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What caused the inferred changes in ocean circulation?


Mechanistic “chain of events” from idealized simulations:


LGM atmospheric cooling → increased Antarctic sea ice formation
→ increased buoyancy loss rates → increased abyssal stratification 

→ upward shift of upper overturning cell (NADW)

Jansen (2017)
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Fig. 3. (A and B) Meridional overturning streamfunction (colors) and potential density referenced to 2 km depth (black lines), for simulations with boundary
conditions representing present-day forcing (A) and LGM conditions with reduced atmospheric temperature (B). The overturning streamfunction is computed
from the sum of the Eulerian zonal mean velocity and the parameterized eddy-induced bolus velocity. [Note that the isopycnal overturning transport includes
an additional component associated with standing meanders (11), which is not included in Fig. 3. The contribution of standing meanders largely cancels the
apparent diapycnal zonal-mean transport in the channel region.]

resemble that sketched in Ferrari et al. (9), although the mecha-
nism proposed here is somewhat different.

The changes in the deep ocean circulation and stratification
here result from an increased buoyancy loss rate around Antarc-
tica, which in turn results primarily from enhanced brine rejec-
tion associated with sea-ice formation and export. Sea-ice export
is proportional to the product of the ice load (here defined as the
time- and zonal-mean mass of sea-ice and snow per unit area)
and equatorward transport velocity. Both increase as the atmo-
spheric temperature is reduced, with the dominant role played
by differences in the ice load, which (near its maximum) goes
up from about 300 kg/m2 in the “present” simulation to about
800 kg/m2 in the “LGM” simulation. The ice export velocity also
increases, as sea ice extends farther northward where the west-
erly winds are stronger. As a result of the larger ice load and
export velocity, the peak ice export rate from around Antarctica
increases from about 3 ⇥107 kg/s to about 14 ⇥107 kg/s.

To compute the effective net buoyancy loss around Antarc-
tica it is important to consider the nonlinearity of the equation
of state and in particular the pressure dependence of the ther-
mal expansion coefficient (16). If surface buoyancy fluxes are
computed using the surface haline and thermal expansion coef-
ficients, virtually no buoyancy loss around Antarctica is found in
the present-day–like simulation. This lack of buoyancy loss would
appear to be at odds with the presence of an abyssal cell and the
transformation of upwelling circumpolar deep water (CDW) to
AABW. The apparent contradiction can be resolved by noting
that the density increase associated with the transformation of
CDW to AABW is dominated by a cooling and counteracted by
a freshening. Whereas cooling has a small effect on surface den-
sities at cold temperatures, the temperature effect is amplified
as a water parcel sinks into the deep ocean. We can estimate
the effect of heat and salt fluxes on a parcel at depth by com-
puting buoyancy fluxes based on changes in potential densities
referenced to 2 km depth (consistent with the potential densities
shown in Fig. 3), which yields an integrated surface buoyancy
loss rate around Antarctica for the present-day–like simulation
of about 4.4 ⇥103 m4· s�3 (Materials and Methods). In the LGM
simulation the integrated surface buoyancy loss rate increases to
2.1⇥ 104 m4· s�3.

The larger buoyancy loss rate around Antarctica in the LGM
simulation gives rise to the observed changes in deep ocean cir-
culation and stratification. Because surface buoyancy loss around

Antarctica has to be balanced by vertical diffusion in the basin,
the deep ocean stratification is expected to depend approxi-
mately linearly on the buoyancy loss rate (11). This relationship
explains the increase in the deep ocean stratification between the
present and LGM simulations (although a quantitative compar-
ison of changes in buoyancy loss and stratification is somewhat
complicated by the nonlinearity in the equation of state). The
increased stratification in the LGM then leads to an upward shift
of NADW, consistent with the results of Jansen and Nadeau (11).

Sensitivity Experiments
To test the robustness of the results to additional modifications
in the boundary conditions, we consider a number of sensitivity
experiments, varying the wind stress and the vertical turbulent
diffusivity, as well as the spatial structure of atmospheric temper-
ature change. The results of these simulations are summarized in
Table 1 and are briefly discussed in the following.

