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Abstract

The change of the thermohaline circulation (THC) between the Last Glacial Maximum
(LGM, ≈ 21 kyr ago) and the present day climate are explored using an Ocean General
Circulation Model and stream functions projected in various coordinates. Compared
to the present day period, the LGM circulation is reorganised in the Atlantic Ocean,5

in the Southern Ocean and particularly in the abyssal ocean, mainly due to the dif-
ferent haline stratification. Due to stronger wind stress, the LGM tropical circulation
is more vigorous than under modern conditions. Consequently, the maximum tropi-
cal transport of heat is slightly 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 more10

zonal direction, reducing the transport of heat towards high latitudes and reorganising
the freshwater transport. The LGM circulation is represented as a large intrusion of
saline Antarctic Bottom Water into the Northern Hemisphere basins. As a result, the
North Atlantic Deep Water is shallower in the LGM simulation. The stream functions
in latitude-salinity coordinates and thermohaline coordinates point out the different ha-15

line regimes between the glacial and interglacial period, as well as a LGM Conveyor
Belt circulation largely driven by enhanced salinity contrast between the Atlantic and
the Pacific basin. The thermohaline structure in the LGM simulation is the result of
an abyssal circulation that lifts and deviates the Conveyor Belt cell from the area of
maximum volumetric distribution, resulting in a ventilated upper layer above a deep20

stagnant layer, and an Atlantic circulation more isolated from the Pacific. An estimation
of the turnover times reveal a deep circulation almost sluggish during the LGM, and
a Conveyor Belt cell more vigorous due to the combination of stronger wind stress and
shortened circulation route.
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1 Introduction

The thermohaline circulation (THC) is the large time- and spatial-scales ocean cir-
culation associated with the transports of heat and salt, and is known to control the
climate variability (Knight et al., 2005; Zhang et al., 2007). In the North Atlantic region,
the THC is characterised by an overturning circulation, the Atlantic Meridional Over-5

turning Circulation (AMOC), which is often used as an indicator for climate change
(Letcher, 2009). This AMOC is crucial because, in the present-day climate, it par-
ticipates in a large amount of the heat transport 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 (Knight et al., 2002;10

Bryan et al., 2006) and the reorganisation of the passive and active tracers (e.g., tem-
perature, salinity, greenhouse gases, nutrients). It is suggested that the intensity of the
AMOC may have been different in the past and might also change in a near future
(Manabe and Stouffer, 1994; Rahmstorf, 2002; Schmittner et al., 2005). Similarly, the
Southern Ocean is identified as a key region of the climate system. It also participates15

in the oceanic uptake of heat and carbon dioxide from the atmosphere (Gruber et al.,
2009). Moreover, the wind and buoyancy fluxes in this region are the main sources
of energy for driving the large scale deep meridional overturning circulation (see e.g.,
Toggweiler and Samuels, 1998; Marshall and Speer, 2012).

The three dimensional aspect of the THC is however difficult to represent. The20

schematic representation of the THC has improved since the 19th century (Richardson,
2008). Originally illustrated for the Atlantic basin, since the late 1980s most of the THC
representations show the inter-ocean basin exchange of waters, such as, for exam-
ple the Great Conveyor Belt representation by Broecker (1991). Some representations
also emphasise the central role that plays the Southern Ocean for redistributing the wa-25

ters in the Indo-Pacific and the Atlantic basins. The stream functions are widely used
to investigate and represent the ocean circulation. They show the averaged circula-
tion in a two dimensional framework and capture the wind-driven and the thermohaline
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contributions. In latitude-depth coordinates (see for example Fig. 4a), the THC is rep-
resented by two near-surface tropical cells, an intermediate cell, the AMOC, represen-
tative of the North Atlantic Deep Water (NADW) between 40◦ S and 80◦ N; a Southern
Ocean cell between 40◦ S and 60◦ S, known as the Deacon Cell and a deep ocean cir-
culation related to the Antarctica Bottom Water (AABW). However, the representation5

of the circulation (its shape and intensity) can strongly depend on the choice of the
coordinate system, especially when one consider the Southern Ocean circulation. It is
accepted that the Southern Ocean Cell in latitude-depth coordinate do not represent
the “real” Southern Ocean overturning circulation, which must be evaluated in latitude-
density coordinates (McDougall, 1987; Döös and Webb, 1994; Hirst et al., 1996; Lee10

and Coward , 2003) or stream line coordinates (Tréguier et al., 2008; Viebahn and Eden
, 2012). Recently, Döös et al. (2012) and Zika et al. (2012) have presented a novel rep-
resentation of the present-day THC in introducing the thermohaline stream function,
i.e., the volume transport in salinity-temperature coordinates. This new representation
has the advantage of taking into account the three-dimensional aspect of the ocean cir-15

culation. 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 coordinates.

