
Ocean Sci., 10, 907–921, 2014

www.ocean-sci.net/10/907/2014/

doi:10.5194/os-10-907-2014

© Author(s) 2014. CC Attribution 3.0 License.

On the glacial and interglacial thermohaline circulation and the

associated transports of heat and freshwater

M. Ballarotta1, S. Falahat2, L. Brodeau2, and K. Döös2

1Department of Physical Geography and Quaternary Geology, Bolin Centre for Climate Research, Stockholm University,

106 91 Stockholm, Sweden
2Department of Meteorology/Oceanography, Bolin Centre for Climate Research, Stockholm University,

106 91 Stockholm, Sweden

Correspondence to: M. Ballarotta (maxime.ballarotta@natgeo.su.se)

Received: 20 February 2014 – Published in Ocean Sci. Discuss.: 20 March 2014

Revised: 2 October 2014 – Accepted: 17 October 2014 – Published: 19 November 2014

Abstract. The thermohaline circulation (THC) and the

oceanic heat and freshwater transports are essential for un-

derstanding the global climate system. Streamfunctions are

widely used in oceanography to represent the THC and es-

timate the transport of heat and freshwater. In the present

study, the regional and global changes of the THC, the trans-

ports of heat and freshwater and the timescale of the circu-

lation between the Last Glacial Maximum (LGM, ≈ 21 kyr

ago) and the present-day climate are explored using an Ocean

General Circulation Model and streamfunctions projected in

various coordinate systems. We found that the LGM tropical

circulation is about 10 % stronger than under modern con-

ditions due to stronger wind stress. Consequently, the max-

imum tropical transport of heat is about 20 % larger during

the LGM. In the North Atlantic basin, the large sea-ice extent

during the LGM constrains the Gulf Stream to propagate in a

more zonal direction, reducing the transport of heat towards

high latitudes by almost 50 % and reorganising the freshwa-

ter transport. The strength of the Atlantic Meridional Over-

turning Circulation depends strongly on the coordinate sys-

tem. It varies between 9 and 16 Sv during the LGM, and be-

tween 12 to 19 Sv for the present day. Similar to paleo-proxy

reconstructions, a large intrusion of saline Antarctic Bottom

Water takes place into the Northern Hemisphere basins and

squeezes most of the Conveyor Belt circulation into a shal-

lower part of the ocean. These different haline regimes be-

tween the glacial and interglacial period are illustrated by

the streamfunctions in latitude–salinity coordinates and ther-

mohaline coordinates. From these diagnostics, we found that

the LGM Conveyor Belt circulation is driven by an enhanced

salinity contrast between the Atlantic and the Pacific basin.

The LGM abyssal circulation lifts and makes the Conveyor

Belt cell deviate from the abyssal region, resulting in a venti-

lated upper layer above a deep stagnant layer, and an Atlantic

circulation more isolated from the Pacific. An estimate of the

timescale of the circulation reveals a sluggish abyssal circu-

lation during the LGM, and a Conveyor Belt circulation that

is more vigorous due to the combination of a stronger wind

stress and a shortened circulation route.

1 Introduction

The thermohaline circulation (THC) is the large-scale ocean

circulation associated with the transports of heat and salt

(Wunsch, 2002). The THC is known to play an important

role for the climate variability (Knight et al., 2005; Zhang

et al., 2007). In the North Atlantic region, it is characterised

by an overturning circulation, the Atlantic Meridional Over-

turning Circulation (AMOC), which is often used as an in-

dicator for climate change (Letcher, 2009). In the present-

day climate, this AMOC contributes to a large amount of

the heat transport (about 1.3 PetaWatt) from the tropics to

higher latitudes (Ganachaud and Wunsch, 2000). It also plays

an important role in the oceanic uptake of CO2 (Zickfeld et

al., 2008), the ventilation of the deep ocean (Keigwin and

Schlegel, 2002; Bryan et al., 2006) and the reorganisation of

passive and active tracers (e.g. temperature, salinity, green-

house gases, nutrients). Several studies suggest that the in-

tensity of the AMOC may have been different during glacial
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climate and might also change in a near future under in-

creased greenhouse gas forcing (see e.g. Manabe and Stouf-

fer, 1994; Rahmstorf, 2002; Schmittner et al., 2005).

Our understanding of the past THC relies on reconstruc-

tions based on paleo-proxies and climate model experiments.

The reconstructions of the Last Glacial Maximum (LGM,

≈ 21 kyr ago) ocean circulation using paleo-proxy records

suggest that the AMOC was shallower due to a large intru-

sion of the Antarctic Bottom Water (AABW) in the North

Atlantic (Curry, 2005; Marchitto and Broecker, 2006; Evans

and Hall, 2008; Lippold et al., 2012). In various numeri-

cal experiments the AMOC responds differently to the LGM

forcing and most models do not capture the geometry of the

THC derived from the paleo-proxies (Otto-Bliesner et al.,

2007; Weber et al., 2007). It is also important to point out

that the integration of the climate models is often not long

enough to draw firm conclusions on the abyssal THC. There-

fore, most studies of the LGM THC focus on the North At-

lantic, but the Southern Ocean also participates in the forma-

tion of the abyssal water, and the oceanic uptake of heat and

carbon dioxide from the atmosphere (Gruber et al., 2009).

Streamfunctions are widely used to investigate and rep-

resent the ocean circulation. They show the averaged cir-

culation in a two-dimensional framework and capture the

wind-driven and the thermohaline contributions. The lati-

tude–depth coordinates (see e.g. Fig. 2a) characterise the

most common framework to diagnose the THC. In this co-

ordinate system, the THC is represented by two near-surface

tropical cells, an intermediate cell, the AMOC, representa-

tive of the North Atlantic Deep Water (NADW) between

40◦ S and 80◦ N; a Southern Ocean cell between 40 and

60◦ S (known as the Deacon Cell), and a deep-ocean circula-

tion related to the AABW. However, the transport within the

cells can strongly depend on the choice of coordinate sys-

tem, especially when one considers the Southern Ocean cir-

culation. Several studies point out that the Southern Ocean

Cell in latitude–depth coordinates does not represent the ob-

served Southern Ocean overturning circulation, which must

be evaluated in latitude–density coordinates (McDougall,

1987; Döös and Webb, 1994; Hirst et al., 1996; Lee and

Coward, 2003) or streamline coordinates (Treguier et al.,

2008; Viebahn and Eden, 2012). Similarly, a better estimate

of the present-day AMOC is obtained in latitude–density co-

ordinates than in latitude–depth coordinates by Zhang et al.

