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Abstract
The thermohaline exchange between the Atlantic and the Southern Ocean is
analyzed, using a data set based on WOCE hydrographic data. It is shown that
the salt and heat transports brought about by the South Atlantic subtropical gyre
play an essential role in the Atlantic heat and salt budgets. It is found that on
average the exported North Atlantic Deep Water (NADW) is fresher than the return ﬂows (basically composed of thermocline and intermediate water), indicating
that the overturning circulation (OC) exports freshwater from the Atlantic.
The sensitivity of the OC to interbasin ﬂuxes of heat and salt is studied in a
2D model, representing the Atlantic between 60◦ N and 30◦ S. The model is forced
by mixed boundary conditions at the surface, and by realistic ﬂuxes of heat and
salt at its 30◦ S boundary. The model circulation turns out to be very sensitive to
net buoyancy ﬂuxes through the surface. Both net surface cooling and net surface
saltening are sources of potential energy and impact positively on the circulation
strength. The vertical distributions of the lateral ﬂuxes tend to stabilize the stratiﬁcation, and, as they extract potential energy from the system, tend to weaken
the ﬂow. These results imply that a change in the composition of the NADW
return transports, whether by a change in the ratio thermocline/intermediate
water, or by a change in their thermohaline characteristics, might inﬂuence the
Atlantic OC considerably.
It is also shown that the circulation is much more sensitive to changes in the
shape of the lateral buoyancy ﬂux than to changes in the shape of the surface
buoyancy ﬂux, as the latter does not explicitly impact on the potential energy of
the system. It is concluded that interocean ﬂuxes of heat and salt are important
for the strength and operation of the Atlantic thermohaline circulation, and should
be correctly represented in models that are used for climate sensitivity studies.

1.

Introduction

The operation and the stability of the ocean global thermohaline circulation are currently receiving a great deal of attention. The interest has arisen through the realization
that the ocean is an extremely important component in the climate system and that it
might have played an important role in dramatic climatic events during the last ice-age
(e.g. Broecker et al. 1985; Keigwin et al. 1991). Concern with global warming due to
anthropogenic inﬂuences has increased public and scientiﬁc interest in the stability of
the oceanic component of the climate system.
An appealing account of how this so-called conveyor belt circulation operates was
given by Broecker (1991). He portrays the overturning circulation as a self-sustained
circulation loop, which is driven by atmospheric freshwater transport from the Atlantic
drainage basin to the Paciﬁc. This export of freshwater is brought about by relatively
high surface water temperatures, which cause evaporation to exceed precipitation in
the Atlantic Ocean (e.g. Wijﬀels et al. 1992). These high temperatures are established
by anomalous northward heat transport in the southern part of the Atlantic Ocean,
which is a manifestation of the large impact of the conveyor belt circulation. The high
Atlantic surface salinities allow the surface water masses to be converted into a dense
deep water mass when they are cooled at high latitudes. According to this view the
excess salt, which remains when net freshwater is distilled from the Atlantic surface
waters, is removed by the lower limb of the conveyor belt and exported with the North
Atlantic Deep Water (NADW). A two-dimensional modelling study (Zaucker et al. 1994)
does indeed display a positive relation between the atmospheric freshwater loss from
the Atlantic and the overturning strength.
The upper level water masses, which enter the Atlantic to compensate for this outﬂow of NADW, are derived from basically two sources. They contribute water with
highly contrasting water mass characteristics (Schmitz 1995): probably the largest part
of the NADW compensation is derived from relatively fresh and cold intermediate waters, which enter the Atlantic as part of the Antarctic Circumpolar Circulation (ACC)
through the Drake Passage (Broecker 1991; Rintoul 1991). The remaining part is derived from warm and salty thermocline or central water masses (Gordon 1985, 1986),
which enter the Atlantic around the Cape of Good Hope by the process of Agulhas
Leakage (Lutjeharms 1996; De Ruijter et al. 1998). However, previous budget calculations (Stommel 1980; Piola and Gordon 1986) failed to reconcile reasonable volume
transports of NADW and thermocline and intermediate water return transports with
net evaporation from the Atlantic basin.
In a recent paper, Rahmstorf (1996) disputes the view of Broecker (1991). On the
basis of a series of global model experiments, he suggests that the average salinity of
the water exported from the Atlantic (NADW) is lower than that of the water masses
that replace it. This indicates that the overturning circulation gains freshwater on its
way through the Atlantic, by an amount which is called the ‘active’ freshwater ﬂux by
Rahmstorf. This active freshwater ﬂux is determined by the saline characteristics of
the exported NADW and the returning upper level water masses. It is clear that the
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overturning circulation does not supply the freshwater for the excess Atlantic evaporation as proposed by Broecker (1991), as it exports freshwater itself. Rahmstorf (1996)
argues that only the wind-driven circulation of the South Atlantic subtropical gyre
might import enough freshwater to reconcile the evaporative freshwater loss and the
net freshwater gain of the overturning circulation. The zonal salinity contrast at 30◦ S
in the South Atlantic Ocean does indeed exceed 1.5 psu (Levitus 1982), the highest
salinities coinciding with the southward ﬂowing Brazil Current and the lowest with the
northward ﬂowing Benguela Current. The large contribution of the gyre-induced salt
transport might resolve the inconsistencies encountered in the earlier budget calculations since the overturning circulation is now released from the constraint of having to
balance the atmospheric freshwater loss.
Not only are the NADW return transports important for the net interbasin ﬂuxes
of heat and freshwater, they might also aﬀect the circulation strength in a more direct
way. Gordon et al. (1992) suggest that the input of salty and warm thermocline water
by the process of Agulhas Leakage preconditions the Atlantic for forming deep water.
Besides excess evaporation, this process could be an additional reason for the high
surface salinities in the North Atlantic. This idea is especially interesting in view of
the highly intermittent character of Agulhas Leakage, and the fact that it exists due to
coupling of the wind-driven subtropical gyres of the South Indian and Atlantic Oceans
(De Ruijter 1982; Lutjeharms 1996; De Ruijter et al. 1998). The input of warm and
salty water from the Paciﬁc and Indian Oceans into the Atlantic therefore depends
critically on characteristics of the Indian Ocean wind stress ﬁelds, and this exchange
might be very sensitive to climatological shifts of latitudes of zero wind stress curl.
Paleoceanographic data indicate large shifts in the latitudinal positions of the major
fronts in the Indian Ocean (Howard and Prell 1992), and suggest that the present-day
position of the Subtropical Convergence, which might be thought of as the southern edge
of the wind-driven subtropical gyres, is several degrees south of the average position
over the last 500 kyr.
Cai and Greatbatch (1995) have considered the suggestion of Gordon et al. (1992)
by comparing the overturning strength with and without Agulhas Leakage in a lowresolution ocean model. In their model the overturning strength did not change in
response to shutting oﬀ the Agulhas Leakage. They blame this lack of response on the
hardly changed density ﬁeld, as thermal and saline changes almost cancelled each other
out. Rahmstorf et al. (1996) suggest that this might have been due to an inappropriately
weak thermal coupling to the atmosphere, allowing thermal anomalies to aﬀect the
density throughout the basin, instead of in the South Atlantic only. Nevertheless it
remains unclear why the overturning does not change in response to shutting oﬀ Agulhas
Leakage, despite considerable changes in several other thermohaline properties of the
solution.
In this paper we examine how the strength and the operation of the Atlantic overturning circulation are inﬂuenced by interbasin ﬂuxes of heat and salt. We demonstrate
that not only the net ﬂux of buoyancy across 30◦ S in the Atlantic is relevant, but the
vertical distribution of the lateral buoyancy exchange as well. This distribution is a
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result of the highly distinct thermal and saline characteristics of the exported NADW
and the brands of imported shallow level water. We show that the vertical structure of
the lateral buoyancy ﬂux can have a larger impact on the overturning strength than its
inﬂuence on surface salinities and deep convection alone: it directly modiﬁes the balance
of potential energy of the Atlantic Ocean and hence the overturning strength. Modiﬁcation of this vertical distribution, by changing the thermal or saline characteristics of
the water masses (e.g., by changing the amount of Agulhas inﬂow), or by changing the
vertical structure of the overturning (e.g., by changing the ratio of thermocline to intermediate water in the compensation), might therefore induce changes in the overturning
strength.
The aim of this paper is to clarify the relative role played by lateral and surface
buoyancy ﬂuxes in the operation of the large-scale Atlantic overturning circulation in
a simple model context. It is essential to determine the importance of both lateral
and surface forcing in order to understand and predict the ocean’s response to climatic
changes. Given the observed variability of Agulhas leakage and its sensitivity to characteristics of the wind stress ﬁelds in the Indian Ocean, this question is highly relevant
for climate studies. It is also important for judging the skill of low and high resolution
ocean models, which do not incorporate Agulhas Leakage (Drijfhout et al. 1996) or fail
to reproduce the formation of intermediate water correctly (McCann et al. 1997). It
is furthermore relevant for judging the applicability of two-dimensional models of the
overturning circulation, which lack the zonal dimension and the associated transport
mechanism of the wind-driven circulation (e.g. Zaucker et al. 1994).
In section 2 of this paper, zonally averaged proﬁles will be presented of ﬂuxes of heat
and salt across 30◦ S in the Atlantic. These estimates are based on an inversion of several
hydrographic data sets from the South Atlantic, including some recent sections from
the World Ocean Circulation Experiment (WOCE). In section 3, we describe the simple
2D model of the Atlantic Ocean employed for this study, which is forced by realistic
surface and lateral ﬂuxes, the latter being parametrized as diﬀusive ﬂuxes. In section
4 the impact of these ﬂuxes on the overturning strength is studied. The relevance and
implications of these results are discussed in section 5, and the main conclusions are
summarized in section 6.
2.

