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[1] A large ensemble of experiments with an efficient
climate model is carried out to examine stability of the
oceanic thermohaline circulation (THC) as a function of two
key processes that maintain high Atlantic salinities: the
‘‘Atmospheric Bridge’’ by which moisture is exported from
the Atlantic to the Pacific; and ‘‘Agulhas Leakage’’ of salty
Indian Ocean waters into the Atlantic. We find that
irreversible THC collapse during the next millennium is
five times more likely if Agulhas Leakage dominates over
the Atmospheric Bridge. This finding is consistent with
freshwater import to the Atlantic sector associated with the
overturning circulation, when the Atmospheric Bridge
dominates. In contrast, slight freshwater export is
associated with the overturning circulation under strong
Agulhas Leakage, helping to maintain higher Atlantic
salinity. Predictions of future climate change therefore
critically depend on better understanding of the relative
importance of the Atmospheric Bridge and Agulhas
Leakage. Citation: Marsh, R., W. Hazeleger, A. Yool, and

E. J. Rohling (2007), Stability of the thermohaline circulation

under millennial CO2 forcing and two alternative controls on

Atlantic salinity, Geophys. Res. Lett., 34, L03605, doi:10.1029/

2006GL027815.

1. Introduction

[2] The ‘‘conveyor mode’’ [Broecker, 1991] of the At-
lantic thermohaline circulation (THC) is a key feature of the
present-day climate [Vellinga and Wood, 2002]. This circu-
lation state is dependent on relatively high surface salinity
in the Atlantic [Seidov and Haupt, 2003], which is main-
tained by two processes: an ‘‘Atmospheric Bridge’’ (AB) by
which moisture evaporated from the subtropical Atlantic is
exported to the Pacific [Broecker, 1997] and ‘‘Agulhas
Leakage’’ (AL) of salty Indian Ocean thermocline waters
around South Africa into the South Atlantic [Gordon,
1986]. Both processes have varied substantially on similar
time-scales as the THC [Peeters et al., 2004; Peterson et al.,
2000], but causal relationships remain obscured by uncer-
tainty about the relative importance of the two processes
[Zaucker and Broecker, 1992; de Ruijter et al., 1999]. This
uncertainty hinders long-term predictions of the THC re-
sponse to rising CO2 as studies using idealised/efficient
models suggest that the Atlantic THC stability is strongly
dependent on both processes [Wang and Birchfield, 1992;
Weijer et al., 2001; Marsh et al., 2004].

[3] Ocean models have been used to demonstrate: (a) the
importance of AL for the conveyor [Weijer et al., 1999];
(b) that the very presence of the conveyor maintains high
salinity in the North Atlantic through net freshwater export
from the basin by deep-sea transport [Rahmstorf, 1996]; and
(c) that AL might be more efficient than AB in altering the
THC [Seidov and Haupt, 2003]. The AL process supplies
high salinity waters into the surface and thermocline of the
South Atlantic, predominantly by means of eddies (‘‘rings’’)
that are intermittently shed at the Agulhas Current retro-
flection [Richardson et al., 2003]. Observations show that
4–8 rings are shed per year [De Ruijter et al., 1999], with a
salt flux per ring of 0.15–6.3 � 105 kg s�1. It has been
found that AL was periodically shut off during glacial times
[Peeters et al., 2004], and the consequent reduction of AL
salt flux into the Atlantic may have contributed to the
weakening of glacial North Atlantic overturning inferred
from proxy data [McManus et al., 2004].
[4] Fully coupled ocean-atmosphere models, in contrast,