In a seminal paper, Toggweiler et al. (17) proposed an equa-
torward shift in the latitude of the Southern Hemisphere sur-
face westerlies as a potential mechanism for differences in the
ocean circulation between the present and LGM. Observational
evidence, however, allows for an equatorward shift of at most
about 3� (18, 19), which in turn is here found to have negligible
impact on the solution (experiment “LGM windN” in Table 1).
Proxy observations and climate models instead indicate a slight
poleward shift and strengthening of the surface westerlies over
the Southern Ocean (18, 19). A simulation incorporating a 3�

southward shift and 20% strengthening of the Southern Hemi-
sphere westerlies shows a moderate increase in ice export and
associated buoyancy loss around Antarctica (experiment “LGM
windS” in Table 1). The increased buoyancy loss rate amplifies
the differences between the present and LGM simulations dis-
cussed above.

The loss of shallow shelf seas during the LGM has likely led to
increased tidal energy dissipation in the deep ocean, which in turn
may have caused enhanced vertical mixing (20, 21). On the other
hand, the increased deep ocean stratification during the LGM
may have suppressed vertical mixing, as more turbulent kinetic
energy dissipation would be required to mix the more stratified
water column (22). In our simulations, which assumed unchanged
vertical diffusivities, the implied energy input to mixing below the
upper thermocline (300 m) almost doubles between the present
and LGM simulations (Table 1, last column).
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Fig. 3. (A and B) Meridional overturning streamfunction (colors) and potential density referenced to 2 km depth (black lines), for simulations with boundary
conditions representing present-day forcing (A) and LGM conditions with reduced atmospheric temperature (B). The overturning streamfunction is computed
from the sum of the Eulerian zonal mean velocity and the parameterized eddy-induced bolus velocity. [Note that the isopycnal overturning transport includes
an additional component associated with standing meanders (11), which is not included in Fig. 3. The contribution of standing meanders largely cancels the
apparent diapycnal zonal-mean transport in the channel region.]

resemble that sketched in Ferrari et al. (9), although the mecha-
nism proposed here is somewhat different.

The changes in the deep ocean circulation and stratification
here result from an increased buoyancy loss rate around Antarc-
tica, which in turn results primarily from enhanced brine rejec-
tion associated with sea-ice formation and export. Sea-ice export
is proportional to the product of the ice load (here defined as the
time- and zonal-mean mass of sea-ice and snow per unit area)
and equatorward transport velocity. Both increase as the atmo-
spheric temperature is reduced, with the dominant role played
by differences in the ice load, which (near its maximum) goes
up from about 300 kg/m2 in the “present” simulation to about
800 kg/m2 in the “LGM” simulation. The ice export velocity also
increases, as sea ice extends farther northward where the west-
erly winds are stronger. As a result of the larger ice load and
export velocity, the peak ice export rate from around Antarctica
increases from about 3 ⇥107 kg/s to about 14 ⇥107 kg/s.

To compute the effective net buoyancy loss around Antarc-
tica it is important to consider the nonlinearity of the equation
of state and in particular the pressure dependence of the ther-
mal expansion coefficient (16). If surface buoyancy fluxes are
computed using the surface haline and thermal expansion coef-
ficients, virtually no buoyancy loss around Antarctica is found in
the present-day–like simulation. This lack of buoyancy loss would
appear to be at odds with the presence of an abyssal cell and the
transformation of upwelling circumpolar deep water (CDW) to
AABW. The apparent contradiction can be resolved by noting
that the density increase associated with the transformation of
CDW to AABW is dominated by a cooling and counteracted by
a freshening. Whereas cooling has a small effect on surface den-
sities at cold temperatures, the temperature effect is amplified
as a water parcel sinks into the deep ocean. We can estimate
the effect of heat and salt fluxes on a parcel at depth by com-
puting buoyancy fluxes based on changes in potential densities
referenced to 2 km depth (consistent with the potential densities
shown in Fig. 3), which yields an integrated surface buoyancy
loss rate around Antarctica for the present-day–like simulation
of about 4.4 ⇥103 m4· s�3 (Materials and Methods). In the LGM
simulation the integrated surface buoyancy loss rate increases to
2.1⇥ 104 m4· s�3.

