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Rationale: MLD in the North Atlantic

Heuzé et al. 2015

Mean March MLD
(climatology from de Boyer 

Montégut et al. 2004)    
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position. 

convects, the more the bottom of the Southern Ocean
has warmed by 2100.
There is little temperature change in the North Pa-

cific, while the North Atlantic cools south of Greenland
(mean of 20.228 6 0.188C). INM-CM4, not included in
the multimodel mean, is the only model which projects
a cooling of the whole Atlantic and Southern Oceans
(supplementary Fig. S1c). All other models agree on
a warming of the deep oceans, but the equatorward
extent of this warming, especially in the Pacific, strongly
differs from one model to another. For instance, the
warming is still clear north of the equator in the Pacific
for GFDL-ES2G (Fig. 5l), whereas the warming is weak,
even in the South Pacific, for CNRM-CM5 (Fig. 5g). The
same occurs in the North Atlantic: although all models
agree on a cooling, this cooling does not occur at the
same place for all of them, explaining the apparent
disagreement in the multimodel mean (Fig. 1a).
The multimodel mean change in bottom salinity

(Fig. 1b) is more complex and presents less agreement
among models than that for temperature. Both the
Arctic and Antarctic shelves freshen (20.41 6 0.30 in
the Arctic; 20.10 6 0.08 in Antarctica). Most models

have a fresher North Atlantic south of Greenland
(20.036 0.03) and a saltier deep Southern Hemisphere
(0.02 6 0.01 on average for the whole Southern Hemi-
sphere) with the exception of the central Ross and
Weddell Seas, where little agreement among models
leads to a mean change around zero. One major feature
appears when looking at the models separately (Fig. 6):
12 models become saltier in the whole Southern Ocean
(ACCESS1.0 (Fig. 6a), CCSM4 (Fig. 6d), CNRM-CM5
(Fig. 6h), the three GFDL models (Figs. 6k–m), the two
HadGEM2 models (Figs. 6p,q), MIROC5 (Fig. 6t), the
two MPI-ESM models (Figs. 6v,w), and NorESM1-M
(Fig. 6x)], 5 models become saltier only in the Weddell
Basin but freshen in the Ross Basin [CMCC-CMS
(Fig. 6g), GISS-E2-R (Fig. 6o), the two IPSL-CM5A
models (Figs. 6r,s), and MIROC-ESM-CHEM
(Fig. 6u)], 3 models freshen in the Weddell Basin but
become saltier in the Ross Basin [CESM1 (CAM5)
(Fig. 6e), CMCC-CM (Fig. 6f), and CSIRO Mk3.6.0
(Fig. 6i)], and the last 4 models freshen in both basins
[BCC_CSM1.1(m) (Fig. 6b), CanESM2 (Fig. 6c),
FGOALS-g2 (Fig. 6j), and GISS-E2-H (Fig. 6n)]. We
found no consistent link between the changes in salinity
in the Southern Ocean and deep convection: for exam-
ple, both CMCC models convect in the Weddell Sea
during 1986–2005 (Figs. 3f,g) and 2081–2100 (Figs. 4f,g),
but CMCC-CMS becomes saltier in the Weddell Sea
(Fig. 6g), whereas CMCC-CM freshens there (Fig. 6f).
Likewise, no significant link could be found with
changes in sea ice concentration or in the hydrological
cycle over the regions (not shown). No consistent link
was found either with the results of Wang (2013) re-
garding the Weddell and Ross gyre strength in CMIP5
models. For instance, Wang found that MIROC-ESM-
CHEM gyre strength decreases in both theWeddell and
theRoss Seas during the climate change run, whereas we
found it becomes saltier in the Weddell Sea but fresher
in the Ross Sea (Fig. 6u). Similarly, we found no link
with the subpolar and subtropical gyre circulation
changes studied byMeijers et al. (2012). GFDL-ESM2G
and NorESM1-M both become saltier throughout the
deep Southern Ocean (Figs. 6l,x), but the subpolar
gyre strength increases for GFDL-ESM2G and de-
creases for NorESM1-M, whereas the subtropical gyre
strength decreases for GFDL-ESM2G and increases for
NorESM1-M.
The multimodel changes in bottom density (Fig. 1c)

are dominated by the changes in temperature and hence
present quite similar patterns: the Arctic and Antarctic
shelves and the deep Southern Hemisphere basins be-
come lighter (20.626 0.27,20.146 0.07, and20.0116
0.006 kgm23, respectively). The North Atlantic south of
Greenland hardly becomes denser because of its strong