Fluxes of heat and salt across 30◦ S

In this section we present zonally averaged proﬁles of advective ﬂuxes of heat and
salt across 30◦ S in the Atlantic Ocean. These ﬂuxes represent the thermal and saline
coupling between the Atlantic and Southern Oceans, as they account for the interocean
exchange of heat and salt via the ocean. They were calculated using the ‘best estimate’
solution of an inversion discussed by Holfort (1994). He combined hydrographic data
from several South Atlantic WOCE sections and some earlier cruises to obtain a best
estimate of the balances of mass, salt and heat in the South Atlantic. In the following
we will use the meridional mass ﬂux vm = ρv (in kg m−2 s−1 ) rather than the meridional
velocity v itself.
3

Denoting the longitude by φ and depth by z, we split the meridional mass ﬂux
vm (φ, z), potential temperature T (φ, z) and salinity S(φ, z) at this section into a zonal
mean and its deviation, i.e.,
T (φ, z) = T (z) + T  (φ, z)
S(φ, z) = S(z) + S  (φ, z)

(φ, z),
vm (φ, z) = vm (z) + vm
where
(T (z), S(z), vm (z)) ≡

1
(T (φ, z), S(φ, z), vm (φ, z))
L(z)

(1)

(2)

and
 (φ, z)) = 0.
(T  (φ, z), S  (φ, z), vm

(3)

L(z) is the width of the basin at depth z, and the overbars denote zonal integration (note
that T , S and vm are zonal means). To calculate heat and salt transports we introduce
a reference temperature T0 and a reference salinity S0 ; the appropriate choices for T0
and S0 will be discussed later. The zonally averaged lateral ﬂuxes of heat and salt are
given by:
FQ (z) =

1
L(z)
1
cp vm (T − T0 ) =
cp vm (T − T0 ) +
cp v  T 
L(0)
L(0)
L(0) m

(4a)

1
L(z)
1  
vm (S − S0 ) =
vm (S − S0 ) +
v S.
L(0)
L(0)
L(0) m

(4b)

FS (z) =

Applying the factor L(0) in the averaging procedure yields a depth-dependent weight
factor L(z)/L(0), which is the relative width of the basin at each depth. This places
the ﬂuxes in the deeper and narrower parts of the basin in the right proportions with
respect to their shallower counterparts. The ﬁrst terms on the right-hand sides of
Eqs. (4) denote heat and salt ﬂuxes brought about by the overturning circulation, the
net meridional transport at each depth advecting the zonally averaged temperature and
salinity deviation. The second terms denote the contributions of the (largely horizontal)
gyre circulation, and arise when velocity anomalies correlate with deviations of the
thermal or saline anomalies within a layer.
It is not clear a priori what values of T0 and S0 should be taken, since every reference
state yields an equally valid description of the ﬂuxes. In appendix A it is shown that, in
the context of our model, the appropriate choice for T0 and S0 is the averaged value of
temperature and salinity in the basin. Only then is the potential energy input of these
ﬂuxes into the Atlantic correctly captured in a 2D model. Using the Levitus (1982)
data set, we averaged the temperature and salinity for the Atlantic Ocean, starting
at 30◦ S, and going up to the Labrador Sea and the North Atlantic overﬂow ridges
(including the Mediterranean), resulting in mean values T0 = 4.83◦ C and S0 = 35.07
psu. An indication of the sensitivity of these values to the exact position of the northern
boundary was obtained by changing this position between 60◦ N and 70◦ N, displaying
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variations in temperature of 0.04 K and of 0.003 psu in salinity per 10◦ in latitude.
These variations do not signiﬁcantly change the ﬂux proﬁles. The heat capacity cp is
taken to be 4000 J kg−1 K−1 (Table 1).
The proﬁles of the total ﬂuxes of heat and salt (solid lines), the overturning components (long-dashed lines) and the residual components (short-dashed lines) are plotted
in Figs. 1. The characteristics of the major water masses can be recognized in the overturning components of both heat and salt ﬂuxes. The signal of Antarctic Bottom Water
(AABW) is visible below the zero-crossings of the proﬁles at about 3450 m depth. It
is characterized by the export of heat and salt, due to northward transport of water
which is fresher and colder than the average Atlantic waters. The inﬂuence of NADW is
visible between the zero-crossings at about 1150 and 3450 meters. Due to its relatively
low salinity and temperature, the southward ﬂow of this water mass implies northward
ﬂuxes of heat and salt. In the overturning salt ﬂux, the low-salinity intermediate water
is visible between 500 and 1150 m. Here the salt ﬂux is southward due to the net
northward transport of this relatively fresh water mass. The overturning ﬂuxes in the
thermocline layer are characterized by strong northward transports of heat and salt.
The residual components of the heat and salt ﬂuxes are very small below the upper
kilometer: zonal variations in the thermohaline structure are small at these depths,
and the horizontal circulation is weak. Here, the total ﬂuxes are controlled by the
overturning components alone. Above these depths the residual ﬂuxes of heat and
salt become increasingly important. Here the circulation is dominated by the winddriven circulation of the subtropical gyre, and the zonal diﬀerences in temperature
and salinity can be as much as 6◦ C and 1.5 psu between the eastern and western
South Atlantic surface waters. Fig. 1a shows that in the upper 1000 m the northward
heat ﬂux is strongly counteracted by the residual component. In an integrated sense,
the residual heat ﬂux accounts for a 0.37 PW reduction in the 0.63 PW overturning
heat ﬂux, resulting in a total heat ﬂux of 0.26 PW. The residual salt ﬂux, on the
other hand, completely overrules the overturning component in the upper kilometer,
and becomes the dominant factor in the total salt ﬂux (Fig. 1b). It converts the 7.0
Gg/s northward salt transport of the overturning circulation into a -6.2 Gg/s southward
transport. (Note that the original solution of Holfort also accounts for ﬂuxes brought
about by (southward) Ekman ﬂow, and that taking T0 and S0 close to the 30◦ S sectionmean values of temperature and salinity supresses the heat and salt ﬂux contribution
of advection by the O(-0.3 Sv) net Atlantic volume ﬂux.)
The sign of the salt ﬂux at NADW levels depends of course on the choice of the
reference salinity S0 . However, the sign of the integral of the overturning proﬁle does
not. Its positive sign conﬁrms the ideas of Rahmstorf (1996), namely that at 30◦ S the
exported NADW is on average fresher than the water masses that replace it. Therefore, the overturning circulation eﬀectively exports freshwater from the Atlantic, and is
unable to supply freshwater to compensate for the excess evaporation (Broecker 1991).
The analysis of the heat and salt ﬂuxes across 30◦ S in the Atlantic clearly shows the
importance of the wind-driven circulation for both the heat and salt budgets of the
Atlantic Ocean.
5

3.