Since the THC is an important driver of the climate variability, the present study fo-
cuses on: how the ocean thermohaline structure is under different climate conditions?20

How the volume transports and the associated transport of heat and freshwater are
modified under glacial and interglacial conditions? To achieve this, diagnostics of the
large-scales ocean circulation are combined. The goal of this study is also to present
the thermohaline stream function computed for a glacial ocean state, i.e., during a pe-
riod when the thermohaline structure is different from the present-day. Numerical sim-25

ulations of the LGM and the present-day periods are designed and are described in
Sect. 2. In Sect. 3, the results are presented. Finally, the results are discussed with
regard to other palaeo-model simulations and proxy-reconstructions. The diagnostics
are documented in the Appendix.
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2 Numerical simulations

The three-dimensional temperature, salinity and velocity fields, used to diagnose the
large-scale oceanic circulation, originate from integrations carried out with the ocean
general circulation model NEMO (Nucleus for European Modelling of the Ocean,
Madec, 2008). This is the ocean component of several coupled earth-system models5

(Hazeleger et al, 2010; Voldoire et al., 2012; Dufresne et al., 2013) and is used ex-
tensively to perform hindcast (Barnier et al., 2007) and forecast (Storkey et al., 2010)
simulations. It solves the primitive equations and is run, in our experiments, on its 1◦×1◦

grid resolution, namely ORCA1. It has 64 vertical levels with a refined mesh near the
surface and adaptive bottom boxes (partial-step method) for a better representation of10

the bathymetry (Barnier et al., 2006). Temperature and salinity are linked to the den-
sity via the non-linear equation of state (Jackett and McDougall, 2003). The sub-grid
parametrization of horizontal turbulent processes is based on the Gent and McWilliams
formulation (Gent and McWilliams, 1990). Hence, an eddy-induced velocity is taken
into account in the computation of the stream functions. The ocean model is coupled15

every two 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 dynamic and transport. It takes into
account the sub-grid scale effects of snow and ice thickness.

The two following experiments are designed:20

1. A LGM ocean-only simulation forced by a 49 years long atmospheric forcing
and an initial state extracted from a coupled experiment by Brandefelt and
Otto-Bliesner (2009). This experiment, referred to “LGME”, is also described by
Ballarotta et al. (2013).

2. A present-day ocean-only hindcast simulation forced by an ERA40-based atmo-25

spheric forcing covering 1958 to 2006 (Brodeau et al., 2010). This experiment is
referred to as “PDE”.
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NEMO is run for a period of 1000 years by periodically repeating the surface atmo-
spheric forcing set. Our analysis is based on the last 50 years of each experiment.
The model has a weak drift after 1000 years (Fig. 1). The globally averaged tempera-
ture trends in the upper 1000 m are less than 0.05 ◦C/Century in LGME and less than
0.2 ◦C/Century in PDE. The temperature trends in the deep ocean (below 1000 m) are5

less than 0.02 ◦C/Century in both runs. The globally averaged salinity trends are weak
(less than 0.02 PSU/Century).

3 Results

In this section, the different aspects of the large-scale circulation in LGME and PDE
are analysed using stream functions projected in various coordinate frameworks. The10

results are firstly presented in geographical coordinates, serving to understand the
circulation in thermohaline coordinates. The maximum of the overturning cells is sum-
marised in Table 1. The mathematical formulations for each type of stream function are
presented in the Appendix.

3.1 Transports in geographical coordinates15

3.1.1 Tropical circulation

The tropical cells in LGME and PDE are similar in extent. They are mainly associated
with the Indo-Pacific circulation (Figs. 4e and f, 5e and f, 6e and f and 7e and f). They
transform the warm surface equatorial waters in the upper 500 m of the ocean into
colder (about 13 ◦C in PDE, 6 ◦C in LGME) mid-latitude waters. These waters return20

subsequently equatorward in increasing their heat content. Due to the cold atmospheric
condition, the tropical cells in LGME are slightly shifted towards colder temperatures
than in PDE (Fig. 6e and f). The maximum volume transport within these cells are
similar or slightly larger in LGME than in PDE (Table 1), due to the stronger wind stress
in LGME (Figs. 2 and 3). Similarly, the Pacific circulation related to the tropical gyres is25
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about 20 Sv stronger in LGME than in PDE (Figs. 2 and 3). As a results, the maximum
poleward heat transports near 18◦ N and S are slightly larger in LGME (1.5 PW at 18◦ S
and 1 PW at 18◦ N). In PDE, the cells reorganise the saltiest water of the Indo-Pacific
basin (Fig. 4f). In LGME, the saltiest water are found in the deep ocean (Fig. 4e). The
associated freshwater transport is dominantly directed southwards and the maximum5

transports are at 10◦ S and 34◦ N. Between 40◦ S and 20◦ S, the northward transport
of freshwater from the Southern Ocean is larger in PDE (0.5 Sv) than in LGME, due to
a larger amount of melting sea-ice in PDE.

