GEOPHYSICAL RESEARCH LETTERS, VOL. 28, NO. 2, PAGES 311-314, JANUARY 15, 2001

Warm and cold water routes of an O.G.C.M.

thermohaline Conveyor Belt

Sabrina Speich and Bruno Blanke

Laboratoire de Physique des Océans (CNRS, IFREMER, UBO), Brest, France

Gurvan Madec

Laboratoire d’Océanographie Dynamique et de Climatologie (CNRS, IRD, UPMC), Paris, France

Abstract. A global general circulation model analyzed with
a Lagrangian methodology is used to describe and quantify
the paths, transports, and characteristics of the “warm” wa-
ters forming the upper branch of the conveyor belt in the
North Atlantic Ocean. The total transport for this branch
turns out to be 17.8 Sv in the North Atlantic at 20°N: 11.8
Sv are composed of waters coming from the two classical
origins, the Drake Passage and the Indonesian Throughflow,
which contribute with 6.5 and 5.3 Sv respectively. The re-
maining 6 Sv find their origins partly in the passage between
Antarctica and the Australian Continent (with 3.1 Sv) and
partly in the Indo-Atlantic sector itself (i.e., with 2.9 Sv).
The geographical structure of the different routes empha-
sizes the role of the Southern Ocean and large-scale current
systems in water mass transformation and distribution.

1. Introduction

The global ocean redistributes heat and salt through its
thermohaline circulation: surface warm waters flow north-
ward in the North Atlantic, cool and sink in the polar and
subpolar regions, and then flow southward, enter the South-
ern Ocean and eventually all the ocean basins, where they
upwell slowly into the upper kilometer and return to the
North Atlantic with the wind-driven circulation. This cir-
culation, known as the Great Ocean Conveyor Belt (GCB),
provides a northward heat flux roughly equal to 1 petawatt
and fully comparable to that transported poleward by the
atmosphere.

The Southern Ocean is a crucial region for the GCB as
it receives water from the Atlantic Ocean, distributes this
water among the Global Ocean and gives it back to the
Atlantic. The GCB is a circulation scheme that was de-
veloped over the last fifteen years [Gordon, 1986; Broecker,
1987, 1991; Rintoul, 1991; Schmitz, 1995, 1996a, 1996b].
Many open questions remain about this oceanic circulation
cell. Indeed, the hypotheses on the origin of waters that
return to the North Atlantic Ocean in the upper 1000m are
controversial. Are these waters coming directly from the
Drake Passage [Rintoul, 1991; Schmitz, 1995; Ddos, 1995;
Macdonald and Wunsch, 1996] or from the Indian-Pacific
sector, via the Cape of Good Hope [Gordon, 1986; Gordon
et al., 1992]? What is the input in term of water mass char-
acteristics: are these waters mainly surface, thermocline,
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subthermocline or intermediate waters? As different ori-
gins or distinct water mass contributions define different
exchanges and redistributions of heat and mass, a correct
evaluation of these properties is essential before any time
scales related to the climate variability of this circulation
can be assessed.

We chose to reconstruct a climatological picture of this
circulation by using a numerical model of the global ocean
whose tracer fields are constrained to remain close to the
Levitus’s [1982] atlas. Consequently, the model acts as a
dynamical interpolation of this given climatology, much in
the sense of more classical inverse models [e.g., Rintoul,
1991; Macdonald and Wunsch, 1996]. Then, we interpret the
model’s Eulerian fields by means of a Lagrangian methodol-
ogy [Blanke and Raynaud, 1997; Blanke et al., 1999], linking
together, dynamically, different oceanic sections.

2. The ocean model

The simulation we analyze was performed with
ORCA, the new global configuration of the OPA Ocean Gen-
eral Circulation Model (OGCM) [Madec et al., 1998]. The
horizontal resolution is 2° in longitude and it varies in lati-
tude from 0.5° at the equator to 2°cos(¢) poleward from the
tropics. In order to remove the North Pole singularity two
poles are introduced in the northern hemisphere grid. The
resulting stretched mesh is constructed in such a way that
the anisotropy ratio always remains close to one. There are
31 levels in the vertical, with the highest resolution (10 m)
in the upper 150 meters.

