and simulate the climate until

year 2050, beyond which the AMOC decline is more significant15,16.

High-resolution projections with various model configurations until

2100 are highly desired to validate our results and enable a more

comprehensive understanding of the AMOC changes during the 21st

century.

As anthropogenic warming continues, more freshwater is expec-

ted to enter the subpolar North Atlantic from the Greenland ice sheet

melting and Arctic freshwater release. The extra freshwater input will

necessarily interact with deep convection and cause a slowdown of the

AMOC37–39. However, our results suggest that future AMOC responses

will be sensitive to how the extra freshwater input is distributed in the

high-latitude regions. To address this question,weneed tomonitor the

freshwater sources and their exportation pathways through Arctic-

subpolar North Atlantic gateways towards regions that could impact

the AMOC. High-resolution models are also desired for a more

accurate representation of freshwater transports associated with nar-

row boundary currents40–43 and oceanic eddies44–47 that are not

resolved in coarse-resolution models.

Methods
CESM simulations
The simulations used in this paper were carried out by CESM1.3 at the

International Laboratory for High-Resolution Earth System Prediction

(iHESP)24. CESMcomprises theCommunity AtmosphereModel version

5 (CAM5), the Parallel Ocean Program version 2 (POP2), the Commu-

nity Ice Code version 4 (CICE4), and the Community Land Model

version 4 (CLM4). Wemake use of the configuration with high and low

model horizontal resolutions. For HighRes, the resolutions of atmo-

sphere, ocean, and sea-ice components are 0.25°, 0.1°, and 0.1°,

respectively. For LowRes, the nominal horizontal resolutions are 1°.

Both CESM simulations were run under the representative con-

centration pathway 8.5 (RCP8.5) forcing from 2006 to 2100 in accor-

dance with the CMIP5 experimental protocol.

Freshwater flux
The freshwater flux (FWF) is defined as follows

FWF x, y, z, tð Þ= v x, y, z, tð Þ �
Sref � S x, y, z, tð Þ

Sref
dA ð1Þ

where v is the cross-section velocity (in units of m s−1), S is the

salinity (in units of psu), dA is the cross-section area at each grid

Fig. 4 | Weakening of Labrador Sea overturning and the Atlantic Meridional

overturning circulation (AMOC). a, c Changes of overturning across the west leg

of Overturning in the Subpolar North Atlantic Program observing system (OSNAP

West) in a HighRes and c LowRes. Solid (dashed) lines indicate the mean in

2006–2015 (2091–2100). The percentage changes in the maximum overturning

streamfunction between 2006–2015 and 2091–2100 is denoted on the upper-right

corner in a and c. b, d Percentage changes in the AMOC from 2006–2015 to

2091–2100 in b HighRes and d LowRes. The percentage changes are calculated as

the AMOC streamfunction differences between 2091–2100 and 2006–2015, divi-

ded by themaximumAMOCat 40oN in 2006–2015 in each simulation. TheAMOC is

calculated in density space and then remapped into depth spaceusing the time and

zonal mean depth of each density layer.
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point (in units of m2), Sref is the reference salinity which is set as the

salinity averaged in the Labrador Sea (denoted by the box in Fig. 1d)

in the year 2006. The Sref is similar in the two simulations with

34.7 psu (34.8 psu) for HighRes (LowRes). The time series of

freshwater flux into the Labrador Sea shown in Fig. 1 and

supplementary Fig. 4 is computed by summing up annual FWF at

grid points with S < Sref and currents into the Labrador Sea along

each section denoted in Fig. 1d. The unit of FWF is converted from

m3 s−1 to mSv (1 mSv = 103 m3 s−1) in this paper.

OSNAP overturning streamfunction
Dense waters that reside in the lower limb of the AMOC are pro-

duced mainly in the eastern subpolar North Atlantic (i.e., the

Irminger and Iceland basins) in observations, and to a lesser

extent, in the western subpolar North Atlantic (i.e., the Labrador

Sea)48. The strength of dense water formation can be measured by

overturning across OSNAP West and OSNAP East in density space.