3.1.2 Atlantic Ocean circulation

The Northern Hemisphere tropical cell is embedded into a meridional large cell mainly10

associated with the NADW (Figs. 4c and d, 5c and d and 6c and d). This latter cell
is shallower in LGME than in PDE, respectively near 1500 m in LGME as shown in
Fig. 4c, near 2500 m in PDE as shown in Fig. 4d. Due to the important zonal compo-
nent associated to the Gulf Stream and the large sea-ice extent, the zonal component
of the North Atlantic gyre is dominant in LGME (Figs. 2 and 3) and the maximum of15

the AMOC is shifted southward compared to PDE. When taken below 500 m, this maxi-
mum in PDE and LGME is 13 Sv in latitude-depth coordinates. In the other coordinates,
the maximum of the AMOC is larger in PDE than in LGME (cf., Table 1). Associated
with this AMOC, a large amount of saline water fills the deep ocean between 20 and
40◦ N in LGME. The AMOC cell transports the mid-latitude warm and saline waters to-20

wards higher latitude, where they become denser (colder) as shown in Figs 5c and d
(Fig. 6c and d). Near 60◦ N, the waters are transported southward with a near isopy-
cnal (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 is
slightly higher in LGME than in PDE, because the volume transport in LGME is stronger25

in the NADW and the transport in the AABW is weak. Between 40◦ N and 90◦ N, the
meridional heat transport in LGME is smaller due to the large sea-ice extent which con-
strains the Gulf Stream warm current into a more zonal propagation. In latitude-salinity
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coordinates, the main differences between LGME and PDE are in the Atlantic basin
(Fig. 7c and d). In LGME, a large intrusion of saline water originating from the Southern
Ocean takes place between 40◦ S and 20◦ N. This intrusion squeezes and isolates the
North Atlantic circulation from the southern part of the Atlantic basin. Consequently,
the freshwater transport in LGME is affected by these changes. Between 20◦ N and5

90◦ N, it is directed southward in PDE, representing the transfer of freshwater from the
pole to the mid-latitudes. In LGME, the freshwater transport is directed northward be-
tween 47◦ N and the pole, southward between 20◦ N and 47◦ N. This corresponds to the
transfers of the mid-latitude freshwater (due to melting sea-ice) by the North-Atlantic
and sub-polar gyres. Between 37◦ S and 20◦ N, the freshwater transport in LGME is10

directed northward associated with the waters originating from the south pole.

3.1.3 Southern Ocean and deep circulations

The Deacon Cell is found in a region with important tilting of the isopycnal layers
(isotherm and isohaline as shown in Fig. 4a and b). Compared to PDE, the structure
of the Southern Ocean zonally averaged temperature and salinity in LGME is shifted15

equatorward due to the larger sea-ice extent. Moreover, the deep ocean in LGME is
essentially filled with cold and saline waters which originate from Southern Ocean sur-
face. The zonally-averaged isopycnal layers in LGME are hence slightly shifted equator-
ward and most of them are concentrated in a thiner surface layer than in PDE. There-
fore, the Deacon Cell is located between 58◦ S and 40◦ S in LGME and penetrates20

about 1000 m deep whereas it is between 65◦ S and 38◦ S and reaches about 4000 m
in PDE. In latitude-density (Fig. 5a and b) and latitude-temperature coordinates (Fig.
6a and b), the maximum overturning in the Deacon Cell is reduced compared to the
averaging in latitude-depth coordinates. In latitude-salinity coordinates, the Southern
Ocean maximum overturning (Fig. 7a and b) has the same order of magnitude than in25

latitude-depth coordinates.
The AABW in PDE is homogenous both in temperature and salinity (Fig. 4b and h).

It is cold (−2 to 2 ◦C) and relatively fresh (34.5 to 35 PSU). The associated circulation
986
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exports the coldest Southern Ocean surface water down to a depth of 2000 m. The
AABW in LGME is relatively homogenous in temperature and the salinity ranges from
35.5 to 37 PSU (Fig. 4a and g). As a result, the abyssal waters are denser in the LGME
than in PDE, and a clear overturning cell appears in latitude-density coordinates for
LGME (Fig. 5a), capturing a deep ocean stratification. In PDE, the abyssal MOC is5

nearly along the 28.1 kgm−3 neutral density surface because the abyssal ocean is ho-
mogenous in density. The MOC associated to the AABW consists in a near isothermal
transformation of the coldest waters in latitude-temperature coordinates. The abyssal
circulation in the Atlantic Ocean in LGME is extremely weak in temperature coordinate
due to weak thermal stratification below 1000 m. In latitude-temperature, a closed cir-10

culation centred near 50◦ S in LGME and 60◦ S in PDE is associated with the surface
overturning (Fig. 6a 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 MOC in LGME are
also characterised by a circulation of saline waters ranging from 36 to 37 PSU, which
maintain a maximum MOC of 6 Sv near 60◦ S. Associated with this overturning about15

0.3 Sv of freshwater are transported towards Antarctica. In latitude-depth coordinates,
the maximum MOC in the AABW is stronger in LGME (19 Sv) than in the PDE (8 Sv).
A deep clockwise circulation, located 4000 m deep and between 40◦ S and the equator,
is present in the Indo-Pacific basin and may be the result of slight meridional density
gradient which is able to sustain a clockwise circulation. When the circulation associ-20

ated with the AABW is projected in the other coordinates, the maximum overturning
is smaller in LGME than in PDE and the deep clockwise circulation vanishes which
suggest that this feature might also be linked to the averaging in z-coordinates.