The model

a. Domain and configuration
The model used in this study is adapted from the two-dimensional model used by
Dijkstra and Molemaker (1997). The stationary and rotationless Boussinesq equations
are solved in a streamfunction-vorticity formulation, in a small aspect ratio conﬁguration. Two diﬀerent domain conﬁgurations are studied: the ﬁrst one considers a model
with equatorially symmetric surface buoyancy forcing. This model, which will be denoted as ‘global’, has been studied by several authors in as many parameter settings
(Cessi and Young 1992; Thual and McWilliams 1992; Quon and Ghil 1992, 1995; Dijkstra and Molemaker 1997). The second conﬁguration, called ‘Atlantic’, applies more
speciﬁcally to the Atlantic ocean, which we consider bounded by the 30◦ S parallel. In
both cases the model coordinate y (∈ [0, 1]) can be mapped onto the latitude θ:
θq (y) = θqS (1 − y) + θN y

q = G, A

(5)

where θN is 60, and θqS is -60 for the global (G) conﬁguration and -30 for the Atlantic
(A) conﬁguration.
In addition to being forced by surface forcing, the Atlantic conﬁguration of the model
can also be forced by lateral ﬂuxes of heat and salt, prescribed at the 30◦ S boundary.
In reality, such lateral ﬂuxes are a result of water mass exchange with anomalous salt
and heat content, and are therefore of an advective nature. However, in order to
avoid open boundary conditions at the southern boundary of our model, we prescribe
them as diﬀusive ﬂuxes, in combination with a no-ﬂow condition. We realize that, by
prescribing these ﬂuxes, no feedback from changing Atlantic overturning to these ﬂuxes
is allowed. Furthermore the constraint that all deep water must upwell north of 30◦ S is
an unrealistic feature of the model, as most of the NADW produced is exported from
the Atlantic (Schmitz 1995).
b. Equations and scaling
Scale parameters and dimensionless quantities introduced in this section are tabulated
in Table 1, as well as their characteristic values. Dimensional variables are indicated
with a ∗ .
A linear equation of state is used, relating buoyancy B ∗ to temperature T ∗ and
salinity S ∗ via B ∗ = ρ0 [α(T ∗ − T0 ) − β(S ∗ − S0 )]. Here α and β are the coeﬃcients of
thermal and saline expansion, and T0 and S0 are reference values of temperature and
salinity. The temperature and salinity deviations are scaled with characteristic scales
of thermal and saline variations in the Atlantic Ocean ∆T and ∆S. Scaling buoyancy
B ∗ with ρ0 α∆T yields B = T − λS. As in Dijkstra and Molemaker (1997), we rescale
salinity with the buoyancy ratio λ = β∆S/α∆T by introducing S̃ = λS. The tilde will
be dropped in the following.
The meridional and depth coordinates of the basin are scaled as (y ∗ , z ∗ ) = (Ly, H(z−
1)), where H is the mean depth of the basin, and L the meridional extent. Coeﬃcients
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of viscosity and thermal diﬀusivity are denoted by ν and κ, respectively, with subscripts
h and v indicating the horizontal and vertical components. Time t∗ , streamfunction ψ ∗
and vorticity Ω∗ are scaled with H 2 /κv , κv L/H and κv L/H 3 . Applying this scaling, we
obtain the following equations:


Ω = −a2 ψyy − ψzz


∂Ω
νh
− J(ψ, Ω) = Ra(T − S)y + a2 Ωyy + Ωzz
∂t
νv


∂T
κh
− J(ψ, T ) = a2 Tyy + Tzz
∂t
κv


∂S
κh
− J(ψ, S) = a2 Syy + Szz
Le
∂t
κv

P r −1

(6a)
(6b)
(6c)
(6d)

where J(a, b) denotes the Jacobian operator ay bz − az by . The Prandtl number P r =
νv /κv is taken to be 2.25, in line with the Dijkstra and Molemaker (1997) and Quon and
Ghil (1992) values, whereas the aspect ratio a = H/L is taken to be 5 · 10−4. The Lewis
number, Le, which is the ratio between eddy diﬀusivities of salinity and temperature,
is taken to be unity, since turbulent mixing of salt and temperature is assumed to take
place at the same rate.
Estimates of the Rayleigh number Ra = αg∆T H 5/νv κv L2 based on realistic parameter values (Table 1) are of the order O(1010 − 1011 ). However, applying a Rayleigh
number of this order of magnitude would result in an unrealistically strong overturning
circulation as rotational eﬀects are not included in our model. The presence of rotation
tends to stabilize a convective system, as pressure forces are not balanced by viscous
friction, as in our model, but by the Coriolis force. This eﬀectively reduces the Rayleigh
number by a factor T a−1 , where T a is some kind of Taylor number, being proportional
to the square of the Coriolis parameter (e.g. Chandrasekhar 1961; van der Schrier and
Maas 1998, their Eq. (17g)). In this study Ra is given the low value of 104 , to enable
the performance of calculations on grids with a manageable resolution. Furthermore,
it has been shown (Dijkstra and Molemaker 1997) that the qualitative behavior of the
system is not very sensitive to Ra, once its value is large enough.
As argued by Quon and Ghil (1995), small aspect ratio geophysical ﬂuid systems can
only be advective when the ratio of vertical and horizontal diﬀusivities (and viscosities)
is also very small. Estimates of these parameters in the real ocean are of the order of
10−4 and 103 m2 s−1 for κv and κh respectively. This yields a ratio κv /κh of the order
O(10−7 ), which is of the same order of magnitude as a2 . So by taking the ratios κv /κh
and νv /νh equal to a2 , we place our model in the advective regime. From Eqs. (6) it is
clear that the dimensionless vertical and horizontal diﬀusive transports are now of the
same order of magnitude.
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c. Boundary conditions
Let Γ denote the boundary of the domain and n its outward normal, and let subscripts
s, r, b and l refer to the surface, right (northern), bottom and left (southern) sides of
the domain. We prescribe all walls to be free slip:
for x ∈ Γ.

ψ=Ω=0

(7a)

The boundary conditions for temperature are:
for x ∈ Γs

T = Ts (y)


∇T · n =
and for salinity:
∇S · n =

τl FlT (z) for x ∈ Γl
0
for x ∈ Γr , Γb


S


 −σs Fs (y)
S

σl Fl




(z)

0

for x ∈ Γs
,
for x ∈ Γl
for x ∈ Γr , Γb

(7b)

(7c)

where the amplitudes τl , σl and σs are parameters of the system, and where FlT (z),
FlS (z) and FsS (y) are O(1) functions that will be derived in the following sections.
1)

Surface forcing

The zonally averaged proﬁle of Atlantic ocean surface temperatures (Levitus 1982) can
be modeled reasonably well by a cosine function of the form:


Ts (y) = cos

π
θ(y)
60

(8)

where the mapping θ(y) is given by Eq. (5). This proﬁle of prescribed temperature Ts
is plotted in Fig. 2 (solid line).
Three estimates of the surface freshwater ﬂux over the Atlantic ocean, which is
equal to the diﬀerence between precipitation, run-oﬀ and evaporation (denoted P − E
for convenience), are shown in Fig. 3. Zaucker et al. (1994) derived the proﬁles from
ECMWF data (long-dashed line) and from the Oort (1983) climatology (short-dashed
line) assuming that the volumes of freshwater apply to a 60◦ wide ocean basin, in order
to obtain units of m3 m−2 s−1 . The solid line was obtained from the Baumgartner and
Reichel (1975) dataset, by making the same assumption. Although the three proﬁles
diﬀer in detail, they agree on the particular form of the P − E proﬁles in the Atlantic
basin: they all show excess precipitation at high latitudes, excess evaporation at midlatitudes, and a high precipitative maximum over equatorial regions, at latitudes of the
Intertropical Convergence Zone (ITCZ). In many 2D studies of the global thermohaline
circulation, this precipitative maximum has not been taken into account, although it
constitutes a considerable input of freshwater and may have a considerable impact on
the stability and structure of possible overturning states.
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We averaged the three proﬁles and symmetrized the result with respect to the equator. A simple analytical function was ﬁtted through this proﬁle FsS (θ) between 60◦ S
and 60◦ N, yielding an O(1) proﬁle FsS (y) and an amplitude A = 33.1 · 10−9 m/s:




π
θ(y)
θ(y) + 2.4 exp −
FsS (y) = FsS (θ(y)) /A = − cos
60
12

2 
 − 0.6

(9)

where the mapping θ(y) is again given by Eq. (5). The function FsS (y) is plotted in Fig.
2 (dashed line). The freshwater ﬂux is equivalent to a (virtual) diﬀusive salt ﬂux with:
∂S
λHSs A S
λHSs S
Fs (θ) = −
=−
F (y) = −σs FsS (y).
∂z
κv ∆S
κv ∆S s

(10)

Here Ss is a characteristic salinity for the ocean surface, taken to be 36.0 psu. Using
the parameter values from Table 1, we obtain a dimensionless amplitude σs = 9.5 for
the surface salt ﬂux.
2)