The model physics is as discussed in Blanke et al. [1999],
i.e. lateral mixing occurs only along neutral surfaces and
the vertical mixing is computed through a 1.5 turbulent
closure scheme which provide a low diffusivity in and be-
low the thermocline (0.1cm?s™!). The model is forced by a
daily climatology of momentum, heat and fresh-water fluxes
obtained from the ECMWEF 15-year (1979-1988) reanalyses
(smoothed by a 11-day running mean).

The experiment was developed in order to recover and
study the dynamics associated with the observed global
ocean hydrology. Our analyses are carried out over the last
year of a 10-year simulation in which a restoring term to the
Levitus’ [1982] climatology was added to the potential tem-
perature and salinity equations [Madec and Imbard, 1996].
The relaxation has a time scale of 50 days in the upper 800m
and 1 year in the deep ocean. This restoring acts everywhere
except in the tropics, in the surface boundary layer, and in
a 1000 km neighbourhood of the coastal boundaries. This
way, the model physics is able to recover the boundary and

311



312

20°N .
5@
Eq.l- ¢ =00 it
. fpa
2 b
2
© : Z
40°S . g
80°S 3 Drake to N. Atl. : 6.5 Sv
50°W 0° 50°E 100°E 150°E
20°N .
; & ()]
D . s
g [ ‘ﬁ,
3 r —~——
< a0es|- 1 4 ;
F R i . b
| T e
goesk ' Troughflow to N. Atl. : 5.3 Sv
50°W 0° 50°E 100°E 150°E
20°N .
8 © ]
Eq. ¢ SN - - - s
. vy
e}
2
5 yo0s * e
‘ . i
= - i ]
7 | e
80°S . South Australia to N. Atl. : 3.1 Sv
50°W 0° 50°E 100°E 150°E
longitude

Plate 1. Horizontal streamfunction related to the vertically-
integrated transport of the northward-transmitted warm waters
to the North Atlantic (0-1200m) with origins a) in the Drake
Passage b) in the Indonesian Throughflow c) South of Australia.

equatorial currents not well resolved in the Levitus’ clima-
tology. The computed transports compare rather well with
observations (cf. discussion in Blanke et al., 1999).

3. The Lagrangian methodology

A natural and convenient way to trace ocean water
masses is to follow their pathways. This is something still
difficult to achieve with observations, even though there is
a true effort of the scientific community to use real floats
to track water movements. In the meantime, ocean mod-
els, despite the fact they only approximate reality, compute
time-varying three-dimensional velocity fields that can be
used for Lagrangian diagnostics.

In our approach, individual trajectories are computed
with a mass-preserving algorithm [Blanke and Raynaud,
1997; Blanke et al., 1999]. Due to water mass incompress-
ibility, we assume that individual particles conserve their
infinitesimal mass along their trajectory. As a current can
be entirely determined from the particles composing it, with
well defined characteristics (position, velocity and tracers),
the transport of a given water mass can be computed from
its own particles and their associated infinitesimal trans-
ports. Following Ddds [1995], quantitative conclusions are
obtained by using a large number of particles, sufficient to
insure the numerical stability of the transport estimates. We
have used individual transports that are always less than
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1072 Sv. It ensures an overall error of the computed water
mass transports less than 0.1 Sv.

The Lagrangian computations are achieved with a monthly
varying velocity field as the results showed to be sensitive
to a time sampling larger than one month.

4. Results

In order to determine the origin of the water composing
the upper branch of the GCB, we trace backward in time
the northward flow crossing the 20°N section of the Atlantic
Ocean (NATL hereafter) and decompose it according to its
origins at the limits of the Indo-Atlantic region: NATL itself,
the Indonesian Throughflow (I-TFL), the section between
Australia and Antarctica (S-AUS), and the Drake Passage
(DRAKE).

The total northward flow through NATL is 40.4 Sv. A
large fraction of it, 25.5 Sv, comes from NATL itself. It is a
recirculation within the Indo-Atlantic domain, with only 2.9
Sv of these 25.5 Sv crossing the equator and 1.3 Sv entering
the Indian Ocean before going back to NATL. It is thus
mainly associated with the North Atlantic subtropical gyre.