(2007) and Grist et al. (2012). This reinforces the necessity of

investigating the THC in latitude–density coordinates rather

than in latitude–depth coordinates.

The ocean meridional heat and freshwater transports

are important for understanding the global climate sys-

tem in terms of energy and water budgets (e.g. sea level

change, ocean hydrological cycle). The meridional heat

transport of the different overturning cells can be evalu-

ated using the overturning streamfunction calculated in lat-

itude–temperature coordinates (Ferrari and Ferreira, 2011).

Similarly, the freshwater transport can evaluated from an

overturning streamfunction calculated in latitude–salinity co-

ordinates (see e.g. the Baltic haline conveyor belt in Döös

et al., 2004; Blanke et al., 2006). Recently, Döös et al.

(2012) and Zika et al. (2012) have presented a novel rep-

resentation of the present-day THC by introducing a ther-

mohaline streamfunction, i.e. the volume transport in salin-

ity–temperature coordinates. It also allows estimation of the

transport of heat and freshwater as well as the turnover time

of the Conveyor Belt circulation (Broecker, 1991).

In the present study, we investigate the regional and global

change of the THC between the LGM and the present day

from a numerical experiment. We use a combination of

streamfunctions computed in various coordinate systems to

examine the thermohaline transformation, the transport of

heat and freshwater and the timescale of the circulation be-

tween the glacial and interglacial period. The ocean model is

integrated long enough to investigate the deep ocean circula-

tion. After introducing the experimental design in Sect. 2, the

streamfunctions in geographical coordinates and the thermo-

haline streamfunction are presented and discussed with re-

gard to other climate simulations and proxy-reconstructions.

2 Methods

Streamfunctions were computed from the three-dimensional

temperature, salinity and velocity fields originating from

integrations carried out with the ocean general circulation

model NEMO (Madec, 2008). NEMO is the ocean compo-

nent of several coupled Earth-system models (Hazeleger et

al., 2010; Voldoire et al., 2012; Dufresne et al., 2013) and is

used extensively to perform hindcast (Barnier et al., 2007)

and forecast (Storkey et al., 2010) simulations. It solves the

primitive equations and in our experiments was integrated

with a 1◦× 1◦ grid resolution, namely ORCA1. It had 64

vertical levels with a refined mesh near the surface and adap-

tive bottom boxes (partial-step method) for a better repre-

sentation of the bathymetry (Barnier et al., 2006). Temper-

ature and salinity were linked to the density via the non-

linear equation of state (Jackett and McDougall, 2003). The

sub-grid parameterization of horizontal turbulent processes

was based on the Gent and McWilliams (1990) formula-

tion and hence an eddy-induced velocity was taken into ac-

count in the computation of the streamfunctions. The ocean

model was coupled every 2 model-hours with the multi-

layer thermodynamic-dynamic LIM sea-ice model version 2

(Fichefet and Morales Maqueda, 1997). LIM computes the

thermodynamic growth and decay of the sea-ice, as well as

its dynamics and transport and takes into account the sub-

grid-scale effects of snow and ice thickness.

The two following experiments were designed:

1. A present-day ocean-only hindcast simulation forced by

an ERA40-based atmospheric forcing covering 1958 to

2006 (Brodeau et al., 2010). This experiment is referred

to as “PDE”.
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2. A LGM ocean-only simulation forced by a 49 yr long

atmospheric forcing and an initial state extracted from

a coupled experiment by Brandefelt and Otto-Bliesner

(2009). This experiment, referred to as “LGME”, is also

described by Ballarotta et al. (2013a, b).

A comparison between the ERA-40 and the LGM atmo-

spheric forcing is provided in the Supplement (Fig. S1) as

well as in Ballarotta et al. (2013b). In the tropical band, it is

about 3 ◦C colder and 7 g kg−1 drier in LGME compared to

PDE. The maximum zonal and meridional 10 m wind veloc-

ities are about 1 m s−1 stronger. Due to reduced cloud cover

and lower greenhouse-gas concentrations, the short-wave ra-

diation is about 8 W m2 larger and the long-wave radiation

is about 20 W m2 smaller in LGME than in PDE. The mid-

latitude region receives a larger amount of snow precipitation

in LGME than in PDE, but the zonally averaged total precip-

itation is smaller. The maximum zonal and meridional 10 m

wind velocities are larger and slightly shifted equatorward

in LGME than in PDE. It is about 2 g kg−1 drier in LGME

than PDE. The short-wave radiation is similar whereas the

long-wave radiation is about 20 W m−2 smaller in LGME

than in PDE. In the polar region, it is about 20 ◦C colder

and drier (reduced precipitation) in LGME than in PDE.

The short-wave radiation is about 20 W m−2 larger in LGME

and the long-wave radiation is 50 W m−2 smaller. The zonal

and meridional winds over the ocean surface are stronger in

LGME.

NEMO was run for a period of 1000 years by periodi-

cally repeating the surface atmospheric forcing. Our analysis

is based on the last 50 years of each experiment. The sim-

ulations have a weak drift after 1000 years (see Fig. S2, in

the Supplement). The globally averaged temperature trends

in the upper 1000 m were less than 0.05 ◦C Century−1 in

LGME and less than 0.2 ◦C Century−1 in PDE. The tempera-

ture trends in the deep ocean (below 1000 m) were less than

0.02 ◦C Century−1 in both runs. The globally averaged salin-

ity trends were weak (less than 0.02 PSU Century−1).

3 Results and discussion

In this section, the THCs in LGME and PDE are analysed

using streamfunctions projected in various coordinate frame-

works. The maxima of the overturning cells are summarised

in Table 1.