do not resolve the AL and place more emphasis on the AB,
with the hydrological cycle imposing a negative feedback
on a collapsing THC through low-latitude atmospheric
processes [Lohmann, 2003]. The AB process concerns a
net atmospheric freshwater export from the Atlantic into the
Pacific, driven by high rates of net evaporation from the
Atlantic. For present day climate, humidity and wind
observations suggest a net surface freshwater export from
the Atlantic sector of 0.32 Sv (1 Sv = 106 m3s�1),
partitioned equally between the tropics and northern extra-
tropics [Zaucker and Broecker, 1992]. Conversely, inverse
analysis of ocean hydrographic section data highlights a
dominant role of South Atlantic evaporation in the net
Atlantic freshwater loss [Ganachaud and Wunsch, 2002].
Using two different reanalysis datasets, differences of up to
0.1 Sv are obtained between monthly anomalies of net
freshwater flux in the Atlantic zone 20�S to 20�N [Schmittner
et al., 2000]. Estimates of long-term mean net freshwater
export based on short records [Zaucker and Broecker, 1992]
may furthermore be compromised by natural variability
associated with El Niño, which amounts to an estimated
range of 0.3 Sv [Schmittner et al., 2000]. Based on the
evidence, and for the purposes of this study, we consider
long-term mean freshwater export to be 0.15 ± 0.15 Sv. This
range covers the majority of published estimates, so that in
the experiments described below we account for the sensi-
tivity of solutions to extreme AB cases.
[5] Here we investigate the relative importance of AB

and AL for THC stability, with particular reference to the
fate of the THC under rising atmospheric CO2 concentra-
tions. It has been proposed that the strength of the Atlantic
Conveyor may decline over the next century [Intergovern-
mental Panel on Climate Change, 2001], due to a combi-
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nation of warming and freshening at northern high latitudes.
There is (even) greater uncertainty about the longer-term
(post-2100) fate of the THC, due to our poor understanding
of the Atlantic freshwater balance in addition to uncertain-
ties in future projections of anthropogenic climate forcing.
So far, only one study has addressed the THC response to
the CO2 transient on a millennial timescale, suggesting that
irreversible collapse or recovery is contingent on changes in
surface freshwater fluxes at mid-to-high latitudes of the
North Atlantic [Rahmstorf and Ganopolski, 1999].

2. Model and Experimental Design

[6] To assess the importance of the sources of salinity to
THC stability, a wide range of parameters must be consid-
ered in a coupled ocean-atmosphere context. We add a new
perspective that considers THC changes over the next
millennium in response to different combinations of AL
and AB, using an intermediate complexity climate model
that comprises a 3-D frictional geostrophic ocean component
configured in realistic geometry, including bathymetry, cou-
pled to an energy-moisture balance model of the atmosphere
and a thermodynamic model of sea ice [Edwards and Marsh,
2005]. The model has a low resolution of 10� longitude by
36 equal increments in the sine of latitude (such that all grid
cells are of equal area) by 8 depth levels. This, in conjunction
with simplified physics, makes the model computationally
efficient. Twelve key parameters in the model have been
tuned to best simulate present-day atmosphere and ocean
observations using the ensemble Kalman filter [Hargreaves
et al., 2004]. Our results comprise an ensemble of experi-
ments across ranges of two model parameters, controlling
the AL-equivalent (negative) freshwater flux and the AB
process represented by an Atlantic-to-Pacific moisture flux.
In each experiment, the model is spun up under pre-
industrial atmospheric CO2 concentration, which is then
increased for 200 years as observed over AD 1800–2000
before undergoing a millennial transient according to an
emissions scenario for AD 2000–3000 and a simple natural
uptake scheme.
[7] AL and AB freshwater fluxes are applied as extra

terms in the surface freshwater flux over selected regions,
exactly compensating positive and negative terms to ensure
no change in global net freshwater flux. The AL flux is
applied over the South Atlantic and the Indian Ocean. The
salt transport associated with Agulhas leakage has been
diagnosed in an eddy-permitting ocean model at �10 Sv psu
[Weijer et al., 2001], which is equivalent to a freshwater flux
of �0.28 Sv. The AB flux is applied in three zones, as
previously diagnosed from observations [Zaucker and
Broecker, 1992]: south of 20�S; 20�S to 24�N; north of
24�N. The estimated net AB flux of 0.32 Sv is somewhat
high compared with the equivalent flux in atmospheric
models [Zaucker and Broecker, 1992]. As our model
typically transports 0.03 Sv of moisture from the Atlantic
to the Pacific through explicit advection and diffusion, we
therefore specify a maximum prescribed AB flux of 0.29 Sv.
Both AL and AB fluxes are varied by 10% increments in the
range zero to 0.29 Sv, such that all possible combinations
comprise a 121-member ensemble. Figure 1 shows model
surface salinity in AD 2000 under two extreme combina-
tions of AB (Figure 1a) and AL (Figure 1b). Superimposed