3.2 Transports in thermohaline coordinates

This section presents the THC in thermohaline coordinates, the volumetric distribution25

in the θ-S diagram and an estimation of the time scale of the circulation.
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3.2.1 Thermohaline stream function and transport of heat/freshwater in
temperature and salinity coordinates

The ocean circulation in thermohaline coordinates consists of three main cells (Figs.
8 and 9): (1) a tropical cell, which reflects the water mass transformation in the upper
near-equatorial Pacific; (2) a Conveyor Belt cell, which is the dominant circulation in5

the diagram and captures the inter-ocean transport of heat and salt; and (3) a low
temperature cell which reflects to the AABW. This latter cell is particularly strong in
LGME due to the important saline stratification in the abyss (Fig. 8). In PDE, this cell
is small (centred at 34.7 PSU and 1 ◦C) because the modern deep ocean is relatively
homogenous in temperature and salinity (Fig. 9). Hence, the low temperature cell in10

PDE does not participate significantly 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 in the −2 ◦C isotherm.

The tropical cell in PDE is centred at 35 PSU −27 ◦C and has a maximum transport
of 21 Sv. It corresponds to the shallow wind-driven transport (equatorial undercurrent15

in the central Pacific). It converts the 33.5 to 35 PSU water-masses into saltier (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 iso-
halines due to the cold condition and the 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 the20

31 PSU to 34.5 PSU water-masses into saltier (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 conversion is
nearly isohaline along 34.6 PSU and almost isothermal near 27 ◦C corresponding to the
water-masses transformation at the surface of the western Pacific pool. The maximum
heat transport carried by the tropical cell is 0.5 PW in LGME. In PDE, the maximum25

transport of heat is two times smaller than in LGME. The maximum freshwater trans-
ports 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.
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The large-scale transport in Conveyor Belt cell (for example the transport between
the −2 and −6 Sv streamlines in Figs. 8 and 9) is similar to the Broecker (1991) loop
and can described as follow: the Indo-Pacific surface-waters (16 ◦C ≤ θ ≤ 22 ◦C and
34.5 PSU ≤ S ≤ 35 PSU) become colder approaching the Cape Agulhas and enter in
the South Atlantic basin (S ≈ 35 PSU). These waters flow northward and increase their5

salinity and temperature. They cool down near 36.5–37 PSU, become fresher (be-
tween σ0 = 28 kgm−3 and σ0 = 29 kgm−3 in LGME, and between σ0 = 27 kgm−3 and
σ0 = 28 kgm−3 in PDE) and sink in the deep-ocean to finally upwell in the North Pacific
basin as cold and fresh water-masses. Smaller scale transformations exist in the Indo-
Pacific and Southern Oceans. For instance, the maximum volume transport in LGME10

takes place near the 34.1 PSU isohaline and is about 20.2 Sv. In PDE, the volume
transport is maximum near the 34.7 PSU with a magnitude of 23.6 Sv. These circula-
tions are associated with the intense transports in the Antarctic Circumpolar Current
and the formation of the Antarctic Intermediate Water. The shape of the Conveyor Belt
cell is different between the two experiments. In LGME, the Conveyor Belt cell occupies15

more isohaline layers than in PDE since the Atlantic thermohaline regime is changed.
A near-isothermal transformation (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 (Fig. 4c). This is not observed
in PDE which is mainly driven by a difference in temperature rather than the difference20

in salinity (Fig. 9). These reorganisations modify the transports of heat and freshwater.
In PDE, a maximum freshwater transport of 1 Sv is found in the 14–16 ◦C isotherms
and the maximum heat transport (about 1 PW) is in the 34 PSU and 35.5 PSU isoha-
line (associated with the Indo-Pacific and Atlantic basins heat transports). In LGME, the
Conveyor Belt cell carries a maximum of 1.2 Sv of freshwater in the 4 ◦C isotherm and25

the heat transport is more spread between the 35 and 37 PSU isohalines.
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3.2.2 Volumetric distribution in the T-S diagram

The different thermohaline regimes between the two periods can be illustrated by pro-
jecting the sea-water volumetric distribution in the temperature-salinity coordinates
(Figs. 10 and 11). In LGME, the maximum volume of sea-water (in 1017m3 ◦C−1 PSU−1)
is made of relatively cold and saline waters. The temperatures are between −2 ◦C5

and 0 ◦C, and the salinities vary between 36.5 PSU and 37.5 PSU. For the interme-
diate waters (i.e., between 2 ◦C and 16 ◦C), the important volume of sea-water (more
than 1014m3 ◦C−1 PSU−1) is found in two “branches”: the waters with salinity between
36 PSU and 37 PSU associated with the Atlantic waters; and the relatively fresher wa-
ters between 34 PSU and 36 PSU, corresponding to the Indo-Pacific waters (cf. Sup-10

plement and Fig. 7). These two branches are not as distinct in PDE, suggesting that
the Atlantic and the Indo-Pacific basins have a closer thermohaline structure under the
present-day conditions than for the LGM period. Contrary to PDE, the Conveyor Belt
cell in LGME becomes less connected to the deep ocean. This is due to an abyssal cir-
culation which tends to lift and deviate the Conveyor Belt cell from the area of maximum15

volumetric distribution.