Lateral fluxes

The Atlantic thermohaline circulation does not consist of the NADW overturning cell
alone. It is a complex combination of two overturning cells, with deep water also forming
in the Antarctic region. The part of this AABW that ﬂows into the Atlantic Ocean is
converted into a brand of deep water called Lower NADW (LNADW). It is exported
from the Atlantic again just above the level at which it entered (Schmitz 1995). Stocker
et al. (1992) have shown that these overturning cells interact, and that the strength of
the NADW cell is inﬂuenced by the strength of the AABW circulation. In our study
we are principally interested in the interplay between surface processes and interbasin
ﬂuxes, and their eﬀect on the deep water formation in the northern part of the Atlantic
Ocean. With that objective we designed the Atlantic model conﬁguration (q = A in
Eq. (5)). This conﬁguration excludes the formation area of AABW, and it is therefore
unable to model the dynamics of the bottom water circulation and its interaction with
the NADW cell. To make the lateral forcing in our model consistent with this exclusion,
we eliminate the inﬂuence of AABW by truncating our heat and salt ﬂux proﬁles (Fig.
1) at the depth below which only AABW and LNADW are assumed to be present. This
depth was found by integrating the meridional mass transport across 30◦ S downward.
It reversed sign at depth HN = 2828 m, and we assume that all NADW export above
this depth is compensated by the import of shallower water masses.
The total heat and salt ﬂux proﬁles FlT (z ∗ ) and FlS (z ∗ ) of Figs. 1 are approximated
by functions of the form B [exp(z ∗ /a) − b cos(2πz ∗ /c)], yielding the dimensionless ﬂux
proﬁles FlT (z) and FlS (z) (Fig. 4):

and

FlT (z ∗ (z)) /B T ≈ exp [21(z − 1)] − 0.04 cos [4(z − 1)] = FlT (z)

(11a)

FlS (z ∗ (z)) /B S ≈ − exp [8(z − 1)] − 0.08 cos [4(z − 1)] = FlS (z),

(11b)
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where z ∗ = HN (z − 1) and HN = 2828 m are used. The amplitudes B T and B S are
0.30 MWm−2 and 4.13 gm−2 s−1 . The advective heat ﬂux is equivalent to a prescribed
diﬀusive ﬂux with:
∂T
L
H 2B T
=−
FlT (z ∗ ) = −
F T (z) = −τl FlT (z).
∂y
κh ∆T ρ0 cp
κv L∆T ρ0 cp l

(12)

Assuming a ∆T of 25◦ C, the parameter τl takes the value 75.0. Accordingly, the advective salt ﬂux is equivalent to a prescribed diﬀusive ﬂux when:
∂S
λL
λH 2 B S S
S ∗
=−
Fl (z ) = −
Fl (z) = −σl FlS (z).
∂y
κh ∆Sρ0
κv L∆Sρ0

(13)

Using the parameter values of Table 1, we obtain a dimensionless amplitude σl of 16.5.
Note that the amplitude of the lateral heat ﬂux is almost 5 times as large as the lateral
salt ﬂux, and 7.5 times as large as the surface salt ﬂux.
In this study we will focus on steady state solutions, so the balances of heat and salt
must be closed. Since in our model the salt ﬂux is prescribed at all boundaries, and
taken zero at the bottom and the northern boundary, we have to take care that the net
surface salt ﬂux equals the net lateral salt ﬂux. It is therefore convenient to split the
surface salt ﬂux FsS (y) and the lateral salt ﬂux FlS (z) into the net components IsS and
IlS , and the shapes FsS (y) and FlS (z) which have zero integral. In most cases we will
use σs FsS (y) + σl IlS as surface salt ﬂux rather than FsS (y), to assure that the net lateral
salt ﬂux is balanced by a net surface salt ﬂux of equal magnitude. With IlS < 0, this
extra surface salt input corresponds to net evaporation from the basin.
The stationary form of Eqs. (6) and the boundary conditions of Eqs. (7) are discretized on a non-equidistant grid: vertically the grid reﬁnes upward, while horizontally
the grid reﬁnes in both directions. Most computations were performed on a grid with
121 gridpoints in the meridional direction, and 61 in the vertical direction. A steadystate solver is used to obtain stationary solutions. Branches of these steady states are
followed through parameter space using a branch-following technique as described in
Dijkstra et al. (1995).
d. Integral characteristics
In this study we want to examine and understand the response of the overturning
strength to changes in the thermohaline forcing. We will analyze the behavior of the
solutions by investigating integral balances of the system. This approach has the advantage that non-linear advective terms are eliminated, and that only volume-integrated
and boundary properties are relevant.
1)

Energy balance

Denoting volume-integration by brackets < . >, the volume-integrated potential energy
U is deﬁned as U = − < zB >= − < z(T − S) >, where B = T − S is the buoyancy
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(note that the buoyancy ratio λ has been absorbed in S). Multiplying the advectiondiﬀusion equation of buoyancy by z and integrating over the model domain, we obtain:
dU
= ∆Bv +
dt



zF · n dΓ− < wB >,

(14)

where F (= FT − FS ) denotes the boundary ﬂuxes of buoyancy. ∆Bv (= ∆Tv − ∆Sv )
in Eq. (14) is deﬁned as:

∆Bv ≡

1

0

B|z=1
z=0 dy

(15)

and represents the (internal) source of potential energy due to (downward) turbulent
mixing of buoyancy. In the ocean this mixing is supported by external mechanical
energy sources like internal wave breaking, tidal dissipation and wind stirring (Huang
1998). The second (external) source (or sink) of potential energy in Eq. (14) is brought
about by boundary ﬂuxes of potential energy like air-sea buoyancy ﬂuxes or advective
exchange with other oceans. The buoyancy production < wB > (=< wT > − < wS >)
indicates potential energy loss due to vertical advection of buoyancy and eﬀectuates the
conversion of potential energy into kinetic energy.
The balance of kinetic energy is obtained by multiplying the vorticity equation by
ψ and integrating over the domain:
P r −1

dE
= Ra < wB > −D.
dt

(16)

The volume-integrated kinetic energy E and dissipation D (note that D ≥ 0) are given
by:
1
E = < ψz2 + a2 ψy2 >
(17a)
2
2
2
2
+ (1 + a2 )ψyz
+ a2 ψyy
>.
(17b)
D = − < ψ∇2 Ω >=< ψzz
In a steady state the time derivatives in Eqs. (14) and (16) are zero, so the right hand
sides of the equations must vanish. Consequently, the buoyancy production < wB >
simply relates the (internal and external) sources (and sinks) of potential energy to the
dissipation of kinetic energy:


< wB >= ∆Bv +

zF · n dΓ

Ra < wB >= D.

(18a)
(18b)

In our study we combine a buoyancy ﬂux Fs (y) at the surface with a ﬂux Fl (z) at
the southern boundary of our domain. These ﬂuxes can be split into a net component
Is and Il , which are equal in a steady state, and shape functions Fs (y) and Fl (z) which
have zero integral. For this conﬁguration the boundary integral in Eq. (18a) is evaluated
in appendix B, and equals:


1
zF · n dΓ = Is − Kv ,
2
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(19)

where Kv (= KvT − KvS ) is deﬁned as:
 1

Kv ≡

0

z Fl (z) dz

(20)

and contains information on the shape of the lateral buoyancy ﬂux. Note that the
boundary integral in Eq. (19) contains no information on the shape of the surface
buoyancy ﬂux Fs .
2)

Vorticity balance

Analogous to the potential energy, the buoyancy torque P is deﬁned as P = − <
yB >= − < y(T − S) >, and a balance similar to Eq. (14) is obtained:
dP
= ∆Bh +
dt



yF · n dΓ− < vB > .

(21)

The meridional buoyancy diﬀerence ∆Bh (= ∆Th − ∆Sh ) is deﬁned analogous to ∆Bv :
∆Bh ≡

 1
0

B|y=1
y=0 dz.

(22)

Equation (21) shows that the buoyancy torque can change due to meridional diﬀusion
of buoyancy, boundary ﬂuxes of buoyancy torque and meridional advection of buoyancy.
Volume-integration of the vorticity equation yields the relation:
P r −1

d<Ω>
= Ra∆Bh + < ∇2 Ω >,
dt

(23)

stating that basin-integrated vorticity can be generated by a meridional buoyancy difference ∆Bh and dissipated by viscous friction. In steady state, there is a balance
between production and dissipation of buoyancy torque, and of vorticity, via ∆Bh :
∆Bh =< vB > −



yF · n dΓ

Ra∆Bh = − < ∇2 Ω > .

(24a)
(24b)

The boundary integral in Eq. (24a) can be analyzed in a similar way as the integral
in Eq. (18a). With the same considerations concerning the background potential energy,
as outlined in appendix B, applied to the background buoyancy torque, this results in:


1
yF · n dΓ = Kh + Il
2

(25)

where Kh (= KhT − KhS ) is deﬁned as:
Kh ≡

 1
0

y Fs (y) dy.