FIG. 2. Observed winter mixed layer depth (shading) from the
climatology of de Boyer Montégut et al. (2004) (updated in No-
vember 2008), calculated using a su threshold of 0.03 kgm23

compared with 10-m depth, for (a) the Southern Ocean south of
508S and (b) the North Atlantic. Black lines indicate the mean
observed winter sea ice extent (plain line) and the mean observed
summer sea ice extent (dashed line), from the HadISST observa-
tions (Rayner et al. 2003). The three convective areas for section 3d
are indicated by blue boxes in (b): Labrador Sea, Irminger and
Iceland basins, and Norwegian and Greenland Seas. Hatching in
the LA and II boxes indicates the area used for the calculation of
the mean profile changes in section 3d and Fig. 10.

15 APRIL 2015 HEUZÉ ET AL . 2923

convects, the more the bottom of the Southern Ocean
has warmed by 2100.
There is little temperature change in the North Pa-

cific, while the North Atlantic cools south of Greenland
(mean of 20.228 6 0.188C). INM-CM4, not included in
the multimodel mean, is the only model which projects
a cooling of the whole Atlantic and Southern Oceans
(supplementary Fig. S1c). All other models agree on
a warming of the deep oceans, but the equatorward
extent of this warming, especially in the Pacific, strongly
differs from one model to another. For instance, the
warming is still clear north of the equator in the Pacific
for GFDL-ES2G (Fig. 5l), whereas the warming is weak,
even in the South Pacific, for CNRM-CM5 (Fig. 5g). The
same occurs in the North Atlantic: although all models
agree on a cooling, this cooling does not occur at the
same place for all of them, explaining the apparent
disagreement in the multimodel mean (Fig. 1a).
The multimodel mean change in bottom salinity

(Fig. 1b) is more complex and presents less agreement
among models than that for temperature. Both the
Arctic and Antarctic shelves freshen (20.41 6 0.30 in
the Arctic; 20.10 6 0.08 in Antarctica). Most models

have a fresher North Atlantic south of Greenland
(20.036 0.03) and a saltier deep Southern Hemisphere
(0.02 6 0.01 on average for the whole Southern Hemi-
sphere) with the exception of the central Ross and
Weddell Seas, where little agreement among models
leads to a mean change around zero. One major feature
appears when looking at the models separately (Fig. 6):
12 models become saltier in the whole Southern Ocean
(ACCESS1.0 (Fig. 6a), CCSM4 (Fig. 6d), CNRM-CM5
(Fig. 6h), the three GFDL models (Figs. 6k–m), the two
HadGEM2 models (Figs. 6p,q), MIROC5 (Fig. 6t), the
two MPI-ESM models (Figs. 6v,w), and NorESM1-M
(Fig. 6x)], 5 models become saltier only in the Weddell
Basin but freshen in the Ross Basin [CMCC-CMS
(Fig. 6g), GISS-E2-R (Fig. 6o), the two IPSL-CM5A
models (Figs. 6r,s), and MIROC-ESM-CHEM
(Fig. 6u)], 3 models freshen in the Weddell Basin but
become saltier in the Ross Basin [CESM1 (CAM5)
(Fig. 6e), CMCC-CM (Fig. 6f), and CSIRO Mk3.6.0
(Fig. 6i)], and the last 4 models freshen in both basins
[BCC_CSM1.1(m) (Fig. 6b), CanESM2 (Fig. 6c),
FGOALS-g2 (Fig. 6j), and GISS-E2-H (Fig. 6n)]. We
found no consistent link between the changes in salinity
in the Southern Ocean and deep convection: for exam-
ple, both CMCC models convect in the Weddell Sea
during 1986–2005 (Figs. 3f,g) and 2081–2100 (Figs. 4f,g),
but CMCC-CMS becomes saltier in the Weddell Sea
(Fig. 6g), whereas CMCC-CM freshens there (Fig. 6f).
Likewise, no significant link could be found with
changes in sea ice concentration or in the hydrological
cycle over the regions (not shown). No consistent link
was found either with the results of Wang (2013) re-
garding the Weddell and Ross gyre strength in CMIP5
models. For instance, Wang found that MIROC-ESM-
CHEM gyre strength decreases in both theWeddell and
theRoss Seas during the climate change run, whereas we
found it becomes saltier in the Weddell Sea but fresher
in the Ross Sea (Fig. 6u). Similarly, we found no link
with the subpolar and subtropical gyre circulation
changes studied byMeijers et al. (2012). GFDL-ESM2G
and NorESM1-M both become saltier throughout the
deep Southern Ocean (Figs. 6l,x), but the subpolar
gyre strength increases for GFDL-ESM2G and de-
creases for NorESM1-M, whereas the subtropical gyre
strength decreases for GFDL-ESM2G and increases for
NorESM1-M.
The multimodel changes in bottom density (Fig. 1c)