The mass flux that originates outside the Indo-Atlantic
sector amounts to 14.9 Sv. Two origins are defined in the
literature respectively as the cold route (from the Drake
Passage, 6.5 Sv in the model) and the warm route (from
I-TFL, 5.3 Sv). Interestingly, the model suggests an addi-
tional source for the upper branch of the GCB, with waters
coming from the Pacific, south of Australia, for a total of
3.1 Sv. This latter contribution was never considered in
the classical pictures of the global thermohaline circulation
[Gordon,, 1986; Broecker, 1991; Rintoul, 1991; Gordon et
al., 1992; Schmitz, 1995, 1996a, 1996b]. Nevertheless the
inversions performed by Metzl et al. [1990] in the Indian
Ocean always produced a westward flow in one or more of
the subsurface layers. Evidence of a westward flow of In-
termediate Water south of Australia is also documented by
Reid [1986], Fine [1993], and Rintoul and Bullister [1999].
Ganachaud’s [1999] inversion confirmed its presence between
the sea surface and 1200m. Numerical simulations may pro-
duce a westward current south of Tasmania [Ddds, 1995].
Though the transport we associate to this origin is smaller
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Plate 2. Yearly binned transport (in red) and time integrated
transport (in blue) as function of travel times for the northward-
transmitted warm waters to the North Atlantic (0-1200m) with
origins a) in the Drake Passage b) in the Indonesian Throughflow
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than the other two Pacific “gates”, its magnitude is still
comparable. Our results do not prove sensitive to the sur-
face forcing as we obtain the same origins with different at-
mospheric fields [Hellerman and Rosenstein, 1983; Esbensen
and Kushnir, 1981]. By adding together the 14.9 Sv coming
from the Pacific with the 2.9 Sv flowing from NATL and
crossing the equator, we obtain a mean value of 17.8 Sv for
the thermohaline return flow across NATL.

The depth-integrated structure of the routes associated
to the three different origins is shown in Fig.1. The wa-
ters coming from DRAKE take two different circuits to the
North Atlantic: a direct route through the Atlantic and a
longer journey that includes a detour in the Indian Ocean.
In the first case, water flows from DRAKE northward in the
Atlantic through the Malvinas Current, then is captured by
the South-Atlantic subtropical gyre, crosses the basin east-
ward till it reaches the Benguela Current (BC) and veers
north-westward; it reaches the coast of South America (at
about 23°S) and continues northward as a boundary current,
crosses the equator and reaches the NATL section (a recir-
culation cell appears in the equatorial band as discussed by
Blanke et al., [1999]). A smaller part recirculates in the
South-Atlantic subtropical gyre before flowing northward
in the boundary current, and crossing the equator. This
pathway accounts for 2.3 Sv. In the second case, 4.2 Sv
of water from DRAKE follow a more zonal path, continuing
eastward within the Antarctic Circumpolar Current system.
They reach the Indian Ocean where they follow the Indian
subtropical gyre. Waters entering the Indian Ocean in its
eastermost area veer south-westward only north of Mada-
gascar and flow in the Mozambique Channel before entering
the Agulhas Current System (ACS). Waters entering the In-
dian basin in its central and western parts are trapped in
the ACS more rapidly and stay south of Madagascar, with
some possible recirculation before flowing back to the At-
lantic through the ACS. Then, all the flow turns back in
the Atlantic within the BC. A portion of it undergoes the
recirculation of the South-Atlantic subtropical gyre before
crossing the equator in the western-boundary current, and
reaching the NATL section. Evidence of this “Indian es-
cape” for waters coming from DRAKE and reaching NATL
has been documented by Gordon et al. [1992]. The separa-
tion of these two pathways from DRAKE occurs at about
[60°W, 50°8S].

The NATL flow coming from I-TFL crosses the Indian
basin westward till the African coast north of Madagascar.
Part of this water veers northward, trapped in the Somali
Current, and follows a clockwise recirculation. The rest of
it flows southward along the African coast in the Mozam-
bique Channel. The whole flow passes around the African
continent, first by joining the ACS (where some strong recir-
culation appears), then by following the BC. It crosses the
South-Atlantic Ocean and flows northward toward NATL
in the same way as the waters from DRAKE. The waters
coming from the Pacific south of Tasmania cross the Indian
Ocean as a trapped flow in the northern branch of the South
Indian subtropical gyre, enter the Mozambique Channel and
are captured by the ACS. In the Atlantic, they have a behav-
ior equivalent to the NATL waters originating from DRAKE
and I-TFL. If we add all the Indian water contributions to
NATL (including the recirculating 1.3 Sv from NATL and
the 4.2 Sv from DRAKE) we find a total of 13.9 Sv for the
warm route. The cold “direct” route from DRAKE to NATL
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is only 13% of the modelled GCB upper branch (2.3 of 17.8
Sv).