The larger buoyancy loss rate around Antarctica in the LGM
simulation gives rise to the observed changes in deep ocean cir-
culation and stratification. Because surface buoyancy loss around

Antarctica has to be balanced by vertical diffusion in the basin,
the deep ocean stratification is expected to depend approxi-
mately linearly on the buoyancy loss rate (11). This relationship
explains the increase in the deep ocean stratification between the
present and LGM simulations (although a quantitative compar-
ison of changes in buoyancy loss and stratification is somewhat
complicated by the nonlinearity in the equation of state). The
increased stratification in the LGM then leads to an upward shift
of NADW, consistent with the results of Jansen and Nadeau (11).

Sensitivity Experiments
To test the robustness of the results to additional modifications
in the boundary conditions, we consider a number of sensitivity
experiments, varying the wind stress and the vertical turbulent
diffusivity, as well as the spatial structure of atmospheric temper-
ature change. The results of these simulations are summarized in
Table 1 and are briefly discussed in the following.

In a seminal paper, Toggweiler et al. (17) proposed an equa-
torward shift in the latitude of the Southern Hemisphere sur-
face westerlies as a potential mechanism for differences in the
ocean circulation between the present and LGM. Observational
evidence, however, allows for an equatorward shift of at most
about 3� (18, 19), which in turn is here found to have negligible
impact on the solution (experiment “LGM windN” in Table 1).
Proxy observations and climate models instead indicate a slight
poleward shift and strengthening of the surface westerlies over
the Southern Ocean (18, 19). A simulation incorporating a 3�

southward shift and 20% strengthening of the Southern Hemi-
sphere westerlies shows a moderate increase in ice export and
associated buoyancy loss around Antarctica (experiment “LGM
windS” in Table 1). The increased buoyancy loss rate amplifies
the differences between the present and LGM simulations dis-
cussed above.

The loss of shallow shelf seas during the LGM has likely led to
increased tidal energy dissipation in the deep ocean, which in turn
may have caused enhanced vertical mixing (20, 21). On the other
hand, the increased deep ocean stratification during the LGM
may have suppressed vertical mixing, as more turbulent kinetic
energy dissipation would be required to mix the more stratified
water column (22). In our simulations, which assumed unchanged
vertical diffusivities, the implied energy input to mixing below the
upper thermocline (300 m) almost doubles between the present
and LGM simulations (Table 1, last column).

Jansen PNAS Early Edition | 3 of 6

EA
RT

H,
A

TM
O

SP
HE

RI
C,

A
N

D
PL

A
N

ET
A

RY
SC

IE
N

CE
S

Fig. 3. (A and B) Meridional overturning streamfunction (colors) and potential density referenced to 2 km depth (black lines), for simulations with boundary
conditions representing present-day forcing (A) and LGM conditions with reduced atmospheric temperature (B). The overturning streamfunction is computed
from the sum of the Eulerian zonal mean velocity and the parameterized eddy-induced bolus velocity. [Note that the isopycnal overturning transport includes
an additional component associated with standing meanders (11), which is not included in Fig. 3. The contribution of standing meanders largely cancels the
apparent diapycnal zonal-mean transport in the channel region.]

resemble that sketched in Ferrari et al. (9), although the mecha-
nism proposed here is somewhat different.

The changes in the deep ocean circulation and stratification
here result from an increased buoyancy loss rate around Antarc-
tica, which in turn results primarily from enhanced brine rejec-
tion associated with sea-ice formation and export. Sea-ice export
is proportional to the product of the ice load (here defined as the
time- and zonal-mean mass of sea-ice and snow per unit area)
and equatorward transport velocity. Both increase as the atmo-
spheric temperature is reduced, with the dominant role played
by differences in the ice load, which (near its maximum) goes
up from about 300 kg/m2 in the “present” simulation to about
800 kg/m2 in the “LGM” simulation. The ice export velocity also
increases, as sea ice extends farther northward where the west-
erly winds are stronger. As a result of the larger ice load and
export velocity, the peak ice export rate from around Antarctica
increases from about 3 ⇥107 kg/s to about 14 ⇥107 kg/s.