are dominated by the changes in temperature and hence
present quite similar patterns: the Arctic and Antarctic
shelves and the deep Southern Hemisphere basins be-
come lighter (20.626 0.27,20.146 0.07, and20.0116
0.006 kgm23, respectively). The North Atlantic south of
Greenland hardly becomes denser because of its strong

FIG. 2. Observed winter mixed layer depth (shading) from the
climatology of de Boyer Montégut et al. (2004) (updated in No-
vember 2008), calculated using a su threshold of 0.03 kgm23

compared with 10-m depth, for (a) the Southern Ocean south of
508S and (b) the North Atlantic. Black lines indicate the mean
observed winter sea ice extent (plain line) and the mean observed
summer sea ice extent (dashed line), from the HadISST observa-
tions (Rayner et al. 2003). The three convective areas for section 3d
are indicated by blue boxes in (b): Labrador Sea, Irminger and
Iceland basins, and Norwegian and Greenland Seas. Hatching in
the LA and II boxes indicates the area used for the calculation of
the mean profile changes in section 3d and Fig. 10.

15 APRIL 2015 HEUZÉ ET AL . 2923

Today, in the North Atlantic, deep Mixed Layer Depths (MLDs):

> are found only in a few sites

> are on average tight to the sea ice edge, where we find huge T/S gradients and 
atmospheric flux

> are symptomatic of dense water formation



Rationale: MLD in a warming climate ?

CMIP5 models – Max MLD over 1986-2005

Heuzé et al. 2015



Rationale: MLD in a warming climate ?

Large spread between 

models

…. But  a consistent 

tendancy for MLDs to 

become shallower where 
MLD are deep in present 

day conditions

CMIP5 models – Max MLD over 2081-2100 (RCP8.5)

Heuzé et al. 2015



Rationale: MLD & AMOC

Danabasoglu et al. 2013; Jahn & Holland 2013

Across models (here COREII exercise)

Over time in one coupled model 

(here CCSM4-CMIP5)

Model results suggest a link between MLD and AMOC intensity (although the processes at 
play are not fully understood)

3.2. Arctic Freshwater Export
[6] The large simulated changes in the Arctic sea ice extent

and volume have a wide range of impacts, but here we concen-
trate on the resulting changes in the Arctic FW export and the
downstream impacts on the deep water formation (section 4).
As shown in Figures 1e–1g, the impact on the simulated FW
export to the NA through the two main pathways (Fram Strait
and CAA) is a shift toward more and more FW export in the
liquid phase, as well as a general increase in the total FW
export. The simulated phase change of the FW export is
important for downstream effects, as the FW in liquid and
solid form reaches different regions (see section 4).
[7] The large increase in the liquid FW export in RCP8.5