on Figures 1a and 1b are the regions and zones over which
we apply the surface freshwater flux adjustments. In
Figure 1a, the salinity field compares reasonably well with
observations, although the surface Atlantic is too fresh by
about 1 psu (not shown). In Figure 1b, North Atlantic
salinity cannot be maintained at a value sufficient for
convective overturning, and the Atlantic THC is in a
collapsed state. However, for a broad range of intermediate
combinations of AL and AB, we get more realistic surface
salinity fields (not shown) and a Conveyor mode THC. In
fact, root mean square error for SST and SSS, relative to
Levitus observations, is minimized and homogeneous
across the corresponding region of AB-AL flux space.
[8] Each experiment begins with a spin-up phase of

4000 years during which atmospheric CO2 concentration
is set at a pre-industrial level (�280 ppmv) for 3800 years.
Over the last 200 years of the spin-up, we specify historical
CO2 concentrations from ice cores (1800–1957) and Mauna
Loa (1957–2000). After 2000, atmospheric CO2 is deter-
mined by anthropogenic emissions and natural uptake that
relaxes CO2 back towards the pre-industrial level with an
e-folding timescale of 150 years. The return towards a pre-
industrial level of CO2 at AD 3000 is specified to investi-
gate whether the THC can operate in different stable states

Figure 1. Fields of model surface salinity (psu) for AD
2000: (a) AB flux = 0.290, AL flux = 0 and (b) AB flux = 0,
AL flux = 0.290. Zones of surface freshwater flux
adjustment are delimited in the three Atlantic and Pacific
zones (Figure 1a) and in the South Atlantic and Indian
Ocean zones (Figure 1b; dots indicate net evaporation,
crosses indicate net precipitation). In Figure 1a net
evaporation in the Atlantic is sufficient to sustain a
Conveyor mode THC and high salinity throughout the
Atlantic, consistent with observations. In Figure 1b, the
THC is in a collapsed state and high salinity is only
maintained in the South Atlantic, incompatible with
observations.
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under near-identical CO2 concentration (before and after a
millennial-timescale transient). We specify the IPCC indic-
ative scenario A1FI [Intergovernmental Panel on Climate
Change, 2000] for CO2 emissions up to 2100. After 2100,
the emissions rate declines to zero at 2245. This extended
emissions scenario is symmetric about 2100. As a conse-
quence of this forcing, atmospheric CO2 reaches a peak of
1322 ppmv in AD 2155 (see Figure 2a). After 2000, we
include an extra freshwater flux due to melting of the
Greenland Ice Sheet. This flux is parameterised as a function
of the air temperature anomaly relative to 2000 using a
sensitivity of 0.01 Sv per 1�C of global warming, which is
comparable to prescribed levels of ‘‘hydrological sensitivi-
ty’’ used in similar experiments [Rahmstorf and Ganopolski,
1999]. Commencement of melting in 2000 is consistent with
evidence that the Greenland mass balance has only recently
started to change [Rignot and Kanagaratnam, 2006].

3. Results

[9] Figure 2 shows AD 1800–3000 time series of CO2

concentrations, global warming and Atlantic overturning
strength for 69 ensemble members with a conveyor mode
THC (after spin-up). In the model, global warming peaks
around 6�C by AD 2180, followed by a return to almost
zero by AD 3000. The melting rate of the Greenland ice
sheet rises to a peak of around 0.045 Sv at �AD 2250,

compared an estimated ice sheet mass deficit of 0.007 Sv in
2005 [Rignot and Kanagaratnam, 2006]. The Atlantic
overturning displays an initial weakening of �10% over
AD 1800–2000, after which the accelerating warming and
Greenland melting drive the THC towards collapse. Fol-
lowing the CO2 peak, the THC continues to collapse in 29
ensemble members, while THC recovery occurs in the other
40. By AD 2300, clear bifurcation behaviour is apparent,
and by AD 3000 the ensemble has separated into two
distinct modes: one with a recovered THC, and the other
with an irreversibly collapsed THC.
[10] Figure 3a shows the ‘‘present day’’ (AD 2000)

maximum value of simulated Atlantic overturning as a
function of AL and AB freshwater fluxes. Two stable states
are evident, corresponding to conveyor and collapsed states
of the THC. For a range of freshwater flux combinations,
the THC is unrealistically collapsed at AD 2000. For
combinations leading to a THC in conveyor mode, we
obtain overturning strengths in the range 12–21 Sv, which