(26)

The boundary integral in Eq. (25) contains information on the shape of the surface
buoyancy ﬂux only, but not on the shape of the lateral ﬂux.
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3)

Relations between thermohaline characteristics and ψmax

In the former sections we have obtained two balances which relate large-scale properties
of the thermohaline distributions to the velocity ﬁeld. The steady state kinetic energy
balance Eq. (18b) relates the dissipation D (Eq. (17b)) to the buoyancy production
< wB >, and via the potential energy equation Eq. (18a) to boundary values and
ﬂuxes of T and S. In the limit of small aspect ratio (a → 0), Eq. (17b) yields a
2
relatively simple relation between D and ψmax , as only two terms in D remain, < ψzz
>
2
2
2
and < ψyz >, or equivalently < vz > and < vy >. When considering a solution with
one circulation cell, both derivatives are roughly proportional to ψmax , as can be shown
by a simple estimate of these derivatives (Dijkstra and Molemaker 1997). This yields a
relation between D, and thereby < wB >, and ψmax which is approximately quadratic.
The vorticity balance (24b) relates the meridional buoyancy diﬀerence to the vorticity dissipation. This dissipation is linearly related to Ω, which in turn is linear in ψ.
This suggests that the relation between ∆Bh (or equivalently the meridional large-scale
pressure diﬀerence) and ψmax might also be linear.
4.

Impact of lateral fluxes on the overturning strength

a. Symmetric vs. non-symmetric basin: Comparison of two NPP states
Since we will study the Atlantic overturning circulation in a domain which is closed
at 30◦ S (q = A in Eq. (5)), it is important to investigate whether the overturning
circulation in such an asymmetric domain is representative for a similar circulation in a
domain extending all the way south to 60◦ S (q = G in Eq. (5)). In this section we will
show that both models are able to produce a circulation pattern which resembles the
zonally averaged overturning circulation in the Atlantic: this circulation is characterized
by strong downwelling in the northern part of the basin, and weak upwelling in the rest
of the basin. In accordance with the nomenclature of Thual and McWilliams (1992),
these northern downwelling pole-to-pole states are denoted by NPP.
In order to obtain an Atlantic domain NPP (ANPP) state, an NPP solution was
calculated on the global domain (GNPP) ﬁrst (deﬁned by the mapping q = G in Eq.
(5)). At y = 0.25 (30◦ S) the advective and diﬀusive ﬂuxes of heat and salt were
diagnosed, and they were prescribed as diﬀusive ﬂuxes at y = 0 (30◦ S) of the Atlantic
domain (deﬁned by the mapping q = A in Eq. (5)):
FlT (z) = v(T − T0 ) − Ty

(27a)

FlS (z) = v(S − S0 ) − Sy .

(27b)

In appendix A it is shown that reference values T0 and S0 should be taken equal to the
average values of T and S in the y ≥ 0.25-part of the global domain, in order to make
the potential energy input of the ﬂuxes equal in both models. The advective part of the
ﬂuxes in Eqs. (27) turned out to be about 6 to 9 times smaller than the diﬀusive parts,
so the thermal and saline gradients at 30◦ S do not diﬀer much between the models.
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The streamline patterns of the GNPP state north of 30◦ S (Fig. 5a) and the ANPP
state (Fig. 5b) show strong resemblance between the two main NPP circulation cells,
which have their cores at the same latitudes and depths. The circulation of the ANPP
state is slightly stronger (ψmax = 7.31) than that of the GNPP state (ψmax = 6.01). The
Atlantic state shows a well-developed counter-rotating circulation cell at the southern
boundary, a feature which is much weaker and shallower in the global domain. The
thermal and saline ﬁelds of the two solutions show strong resemblance as well (not
shown). The ANPP state appears to be slightly warmer and saltier at the southern
boundary, due to downward heat and salt advection by the stronger secondary cell.
Due to the procedure of diagnosing and prescribing the ﬂuxes at 30◦ S, the ANPP
state experiences the same thermohaline coupling with the (virtual) region south of
30◦ S as the GNPP state north of y = 0.25. The two models diﬀer primarily in the
momentum balances, as in the Atlantic model no exchange of vorticity and kinetic
energy with the Southern Ocean is possible. In order to estimate the consequence of
this neglect, we calculated the balance of production and dissipation of kinetic energy in
the two subdomains of the GNPP state (y < 0.25 and y > 0.25). It turns out that only
1.4% of the kinetic energy that has been generated in the northern part is transported
to the southern part. This means that the energy balance of the northern subdomain is
as good as closed, and that the southern part plays a negligible role in the generation
and dissipation of kinetic energy of the large-scale overturning circulation. Later we will
show that the balance between production (Ra < wB >) and dissipation (D) of kinetic
energy (Eq. (18b)) yields an univocal relation between the overturning strength ψmax
and the large-scale characteristics of the thermohaline ﬁelds that determine < wB >
(Eq. (18a)). This suggests that the relation between ψmax and < wB > in this northern
subdomain of the GNPP state may be quite similar to this same relation in the ANPP
state. It therefore seems reasonable to assume that the response of the Atlantic state
to changing the lateral heat and salt ﬂuxes will be at least qualitatively similar to the
response that the global state would display, were we able to force the same heat and
salt ﬂuxes at its interior y = 0.25 position. In the following analyses we assume that the
representation of the GNPP state by its cut-oﬀ Atlantic counterpart is useful, and we
will focus our attention on the NPP states of the model in the Atlantic conﬁguration.
b. Realistic lateral fluxes
1)

Lateral heat flux

In this section we investigate the impact of the thermal component of interbasin exchange on the overturning circulation by applying a lateral heat ﬂux FlT (z) (Eq. (11a),
solid line in Fig. 4), which accounts for heat input at a shallow level. Starting from the
Atlantic NPP state with σs = 10 (σl = 0), we increase the heat ﬂux amplitude τl from
0 to a value of 70, which is a realistic value according to the scaling in Eq. (12).
The strength of the overturning cell, given by the maximum value of the streamfunction ψmax , increases signiﬁcantly as the amplitude τl of the lateral heat ﬂux is increased
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(Fig. 6a). The governing terms in the energy balance of Eq. (18a) (Fig. 6b) show that
this increase in ψmax corresponds to a strong increase in buoyancy production < wB >,
reﬂecting the balance between production and dissipation of kinetic energy (Eq. (18b)).
This increase in < wB > is almost completely accounted for by its thermal component
< wT >, as its saline component − < wS > is not aﬀected by the strong increase in
overturning strength. This is surprising, as a change in the balance between vertical
advection (< wS >) and diﬀusion (∆Sv ) of salt was certainly expected in response to
a strong increase in basin-wide upwelling.
Figure 6b furthermore shows the dominant role played by the boundary integral

zFT · n dΓ, which, according to Eq. (19), can be split into a contribution from the net
ﬂux I T /2, and a shape contribution −KvT . It turns out that an increase in net surface
cooling tends to strengthen the circulation: buoyancy removal at the surface is a source
of potential energy and its contribution to the buoyancy production is positive (I T /2 =
0.027 τl ). The particular shape of the lateral heat ﬂux counteracts this tendency:
its contribution to the buoyancy production is negative (−KvT = −0.014 τl ), as heat
input at a shallow level stabilizes the stratiﬁcation and extracts potential energy from
the system. However, this weakening eﬀect is too small to balance the strengthening
inﬂuence of net surface cooling: the sum of both contributions is positive (0.013 τl ) and
is responsible for the increase in overturning strength with increasing τl .
Despite the tendency of the lateral heat ﬂux to stabilize the stratiﬁcation, the vertical thermal diﬀerence ∆Tv can be seen to decrease slightly. This reﬂects an increase
in bottom temperature, because surface temperatures are ﬁxed. This warming of the
deeper part of the basin is related to the increase in circulation strength, causing increased northward advection of warm subsurface waters and consequently downwelling
of warmer waters.
2)