reflects a significant freshening of the outflow between the
early 21st century and the early 23rd century (by 2.5 psu
in Fram Strait and 4.5 psu in the CAA). Between 2005 and
2200, this freshening of the Arctic Ocean (Figure 1h) is
caused by increased sea ice melt within the Arctic and
reduced sea-ice formation and export (53%), as well as by
increased FW input from rivers (28%), an increase in the
FW import through Bering Strait (16%), and increased net
precipitation (2%) due to a generally enhanced hydrological
cycle in a warmer climate.
[8] While the salinity of the outflow decreases, the volume

of the liquid FW export through the CAA and Fram Strait in
RCP8.5 declines by up to 50% during the late 21st and the
mid 22nd century, respectively. For the CAA, the impact
of the decrease in the volume export can be seen around
2100 as an intermittent reduction in the RCP8.5 liquid FW
export in Figure 1g. It is caused by the shutdown of the deep
convection in the Labrador Sea at this time (see section 4)
and the associated rise in sea surface height in the Labrador
Sea, which reduces the sea surface height gradient to the
Arctic that drives this export (see Jahn et al. [2010] and
Houssais and Herbaut [2011] for details of this mechanism).
This decrease in the CAA liquid FW export leads to a sharp
increase in the Arctic liquid FW storage after 2100 (Figure 1h).
For Fram Strait, the volume flux decrease is fully compensated
by the freshening of the outflow, so it cannot be seen in
Figure 1e. It occurs around 2145, after the shutdown of the
deep convection in the Nordic Seas, and is caused by the asso-
ciated sea surface height gradient change across the East
Greenland current after deep convection ceases (see Jahn
et al. [2010], for details of this mechanism).

4. Impacts on Deep Convection and MOC

4.1. Deep Convection Impacts
[9] The large increase in the liquid FW export from the

Arctic at the end of the 21st century in RCP8.5 leads to a
shutdown of February–April (FMA) deep convection in the
Labrador Sea deep convection region at the start of the
22nd century (shown as white box in Figure 2a, maximum
depth of deep convection is shown in Figure 2b). Before a
complete shutdown of Labrador Sea deep convection occurs
in RCP8.5, several abrupt reductions of deep convection
occur in all six ensemble members of RCP8.5 at the end of
the 21st century. They occur in response to decreased sea
surface salinity (SSS) in the same region (see Figures 3b
and 3c), with a correlation between the maximum depth of
deep convection and the SSS in the same region of between
0.90 and 0.95 in the different ensemble members (p > 0.95,

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2. Wintertime (February–April) depth of (a–d)
maximum deep convection and (e–f) Atlantic MOC index.
The spatial distribution of maximum deep convection is
shown in Figure 2a, averaged over 1981–2005 in one
ensemble member. The evolution over time (smoothed by
a 5 year running mean) averaged over each of the three main
deep convection regions in the model (shown as white boxes
in Figure 2a) is shown in Figures 2b–2d. The continuous
ensemble member for 1850–2300 is shown as thick line.
Shading for years 1850–2100 shows the range of the other
five ensemble members. The 5 year running mean of the
Atlantic MOC index [SV] is shown in Figure 2e. In
Figure 2f, the 20 year running mean of the Atlantic MOC
index is shown as function of the CO2 forcing used in the
different RCPs (see Figure 1a), for one ensemble member
for each of the four extended RCPs. As in Figure 1d, we
only show the relationship until the CO2 forcing stabilizes
or reaches its maximum.
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816 MLD in the LS or south of Greenland, consistent with Fig. 13. In
817 contrast, ICTP shows extensive and deep MLDs in the LS and
818 Northern North Atlantic, with correspondingly vigorous AMOC at
819 45!N – recall that the AMOC maximum in ICTP occurs at higher lat-
820 itudes than in the other models. Despite an average MLD of about
821 500 m that is larger than in MRI-F, NOCS, and INMOM, FSU has the
822 lowest AMOC transport.