Figure 2. Time series over AD 1800–3000 of simulated:
(a) atmospheric CO2 concentration, (b) global-mean air
temperature anomaly (relative to 1800), and (c) maximum
Atlantic THC strength (taken here as the maximum value of
the meridional overturning streamfunction). The THC in
ensemble members that are initially of similar strength,
under the same net (combined) freshwater flux, can respond
to CO2 forcing in very different ways: the dotted curves
identify two such ensemble members which are AB-
dominated (THC fully recovered by AD 3000) and AL-
dominated (THC irreversibly collapsed by AD 3000).

Figure 3. Atlantic THC strength (Sv) as a function of AB
and AL freshwater transports in (a) AD 2000 and (b) AD
3000 minus AD 2000. In Figure 3b, we only indicate
differences if the THC is in conveyor mode at AD 2000.
The seven reverse diagonals correspond to seven levels of
net freshwater flux, dominated by either AL (solid
diagonals) or AB (dashed diagonals). Circles and diamonds
indicate cases of a collapsed THC in AD 3000, while
crosses and squares indicate cases of a recovered THC, both
for AL and AB domination respectively. This interpretation
of the results is used to infer the likelihood of irreversible
collapse (Table 1).
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span recent estimates [Bryden et al., 2005]. Furthermore, we
find that Atlantic-mean errors in surface temperature and
salinity (relative to present day observations) are minimised
and locally invariant in this freshwater flux space, when the
THC at AD 2000 is in the conveyor mode. The diagonal
threshold between the two THC states indicates that either
strong AL or AB freshwater fluxes (or both) can maintain
the THC.
[11] Figure 3b shows ‘‘AD 3000 minus AD 2000’’ differ-

ences in Atlantic overturning strength, as a function of AL
and AB freshwater fluxes, wherever the THC is in the
conveyor mode at AD 2000. Large negative differences
(circles and diamonds) indicate THC bistability, i.e., both
conveyor and collapsed states of the THC are stable under
the same combination of AL and AB freshwater fluxes,
such that THC collapse is irreversible up to AD 3000.
Differences elsewhere (crosses and squares) are mostly in
the range 0–4 Sv, indicating recovery (and slight strength-
ening) of the THC by AD 3000. In this region of parameter
space, we conclude that the THC is monostable in the
conveyor state. Considering the 69 ensemble members with
a Conveyor Belt THC at AD 2000 as equally probable, for a
given net freshwater flux (equal along reverse diagonals in
Figure 3b), the likelihood of irreversible THC collapse is
greater if AL dominates the freshwater budget (Table 1).
The extreme case is for net flux of �0.377 Sv (bold row in
Table 1), in which case irreversible THC collapse is either
100% likely to happen under dominant AL, or 0% likely to
happen under dominant AB. Averaged over a limited range
of net freshwater flux, �0.290 to �0.464 Sv, irreversible
THC collapse is five times more likely under AL dominance
than under AB dominance.
[12] It has been argued that THC stability is linked to the

strength and mode of oceanic freshwater transport at the
Atlantic southern boundary [de Vries and Weber, 2005],
which is in turn controlled by the combination of AB and
AL. Figure 4 shows Atlantic salinity transports in AD 2000
for two ensemble members at the opposite ends of the
reverse diagonal for which Atlantic net freshwater flux is
�0.377 Sv (Figure 3b), corresponding to a THC that is
bistable (Figure 4a) or monostable (Figure 4b). The differ-

ent transient THC responses in these two ensemble mem-
bers are indicated by the dotted curves in Figure 2c. Also
shown in Figure 4 are the overturning, gyre and diffusion
components of the total salinity transport. The gyre com-
ponent is obtained as a difference between total advection
and overturning components.
[13] Total salinity transport in Figure 4 equates reason-