3.2.3 Turnover times

For each simulation, the shortest turnover times (see Appendix A3.2) are found in the
tropical cell (Figs. 12 and 13). The stretch of times in the cells can largely differ between
two successive layers because of the different length of the circuit in the layers. In PDE,20

the turnover times in the Conveyor Belt cell vary between 50 years (where the water
conversion is 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 slow25

motions in the abyss. In PDE, the turnover time for the circulation in the AABW is around
50 years corresponding to the rapid sink of the surface circulation near Antarctica. The
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rest of the AABW circulation is weak in this diagram and therefore not captured by the
thermohaline stream function.

4 Discussions

The large-scales oceanic circulation during the LGM and the present-day periods is
compared using an ocean model forced at the surface by atmospheric fields repre-5

senting each period. The diagnostic is based on stream functions projected in various
coordinate frameworks and decomposed in each oceanic basin. The oceanic reorgan-
isations between LGME and PDE are here discussed from a modelling and a paleo-
proxy perspectives.

The structure of the ocean during the LGM is poorly understood from climate sim-10

ulations. Whereas the state-of-the-art climate models capture a realistic structure of
the observed present-day ocean state, the response to the LGM forcing varies signif-
icantly between models (Otto-Bliesner et al., 2007; Weber et al., 2007). In compari-
son to the present-day period, the AMOC in the LGM simulations is shallower in the
CCSM3 and UVic models, relatively similar in Hadl2 and deepens significantly in the15

MIROC and ECBilt models. Weaker AMOC and stronger AABW are simulated by the
CCSM3, Hadl2 and UVic models. In Brandefelt and Otto-Bliesner (2009), the AMOC
is characterised by a reduced deep convection in high latitude and an enhanced circu-
lation south of Greenland. The boundary between the NADW and the AABW is near
2000 m. The maximum transport of the AMOC and in the AABW are between 9 and20

12 Sv and between 5 and 10 Sv, respectively. The Atlantic structure in LGME agrees to
certain extent to the structure found in the CCSM3 simulation, and particularly to the
quasi-equilibrated state simulated by Brandefelt and Otto-Bliesner (2009). This simi-
larity might be a consequence of the atmospheric and oceanic glacial states extracted
from the Brandefelt and Otto-Bliesner (2009) simulation and used to force LGME. How-25

ever, the abyssal circulation in LGME is weak in the North Atlantic and North Pacific
compared to the values in Brandefelt and Otto-Bliesner (2009). This feature might come
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from 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 southern basins in some narrow passages.
As a results, homogenous dense waters are found in the Northern Hemisphere deep
basins preventing density gradient to maintain the deep overturning.5

The choice of the coordinate system to project the stream functions is important for
the computation and comparison of the maximum overturning and thus the estima-
tion of the transport of heat and freshwater. For example, the maximum overturning
in the Deacon Cell is smaller in latitude-density and latitude-temperature coordinates
than in latitude-depth coordinates. This is due to both the large eddy-induced velocities10

(transient eddies) in this region and the choice of an isopycnal framework (Drijfhout,
2005). The maximum AMOC in PDE and LGME is similar in latitude-depth coordinate.
It is larger in PDE than in LGME when the calculation is performed in latitude-density,
latitude-temperature and latitude-salinity coordinates. This raise the question to know
which coordinate framework is the best to estimate the AMOC. In Zhang (2007) and15

Grist et al. (2012), better estimate of the present-day AMOC is obtained in density coor-
dinate than in depth coordinate. Hence, this reinforces the necessity of investigating the
THC in latitude-density coordinate rather than in latitude-depth coordinate. The inter-
pretation of the circulation in latitude-salinity coordinate is more complex. However, by
using this latter coordinates system, it is possible to distinguish basin scale transforma-20

tions and to identify the different haline structure between LGME and PDE. Moreover, in
many areas, the three-dimensional structure of the circulation is essential, particularly
for the Southern Ocean circulation (Sloyan and Rintoul, 2001; Drijfhout et al., 2003).
The thermohaline stream function, which take into consideration the three-dimensional
aspect of the circulation, is therefore relevant for capturing the entire Southern Ocean25

dynamics.
The different thermohaline responses among the paleo-climate models can also be

attributable to the choice of the ocean initial state and the length of the model integra-
tion. As pointed out by Zhang et al. (2013), the CCSM3 and Hadl2 ocean models are
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initialised with a glacial state. These models simulate a weak AMOC and a high saline
stratification in the deep ocean, as observed in LGME. The simulated sea-ice extent
can also contribute to different thermohaline structure. Otto-Bliesner et al. (2007) and
Zhang et al. (2013) point out the important role of sea-ice in the water mass formation.
Its impact on the thermohaline regime is identified, for instance, as a factor favour-5

ing the densification of the Southern Ocean water in the CCSM3 model (Otto-Bliesner
et al., 2007; Brandefelt and Otto-Bliesner, 2009). Similarly, the large sea-ice extent in
LGME can maintain an expanded and dense AABW coexisting with a shallow NADW,
and a reduced ventilation of the deep ocean resulting in large turnover time. A shal-
lowed and weakened AMOC, and an intensified AABW is also found in the models of10

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., water masses geometry) derived from sediment analysis.