3.1 Transports in geographical coordinates

3.1.1 Barotropic streamfunction and streamfunction in

latitude–depth coordinates

The barotropic streamfunction gives the vertically averaged

circulation in longitude–latitude coordinates. In this coor-

dinate system, the circulation consists of basin-scale gyres

(Fig. 1). The volume transport is more vigorous in LGME

Figure 1. Barotropic streamfunctions for (a) the LGM simulation

and (b) the PD simulation. The contour interval for the circulation

is 20 Sv. Red contours indicate clockwise circulations and blue con-

tours are for anti-clockwise circulations. The thick black line cor-

responds to the maximum sea-ice extent. Left diagram shows the

time and zonally averaged zonal wind stress (U Wind) and merid-

ional wind stress (V Wind) over the ocean

than in PDE due to the larger wind stress acting on the ocean

surface during the glacial period (see the zonally averaged

zonal and meridional wind stress over the ocean in the right

panels of Fig. 1). In LGME, the maxima of the volume trans-

port in the North Atlantic and the North Pacific subtropical

gyres are 30 and 50 Sv, respectively. They are about 20 Sv

stronger than in PDE. The zonal component of the Gulf

Stream Extension is larger in LGME and the sea-ice extent

is larger and reaches about 40◦ N. The maximum of the vol-

ume transport in the Atlantic and the Indian Ocean tropical

gyres are rather similar (10 Sv) for the two experiments. In

the Pacific basin, the circulations related to the tropical gyres

are about 20 Sv stronger in LGME than in PDE. The vol-

ume transport associated with the Agulhas leakage from the

Indian Ocean to the South Atlantic basin seems to be less

important in LGME, suggesting that the exchange of water

properties from the Indian Ocean to South Atlantic basins is

weaker in LGME than in PDE. However, the mechanism of

the Agulhas leakage is poorly resolved in coarse-resolution

ocean models, and the realistic transport between the In-

dian and the South Atlantic basins might not be well repre-

sented. In the Southern Ocean, the volume transport is large

due to the strong winds. In each experiment, the strength of

the Antarctic Circumpolar Current (ACC) transport is about

130 Sv.

The THC is commonly investigated in the latitude–depth

coordinates. In this coordinate system (see Fig. 2), the THC

is represented by: (1) two near-surface inter-tropical cells;
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Table 1. Maximum volume transport in the LGME and PDE simulations in the tropical cells, the AMOC cell, the Deacon Cell, the deep cell

representative of the AABW (in the Atlantic basin and the global ocean) and the Conveyor Belt cell for the different coordinates frameworks.

9(y,z)max 9(y,γ )max 9(y,θ)max 9(y,S)max 9(S,θ)max

LGME PDE LGME PDE LGME PDE LGME PDE LGME PDE

Tropical cell ≈ 35 Sv ≈ 35 Sv ≈ 30 Sv ≈ 27 Sv ≈ 30 Sv ≈ 26 Sv ≈ 20 Sv ≈ 20 Sv 24 Sv 21 Sv

AMOC 13 Sv 13 Sv 9 Sv 13 Sv 16 Sv 19 Sv 10 Sv 12 Sv

Deacon cell/Residual cell 28 Sv 24 Sv 13 Sv 13 Sv 4 Sv 8 Sv 29 Sv 30 Sv

Deep cell 19 Sv 8 Sv 12 Sv 16 Sv 41 Sv 44 Sv 10 Sv 18 Sv

Deep cell (in Atlantic basin) 2 Sv 2 Sv 2 Sv 2 Sv 2 Sv 4 Sv 17 Sv 6 Sv

Conveyor Belt cell 20 Sv 23 Sv

Figure 2. LGM and PD meridional overturning circulation in lati-

tude–depth coordinates superimposed on the temporally and zon-

ally averaged salinity in the Global Ocean (a, b), the Atlantic

basin (c, b) and the Indo-Pacific basin (e, f). In the lower panels (g)

and (h), the global circulation is superimposed on the temporally

and zonally averaged temperature in the Global Ocean. The contour

interval for the circulation is 4 Sv. Thick lines correspond to clock-

wise circulations whereas dashed lines are for counter-clockwise

motions. Upper diagrams show the temporally and zonally averaged

meridional wind stress over the ocean.

(2) an intermediate cell representative of the NADW between

40◦ S and 80◦ N; (3) a Southern Ocean cell between 40 and

60◦ S, known as the Deacon Cell and (4) a deep-ocean circu-

lation related to the AABW.

The tropical cells in LGME and PDE are rather similar in

extent and intensity (Fig. 2e, f). They recirculate the warmest

waters in the upper 500 m of the ocean. In PDE, they also

reorganise the most saline water of the Indo-Pacific basin.

In LGME, the water of highest salinity is found in the deep

ocean. The cell associated with the NADW is shallower in

LGME than in PDE (near 1500 m in LGME as shown in

Fig. 2c, near 2500 m in PDE as shown in Fig. 2d). The max-

imum of the AMOC is about 13 Sv at 30◦N in each experi-

ment (Table 1). It is located at a depth near 500 m in LGME

and near 800 m PDE. The Deacon Cell is found in a re-

gion with important tilting of the isotherms and isohalines as

shown in Fig. 2a and b. The maximum transport within the

Deacon Cell is 28 Sv in LGME and 24 Sv in PDE (Table 1).

The 4 Sv difference is due to the larger wind stress over the

Southern Ocean surface in LGME. Compared to PDE, the

structure of the Southern Ocean zonally averaged tempera-

ture and salinity in LGME is shifted equatorward due to the

larger sea-ice extent, and a larger volume of cold and saline

water, originating from the Southern Ocean surface, fills the

deep ocean. The zonally averaged isotherms and isohalines

in LGME are hence slightly shifted equatorward and most

of them are concentrated in a thinner surface layer than in

PDE. The Deacon Cell is thus located between 58 and 40◦ S

in LGME and penetrates to a depth of about 1000 m whereas

it is found between 65 and 38◦ S and reaches about 4000 m

in PDE. The AABW in PDE is homogeneous both in temper-

ature and salinity (Fig. 2b and h). It is cold (−2 to 2 ◦C) and

relatively fresh (34.5 to 35 PSU). The associated circulation

exports the coldest Southern Ocean surface water down to a

depth of 2000 m. The AABW in LGME is relatively homo-

geneous in temperature and the salinity ranges from 35.5 to

37 PSU (Fig. 2a and g). The maximum overturning in the

AABW is stronger in LGME (19 Sv) than in PDE (8 Sv).

The larger sea-ice extent between 58 and 80◦ S contributes

to maintain the formation of dense AABW in LGME. A deep

clockwise circulation, between 40◦ S and the equator, located

at a depth of 4000 m, is present in the Indo-Pacific basin

and may be the result of a slight meridional density gradi-

ent, which is able to sustain a clockwise circulation.