To compute the effective net buoyancy loss around Antarc-
tica it is important to consider the nonlinearity of the equation
of state and in particular the pressure dependence of the ther-
mal expansion coefficient (16). If surface buoyancy fluxes are
computed using the surface haline and thermal expansion coef-
ficients, virtually no buoyancy loss around Antarctica is found in
the present-day–like simulation. This lack of buoyancy loss would
appear to be at odds with the presence of an abyssal cell and the
transformation of upwelling circumpolar deep water (CDW) to
AABW. The apparent contradiction can be resolved by noting
that the density increase associated with the transformation of
CDW to AABW is dominated by a cooling and counteracted by
a freshening. Whereas cooling has a small effect on surface den-
sities at cold temperatures, the temperature effect is amplified
as a water parcel sinks into the deep ocean. We can estimate
the effect of heat and salt fluxes on a parcel at depth by com-
puting buoyancy fluxes based on changes in potential densities
referenced to 2 km depth (consistent with the potential densities
shown in Fig. 3), which yields an integrated surface buoyancy
loss rate around Antarctica for the present-day–like simulation
of about 4.4 ⇥103 m4· s�3 (Materials and Methods). In the LGM
simulation the integrated surface buoyancy loss rate increases to
2.1⇥ 104 m4· s�3.

The larger buoyancy loss rate around Antarctica in the LGM
simulation gives rise to the observed changes in deep ocean cir-
culation and stratification. Because surface buoyancy loss around

Antarctica has to be balanced by vertical diffusion in the basin,
the deep ocean stratification is expected to depend approxi-
mately linearly on the buoyancy loss rate (11). This relationship
explains the increase in the deep ocean stratification between the
present and LGM simulations (although a quantitative compar-
ison of changes in buoyancy loss and stratification is somewhat
complicated by the nonlinearity in the equation of state). The
increased stratification in the LGM then leads to an upward shift
of NADW, consistent with the results of Jansen and Nadeau (11).

Sensitivity Experiments
To test the robustness of the results to additional modifications
in the boundary conditions, we consider a number of sensitivity
experiments, varying the wind stress and the vertical turbulent
diffusivity, as well as the spatial structure of atmospheric temper-
ature change. The results of these simulations are summarized in
Table 1 and are briefly discussed in the following.

In a seminal paper, Toggweiler et al. (17) proposed an equa-
torward shift in the latitude of the Southern Hemisphere sur-
face westerlies as a potential mechanism for differences in the
ocean circulation between the present and LGM. Observational
evidence, however, allows for an equatorward shift of at most
about 3� (18, 19), which in turn is here found to have negligible
impact on the solution (experiment “LGM windN” in Table 1).
Proxy observations and climate models instead indicate a slight
poleward shift and strengthening of the surface westerlies over
the Southern Ocean (18, 19). A simulation incorporating a 3�

southward shift and 20% strengthening of the Southern Hemi-
sphere westerlies shows a moderate increase in ice export and
associated buoyancy loss around Antarctica (experiment “LGM
windS” in Table 1). The increased buoyancy loss rate amplifies
the differences between the present and LGM simulations dis-
cussed above.