Paleo-proxy data also propose various geometries for the LGM ocean state. Paleo-
proxy reconstructions agree on a shallower NADW and a larger intrusion of the AABW15

in the North Atlantic during the LGM (Marchitto and Broecker, 2006; Evans and Hall,
2008; Lippold et al., 2012). It is suggested that the interface between the NADW and
the AABW is substantially shallower during the LGM than today. This transition depth
between the NADW and the AABW is estimated around 1750 m in Tagliabue et al.
(2008), which is very close to the value found in LGME (near 1500 m). However, their20

estimation 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 circu-
lation during the LGM is stronger or comparable in strength with present-day transports
(Yu et al., 1996; Lynch-Stieglitz et al., 2007; Gherardi et al., 2009; Lippold et al., 2012).
Other reconstructions based on oxygen-isotope ratios of benthic foraminifera and δ13C25

data propose that the water renewal in the deep ocean is much slower than today
(Lynch-Stieglitz et al., 1999; Hesse et al., 2011). In Tagliabue et al. (2008), the trans-
port associated with the AABW is around 4 Sv whereas it is close to 2 Sv in LGME (cf.
Table 1). There is also evidence that the deep ocean is homogenous in temperature
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during the LGM (near 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 is filled with the most saline waters and that salin-
ity gradient is 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 the5

deep ocean as it is proposed by Adkins et al. (2002). LGME also captures the signature
of a cold and extremely saline deep ocean. This might be the consequence of a glacial
initial state and the large sea-ice extent which contributes to enhance the formation of
saline AABW.

5 Conclusions10

There is clear evidence that the ocean is more saline during the LGM than during the
present-day period due to the large volume of water sequestered in the continental ice
sheets during the glacial period. This substantial change, associated with the larger
sea-ice extent during the glacial period, modifies the structure of the ocean. The main
differences between the LGM and the present-day are found in the Atlantic basin, the15

Southern Ocean and in the abyss. In comparison to the present-day, the mean ther-
mocline 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 similar or slightly larger in the tropical cells due to the larger
surface wind stress. Consequently, the maximum transport of heat in the tropics is also20

larger. The AMOC is shallower and the Gulf Stream has a more zonal propagation,
reducing the heat transport in high-latitudes. Depending on the choice of coordinates
framework, the maximum AMOC during the LGM is either similar or slightly weaker
than today. The circulation in the AABW cell is more vigorous in the Southern Ocean
and occupies more volume than under present-day condition. In the North Pacific and25

North Atlantic basins, the deep circulation is almost sluggish due to the weak density
meridional gradient. The circulations in latitude-salinity and thermohaline coordinates
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illustrate the different haline regimes between the LGM and the present-day periods.
They also point out the Atlantic and Southern oceans as the regions of important reor-
ganisations. The thermohaline structure in LGME is represented by an abyssal circula-
tion which lift and deviate the Conveyor Belt cell from the area of maximum volumetric
distribution, resulting in a ventilated upper layer above a deep stagnant layer, and an5

Atlantic circulation more isolated from the Pacific. The turnover time within the Con-
veyor Belt cell is shorter during the LGM than today. This shorter travel time in the
Conveyor Belt can be explained by the combination of the vigorous surface circulation
for the LGM, the shorter route of the near surface circulation and a circulation associ-
ated with the AABW that squeezes most of the Conveyor Belt cell in a shallower part10

of the ocean. The turnover time of the glacial abyssal circulation is large suggesting
a near sluggish circulation.

Appendix A

Mathematical formulation of the stream functions

A1 Transport in geographical coordinates15

Barotropic stream function

The barotropic stream function is the vertically integrated volume transport at a given
location (Eq. A1). It yields the averaged circulation in the horizontal plane.

Ψ(x,y) =

x∫
xE

η∫
−H

(V + Veddy)dzdx (A1)

20
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Here x is the longitude, y is the latitude, xE the eastern boundary, H the depth of the
water column, η the sea surface elevation, V + Veddy the meridional velocity including
the eddy-induced velocity contribution.

The barotropic stream functions consist in basins scale gyres (Figs. 2 and 3). The
volume transport is more vigorous in LGME than in PDE, due to the larger wind-stress5

acting on the ocean surface during the glacial period (cf. zonally-averaged zonal and
meridional wind-stress over the ocean, respectively in Figs. 2–4).

A2 Meridional overturning circulation in depth coordinate

The meridional overturning circulation as a function of depth is, at a given latitude, the
volume transports in the water column (Eq. A2).10

Ψ(y ,z) =

xW∫
xE

z∫
−H

(V + Veddy)dzdx (A2)

Here y is the latitude, z the depth, xE and xW the eastern and western boundaries, H
the depth of the water column, V + Veddy the meridional velocity plus the eddy-induced
velocity.15

The MOC in latitude-depth coordinates in LGME and PDE are shown in Fig. 4
for the Global Ocean, the Atlantic Ocean and the Indo-Pacific basin. The thick-lined
contours indicate a clockwise circulation while dash-lines indicate an anti-clockwise
circulation. In order to visualise the thermohaline structure for LGME and PDE, the
temporally- and zonally-averaged temperature and salinity fields are shown in each20

figure. The temporally- and zonally-averaged temperature in the Atlantic and the Indo-
Pacific basins is documented in the Supplement because the patterns are similar to
those found for the global ocean.