Lateral salt flux

To explore how the saline component of ocean interbasin exchange modiﬁes the overturning circulation, we now add a lateral salt ﬂux to the lateral heat ﬂux of the former
section (τl = 70). The proﬁle of this salt ﬂux FlS (Eq. (11b), long-dashed line Fig. 4)
accounts for lateral salt export from the upper layer. The amplitude σl is increased from
zero to 16, which is a realistic value according to the scaling of Eq. (13). As mentioned
before, the σl IlS net salt export brought about by the lateral salt ﬂux is compensated
by salt import through the surface of the same magnitude to maintain a ﬂux balance.
This extra surface salt input corresponds to net evaporation from the basin.
The overturning strength increases slightly when σl is increased (Fig. 7a, solid line).
The most relevant terms in the buoyancy production (Fig. 7b) show that this increase is
related to a decrease in the positive (weakening) value of < wS > (note that B ∝ −S).
Again the contribution of the boundary ﬂuxes dominate the balance. The net surface
salt input removes buoyancy from the surface and increases the buoyancy production by
an amount of I S /2 = −0.055 σl . The speciﬁc shape of the lateral salt ﬂux exports salt at
a shallow level and stabilizes the stratiﬁcation, thus reducing the buoyancy production
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by an amount of −KvS = 0.063 σl . Contrary to the lateral heat ﬂux, this weakening
eﬀect of the lateral salt ﬂux turns out to be large enough to balance, and even exceed
the strengthening eﬀect of net surface salt input.
The stabilizing inﬂuence of the shape of the lateral salt ﬂux is also reﬂected by the
decrease and sign reversal of the vertical salinity diﬀerence ∆Sv in Fig. 7b. As ∆Sv
reﬂects the basin-integrated diﬀusive vertical salt ﬂux, this sign reversal implies that
the originally downward diﬀusive salt ﬂux is reversed, and that salt is now diﬀused
upward. This source of potential energy is indirectly caused by the shape of the lateral
salt ﬂux, and counteracts the weakening direct contribution of this shape (−KvS ). The
total eﬀect of the lateral salt ﬂux is eventually weaker than that caused by the net
surface salt input (I S /2), resulting in the slight increase in < wB >.
The suggestion that ∆Sv is modiﬁed by the particular shape of the lateral salt ﬂux,
rather than by a net surface salt ﬂux, is veriﬁed in a subsequent case: we increased
the amplitude of a vertically uniform lateral salt ﬂux σl IlS (IlS < 0) from zero to 16.
The absence of the vertical proﬁle (Fig. 7a, dashed line) makes the overturning strength
much more sensitive to changes in the salt ﬂux strength σl : the relevant terms in the
energy balance (Fig. 7c) show that the strengthening inﬂuence of net surface salt input
is no longer counteracted by the shape contribution −KvS , as this term is zero in this
case. The stratiﬁcation ∆Sv remains unchanged; we can conclude that the vertical
proﬁle of the lateral salt ﬂux was largely responsible for changing the stratiﬁcation in
the previous experiment, rather than the net surface salt ﬂux.
c. Thermohaline forcing and overturning strength
1)

Lateral vs. surface forcing

In this section we examine which changes in the external forcing (the boundary ﬂuxes
of buoyancy) tend to aﬀect the overturning strength most. To that end, we compare
the sensitivity of the circulation strength to changes in the surface and lateral buoyancy
ﬂuxes, and analyze this sensitivity in terms of the two integral balances Eqs. (18) and
(24), as introduced in section 3.d.
In this section we keep the net ﬂux of salt through the surface and the lateral
boundary ﬁxed at 16 IlS as we independently increase the amplitudes σs (σl = 0) and
σl (σs = 0) of the shapes of the surface and lateral salt ﬂuxes FsS (y) and FlS (z). The
circulation strength ψmax turns out to be very sensitive to the amplitude σl of the lateral
salt ﬂux, whereas the sensitivity to the amplitude σs of the surface salt ﬂux is very small
(Fig. 8a). The relevant terms in the buoyancy production conﬁrm that the shape of the
lateral ﬂux impacts directly on the balance of potential energy through the term −KvS
(Fig. 8b). The shape of the surface ﬂux, on the other hand, only changes this balance
indirectly, by modifying the saline stratiﬁcation ∆Sv (Fig. 8c).
The relevant terms in the saline component of ∆Bh (Eq. (24a)) show that the
change in amplitude σl of the lateral salt ﬂux has almost no eﬀect on the balance of
the buoyancy torque (Fig. 9a). The change in the amplitude σs of the surface salt
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ﬂux, however, does inﬂuence this balance signiﬁcantly through the term KhS (Fig. 9b).
This change, reﬂecting an increase in the meridional transport of freshwater by the
atmosphere, is counteracted by an increase in the meridional advection < vS >, rather
than by an increase in ∆Sh . Increasing the amplitude of the surface salt ﬂux does
therefore not result in a signiﬁcant increase in the vorticity production (Eq. (24b)) or
circulation strength.
2)

Thermohaline forcing

Equations (18a) and (24a) show that in a steady state changes in the distribution
of the boundary ﬂuxes (as reﬂected by Kv or Kh ) must be balanced by changes in
advective or diﬀusive transports. Since our model is in the advective regime, as is the
real ocean, changes in Kv or Kh appear to be balanced by advection (through < wB >
and < vB >) rather than by diﬀusion (∆Bv or ∆Bh )(Figs. 8 and 9). This means that
changes in the boundary ﬂuxes that impact on the potential energy (e.g. via I/2 or
Kv ) directly inﬂuence the conversion of potential to kinetic energy (accomplished by
< wB >), and thereby the ﬂow strength. These changes appear to be really forced
upon the ﬂow. This does not hold for changes in the boundary ﬂuxes that impact
on the buoyancy torque (e.g. via Kh ). Since these changes are again responded to by
advection < vB >, rather than by diﬀusion ∆Bh , they do not directly inﬂuence the
production of vorticity (accomplished by ∆Bh ). In our model the source of vorticity
∆Bh is determined by the ﬂow, rather than that it forces the ﬂow.
We conclude that, in our model and in the speciﬁc parameter regime studied, the
overturning circulation is much more sensitive to variations in the shape and amplitude
of the lateral buoyancy ﬂuxes than to similar variations in the surface ﬂuxes. This is
due to the fact that the shapes of the lateral ﬂuxes have a much stronger (direct) impact
on the potential energy of the system than those of the surface ﬂuxes, which modify
the potential energy only in an indirect way.
5.

Discussion

a. Scaling relations
According to the discussion in section 3.d.3, we expect the relation between ψmax and
the buoyancy production < wB > to be approximately quadratic, whereas the relation
between ψmax and the meridional buoyancy diﬀerence ∆Bh is expected to be approximately linear. In Fig. 10, the meridional buoyancy diﬀerence ∆Bh and the buoyancy
production < wB > are plotted as a function of ψmax for all experiments performed.
Linear and quadratic ﬁts to these results are included to indicate that the presumed
relations hold quite well in this model.
These two scaling relations displayed by this model correspond to the ﬁrst order balances between density gradients and the angular momentum in the meridional plane,
which are found in the rotationless limit of a low order projection of the Navier-Stokes
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equations (Van der Schrier and Maas 1998). Their model gives a physical justiﬁcation
to the frequently used box models (e.g. Stommel 1961), which impose a linear relation
between overturning strength and meridional density gradient. However, once rotation is included, this relation is complicated. Scaling relations based on thermal wind
balance yield a 1/3 power-law relation (e.g. Bryan 1987) between overturning strength
and meridional density scale. Nevertheless, low-resolution OGCM’s (e.g. Rahmstorf
1996) appear to follow the linear relation rather than the power-law dependence, when,
according to Rahmstorf, most of the NADW upwelling takes place outside the Atlantic.
The quadratic relation between the overturning strength ψmax and the buoyancy
production < wB > (Fig. 10) shows that a quadratic relation exists between ψmax and
a net surface buoyancy ﬂux Is , since Is contributes directly to < wB > (Eqs. (18) and
(19)). This suggests that the strength of the Atlantic overturning circulation is directly
related to the net freshwater export from the Atlantic basin. This is in agreement with
the ﬁndings of Zaucker et al. (1994) and Rahmstorf (1996), who found a similar relation
in diﬀerent model contexts. In our model this relation is based on the fact that a net
surface buoyancy ﬂux is a source of potential energy, and that it supplies energy to drive
the overturning circulation. We do not know whether the agreement between our model
and the models of Zaucker et al. (1994) and Rahmstorf (1996) is based on equivalent
physics.
b. Thermohaline component of the lateral salt flux
In section 2 it was shown that there is a large diﬀerence between the total lateral salt
ﬂux at 30◦ S and its overturning component, both in shape and in net transport (Fig.
1b). As our 2D model lacks the residual transport by the wind-driven gyres, one could
argue about which ﬂux to use as appropriate lateral forcing for this model. So far,
we have chosen to use the total salt ﬂux, which is the true thermohaline ﬂux, as it is
consistent with net evaporation from the Atlantic basin. However, this choice forces the
overturning circulation (or unrealistically strong meridional diﬀusion) to account for net
evaporation, whereas in reality this is accounted for by the wind-driven gyre circulation.
The large southward salt ﬂux across 30◦ S, for instance, is represented in our model by a
diﬀusive ﬂux at the southern boundary. This requires a meridional gradient in salinity
which freshens the surface layers, although in reality Atlantic thermocline salinities are
extremely high. On the other hand, prescribing the overturning component of the salt
ﬂux gives a wrong sign to the net ﬂux. It might, however, give more credit to the
thermohaline structure in the Atlantic: the large inﬂux of thermocline water saltens
the surface layer, while a fresh subsurface layer might be generated by the salt export
at intermediate depths (long-dashed line in Fig. 1b).
To study the consequence of prescribing the overturning component of the salt ﬂux,
instead of the total ﬂux, we performed a transformation between the total salt ﬂux, as
given by Eq. (11b) and here denoted Fl,total , and a representation of the overturning
component, Fl,overturning , as follows:
Fl (z) = (1 − µ)Fl,total (z) + µFl,overturning (z).
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(28)