The maximum transport of the AMOC in the Paleoclimate

Modelling Intercomparison Project Phase 2 models ranged

Ocean Sci., 10, 907–921, 2014 www.ocean-sci.net/10/907/2014/
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between 9 and 12 Sv, while in the AABW it ranged between

5 and 10 Sv. The reduced overturning at high latitudes and the

boundary between the NADW and the AABW near 1500 m

as simulated in LGME agree to a certain extent with the

structure simulated by the CCSM3 and Hadl2 simulations

(Otto-Bliesner et al., 2007), and particularly to the quasi-

equilibrated state simulated by Brandefelt and Otto-Bliesner

(2009). These similarities might be a consequence of the at-

mospheric and oceanic glacial states extracted from the Bran-

defelt and Otto-Bliesner (2009) simulation and used to force

LGME. However, the abyssal transport in LGME is weak in

the North Atlantic and North Pacific compared to the val-

ues given by Brandefelt and Otto-Bliesner (2009). This fea-

ture might be due to the formation of dense waters in the

Southern Ocean that fill the North Atlantic and North Pacific

basins, and the difference of bathymetry which prevents the

redistribution of the waters between the northern and south-

ern basins through some narrow passages. As a result, ho-

mogeneous dense waters are found in the Northern Hemi-

sphere deep basins, which prevent density gradients from

maintaining the deep overturning. The sea-ice plays an im-

portant role in the water mass formation (Shin et al., 2003;

Otto-Bliesner et al., 2007; Zhang et al., 2013). Its impact on

the thermohaline regime is identified, for instance, as a fac-

tor favouring the densification of the Southern Ocean water

in the CCSM3 model (Otto-Bliesner et al., 2007; Brande-

felt and Otto-Bliesner, 2009). Similarly, the large sea-ice ex-

tent in LGME can maintain an expanded and dense AABW

coexisting with a shallow NADW. An intensified AABW

is also found in the models of Butzin et al. (2005) and

Hesse et al. (2011), which include an enhanced northward

sea-ice export in the Southern Ocean. This leads to the best

agreement for capturing the general 13C distribution (i.e. wa-

ter masses geometry) derived from sediment analysis.

Paleo-proxy reconstructions agree on a shallower NADW

and a larger intrusion of the AABW in the North Atlantic dur-

ing the LGM (Curry, 2005; Marchitto and Broecker, 2006;

Evans and Hall, 2008; Lippold et al., 2012). It has been sug-

gested that the interface between the NADW and the AABW

was substantially shallower during the LGM than today. This

transition depth between the NADW and the AABW was

estimated by Tagliabue et al. (2009) to be around 1750 m,

which is very close to the value found in LGME (near

1500 m). However, their estimate of the maximum AMOC

transport (5 Sv) is weaker than in LGME (Table 1). Paleo-

proxy reconstructions based on 231Pa / 230Th ratios suggest

that the deep circulation during the LGM was stronger or

comparable in strength with present-day transports (Yu et al.,

1996; Lynch-Stieglitz et al., 2007; Gherardi et al., 2009; Lip-

pold et al., 2012). Other reconstructions based on oxygen-

isotope ratios of benthic foraminifera and δ13C data suggest

that the water renewal in the deep ocean was much slower

than today (Lynch-Stieglitz et al., 1999; Hesse et al., 2011).

Tagliabue et al. (2009) show the transport associated with

the AABW in the Atlantic basin is around 4 Sv whereas

it is close to 2 Sv in LGME (see Table 1). There is also

evidence that the deep ocean is homogeneous in temperature

during the LGM – near the freezing point in Adkins and

Schrag (2001) and between 2 and 4 ◦C colder than today in

Martin et al. (2002). Reconstructions of the abyssal salinity

also suggest that the deep ocean was filled with the salti-

est water and that the salinity gradient was the main driver

of the LGM abyssal circulation (Adkins et al., 2002). The

CCSM3 and Hadl2 models (initialised with glacial state)

simulate the high salinity in the deep ocean as proposed by

Adkins et al. (2002). LGME also captures the signature of a

cold and extremely saline deep ocean. This might be the con-

sequence of a glacial initial state and the large sea-ice extent

which contributes to enhance the formation of saline AABW.

3.1.2 Streamfunction in latitude–tracer coordinates and

meridional transports of heat and freshwater

Most cells identified in latitude–depth coordinates are recov-

ered in the latitude–density, the latitude–temperature and the

latitude–salinity coordinates. The tropical cells in LGME and

PDE are of similar extent (Figs. 3–5). They are mainly asso-

ciated with the Indo-Pacific circulation. Due to the cold at-

mospheric condition in LGME, the tropical cells are slightly

shifted towards colder temperatures than in PDE (Fig. 4e

and f). The maximum transport within the cells is about 10 %

larger in LGME than in PDE when one considers the lati-

tude–temperature and latitude–density coordinates (Table 1).

As a result, the maximum poleward heat transports near

18◦ N and 18◦ S are about 20 % larger in LGME (1.5 PW at

18◦ S and 1 PW at 18◦ N in Fig. 4e) than in PDE (Fig. 4f). In

each experiment, the freshwater transport associated with the

tropical circulation is dominantly directed southwards and

the maximum transports are about 0.5 Sv at 10◦ S and be-

tween 0.2 and 0.4 Sv at 34◦ N.

Important changes in the volume, heat and freshwater

transports take place in the Atlantic Ocean and the South-

ern Ocean. The maximum of the AMOC varies between the

coordinate systems. It is larger in PDE than in LGME (see

Table 1). The AMOC cell transports mid-latitude warm and

saline waters towards higher latitudes, where they become

denser (colder) as shown in Fig. 3c and d (Fig. 4c and d).