The travel time of each particle is easily diagnosed in
our Lagrangian computations. Yearly-binned and cumu-
lated transmitted transports are presented as a function of
time in Fig. 2. The shortest travel times are 11 years for
both DRAKE and I-TFL, and 31 years for S-AUS. More
than 50% of the transport is transmitted in less than 100
years. For all three routes, at least one peak of transport
is evident. Each peak turns to be linked to either a direct
path, or one or several recirculations. For example, the three
peaks at years 19, 29 and 58 found for the DRAKE origin
characterize the median transit-time for the direct DRAKE-
NATL path, the DRAKE-NATL path with recirculation in
the South Atlantic, and the DRAKE-Indian Ocean-NATL
journey, respectively.

5. Conclusions

We used the monthly three-dimensional circulation com-
puted by an OGCM, in equilibrium with the observed clima-
tological hydrology in the ocean interior, to investigate the
upper branch of the GCB. The thermohaline circulation was
evaluated by means of a quantitative Lagrangian analysis.
We diagnose four distinct origins for the water masses reach-
ing the North Atlantic Ocean at 20°N, for a total transport
of 17.8 Sv. Two of them, DRAKE and I-TFL, have almost
equivalent contributions (6.5 and 5.3 Sv respectively), and
correspond to the classical cold and warm routes. The other
two are more original and correspond to a remote flow from
the passage between Australia and Antarctica (3.1 Sv) and
an internal contribution of the Indo-Atlantic sector (2.9 Sv).

Only 2.3 Sv of the 6.5 from DRAKE flow directly to
NATL while the rest first enters the Indian Ocean before
coming back to the Atlantic basin with the ACS. Therefore,
the modelled ACS appears as the major provider of water
for NATL (13.9 Sv: 4.2 Sv from DRAKE, 5.3 Sv from I-
TFL, 3.1 Sv from S-AUS and 1.3 Sv from NATL itself).
Our results are consistent with the early findings of Gordon
[1986] in terms of significant contribution to the GCB of
water coming from the Indian Basin, and they emphasize
the role of the Indo-Atlantic “connection” hypothesized by
Gordon et al. [1992].

The inferred water paths strongly support the key role
of the Southern Ocean in permitting interbasin exchanges
of water masses. Our results reexamine the classical warm
versus cold route representation. Of course, as they arise
from the integration of low resolution model and data fields,
they are intented only as a qualitative indication of poten-
tial pathways. The structure of the resulting routes points
out the substantial role played by large-scale recirculation
cells in the upper GCB branch and, therefore, in water mass
transformations and distribution.

Acknowledgments. The authors are gratefull to M.
Arhan, P. Delecluse, K. D&6s, A. Ganachaud, M. Imbard, F.
Laurent and N. Metzl for useful discussions. We thank the ed-
itor, A. Gordon and two other referees for their comments and
suggestions. This work is supported by the European Commu-
nity (project TRACMASS, contract MAS3-CT97/0142 for SS and
BB) and by the CNRS and INSU through the PNEDC and ATI
programs. Lagrangian calculations were performed with the com-
putational resources of the Centre de Brest of IFREMER and at
the IDRIS (CNRS).



314

References

Blanke, B. and S. Raynaud, Kinematics of the Pacific Equato-
rial undercurrent: An Eulerian and Lagrangian approach from
GCM results. J. Phys. Oceanogr., 27, 1038-1053, 1997.

Blanke, B., M. Arhan, G. Madec, and S. Roche, Warm water
paths in the equatorial Atlantic as diagnosed with a general
circulation model. J. Phys. Oceanogr., 29, 2753-2768, 1999.

Broecker, W. S., The Biggest Chill. Natural History Magazine,
47, 79-895-82, 1987.

Broecker, W. S., The great conveyor belt. Oceanography, 4, 79-89,
1991.