The main characteristics of the overturning salt ﬂux (strong salt input in the upper
layer, an export maximum at subsurface levels, and net salt import) are well modelled
by a ﬂux of the following form (short-dashed line in Fig. 4):
Fl,overturning (z) = cos [12.4(z − 1)] ∗ exp [8.0(z − 1)] + 0.05,

(29)

which was obtained by ﬁtting the function to the upper 2828 m of the overturning salt
ﬂux (Fig. 1b). The transformation is performed at σs = 10, τl = 70, and σl = 16.
The terms governing the buoyancy production show a signiﬁcant change as µ is
changed from 0 (FlS = Fl,total ) to 1 (FlS = Fl,overturning ) (Fig. 11): the weakening effect of salinity (< wS > > 0) increases with µ, resulting in a decrease in overturning
strength from about 10 to 8. It turns out that the net surface ﬂux and the shape of the
lateral proﬁle interchange their roles in the energy balance during the transformation:
the net surface salt source changes into a salt sink, losing its positive contribution to
the buoyancy production (−I S /2 > 0), and ending up weakening the ﬂow (−I S /2 < 0).
Accordingly, as the shape changes from a shallow salt sink to a shallow salt source,
its originally weakening inﬂuence (KvS < 0) is reversed and becomes a strengthening
contribution (KvS > 0). The diﬀerence between the total salt ﬂux proﬁle and its overturning component is conﬁned to the upper 20% of the domain. This leaves the vertical
displacement of salt from its source to its sink relatively small: the buoyancy generated
by advecting salt from the surface to the shallow lateral salt sink (µ = 0, total lateral
salt ﬂux) is small, as is the buoyancy that is lost by uplifting salt from its lateral source
to the surface (µ = 1, overturning component). In fact it is this change in direction
that causes the increase in I S /2 − KvS . Fig. 11 also shows a rather strong increase in
the saline stratiﬁcation. This clearly shows the ability of the overturning salt ﬂux to
increase the salinities of the surface waters.
We have seen that the two-dimensionality of our model, and consequently the lack
of the essentially horizontal gyre transport, makes a consistent representation of the salt
transports and forcing very diﬃcult. The transformation experiment has illustrated the
diﬀerences between two possible ﬂux proﬁles: although prescribing the total salt ﬂux is
the most consistent choice with respect to the sign of the net salt ﬂux, the overturning
component is more consistent with Rahmstorf’s (1996) concept of active freshwater
forcing. However, we do not know the surface proﬁle of this active freshwater forcing,
and just adding a constant freshwater input to the observed proﬁles of E − P , as was
done in this study, is also quite arbitrary. These results indicate that care should be
taken when using 2-D models, as they fail to resolve residual ﬂuxes of heat and salt
properly.
c. The model
1)

The energy balance

Although the model is not appropriate to quantify the processes studied, we believe
that is has shown basic principles governing the operation of the overturning circulation
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which may be independent of details of the model: when the basin-integrated energy
balances of the real ocean or of a realistic ocean model are calculated, then these integral
balances are governed by very much the same processes as described in this paper. The
only relevant mechanism of potential energy removal which is not represented in this
model is mesoscale convection. Bryan (1987) and Huang (1998) analyzed the energy
cycles of a single-hemispheric GCM with rectangular geometry, driven by thermohaline
forcing, and with (Bryan) and without (Huang) wind forcing. In both studies mesoscale
convection turned out to be the largest sink of potential energy, and only a small fraction
(generally some 10%) of the energy input by vertical mixing (equivalent to ∆Bv in
our model) was directly converted into kinetic energy of the large-scale overturning
circulation.
In general, the potential energy U of a density driven ﬂuid in motion contains a
background component Ur , and a component known as available potential energy Ua ,
which is the amount of energy that would be released if the ﬂow were halted and the
density ﬁeld settled in its least energetic distribution, with energy content Ur (Huang
1998). Contrary to the potential energy U, for instance, the available potential energy
Ua can be modiﬁed by the meridional distribution of surface buoyancy ﬂuxes, albeit at
the expense of Ur . For a transient system, the time-evolution of the available potential
energy Ua might give a better description of the behaviour of the system, since the
reference energy Ur can be considered as merely ‘dead weight’, and is not available to
drive the ﬂow. To that end it is comparable to the basin-averaged potential energy U0 ,
as introduced in appendix B of this paper. In this study, however, we only considered
steady state solutions. For these states the sources and sinks of U and of Ua are
ultimately the same, since the reference energy Ur (as well as U and Ua ) is constant.
As we furthermore focussed on energy conversions, the exact values of the energies U,
Ua and Ur were not relevant. Although the Ua contents of a solution is the amount of
potential energy that could be converted into kinetic energy, we studied the amount of
energy that was converted into kinetic energy.
2)

The 30◦ S boundary

The presence of the boundary at 30◦ S results of course in a rather poor representation
of the overturning circulation, since in reality most of the NADW leaves the Atlantic to
spread out over the entire World Ocean, instead of being upwelled north of 30◦ S. Due
to this NADW export and the corresponding return transports, the Atlantic exchanges
momentum with the Southern Ocean, leaving the balances of kinetic energy and vorticity in the Atlantic Ocean not closed. The magnitude of this exchange in the real ocean
and its importance for the overall balances is not known. Therefore, we cannot assess
how the neglect of this exchange modiﬁes the sensitivity of the circulation strength to
changes in the thermohaline forcing. In section 4.a we have shown that there is a strong
similarity between the Atlantic NPP state and the global domain NPP state, which is
similar to the NPP states found in equivalent models of the thermohaline overturning
circulation (e.g. Quon and Ghil 1992, 1995; Dijkstra and Molemaker 1997). However,
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since most of the upwelling in the global domain takes place north of 30◦ S as well (Fig.
5a), this state is not representative for the multi-basin thermohaline circulation.
Although in our model the exchange of kinetic energy with the southern part of
the Atlantic is neglected, the exchange of potential energy is captured correctly by our
approach of prescribing the lateral ﬂuxes of heat and salt. The nature of buoyancy
ﬂuxes, whether advective or diﬀusive, is not relevant for the basin-integrated balance
of potential energy in the Atlantic (Eq. (18a)).
In our model we have shown that the overturning circulation exhibits a strong
sensitivity to a net surface buoyancy ﬂux, for instance due to net surface cooling or net
evaporation. In reality, however, the thermohaline overturning circulation is a global
circulation pattern, with upwelling in the ACC, and in the Paciﬁc and Indian Oceans.
The heat or freshwater that is extracted from the Atlantic must be compensated by heat
and freshwater input in the other basins. This buoyancy input on the upwelling branch
of the overturning circulation would undo the potential energy gain of the Atlantic.
The fact that the quadratic relation between the overturning strength and net Atlantic
evaporation is found in models which do include the Paciﬁc (cf. section 5.a) might give
rise to the speculation that the energy gain of the Atlantic is not completely undone
in the rest of the World Ocean. Indeed there is evidence that a part of the NADW
upwelling is accomplished in the wind-driven upwelling regimes of the ACC, rather
than by slow uniformly distributed and buoyancy-driven upwelling (Toggweiler and
Samuels 1993b; Shriver and Hurlburt 1997; Döös and Coward 1997). This implies that
the wind-driven upwelling might supply at least a part of the energy needed for driving
the Atlantic overturning circulation.
As advective ﬂuxes are directly linked to the circulation, it is probable that feedback
eﬀects exist between the overturning strength and the lateral ﬂuxes that could not be
captured by our model. It is not clear how the advective heat and salt ﬂuxes would
respond to a change in the overturning circulation, as such a change will not only modify
the ﬂow ﬁeld, but also the distributions of heat and salt. It is therefore not possible
to anticipate whether these feedbacks increase or decrease the sensitivity of the ﬂow
strength to changes in the lateral ﬂuxes.
3)