Near 60◦ N, the waters are transported southward with a near-

isopycnal (isothermal and isohaline) transformation and they

exit the Atlantic basin near 40◦ S. Between the equator and

40◦ N, the transport of heat in the Atlantic basin was about

30 % higher during LGME than in PDE, because the NADW

volume transport was stronger during LGME and the AABW

transport was weaker. Between 40 and 90◦ N, the meridional

heat transport in LGME is more than 50 % smaller due to

the large sea-ice extent and the Gulf Stream Extension that

is constrained into a more zonal propagation between 40 and

45◦ N. Contrary to density and temperature, salinity is not

monotonic in the vertical. As result, the overturning cells in

latitude–salinity coordinates will not always correspond to a

www.ocean-sci.net/10/907/2014/ Ocean Sci., 10, 907–921, 2014
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Figure 3. LGM and PD meridional overturning circulation in lat-

itude–neutral density coordinates for (a, b) the Global Ocean, (c,

d) the Atlantic basin and (e, f) the Indo-Pacific basin. The con-

tour interval for the circulation is 4 Sv. The blue cells correspond

to clockwise circulations whereas the red cells are for counter-

clockwise motions.

vertical displacement of a water parcel. However, it becomes

useful to study the circulation in latitude–salinity coordinates

in the regions where the salinity plays a more important role

than the temperature (e.g. polar region) or during a period

such as the LGM, when the saline stratification was differ-

ent than today. In latitude–salinity coordinates, the main dif-

ferences between LGME and PDE are in the Atlantic basin

(Fig. 5c and d). In LGME, a large intrusion of saline wa-

ter originating from the Southern Ocean is found between

40◦ S and 20◦ N. This intrusion squeezes and isolates the

North Atlantic circulation from the southern part of the At-

lantic basin (Fig. 5c). Consequently, the freshwater transport

in LGME is affected by this change. The freshwater trans-

port is directed northwards between 47◦ N and the pole, and

southwards between 20 and 47◦ N. This corresponds to the

transfers of the mid-latitude freshwater (see Fig. S5 in the

Supplement) by the North Atlantic and sub-polar gyres. Be-

tween 37◦ S and 20◦ N, the freshwater transport in LGME is

directed northwards, associated with waters originating from

the South Pole. In PDE, between 20 and 90◦ N, it is directed

southwards, representing the transfer of freshwater from the

pole to the mid-latitudes.

Compared to the averaging in latitude–depth coordinates,

the circulation associated with the Deacon Cell is reduced by

about 40 % in latitude–density (Fig. 3a and b) and by more

than 60 % in latitude–temperature coordinates (Fig. 4a and

b). In latitude–salinity coordinates, the maximum overturn-

ing is similar as in latitude–depth coordinates (Fig. 5a and

b). The abyssal waters are denser in the LGME than in PDE

(Fig. 3a) because of the larger salinities at depth. In PDE,

Figure 4. LGM and PD meridional overturning circulation in lati-

tude–temperature coordinates for (a, b) the Global Ocean, (c, d) the

Atlantic basin, and (e, f) the Indo-Pacific basin. The contour inter-

val for the circulation is 4 Sv. The blue cells correspond to clock-

wise circulations whereas the red cells are for counter-clockwise

motions. For each basin, the oceanic meridional heat transport in

PW is represented.

the abyssal overturning is nearly along the 28.1 kg m−3 neu-

tral density surface because the abyssal ocean is homoge-

neous in density. The overturning associated with the AABW

consists of a near-isothermal transport of the coldest waters

in latitude–temperature coordinates. The abyssal circulation

in the Atlantic Ocean in LGME is extremely weak in lati-

tude–temperature coordinates due to the weak thermal strat-

ification below 1000 m. In latitude–temperature coordinates,

a closed circulation centred near 50◦ S in LGME and 60◦ S in

PDE is associated with the surface overturning (Fig. 4a and

b). In this region, the transports of heat in LGME and PDE

are similar (about 0.5 PW) and directed towards Antarctica.

The deep overturning in LGME is also characterised by a cir-

culation of saline waters ranging from 36 to 37 PSU, which

maintains a maximum overturning of 6 Sv near 60◦ S. Asso-

ciated with this overturning about 0.3 Sv of freshwater are

transported towards Antarctica.
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Figure 5. LGM and PD meridional overturning circulation in lati-

tude–salinity coordinates for (a, b) the Global Ocean, (c, d) the At-

lantic basin, and (e, f) the Indo-Pacific basin. The contour interval

for the circulation is 4 Sv. The blue cells correspond to clockwise

circulations whereas the red cells are for counter-clockwise mo-

tions. For each basin, the oceanic meridional freshwater transport

in Sv is represented.

3.2 Transports in thermohaline coordinates

This section presents the THC in thermohaline coordinates,

the volumetric distribution in the θ–S diagram and an esti-

mate of the timescale of the circulation.

3.2.1 Thermohaline streamfunction and transport of

heat/freshwater in temperature and

salinity coordinates

The ocean circulation in thermohaline coordinates consists of

three main cells (Fig. 6a, b): (i) a tropical cell, which reflects

the water mass transformation in the upper near-equatorial

Pacific; (ii) a Conveyor Belt cell, which is the dominant cir-

culation in the diagram and captures the inter-ocean transport

of heat and salt; and (iii) a low-temperature cell which corre-

sponds to the AABW.

The tropical cell in PDE is centred at 35 PSU and 27 ◦C

and has a maximum transport of 21 Sv. It corresponds to the

shallow wind-driven transport (equatorial undercurrent in the

central Pacific). It converts the 33.5 to 35 PSU water-masses

into more saline (35 to 37 PSU) water-masses (or the 21

to 27 ◦C water-masses into warmer 27 to 30 ◦C water-

masses). The tropical cell in LGME is shifted towards colder

isotherms and fresher isohalines due to the cold conditions

and reduced evaporation at the surface. It is hence centred at

34.5 PSU and 24 ◦C and has a maximum transport of 24 Sv.

It converts the 31 to 34.5 PSU water-masses into more saline

(34.5 to 35.5 PSU) water-masses (or the 16 to 24 ◦C water-

masses into warmer, 24 to 28 ◦C, water-masses). The wa-

ter cycle in the tropics can be described as follow (see the

schematic Fig. 7): (a) the conversion is almost isothermal to-

ward lower salinities near 27 ◦C corresponding to the fresh-

ening of the surface waters at the surface of the western Pa-

cific pool, where the net precipitation and the surface heat

flux is weak; (b) the surface waters flow polewards and be-

comes cooler and more saline; (c) a transformation where

the net evaporation and the heat flux are strong in the eastern

equatorial Pacific. This latter transformation is nearly isoha-

line along the 34.6 PSU isohaline in LGME. The maximum

heat transport carried by the tropical cell is 0.5 PW in LGME.