ably well with freshwater transport estimates [Ganachaud
and Wunsch, 2002]. At most latitudes in the Atlantic sector
the overturning is transporting salinity northwards, equiva-
lent to the southward freshwater transport established in
other model studies [Rahmstorf, 1996; de Vries and Weber,
2005]. However, for the two ensemble members considered
here, the overturning effectively imports fresh water at the
southern boundary, although only marginally in the bistable
case. This is in contrast to observational evidence that the
overturning does indeed export fresh water from the Atlantic
[Weijer et al., 1999], although uncertainties in such esti-
mates are rather large. However, the basin-net effect of
overturning – taken as the difference between overturning
salinity transports at 30�S and 60�N – is to freshen (slightly
salinify) the Atlantic basin in the monostable (bistable) case,
a relationship consistent with previous model results
[de Vries and Weber, 2005]. Overturning transports are
largely compensated by gyre transport in the subtropical
North Atlantic, where there are strong zonal salinity gra-
dients. Elsewhere, a rather limited wind-driven circulation
supports only small gyre transports, and overturning trans-
ports are more dominant. There are, however, substantial
diffusive transports in the model. While an artefact of low
resolution, southward diffusive salinity transport at the
southern boundary fulfils the role of the wind-driven gyre
in the South Atlantic [Weijer et al., 1999]. Diffusive salinity

Table 1. Likelihood of Irreversible THC Collapse Under

Dominant AL or AB Fluxes, for Increasing Atlantic Freshwater

Lossa

Net Freshwater Flux, Sv

Likelihood of Irreversible Collapse,
%

AL Dominant AB Dominant

�0.290 100 45
�0.319 100 40
�0.348 100 11
�0.377 100 0
�0.406 57 0
�0.435 33 0
�0.464 0 0
Average (�0.290 to �0.464) 70 14

aNet freshwater flux is the sum of AL and AB fluxes. ‘‘AL dominant’’
(‘‘AB dominant’’) Likelihoods are obtained from ‘‘AD 3000 minus AD
2000’’ differences in THC strength, above (below) the dotted leading
diagonal in Figure 3b: we divide the total number of pixels indicating AD
3000 collapse (circles and diamonds) along the solid (dashed) reverse
diagonals by the total number of pixels. In the case that AB and AL fluxes
are equal (i.e., lie along the leading diagonal), half-pixels are counted.

Figure 4. Atlantic salinity transports (Sv.psu) in AD 2000
for two ensemble members at the opposite ends of the
‘‘0.377 Sv diagonal’’ of Figure 3b: (a) AB flux = 0.087, AL
flux = 0.290 Sv (‘‘AL-dominated’’) and (b) AB flux =
0.290, AL flux = 0.087 Sv (‘‘AB-dominated’’). Total
salinity transport is decomposed into overturning, gyre and
diffusion components.
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transports are stronger with a strong AL flux (Figure 4a) as
this maintains a large meridional salinity gradient in the
South Atlantic.

4. Summary and Discussion

[14] In summary, we find that the long-term fate of the
THC is sensitive to two processes by which high surface
salinity is maintained in the present-day Atlantic: Agulhas
Leakage and the ‘‘Atmospheric Bridge’’. There is a
corresponding influence on long-term climate change. In
the experiments reported here, reduced northward heat
transport in cases of irreversible THC collapse leads to
the ‘‘bipolar seesaw’’ [Stocker, 1998] in air temperature
remaining in a position with northern cooling of up to 7�C
and southern warming of up to 2�C at AD 3000, within a
climate that elsewhere is close to present day, while in cases
of THC recovery, present-day climate is restored. In terms
of the Atlantic freshwater budget, neither the combined
effect of Agulhas Leakage and the Atmospheric Bridge, nor
the balance between them, is well known for the present
day. Indeed, the Atmospheric Bridge may be too strong in
current state-of-the-art models, implying unrealistic north-
ward freshwater transport and a monostable THC [de Vries
and Weber, 2005]. Estimates of the actual probability of
irreversible collapse must formally account for a range of
uncertainties, including future CO2 concentrations, and
climate/hydrological sensitivity [Challenor et al., 2006].
Here we stress the importance of reducing uncertainties in
the two processes that control Atlantic salinity, particularly
with respect to the balance between them, since the likeli-
hood of irreversible THC collapse increases considerably
when assuming a higher contribution of Agulhas Leakage.
For credible long-term climate predictions, it is therefore
essential that these different freshwater pathways are real-
istically simulated in state-of-the-art models.
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