823The scatter plots of the LS h; S, and density biases against the LS
824MLDs are also included in Fig. 17 (bottom panels). They show that
825the LS MLDs are strongly dictated by the model salinity biases in
826the LS with a correlation coefficient of 0.87. Generally, the models
827with salty biases tend to have deeper MLDs than the models with
828fresh biases. The correlation coefficient between the density biases
829and MLD is 0.83 which is much larger then the correlation coeffi-

Fig. 18. Scatter plots of the LS March-mean MLD against the AMOC maximum transports at 26.5!N and 45!N (top panels) and against the LS upper-ocean (0–700 m average)
potential temperature, salinity, and density biases (bottom panels). Each panel contains the corresponding regression line along with the correlation coefficient. Except MLD,
the model data are for the time-mean. The solid stars in the top left and bottom panels represent the observationally-based March-mean MLD estimate plotted against the 4-
year mean RAPID data (April 2004–March 2008) and against no bias, respectively.

Fig. 19. Scatter plots of the AMOC maximum transports at 26.5!N (left) and 45!N (right) against the overflow proxy density described in Fig. 19. All data are time-mean.
Overflow proxy density is not available from INMOM.
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all practical purposes, with the remaining sea ice located north
of Greenland and in the narrow channels of the CAA. Winter-
time sea ice extents also decline over the 21st century in all
RCP scenarios, but only RCP8.5 with its increasing radiative
forcing past 2150 shows a drastic decline in the winter sea
ice extent, leading to year-round ice-free conditions by the
end of the 23rd century (Figure 1c). We find that the climatic
evolution of sea ice and many other properties are largely
determined by the CO2 level, not the trajectory by which that
level was reached. As such, a similar transient climate

response is seen for all RCPs when assessing changes as func-
tion of the increasing CO2 level. Once the CO2 levels stabilize
or begin to decline, the climate begins to adjust to the new
stable conditions and departs from the transient climate state
proportional to the CO2 level. As our focus is mainly on the
transient response of the climate to the increasing CO2 forcing
in the CMIP5 scenarios, we focus on results from the RCP8.5
scenario runs in the following, as these simulations prescribe
CO2 levels that encompass and far exceed the CO2 levels in
the other scenarios.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 1. Time series of the (a) annual CO2 forcing in the CMIP5 RCP simulations, the Arctic sea ice extent in (b)
September and (c) March, the annual Fram Strait (e) liquid and (f) solid FW export, (g) the annual CAA liquid and solid
FW export (as marked in the panel), and (h) the annual mean Arctic FW storage (liquid FW in the top 250m and solid
FW, as marked in the panel). Figure 1d shows the 20 year running mean of the sea ice extent from Figures 1b and 1c versus
the increasing CO2 forcing in one ensemble member of the RCP simulations. The 20 year running mean is used to smooth
out the interannual variability, which we do not expect to be forced by CO2. As we want to show the transient response of the
sea ice extent to the CO2 increase, Figure 1d shows the relationship until the CO2 forcing stabilizes or reaches its maximum
(see Figure 1a). All panels except Figures 1a and 1d show 5 year running means and show one ensemble member as thick
line, with shading indicating the ensemble spread between 1850 and 2100, when multiple members are available.
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Objectives & Methods

QUESTIONS

Under a warming climate:

• Is there a potential for deep convection in the Arctic Basin, as the sea ice edge 

retreats northward ?

• Could it impact the AMOC ? 
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QUESTIONS

Under a warming climate:

• Is there a potential for deep convection in the Arctic Basin, as the sea ice edge 

retreats northward ?

• Could it impact the AMOC ? 

TOOLS
• Outputs from two coupled climate models

> Met-Office HiGEM (high res: 1/3° for the ocean) Shaffrey et al. 2009

> CNRM climate model (ORCA1 for the ocean) Voldoire et al. 2013

• Comparison of two runs: CTRL and 4 x CO2 (roughly comparable with RCP8.5)

• ARIANE Lagrangian model (Blanke & Raynaud 1997) applied offline to the CNRM 
model, following the method ofThomas et al. 2015



MLD change in HiGEM

MLD (in meters, computed with a criteria in density) and position of the 
sea ice edge :

