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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.
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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

-> Few sites of deep convection 
 

-> Link between deep convection and AMOC ? 
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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.
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-> Few sites of deep convection 
 

-> Link between deep convection and AMOC ? 
 

-> Area of deep convection are on average tight to the sea ice edge, where 

we find huge T/S gradient and atmospheric flux 
 

-> The presence of sea ice tends to limit the exchanges with the atmosphere: 

the sea ice extent variations explain part of the year-to-year MLD variations 



Ra)onale:	what	to	expect	in	a	warming	climate	?	

-> Shallower MLD in 
the present-day 

“convection spots” 

 

-> Decrease of the 

AMOC 

 

 

convection is significantly reduced or even stops during
the twenty-first century (Fig. 12). Like Drijfhout et al.
(2012), we found that deep convection decreases in the
whole North Atlantic under a strong climate change
scenario. All models experience a cooling (Fig. 5) and
freshening (Fig. 6) locally in the North Atlantic, but
these changes are limited to the deep ocean. The whole
water column becomes more stratified (Fig. 10) with
warming at middepth, a warming that may already be
apparent in observations as shown by Levitus et al.
(2000). Mignot et al. (2007) simulated the cessation of
NADW formation and showed that waters from the
south would enter the North Atlantic basin at in-
termediate depths. We found that a decrease in NADW
formation allowsmoremodifiedAABW,which is colder
and fresher than NADW, to enter the North Atlantic
from the tropical Atlantic (Fig. 13). This phenomenon

has been observed in paleo records: during Heinrich
events (large glacier discharge), North Atlantic Deep
Water formation stopped and the bottom of the North
Atlantic filled with waters from the Southern Ocean.
The signatures of these southern waters have been
found at 628N in the Atlantic (Elliot et al. 2002).
In the southern Atlantic, Indian, and Pacific Oceans

as well as in the northern Atlantic, we found significant
correlations between bottom property changes and
volume transport changes. In the south basins, the de-
crease in bottom density was mainly associated with
a decrease in the total AABW volume transport; in the
North Atlantic, it was mainly associated with a de-
crease in the AMOC (Tables 3–5). AABWandNADW
cells are both density driven; hence, it seems reason-
able to assume that, if density changes, these transports
are altered. Changes in transport in CMIP5 models

FIG. 12. As in Fig. 11, but for RCP8.5 (2081–2100).
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Ra)onale:	what	to	expect	in	a	warming	climate	?	

Mean	March	sea	ice	extent.		

2081-2100,	
RCP8.5		

1986-2005		

Sea	ice	concentraLon	

-> Shallower MLD in the 
present-day “convection spots” 

 

-> Decrease of the AMOC 

 

-> Arctic becomes seasonal ice 

free 

 

-> Sea ice edge in winter 

retreats northward as well 

 

-> is there any potential for 

deep convection in the Arctic ? 
 

 

 

IPCC	(2013)	



Ra)onale:	any	evidence	that	things	are	already	changing	?	

Percentage	of	GSDW	in	the	deep	water	
mass	flowing	through	Fram	Strait			

-> contribution from dense 
water formed in the Arctic 

is increasing 

 

-> export of Arctic-origin 

dense water has switched 

from being an intermittent 

feature to a permanent 

feature over the past 

decade.  

 

 

eastern part. The largest fraction of AIW was found in 2001, when
the AIW core in the Fram Strait was characterized by a pronounced
salinity minimum (Fig. 8g). The fraction of AODW varied interan-
nually, but showed no trend, with slightly higher fractions on the
western side. The variations in the fraction of AODW on either side
of the strait were concurrent with the variations in potential tem-
perature and salinity of the deep waters (black curves in Fig. 10).
For instance, the largest fraction of AODW was found in 2004,
when there was a clear salinity increase for the deep waters.

There was evidently an increase in the relative fraction of inter-
mediate waters and a reduction in deep waters. Fig. 15 shows the
upper (thin line) and lower (thick line) boundary of the intermedi-
ate layer for the years 1984, 1997, and 2008. The boundary be-
tween the intermediate and the deep waters (r0.5 = 30.444) was
much deeper in 2008 compared to 1984, especially on the western
side.