Doos, K., Interocean exchange of water masses. J. Geophys. Res.,
100, 13499-13514, 1995.

Esbensen, S. K., and V. Kushnir, The heat budget of the global
ocean: An atlas based on estimates from marine surface obser-
vations. Climatic Research Institution Rep. 29, Oregon State
University, Corvallis, 27pp., 1981.

Fine, R. A., Circulation of Antarctic Intermediate Water in the
South Indian Ocean. Deep Sea Res., 40, 2021-2042, 1993.

Ganachaud, A., Large Scale Oceanic Circulation and Fluxes of
Freshwater, Heat, Nutrients and Ozygen. Ph.D. Thesis, Mas-
sachusetts Institute of Technology/Woods Hole Oceanographic
Institution, 260pp, 1999.

Gordon, A. L., Interocean exchange of thermocline water. J. Geo-
phys. Res., 91, 5037-5046, 1986.

Gordon, A. L., R. F. Weiss, W. M. Smethie, Jr., and M. J.
Warner, Thermocline and intermediate water communication
between the South Atlantic and Indian oceans. J. Geophys.
Res., 97, 7223-7240, 1992.

Hellerman, S. and M. Rosenstein, Normal monthly wind stress
over the world ocean with error estimates. J. Phys. Oceanogr.,
13, 1093-1104, 1983.

Levitus, S., Climatological Atlas of the World Ocean. NOAA Prof.
Paper, 13, U.S. Govt. Printing Office, 173pp., 1982.

Madec, G. and M. Imbard, A global ocean mesh to overcome the
North Pole singularity. Clim. Dyn.,12, 381-388, 1996.

SPEICH ET AL.: WARM AND COLD WATER ROUTES IN AN OGCM CONVEYOR BELT

Madec, G., P. Delecluse, M. Imbard, and C. Levy, OPA 8.1 Ocean
General Circulation Model Reference Manual. Note du Pole de
Modelisation, 11, Institut Pierre Simon Laplace, 91pp., 1998.

Macdonald, A. M., and C. Wunsch, An estimate of global ocean
circulation and heat fluxes. Nature, 382, 436-439, 1996.

Metzl, N., B. Moore, and A. Poisson, Resolving the intermediate
and deep advective flows in the Indian Ocean by using tem-
perature, salinity, oxygen and phosphate data: the interplay of
biogeochemical and geophysical tracers. Palaeogeogr., Palaeo-
clim., Palaeoecol., 89, 81-111, 1990.

Reid, J., On the total geostrophic circulation of the South Pa-
cific Ocean: Flow patterns, tracers and transports. Progr.
Oceanog., 16, 1-61, 1986.

Rintoul, S. R., South Atlantic interbasin exchange. J. Geophys.
Res., 96, 2675-2692, 1991.

Rintoul, S. R., and J. L. Bullister, A late winter oceanographic
section from Tasmania to Antarctica. Deep Sea Res., 46, 1417-
1454, 1999.

Schmitz, W. J.; On the interbasin-scale thermohaline circulation.
Rev. Geophys., 33, 2, 151-173, 1995.

Schmitz, W. J., On The World Ocean Circulation: Volume I.
Some Global Features/North Atlantic Circulation. Woods Hole
Oceanogr. Inst. Tech. Rept., WHOI-96-03, 1996.

Schmitz, W. J., On The World Ocean Circulation: Volume II.
The Pacific and Indian Oceans/A Global Update. Woods Hole
Oceanogr. Inst. Tech. Rept., WHOI-96-08, 1996.

S. Speich and B. Blanke, Laboratoire de Physique des Océans
(CNRS/IFREMER/UBO), Université de Bretagne Occidentale,
UFR Sciences BP 809, 6 av. Le Gorgeu, 29285 Brest Cedex,
France. (e-mail: speich@univ-brest.fr; blanke@univ-brest.fr)

G. Madec, Laboratoire d’Océanographie Dynamique et de
Climatologie (CNRS/IRD/UPMC), Université Pierre et Marie
Curie, Tour 26 - 2¢ étage boite 100, 4 place Jussieu, 75252 Paris
Cedex, France. (e-mail: gm@lodyc.jussieu.fr)

(Received May 2, 2000; accepted October 5, 2000.)