> shallower MLD in the North Atlantic

> deeper MLD in the Nordic sea and the Eurasian Basin of the Arctic Ocean, close to the 

new sea ice edge



MLD change in HiGEM

MLD (in meters, computed with a criteria in density) and position of the 

sea ice edge :

> shallower MLD in the North Atlantic

> deeper MLD in the Nordic sea and the Eurasian Basin of the Arctic Ocean, close to the 

new sea ice edge

> MLD can reach up to 1000 m in the Eurasian Basin

CTRL
4 x CO2



Favorable conditions for deep convection in the Arctic

Change in SST:

> response to the atmosphere, 

modulated by the presence of 

sea ice

> large increase of the seasonal 

cycle

SST (°C)



Change in SST:

> response to the atmosphere, 

modulated by the presence of 

sea ice

> large increase of the seasonal 

cycle

Change in SSS:

> strong freshening in the 
Canadian Basin (spin up of the 

Beaufort Gyre)

> SSS increases in the Eurasian 

Basin (AW inflow influence)

SST (°C)

SSS (psu)

Favorable conditions for deep convection in the Arctic



Change in SST:

> response to the atmosphere, 

modulated by the presence of 

sea ice

> large increase of the seasonal 

cycle

Change in SSS:

> strong freshening in the 
Canadian Basin (spin up of the 

Beaufort Gyre)

> SSS increases in the Eurasian 

Basin (AW inflow influence)

Intensification of the gyres, 
resulting from the increasing 

transfer of momentum to 
the ocean as sea ice cover is 

reduced 

SSS (psu)

Favorable conditions for deep convection in the Arctic
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> Change in SSS imprint on surface density 

> Results in large changes of stratification

² Enhanced in the Canadian Basin
² Suppressed in the Eurasian Basin

> Lack of stratification in the Eurasian Basin allows for the emergence of deep convection 

in years when sea ice retreats the most.

Stratification
(defined as the density 

difference between 500m 
and the surface, in kg/m3) 

Favorable conditions for deep convection in the Arctic



Importance for the AMOC ? 

• Zonal shift : 
> the Arctic and the Subtropics become increasingly important
> No more subduction in the subpolar gyre.    

• We determine the origin of the water masses flowing southward at 10°N (i.e. where they 
have subducted at the base of the mixed layer),  using the Lagrangian model ARIANE applied 
to CNRM-ORCA1 



> Zonal shift of the main contributions to the AMOC

- Arctic becomes increasingly important

- increase of the subtropical contribution (due to change in stratification) 

Contribution to the AMOC at 26°N 
computed with ARIANE applied to 

CNRM - ORCA1 

Importance for the AMOC ? 

Subtropical

Subpolar

Nordic

Arctic

-5 0 5 10 15
Transport [Sv]

-5000

-4500

-4000

-3500

-3000

-2500

-2000

-1500

-1000

-500

0

De
pt

h 
[m

]

CTRL run

-4 -2 0 2 4 6
Transport [Sv]

-5000

-4500

-4000

-3500

-3000

-2500

-2000

-1500

-1000

-500

0

De
pt

h 
[m

]

4xCO2 run

Total
Antarctic
Arctic
Nordic
Subpolar
Subtropical



Summary

Under a warming climate:

• Is there a potential for deep convection in the Arctic Basin, as the sea ice edge 

retreats northward ? YES
Results from the HiGEM model suggest that:

² The Arctic Ocean surface will become warmer and saltier in the Eurasian Basin

² … which results in the supression of startification and provides favorable 
conditons for deep convection

² Deep MLD (down to 1000m) are found in the Eurasian, near the sea ice edge

• Could it impact the AMOC ? YES
Lagrangian analysis of the CNRM model suggests that emerging subduction in the the 

Arctic Ocean (and the subtropical gyre) could contribute significantly to the AMOC…

> A changing Arctic may not just be a threat for the AMOC

Lique, Johnson & Plancherel (2018): Emergence of deep convection in the Arctic Ocean under a 
warming climate, Climate Dynamics

Lique & Thomas (2018): Latitudinal shift of the Atlantic Meridional Overturning Circulation 
source regions under a warming climate, Nature Climate Change