The loss of shallow shelf seas during the LGM has likely led to
increased tidal energy dissipation in the deep ocean, which in turn
may have caused enhanced vertical mixing (20, 21). On the other
hand, the increased deep ocean stratification during the LGM
may have suppressed vertical mixing, as more turbulent kinetic
energy dissipation would be required to mix the more stratified
water column (22). In our simulations, which assumed unchanged
vertical diffusivities, the implied energy input to mixing below the
upper thermocline (300 m) almost doubles between the present
and LGM simulations (Table 1, last column).
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Fig. 3. (A and B) Meridional overturning streamfunction (colors) and potential density referenced to 2 km depth (black lines), for simulations with boundary
conditions representing present-day forcing (A) and LGM conditions with reduced atmospheric temperature (B). The overturning streamfunction is computed
from the sum of the Eulerian zonal mean velocity and the parameterized eddy-induced bolus velocity. [Note that the isopycnal overturning transport includes
an additional component associated with standing meanders (11), which is not included in Fig. 3. The contribution of standing meanders largely cancels the
apparent diapycnal zonal-mean transport in the channel region.]

resemble that sketched in Ferrari et al. (9), although the mecha-
nism proposed here is somewhat different.

The changes in the deep ocean circulation and stratification
here result from an increased buoyancy loss rate around Antarc-
tica, which in turn results primarily from enhanced brine rejec-
tion associated with sea-ice formation and export. Sea-ice export
is proportional to the product of the ice load (here defined as the
time- and zonal-mean mass of sea-ice and snow per unit area)
and equatorward transport velocity. Both increase as the atmo-
spheric temperature is reduced, with the dominant role played
by differences in the ice load, which (near its maximum) goes
up from about 300 kg/m2 in the “present” simulation to about
800 kg/m2 in the “LGM” simulation. The ice export velocity also
increases, as sea ice extends farther northward where the west-
erly winds are stronger. As a result of the larger ice load and
export velocity, the peak ice export rate from around Antarctica
increases from about 3 ⇥107 kg/s to about 14 ⇥107 kg/s.

To compute the effective net buoyancy loss around Antarc-
tica it is important to consider the nonlinearity of the equation
of state and in particular the pressure dependence of the ther-
mal expansion coefficient (16). If surface buoyancy fluxes are
computed using the surface haline and thermal expansion coef-
ficients, virtually no buoyancy loss around Antarctica is found in
the present-day–like simulation. This lack of buoyancy loss would
appear to be at odds with the presence of an abyssal cell and the
transformation of upwelling circumpolar deep water (CDW) to
AABW. The apparent contradiction can be resolved by noting
that the density increase associated with the transformation of
CDW to AABW is dominated by a cooling and counteracted by
a freshening. Whereas cooling has a small effect on surface den-
sities at cold temperatures, the temperature effect is amplified
as a water parcel sinks into the deep ocean. We can estimate
the effect of heat and salt fluxes on a parcel at depth by com-
puting buoyancy fluxes based on changes in potential densities
referenced to 2 km depth (consistent with the potential densities
shown in Fig. 3), which yields an integrated surface buoyancy
loss rate around Antarctica for the present-day–like simulation
of about 4.4 ⇥103 m4· s�3 (Materials and Methods). In the LGM
simulation the integrated surface buoyancy loss rate increases to
2.1⇥ 104 m4· s�3.

The larger buoyancy loss rate around Antarctica in the LGM
simulation gives rise to the observed changes in deep ocean cir-
culation and stratification. Because surface buoyancy loss around

Antarctica has to be balanced by vertical diffusion in the basin,
the deep ocean stratification is expected to depend approxi-
mately linearly on the buoyancy loss rate (11). This relationship
explains the increase in the deep ocean stratification between the
present and LGM simulations (although a quantitative compar-
ison of changes in buoyancy loss and stratification is somewhat
complicated by the nonlinearity in the equation of state). The
increased stratification in the LGM then leads to an upward shift
of NADW, consistent with the results of Jansen and Nadeau (11).

Sensitivity Experiments
To test the robustness of the results to additional modifications
in the boundary conditions, we consider a number of sensitivity
experiments, varying the wind stress and the vertical turbulent
diffusivity, as well as the spatial structure of atmospheric temper-
ature change. The results of these simulations are summarized in
Table 1 and are briefly discussed in the following.