In this paper, OSNAP overturning is calculated in density space

with the density referenced to 2000-m depth (σ2) as the vertical

coordinate (in units of kg m−3, after subtracting 1000 kgm−3).

Volume fluxes are integrated from west to east and from higher to

lower density.

Surface water mass transformation
The overturning streamfunction in the subpolar North Atlantic and its

low-frequency variability are largely determined by the SWMT13,14,30.

The SWMT is the transformation of water from one density class to

another due to buoyancy losses and gains at the sea surface. The

SWMT is calculated by integrating the surface density flux over out-

crop regions in each density bin as follows

SWMTðσ2Þ=
1

Δσ2

Z Z
BdA ð2Þ

where B is the surface density flux (in units of kg seawater m−2 s−1,

defined as positive for ocean density increase), σ2 is the density

referenced to 2000-m depth (in units of kgm−3, after subtracting

1000 kgm−3), dA is the surface outcrop area (in units of m2,

corresponding to densities in the range from σ2-Δσ2/2 to σ2 +Δσ2/2).

The unit of SWMT is converted fromm3 s−1 to Sv (1 Sv = 106m3 s−1) in the

paper. The density flux comprises heat and salt fluxes that referred to

as Bheat and Bsalt, respectively. The heat flux is

Bheat = �
α

Cp

Q ð3Þ

where α is the thermal expansion coefficient (in units of K−1), Cp is the

specific heat capacity of seawater (in units of J kg−1K−1),Q is the surface

net heatflux (inunits ofWm−2, defined aspositive for oceanheat gain),

which is the sumof surface radiationand turbulent heatfluxes. The salt

flux is

Bsalt = � β
S

1� S
F ð4Þ

where S is the sea surface salinity (in units ofmsu, 1msu = 10−3 psu), β is

the haline contraction coefficient (in units of msu−1), and F is the sur-

face freshwater flux (in units of kg freshwater m−2 s−1, defined as

negative for ocean salinity increase).

Variations in SWMTcan be decomposed into contributions due to

changes in surface density flux and surface density. We calculate the

latter (referred to as SWMTOCN) in this paper by replacing the time-

dependent surface density fluxwith themonthly-mean surface density

flux in 2006 in Eq. (2).

Density-space AMOC
We calculate the AMOC in density space that better represents the

overturning circulation at high latitudes. The AMOC streamfunction is

defined as follows

AMOC y,σ, tð Þ= �

Z 0

zbot

Z xe

xw

H σ0 x, y, z, tð Þ � σð Þv x, y, z, tð Þdxdz ð5Þ

where H is the Heaviside function, σ’ represents the density field, x is

longitude, y is latitude, z is depth, t is time, σ is the density at which the

streamfunction is calculated, and v is the Meridional velocity. The

zonal integral is performed across the Atlantic Ocean from thewestern

boundary (xw) to the eastern boundary (xe), and the vertical integral is

performed from the ocean bottom (zbot) to the sea surface. Density

referenced to 2000-m depth (σ2) is used as the vertical coordinate (in

units of kgm−3, after subtracting 1000 kgm−3). We also remap the

AMOCstreamfunction indensity space intodepth spaceusing the time

and zonally averaged depth of each density layer following previous

studies31,32.

Data availability
The climatemodel simulations and observation data used in this study

are publicly available and can be downloaded from the following

websites: CESM model outputs (https://ihesp.github.io/archive/

products/ihesp-products/data-release/DataRelease_Phase2.html or

http://ihesp.qnlm.ac), OSNAP overturning (https://www.o-snap.org/).

The data generated in this study for plotting the figures in the paper

are available from https://doi.org/10.5281/zenodo.12249262.

Code availability
The iHESP version of CESM HighRes code is available at ZENODO via

https://doi.org/10.5281/zenodo.3637771. The codes used to generate

the figures in the paper can be accessed at https://doi.org/10.5281/

zenodo.12249262. The Matlab2022b is used for plotting.
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