In latitude-depth coordinates, the MOC consists mainly of: (1) two near-surface inter-
tropical cells; (2) an intermediate cell representative of the North Atlantic Deep Water25

(NADW) between 40◦ S and 80◦ N; (3) a Southern Ocean cell between 40◦ S and 60◦ S,
996

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/979/2014/osd-11-979-2014-print.pdf
http://www.ocean-sci-discuss.net/11/979/2014/osd-11-979-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
11, 979–1022, 2014

Glacial and
inter-glacial THC

M. Ballarotta et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

known as the Deacon Cell and (4) a deep ocean circulation related to the Antarctica
Bottom Water (AABW).

A2.1 Meridional overturning circulation in density coordinate

The meridional overturning circulation as a function of density is, at a given latitude,
the volume transport within the isopycnal (Eq. A3).5

Ψ(y ,γ) =

xW∫
xE

η∫
z(γ)

(V + Veddy)dzdx (A3)

Here y is the latitude, γ the neutral density, z(γ) the depth of the neutral density surface,
η the sea surface elevation, xE and xW the eastern and western boundaries, V + Veddy
the meridional velocity including the eddy-induced velocity contribution.10

The MOC in latitude-density coordinates in LGME and PDE are shown in Fig. 5 for
the Global Ocean, the Atlantic Ocean and the Indo-Pacific basin. The global MOC in
latitude-density coordinates consists of: (1) two opposite tropical cells between 40◦ S
and 40◦ N, (2) a cell of intermediate waters and (3) a cell of dense waters originating
from the Southern Ocean surface.15

A2.2 Meridional overturning circulation in temperature coordinate and the
transport of heat

The meridional overturning circulation as a function of temperature is, at a given lati-
tude, the volume transport within the isotherms (Eq. A4).

Ψ(y ,θ) =

xW∫
xE

θ∫
θmin

(V + Veddy)dθdx (A4)20
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Here y is the latitude, θ the temperature, xE and xW the eastern and western bound-
aries, θmin the minimum temperature considered, V + Veddy the meridional velocity plus
the eddy-induced velocity.

The integral of the transports along each isotherms at a given latitude is an estima-
tion of the advective meridional heat transport (Eq. A5). A positive heat transport is5

a transport towards the north pole, a negative transport is towards the south pole.

H(y) =

θmax∫
θmin

ρCpΨ(y ,θ)dθ (A5)

Here y is the latitude, θ the temperature, ρ = 1035 kgm−3 the average density of sea-
water and Cp ≈ 4000J(kg ◦C)−1 the specific heat for seawater.10

The MOC in latitude-temperature coordinates in LGME and PDE are shown in Fig. 6
for the Global Ocean, the Atlantic Ocean and the Indo-Pacific basin. The global MOC
consists of: (1) two opposite tropical cells between 40◦ S and 40◦ N, (2) a cell of in-
termediate waters and (3) a cell of cold waters originating from the Southern Ocean
surface.15

A2.3 Meridional overturning circulation in salinity coordinate and the transport
of freshwater

The meridional overturning circulation as a function of salinity is, at a given latitude, the
volume transport within isohalines (Eq. A6).

Ψ(y ,S) =

xW∫
xE

S∫
Smin

(V + Veddy)dSdx (A6)20

Here y is the latitude, S the salinity, xE and xW the eastern and western boundaries,
Smin the minimum salinity considered, V + Veddy the meridional velocity plus the eddy-
induced velocity.
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The integral of the transports along each isohaline at a given latitude is an estimation
of the meridional freshwater transport (Eq. A7). The positive and negative freshwater
transport is a transport towards the north pole and towards the south pole, respectively.

F (y) =

Smax∫
Smin

Ψ(y ,S)

Sr
dS (A7)

5

Here y is the latitude, S the salinity, and Sr = 35 PSU is a constant reference salinity.
The MOC in latitude-salinity coordinates and the associated transports of freshwa-

ter are particularly different between LGME and PDE because of the differences in the
haline regimes (Fig. 7a and b). The global MOC in latitude-salinity coordinates in PDE
consists of: (1) an anti-clockwise circulation between 80◦ S and 20◦ S linking the South-10

ern Ocean waters with the south tropical waters; (2) a clockwise circulation of relatively
saline waters (above the 35 PSU isohaline), corresponding to the circulation in the At-
lantic basin (Fig. 7c); (3) the Indo-Pacific circulation of relatively fresh waters (below the
35 PSU isohaline, Fig. 7f). The Indo-Pacific and Atlantic circulations in LGME are more
isolated than in PDE. Two distinct circulations are noted: (1) the Indo-Pacific circulation15

around the 34.5 PSU isohaline, and (2) the Atlantic circulation around the 36.5 PSU iso-
haline. The Southern Ocean circulation participates in linking the two different regimes
existing in the Atlantic and Indo-Pacific basins.

A3 Transport in thermohaline coordinates

A3.1 Thermohaline stream function and transport of heat/freshwater in20

temperature and salinity coordinates

The thermohaline stream function (Eq. A8) is the volume transport brought about by
the temperature and the salinity differences between the World-Ocean basins (Döös
et al., 2012; Zika et al., 2012). This representation has the advantage of taking into
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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 geograph-
ical coordinates.