In PDE, the maximum transport of heat is half as strong dur-

ing LGME. The maximum freshwater transports are rather

similar between PDE and LGME. The tropical cell transports

about 1 Sv near the 25 ◦C isotherm in LGME and near the

28 ◦C in PDE.

The large-scale transport in the Conveyor Belt cell (e.g. the

transport between the −2 and −6 Sv streamlines in Fig. 6) is

similar to the Broecker (1991) loop and can be described as

follows (see the water cycle illustrated in the schematic of

Fig. 7):

1. the Indo-Pacific surface-waters (16 ◦C≤ θ ≤ 22 ◦C and

34.5 PSU≤ S ≤ 35 PSU) become colder approaching

Cape Agulhas and enter the South Atlantic basin

(S≈ 35 PSU); these waters flow northward and increase

their salinity and temperature;

2. the waters cool near 36.5–37 PSU, become fresher (be-

tween σ0= 28 kg m−3 and σ0= 29 kg m−3 in LGME,

and between σ0= 27 kg m−3 and σ0= 28 kg m−3 in

PDE);

3. they sink to the deep ocean;

4. finally they upwell in the North Pacific basin as cold and

fresh waters.

Smaller-scale transformations exist in the Indo-Pacific and

Southern Oceans. For instance, the maximum volume trans-

port in LGME takes place near the 34.1 PSU isohaline and is

about 20.2 Sv. In PDE, the volume transport has a maximum

near the 34.7 PSU isohaline with a magnitude of 23.6 Sv.

These circulations are associated with the intense transports

in the ACC and the formation of the Antarctic Intermediate

Water. The shape of the Conveyor Belt cell differs between

the two experiments. In LGME, the Conveyor Belt Cell oc-

cupies more isohaline layers than in PDE since the Atlantic
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Figure 6. Thermohaline streamfunction computed for (a) the LGM simulation and (b) the PD simulation. The contour interval for the

circulation is 4 Sv. The blue cells correspond to clockwise circulations whereas the red cells are for counter-clockwise motions. The upper

diagram correspond to the oceanic heat transport within each isohaline is plotted. The left diagram shows the freshwater transport within

each isotherm. The black dots represent the deep ocean temperature and salinity from Adkins et al. (2002): 1: Bermuda Rise, 2: Feni Drift,

3: Chatham Rise, 4: Shona Rise.

Figure 7. Schematic illustration of the water cycle in the various

thermohaline cells.

thermohaline regime is changed. A near-isothermal transfor-

mation (near 22 ◦C) appears in the Atlantic basin. It corre-

sponds to the inter-tropical surface circulation driven by the

strong salinity contrast between the North and South Atlantic

basins in LGME (see Fig. 2c). This is not observed in PDE

which is mainly driven by a difference in temperature rather

than the difference in salinity (Fig. 6b). These reorganisa-

tions modify the transports of heat and freshwater. In PDE,

a maximum freshwater transport of 1 Sv is found between

the 14 and 16 ◦C isotherms and the maximum heat transport

(about 1 PW) is between the 34 and 35.5 PSU isohalines (as-

sociated with the Indo-Pacific and Atlantic basins heat trans-

ports). In LGME, the Conveyor Belt Cell carries a maximum

of 1.2 Sv of freshwater along the 4 ◦C isotherm and the heat

transport is more spread between the 35 and 37 PSU isoha-

lines.

The AABW cell is particularly strong in LGME due to

the greater saline stratification in the abyss (Fig. 6a). It also

captures the LGM hydrography derived by Adkins et al.

(2002). In PDE, this cell is small (centred at 34.7 PSU and

1 ◦C) because the modern deep ocean is relatively homo-

geneous in temperature and salinity (Fig. 6b). Hence, the

low-temperature cell in PDE does not participate signifi-

cantly in the global transport of heat and freshwater. On the

contrary, the freshwater transport associated with the low-

temperature cell in LGME reaches a maximum of about

0.4 Sv along the −2 ◦C isotherm.

3.2.2 Volumetric distribution in the T –S diagram

The different thermohaline regimes between LGME and PDE

can be illustrated by the sea-water volume density in the

temperature-salinity diagram (Fig. 8). In LGME, the max-

imum volume density of sea-water is found for relatively

cold and saline waters. The temperatures are between−2 and

0 ◦C, and the salinities vary between 36.5 and 37.5 PSU. For

the intermediate waters (i.e. between 2 and 16 ◦C), the vol-

ume density of sea-water greater than 1014 m3 ◦C−1 PSU−1

is found in two “branches”: the waters with salinity be-

tween 36 and 37 PSU associated with the Atlantic waters,

and the relatively fresher waters between 34 and 36 PSU,

corresponding to the Indo-Pacific waters (see Fig. S4 in the

Supplement and Fig. 5 for the distinction between the At-

lantic and Pacific “branches”). These two branches are not

as distinct in PDE, suggesting that the Atlantic and the Indo-

Pacific basins have a tighter thermohaline structure under the

present-day conditions than for the LGM period. The distinct

signature of the Atlantic and Pacific waters in LGME might

be a consequence of the reduced connection at the Agulhas

leakage between the Indian and Atlantic basin as shown with

the barotropic streamfunction (Fig. 1a). Contrary to PDE, the

Conveyor Belt cell in LGME is also less connected to the

deep ocean. This is due to a larger abyssal circulation which

tends to lift and deviate the Conveyor Belt cell from the area

of maximum volumetric density.
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Figure 8. Sea-water volume density distribution projected in the

temperature–salinity diagram for (a) the LGM simulation and

(b) the PD simulation. The LGM and PD thermohaline streamfunc-

tions are superimposed. The contour interval for the volume den-

sity is 106 m−3 (◦C PSU)−1. The volume density at S= 30 PSU and

S= 38 PSU includes volume density of water with S ≤ 30 PSU and

S ≥ 38 PSU, respectively.