In a seminal paper, Toggweiler et al. (17) proposed an equa-
torward shift in the latitude of the Southern Hemisphere sur-
face westerlies as a potential mechanism for differences in the
ocean circulation between the present and LGM. Observational
evidence, however, allows for an equatorward shift of at most
about 3� (18, 19), which in turn is here found to have negligible
impact on the solution (experiment “LGM windN” in Table 1).
Proxy observations and climate models instead indicate a slight
poleward shift and strengthening of the surface westerlies over
the Southern Ocean (18, 19). A simulation incorporating a 3�

southward shift and 20% strengthening of the Southern Hemi-
sphere westerlies shows a moderate increase in ice export and
associated buoyancy loss around Antarctica (experiment “LGM
windS” in Table 1). The increased buoyancy loss rate amplifies
the differences between the present and LGM simulations dis-
cussed above.

The loss of shallow shelf seas during the LGM has likely led to
increased tidal energy dissipation in the deep ocean, which in turn
may have caused enhanced vertical mixing (20, 21). On the other
hand, the increased deep ocean stratification during the LGM
may have suppressed vertical mixing, as more turbulent kinetic
energy dissipation would be required to mix the more stratified
water column (22). In our simulations, which assumed unchanged
vertical diffusivities, the implied energy input to mixing below the
upper thermocline (300 m) almost doubles between the present
and LGM simulations (Table 1, last column).
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Can this mechanism be verified in fully-coupled simulations?


Paleoclimate Modelling Intercomparison Project (PMIP)


Marzocchi and Jansen (GRL – pending minor revisions)


What caused the inferred changes in ocean circulation?


Mechanistic “chain of events” from idealized simulations:


LGM atmospheric cooling → increased Antarctic sea ice formation
→ increased buoyancy loss rates → increased abyssal stratification 

→ upward shift of upper overturning cell (NADW)
→ increased abyssal stratification 	
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What about other models?


(PMIP3/CMIP5)



Principal Component Analysis

Method #1: no missing data (CCSM3, CCSM4 and MRI)


Method #2: missing data for at most one of the five variables 
(CCSM3, CCSM4, MRI, FGOALS, MPI, MIROC, CNRM)


Method #3: all models (CCSM3, CCSM4, MRI, FGOALS, MPI, MIROC, CNRM, IPSL, GISS)

“chain of events”:  surf. air temp. → sea ice extent → buoyancy loss rate → stratification → AMOC

includes all PI and 
LGM simulations
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PMIP3 models: mechanistic “chain of events”



surf. air 
temp.




sea ice 
conc.



b. loss
 rate


PI
LGM

PMIP3 models: mechanistic “chain of events”



surf. air 
temp.




sea ice 
conc.



b. loss
 rate



stratif.


PI
LGM

PMIP3 models: mechanistic “chain of events”



surf. air 
temp.




sea ice 
conc.



b. loss
 rate



stratif.



AMOC
depth

PI
LGM

PMIP3 models: mechanistic “chain of events”



surf. air 
temp.




sea ice 
conc.



b. loss
 rate



stratif.



AMOC
depth

?
?

PI
LGM

PMIP3 models: mechanistic “chain of events”



bias #1: lack of deep-ocean equilibration

CCSM4  model, LGM simulation

PMIP3

[deep stratification] 

[AMOC depth] 



Weddell Sea

Ross Sea

--- observations from Roche et al. (2012)


Observational compilation (Roche et al., 2012)

 winter LGM 
 summer LGM 

Southern Ocean

bias #2: insufficient Antarctic sea ice formation/export

PIMIP3PIMIP2



•  Importance of Antarctic sea ice (buoyancy loss) in setting deep-ocean 
stratification and AMOC strength/depth.

 
•  Discrepancies between paleo-proxies and simulated LGM ocean circulation 

and between different PMIP models can largely be reconciled:  
     #1: biases due to different simulation of Antarctic sea ice formation/export
     #2: discrepancies amplified by short integration times (transient response)
     #3: effect of other compensating forcings (often model-specific) 

•  Same models used for future projections à same issues!  (PMIP4/CMIP6)

•  What about a warmer world?  Disappearance of Antarctic sea ice?
 

     à proposed mechanism would suggest AMOC strengthening/deepening 
     BUT that is equilibrium response!  Transient is likely AMOC weakening

Take-home messages