Ψ(S,θ) =
∫

Ath(S,θ)

(V + V eddy)dA (A8)5

Here 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 velocities, and dA
is the element surface on Ath(S,θ) pointing towards increasing temperature.

Using this representation allows to evaluate the transport of heat within specific iso-10

haline (Eq. A9) as well as the transport of freshwater within specific isotherm (Eq. A10).
These diagnostics can be applied for understanding the oceanic reorganisations under
different climate conditions and for comparing or validating different model integrations.
A positive heat transport is a transport towards increasing salinity and vice versa for
negative transport values. Similarly, a positive freshwater transport is a transport from15

cold to warm waters.

H(S) = −ρCp

θmax∫
θmin

Ψ(S,θ)dθ (A9)

Here S is the salinity, θ the temperature, ρ = 1035 kgm−3 the average density of seawa-
ter and Cp = 4000J(kg ◦C)−1 the specific heat for seawater, θmin and θmax the minimum20

and maximum temperature considered.

F (θ) = −
Smax∫
Smin

(Ψ(S,θ))

Sr
dS (A10)
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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 stream function and the associated heat and freshwater transports
in LGME and PDE are shown in Figs. 8 and 9.

A3.2 Turnover time5

The thermohaline stream function and the volumetric distribution in the temperature-
salinity diagram allow to estimate 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 successive streamlines V (∆Ψ) to the corresponding volume transport
V (in Sv ≡ 106 m3 s−1) between the streamlines.10

τ(∆Ψ) =
V (∆Ψ)

∆Ψ
(A11)

The turnover times for LGME and PDE are shown in Figs. 12 and 13.

Supplementary material related to this article is available online at
http://www.ocean-sci-discuss.net/11/979/2014/osd-11-979-2014-supplement.15

pdf.
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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

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

1009

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/979/2014/osd-11-979-2014-print.pdf
http://www.ocean-sci-discuss.net/11/979/2014/osd-11-979-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
11, 979–1022, 2014

Glacial and
inter-glacial THC

M. Ballarotta et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

-10-1 -10-2 0 10-2 10-1

drift ( ◦ C/Century)

1000

2000

3000

4000

5000

d
e
p
th

 (
m

)

Drift in Temperature

LGM
PD

-10-1 -10-2 0 10-2 10-1

drift (PSU/Century)

1000

2000

3000

4000

5000
d
e
p
th

 (
m

)

Drift in Salinity

LGM
PD

Fig. 1. Globally averaged temperature and salinity trends in final stage of the the LGM and PD
simulations.
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Fig. 2. Barotropic stream function for the LGM simulation. The contour interval for the circulation
is 20 Sv. Red contours indicate clockwise circulations and blue contours are for anti-clockwise
circulations. The thick black line corresponds to the maximum sea-ice extent. Left diagram
shows the time and zonally averaged zonal-wind-stress over the ocean.
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Fig. 3. Barotropic stream function for the PD simulation. The contour interval for the circulation
is 20 Sv. Red contours indicate clockwise circulations and blue contours are for anti-clockwise
circulations. The thick black line corresponds to the maximum sea-ice extent. Left diagram
shows the time and zonally averaged zonal-wind-stress over the ocean.
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Fig. 4. LGM and PD meridional overturning circulation in depth coordinate superimposed on the
temporally and zonally averaged salinity in the Global Ocean, the Atlantic basin and the Indo-
Pacific basin. The contour interval for the circulation is 4 Sv. Thick lines correspond to clockwise
circulations whereas dashed lines are for counter-clockwise motions. Upper diagrams show the
temporally and zonally averaged meridional-wind-stress over the ocean.
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Fig. 5. LGM and PD meridional overturning circulation in neutral density coordinate for (a, b)
the Global Ocean, (c, d) the Atlantic 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 motions.
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Fig. 6. LGM and PD meridional overturning circulation in temperature coordinate for (a, b) the
Global Ocean, (c, d) the Atlantic 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 motions. For each basin, the oceanic meridional heat transport
in PW is represented.
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Fig. 7. LGM and PD meridional overturning circulation in salinity coordinate. The contour inter-
val for the circulation is 4 Sv. The blue cells correspond to clockwise circulations whereas the
red cells are for counter-clockwise motions. For each basin, the oceanic meridional freshwater
transport in Sv is represented.
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Fig. 8. LGM thermohaline stream function. 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.
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Fig. 9. PD thermohaline stream function. 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.
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Fig. 10. Sea-water volumetric distribution projected in the temperature-salinity diagram for the
LGM simulation. The LGM thermohaline stream function is superimposed. The contour interval
for the volume is 107 m−3 (◦CPSU)−1.
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Fig. 11. Sea-water volumetric distribution projected in the temperature-salinity diagram for the
PD simulation. The PD thermohaline stream function is superimposed. The contour interval for
the volume is 107 m−3 (◦CPSU)−1.
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Fig. 12. Turnover times (in years) in each stream layer of the thermohaline stream function
computed for the LGM experiment.
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Fig. 13. Turnover times (in years) in each stream layer of the thermohaline stream function
computed for the PD experiment.
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