3.2.3 Turnover times

For each simulation, the shortest turnover times (see Ap-

pendix A3.2) are found in the tropical cell (Fig. 9). The

length of time spent in the cells can differ widely between

two successive layers because of the different lengths of the

circuits in the layers. In PDE, the turnover times in the Con-

veyor Belt cell vary between 50 years (where the water con-

version is at a minimum) and more than 2500 years (for the

global-scale transports). In LGME, the times in the Conveyor

Belt cell are shorter (between 50 and 800 years). In the cell

representative of the AABW, the times are between 50 and

1000 years in LGME, representing the rapid sinking of the

water near the surface and the large-scale slow motion in the

abyss. The large volume of AABW explains the reduced ven-

tilation of the deep ocean and the associated large turnover

time. These larger residence times for the AABW are consis-

tent with the times derived from paleo-proxy reconstructions

based on radiocarbon and oxygen isotopic ratio (Keigwin,

2004; Lund et al., 2011). In PDE, the turnover time for the

circulation in the AABW is around 50 years, corresponding

to the rapid sinking of the surface circulation near Antarctica.

The rest of the AABW circulation is weak in this diagram

and therefore not captured by the thermohaline streamfunc-

tion.

4 Conclusions

The morphology of the thermohaline circulation during the

LGM and the present day is herein presented from numerical

experiments and streamfunctions projected in various coor-

dinate systems. We found that important changes between

the LGM and the present-day THC take place in the Atlantic

basin, the Southern Ocean and in the abyss which are consis-

tent with paleo-proxy reconstructions. In comparison to the

Figure 9. Turnover times (in years) in each stream layer of the ther-

mohaline streamfunction computed for the (a) LGM simulation and

(b) the PD simulation.

present day, the mean thermocline depth is shallower during

the LGM. Below this thermocline, the ocean is filled with

the most saline waters originating from the Southern Ocean.

Near the surface, the volume transports are about 10 % larger

in the tropical cells due to the larger surface wind stress. Con-

sequently, the maximum transport of heat in the tropics is be-

tween 15 to 25 % larger during the LGM. The Gulf Stream

has a more zonal propagation, reducing the heat transport at

high latitudes by almost 50 %. The AMOC is shallower but

its strength is similar to the present day. The circulation in

the AABW cell is more vigorous in the Southern Ocean and

occupies more volume than under present-day conditions. In

the North Pacific and North Atlantic basins, the deep circu-

lation is almost sluggish due to the weak meridional density

gradients.

The circulations in latitude–salinity and thermohaline co-

ordinates illustrate the different haline regimes between the

glacial and the interglacial periods. They also highlight the

Atlantic and Southern oceans as regions of important rear-

rangement. The thermohaline structure in LGME is repre-

sented by an abyssal circulation which lifts and makes the

Conveyor Belt cell deviate from the area of maximum volu-

metric density. The LGM THC is thus represented by a venti-

lated upper layer above a deep stagnant layer as shown by the

turnover times in the different thermohaline cells. The shorter

travel time in the LGM Conveyor Belt can be explained by a

combination of the vigorous surface circulation for the LGM,

the shorter route of the near-surface circulation and a cir-

culation associated with the AABW that squeezes most of

the Conveyor Belt cell in a shallower part of the ocean. The

turnover time of the glacial abyssal circulation is large, sug-

gesting a nearly sluggish circulation.

The present study shows that the maximum transport of

volume, heat and freshwater by the main ocean overturn-

ing cells depend strongly on the choice of coordinate sys-

tem. For instance, the maximum of the AMOC varies be-

tween 9 and 16 Sv during the LGM, and between 12 to 19 Sv

for the present day. The new thermohaline streamfunction

is a powerful tool of analysis to investigate and summarise

the thermohaline structure between different model integra-

tions. It also allows us to estimate the timescales (turnover
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times) of the ocean water cycles. The changes in the ocean

thermohaline regime between the LGM and the present day

raise some interesting questions about the ocean’s role for

controlling the atmospheric CO2 between glacial and inter-

glacial period. In a climate change context, one might also

ask whether the representation of the THC in multiple coor-

dinate systems, as considered here, might more clearly reveal

important changes under future climate scenarios with in-

creased greenhouse gas forcing? Would the pace of the THC

increase or decrease? What would then be the impact on the

oceanic transport of heat and freshwater as well as on the

carbon cycle?
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Appendix A: Mathematical formulation

of the streamfunctions

A1 Transport in geographical coordinates

A1.1 Barotropic streamfunction

The barotropic streamfunction is the vertically integrated

volume transport in Sv (≡ 106 m3 s−1) at a given location

(Eq. A1). It yields the averaged circulation in the horizon-

tal plane:

9(x,y)=
1

t1− t0

t1∫
t0

y∫
yS

η∫
−H

(U(x,y,z′, t) (A1)

+Ueddy(x,y,z
′, t))dz′dydt.

Here x, y, z′ are the zonal, meridional and vertical coordi-

nates, t is the time, t1− t0 the time interval for the averaging,

yS the southern boundary (Antarctica), H the depth of the

water column, η the sea surface elevation, U and Ueddy the

zonal velocity and the eddy-induced velocity.

The barotropic streamfunctions in LGME and PDE are

shown in Fig. 1.

A2 Meridional overturning circulation in

latitude–depth coordinates

The streamfunction in latitude–depth coordinates is, at a

given latitude, the volume transports in Sv (≡ 106 m3 s−1) in

the water column (Eq. A2):

9(y,z)=
1

t1− t0

t1∫
t0

xW∫
xE

z∫
−H

(V (x,y,z′, t) (A2)

+Veddy(x,y,z
′, t))dz′dxdt.

Here x, y, z′ are the zonal, meridional and vertical coordi-

nates, t is the time, t1− t0 the time interval for the averaging,

z the depth, xE and xW the eastern and western boundaries,

H the depth of the water column, V and Veddy the meridional

velocity and the eddy-induced velocity.

The MOC in latitude–depth coordinates in LGME and

PDE are shown in Fig. 2 for the Global Ocean, the Atlantic

Ocean and the Indo-Pacific basin.

A2.1 Meridional overturning circulation in

latitude–density coordinates

The streamfunction in latitude–density coordinates is, at a

given latitude, the volume transport in Sv (≡ 106 m3 s−1)

within an isopycnal (Eq. A3):

9(y,γ )=
1

t1− t0

t1∫
t0

xW∫
xE

z(x,y,γ,t)∫
−H

(V (x,y,z′, t) (A3)

+Veddy(x,y,z
′, t))dz′dxdt.