The reduction in the NDW in the Fram Strait is caused by the
disappearance of the GSDW and the increasing influence of EBDW
in the deep Greenland and Norwegian Seas. To check out this latter
assumption on the composition of NSDW, the equations for poten-
tial temperature and mass conservation (as shown in Fig. 16) have
been used. The values for HGSDW and HEBDW were kept fixed and
taken from Swift and Koltermann (1988), while the values used
for HNSDW are the summer mean potential temperature of NSDW

Fig. 15. Thickness of the intermediate water layer and deep water layer for the years 1984, 1997, and 2008. The intermediate layer is defined as the layer between the 0 !C
isotherm (thin line) and the r0.5 = 30.444 isopycnal (thick line), and deep water is below this isopycnal.
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Fig. 14. Water mass composition from the mixing triangle. Right and left panels are based on observations from east and west of the zero meridian, respectively. The black
dashed lines show the 0.5 standard deviation of AIW and NDW fractions. The black triangles indicate the years with CTD data, except 1988 and 1993 when bottle data have
been used. Values between the years are interpolations.

Fig. 16. Fraction of GSDW in NSDW in the western (solid line) and eastern (dashed
line) part of the Fram Strait calculated from the equations given in the figure. The
source water mass definitions are taken from Swift and Koltermann (1988), which
are given in Table 3 and shown as black dots in Fig. 7. The values used for HNSDW are
the summer mean potential temperature of NSDW for the different years (as shown
in Fig. 9).
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Langehaug	&	Falck		(2012)	–	Somavilla	et	al.	(2013)	



Methods	

•  Outputs	from	two	coupled	climate	models	

	->	Met	office	HiGEM	(high	res.	-	1/3°	for	the	ocean	component)	

	->	CNRM	climate	model	(ORCA1	for	the	ocean)	

	

•  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	described	in	Thomas	et	al.	2015	
 



MLD	change	in	HiGEM	

MLD in the Arctic (computed 
with a criteria in density): 

 

-> 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 

 

-> no change in timing of the 

convection 
 



MLD	change	in	HiGEM	

Change in SST: 
 

-> strong warming in 

ice free regions 
 

-> 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) 



MLD	change	in	HiGEM	

 

-> the increase of SSS leads to a suppression of the stratification (driven by S) 

in the Eurasian Basin, making convective events easier to happen… 

P a g e  | 40 
 

Figure 22 | The Eurasian Basin winter (December-March) temperature, salinity, potential density and calculated density profiles 
averaged over model years 91-100, the final decade of the 4*CO2 run. All control averages are taken over 30 years. Panel a, 
temperature: orange line is the control run, red is 4*CO2; panel b, salinity: pale blue is control, dark blue 4*CO2; panel c, potential 
density: grey is control, black is 4*CO2; panel d, density from alpha and beta as described in the text: green dotted line is the reference 
density (ρ0 – the density at T=0°C and S=31psu), orange the control run thermal component, red the 4*CO2 thermal component, pale 
blue the control run saline component, dark blue the 4*CO2 saline component. In panel d, the main focus is the deviation of ρthermal 

and ρsaline from the reference density, which itself is arbitrary. Grid squares are weighted by area. 

 

Figure 23 | The development of the Eurasian Basin winter profiles over the entire 4*CO2 run. For winter each year, the percentage 
area of the basin not covered by sea-ice (exposed to the atmosphere) was plotted in a, then mixed layer depth in b, the winter 
temperature in c, salinity in d, and potential density in e.   
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Mean	winter	T/S	and	density	profiles	in	the	Eurasian	Basin	



Change	in	Arc)c	MLD	:	why	do	we	care	?		

 

-> backward computation: start at 10°N and run backward in time until it 

intercepts the base of the time-varying mixed layer 

Control	 4	x	CO2	

SubducLon	rate	(m/yr)	of	water	that	ends	at	10°N		
computed	with	ARIANE	applied	to	ORCA1		



Change	in	Arc)c	MLD	:	why	do	we	care	?		

 

-> Zonal shift of the contributions to the AMOC 

 - Arctic becomes increasingly important 

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

ContribuLon	to	the	AMOC	at	26°N		
computed	with	ARIANE	applied	to	ORCA1		
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