Here x, y, z′ are the zonal, meridional and vertical coor-

dinates, t is the time, t1− t0 the time interval for the av-

eraging, γ the neutral density, z(x,y,γ, t) the depth of the

neutral density surface γ , xE and xW the eastern and west-

ern boundaries, V and Veddy the meridional velocity and the

eddy-induced velocity contribution.

The Meridional overturning circulation (MOC) in lati-

tude–density coordinates in LGME and PDE are shown in

Fig. 3 for the Global Ocean, the Atlantic Ocean and the Indo-

Pacific basin.

A2.2 Meridional overturning circulation in

latitude–temperature coordinates and

the transport of heat

The streamfunction in latitude–temperature coordinates is, at

a given latitude, the volume transport in Sv (≡ 106 m3 s−1)

within an isotherm (Eq. A4):

9(y,θ)=
1

t1− t0

t1∫
t0

xW∫
xE

z(x,y,θ,t)∫
−H

(V (x,y,z′, t) (A4)

+Veddy(x,y,z
′, t))dz′dxdt.

Here x, y, z′ are the zonal, meridional and vertical coordi-

nates, t is the time, t1− t0 the time interval for the averaging,

θ the temperature, z(x,y,θ, t) the depth of the isothermal

surface θ , xE and xW the eastern and western boundaries, V

and Veddy the meridional velocity and the eddy-induced ve-

locity.

The integral of the transports along each isotherm at a

given latitude is an estimate of the advective meridional heat

transport in PetaWatt (PW)= 1015W (Eq. A5). A positive

heat transport is a transport towards the North Pole, a neg-

ative transport is towards the south pole:

H(y)=
θmax∫
θmin

ρCp9(y,θ)dθ. (A5)

Here y is the latitude, θ the temperature, θmax and

θmin the maximum and minimum temperatures considered,

ρ= 1035 kg m−3 the average density of seawater and Cp
≈ 4000 J (kg ◦C)−1 the specific heat for seawater.

The MOC in latitude–temperature coordinates in LGME

and PDE are shown in Fig. 4 for the Global Ocean, the At-

lantic Ocean and the Indo-Pacific basin.
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A2.3 Meridional overturning circulation in

latitude–salinity coordinates and the

transport of freshwater

The streamfunction in latitude–salinity coordinates is, at a

given latitude, the volume transport in Sv (≡ 106 m3 s−1)

within isohalines (Eq. A6):

9(y,S)=
1

t1− t0

t1∫
t0

xW∫
xE

z(x,y,S,t)∫
−H

(V (x,y,z′, t) (A6)

+Veddy(x,y,z
′, t))dz′dxdt.

Here x, y, z′ are the zonal, meridional and vertical coordi-

nates, t is the time, t1− t0 the time interval for the averag-

ing, S the salinity, z(x,y,S, t) the depth of the isohaline sur-

face S, xE and xW the eastern and western boundaries, V and

Veddy the meridional velocity and the eddy-induced velocity.

The integral of the transports along each isohaline at a

given latitude is an estimation of the meridional freshwater

transport in Sv (Eq. A7). The positive and negative freshwa-

ter transport is a transport towards the north pole and towards

the South Pole, respectively:

F(y)=
Smax∫
Smin

9(y,S)

Sr

dS. (A7)

Here y is the latitude, S the salinity, Smax and Smin the maxi-

mum and minimum salinities considered, and Sr = 35 PSU is

a constant reference salinity.

The MOC in latitude–salinity coordinates and the associ-

ated transports of freshwater in LGME and PDE are shown in

Fig. 5.

A3 Transport in thermohaline coordinates

A3.1 Thermohaline streamfunction and transport

of heat/freshwater in temperature and

salinity coordinates

The thermohaline streamfunction (Eq. A8) is the volume

transport in Sv (≡ 106 m3 s−1) brought about by the temper-

ature and the salinity differences between the World Ocean

basins (Döös et al., 2012; Zika et al., 2012). This represen-

tation has the advantage of taking into account the three-

dimensional aspect of the ocean circulation. It also captures

the transports and the parameters of state (temperature and

salinity) of the ocean water parcels. The representation has

however the disadvantage of removing the geographical co-

ordinates. It is defined as follows:

9(S,θ)=
1

t1− t0

t1∫
t0

∫
Ath (S,θ)

(V +V eddy)dAdt. (A8)

Here t1−t0 is the time interval for the averaging, Ath (S,θ ) is

the part of the isothermal surface θ where the salinity is less

than S, V and V eddy are the three-dimensional Eulerian and

eddy-induced velocity vectors, and dA is the element surface

on Ath (S,θ ) pointing towards increasing temperature.

Using this representation allows us to evaluate the trans-

port of heat in PW within a specific isohaline range (Eq. A9)

as well as the transport of freshwater in Sv within specific

isotherm (Eq. A10). These diagnostics can be applied for un-

derstanding the oceanic reorganisations under different cli-

mate conditions and for comparing or validating different

model integrations. A positive heat transport is a transport

towards increasing salinity and vice versa for negative trans-

port values. Similarly, a positive freshwater transport is a

transport from cold to warm waters:

H(S)=−ρCp

θmax∫
θmin

9(S,θ)dθ. (A9)

Here S is the salinity, θ the temperature, ρ= 1035 kg m−3

the average density of seawater and Cp = 4000 J (kg ◦C)−1

the specific heat for seawater, θmin and θmax the minimum

and maximum temperature considered:

F(θ)=−
Smax∫
Smin

(9(S,θ))

Sr

dS. (A10)

Here θ is the temperature, S is the salinity, and Sr = 35 PSU

is a constant reference salinity, Smin and Smax the minimum

and maximum salinity considered.

The thermohaline streamfunction and the associated heat

and freshwater transports in LGME and PDE are shown in

Fig. 6. We assume that the tracers are in a steady state, i.e.

the drifts are small.

A3.2 Turnover time

The thermohaline streamfunction and the volumetric distri-

bution in the temperature-salinity diagram makes possible an

estimate of the turnover time τ (Eq. A11) in each stream

layer (Döös et al., 2012). In a steady-state climate, it is the

ratio of the volume of sea-water (in m3) between two succes-

sive streamlines V (19) to the corresponding volume trans-

port V (in Sv ≡ 106 m3 s−1) between the streamlines:

τ(19)=
V (19)

19
. (A11)

The turnover times for LGME and PDE are shown in Fig. 9.
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