Surface boundary conditions

There are numerous feedbacks between the ocean and the atmosphere that can seriously
aﬀect the sensitivity and stability of the ocean’s overturning circulation (Rahmstorf et
al. 1996), and it is therefore important to take these into account in climate sensitivity
studies. In this study we have forced the circulation at the surface with mixed boundary
conditions for temperature and salinity, which are among the simplest representations
of ocean/atmosphere interaction possible. Although this choice might not be realistic,
it is certainly illustrative for the fact that the equilibration time scale of a sea-surface
temperature anomaly is much smaller (here taken to be zero) than that of a sea-surface
salinity anomaly (here taken to be inﬁnity).
It was shown that in this model the overturning circulation is relatively insensitive to
21

changes in the meridional distribution of the surface buoyancy ﬂux, as this distribution
does not impact on the potential energy balance. Unless the net surface buoyancy
ﬂux is modiﬁed, the inﬂuence of more realistic surface boundary conditions on the
energy balance will be conﬁned to changes in the vertical buoyancy diﬀerence ∆Bv .
However, the fact that in our model ∆Tv was partially constrained by the ﬁxed surface
temperatures, whereas ∆Sv was unconstrained, did not result in large diﬀerences in
the response to changing thermal and saline forcing. Therefore we do not expect a
large change in the role of ∆Bv when more active boundary conditions are applied.
It is therefore improbable that incorporation of more active air-sea interaction will
drastically change the sensitivity of the circulation to changing forcing. However, for
the time-dependent response of the system the choice of boundary conditions may be
essential.
d. Implications for the impact of Agulhas Leakage
What can we say about the importance of Agulhas Leakage for the conveyor belt circulation? Does the Indian-Atlantic interbasin exchange of heat and salt through Agulhas
Leakage signiﬁcantly inﬂuence the overturning strength, as was speculated earlier (Gordon 1986, Gordon et al. 1992)? What will happen if Agulhas leakage is shut oﬀ, and
the South Atlantic surface salinities drop by about 0.5 psu?
A decrease in South Atlantic surface salinities will probably not inﬂuence the net
ﬂux of salt across 30◦ S dramatically. Retrieving a certain amount of freshwater (E − P )
from slightly fresher surface water will reduce the virtual salt ﬂux, and consequently
the surface buoyancy removal. On the other hand, reduction of the section-averaged
salinity at 30◦ S reduces the salt ﬂux brought about by the net mass transport across
that section (Bering Strait transport minus the amount of E − P ). This reduction has
to be compensated by salt ﬂuxes induced by the overturning or the gyre circulations.
These changes, however, will inﬂuence the net ﬂux of salt by less than 1.5 % and, as
they work in the opposite direction, might cancel each other out.
The inﬂuence of reduced Agulhas Leakage on the shape of the salt ﬂux proﬁle may be
more important, as a 0.5 psu drop in a 2.0 psu salinity anomaly is signiﬁcant. According
to Eq. (4), it is the overturning component of the salt ﬂux that is directly related to
the mean surface salinity anomaly (referred to the Atlantic mean salinity S0 ) of the
South Atlantic, and internal processes will determine whether the circulation responds
to a decreased salt ﬂux by changing the residual component of the salt ﬂux (involving
the zonal salinity structure of the South Atlantic thermocline), or by changing the
overturning component (involving the salt stratiﬁcation of the whole Atlantic, or the
overturning circulation itself). A change in the latter will inﬂuence the circulation
strength most, as it involves vertical advective ﬂuxes of buoyancy by the meridional
overturning circulation.
Freshening of Atlantic surface waters might reduce the convective activity in the
formation region of NADW, as suggested by Gordon et al. (1992), and so reduce the
production of deep water. On the other hand, the resulting reduction of the salinity
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stratiﬁcation will enhance the downward diﬀusion of buoyancy, which turned out to be
a (relatively small) source of potential energy in our model.
What about heat input by Agulhas Leakage? If Agulhas Leakage can be held partly
responsible for the large northward heat ﬂux in the South Atlantic (Thompson et al.
1997), it is also responsible for large atmospheric heat loss in the Atlantic. When the
inﬂuence of this northward heat ﬂux on evaporation is considered (Gordon 1986), then
Agulhas heat input might be responsible not only for net surface cooling, but also for
net surface saltening. As in our model surface buoyancy loss turned out to be the largest
source of potential energy, shutting oﬀ Agulhas Leakage might have a double impact on
the energy balance of the Atlantic, and result in a reduction in the overturning strength.
An interesting possibility is therefore that not the Agulhas salt input but the Agulhas
heat input inﬂuences the overturning strength most.
Can we now explain the results obtained by Cai and Greatbatch (1995)? In their
model, shutting oﬀ Agulhas Leakage didn’t inﬂuence the outﬂow rate of deep water.
They argued that the thermal and saline changes canceled each other out, leaving
the density ﬁeld almost unaﬀected. Nevertheless, several aspects of the thermohaline
circulation seemed to have changed as a response to shutting oﬀ Agulhas Leakage,
and some of these changes might have had some inﬂuence on the balance of potential
energy in the model ocean: the net northward heat ﬂux across 30◦ S seemed to have been
reduced (their Fig. 12), and consequently the surface buoyancy loss and the associated
potential energy gain; there appeared to have been a warming and saltening of the
surface waters in the northern North Atlantic, possibly due to reduction of the deep
convection in this region, which would have caused a reduction in the associated sink
of potential energy; although the thermal and saline changes might have canceled, the
shift of 0.7 Sv from thermocline to intermediate water masses might have changed the
shape contribution of the lateral buoyancy ﬂux. It is therefore not clear whether in
the model of Cai and Greatbatch (1995) none of these changes in the potential energy
balance was large enough to inﬂuence the overturning strength, or if several eﬀects
canceled, leaving the NADW outﬂow unchanged.
The results of this study have shown that the overturning strength is very sensitive
to details of the interbasin ﬂuxes of heat and salt. This means that an impact of Agulhas Leakage on the overturning circulation is probable. At the same time, it emphasizes
the possible importance of South Indian Ocean wind regimes for the thermohaline circulation, as this seems to be controlling the amount of Agulhas Leakage. Inﬂuence of
southern hemisphere winds on Atlantic overturning strength has been suggested previously by Toggweiler and Samuels (1993a), although they propose a diﬀerent mechanism:
they argue that the deep southward transport below Drake Passage sill depth, required
to compensate for unbalanced northward Ekman transport in the Drake Passage latitude band, can have been derived only from North Atlantic downwelling. In their
numerical experiments the Atlantic overturning strength is governed by this Ekman
inﬂow, rather than by thermohaline forcing. Rahmstorf and England (1997), however,
have shown that the use of mixed boundary conditions by Toggweiler and Samuels
(1993a) suppresses the role of the thermohaline component of the overturning circu23

lation. Using more realistic boundary conditions, they show that the contribution of
Drake Passage Ekman ﬂows is only a fraction of the total amount of NADW formed.
6.

Summary and Conclusions

In the ﬁrst part of this paper we analyzed the thermohaline exchange between the
Atlantic Ocean north of 30◦ S and the Southern Ocean. We used an inversion of hydrographic data, including recent WOCE data, to calculate the meridional heat and salt
ﬂuxes across the Atlantic 30◦ S section. A large diﬀerence between the total lateral salt
ﬂux and its overturning component turned out to be the most striking feature of the
zonally averaged proﬁles. As the former yielded a net southward salt ﬂux, consistent
with net Atlantic evaporation, the latter was characterized by a northward net ﬂux,
indicating that on average the exported NADW is fresher than the compensating return ﬂows. This conﬁrms the idea of Rahmstorf (1996) that salt transports due to the
horizontal, wind-driven, gyre circulation are an essential component of the Atlantic salt
budget.
We studied the inﬂuence of these lateral ﬂuxes on the strength and operation of
the overturning circulation by prescribing them at the southern boundary of a simple
two-dimensional model of the Atlantic Ocean. The sensitivity of the ﬂow strength to
changes in this lateral forcing was examined and analyzed in terms of integral balances
of the system. The main advantage of this approach is that the results are rather
independent of the details of the momentum balance, indicating that the conclusions
drawn in this study may be relevant for the real ocean.
The analyses have shown that especially the net components of the heat and salt
ﬂuxes have a large positive impact on the overturning strength in our model. Both net
surface cooling (corresponding to a northward heat ﬂux at 30◦ S in the Atlantic) and
saltening (due to excess evaporation in the Atlantic) are sources of potential energy
of the system and tend to strengthen the ﬂow. The shapes of the lateral ﬂux proﬁles
turn out to have a dual inﬂuence on the potential energy of the system. As their
particular shapes tend to stabilize the stratiﬁcation, they extract potential energy from
the system directly, and tend to weaken the ﬂow. This eﬀect is slightly counteracted by
an increase in the downward diﬀusion of buoyancy, which is a source of potential energy.
The results of this study also indicate that, in the parameter regime considered, the
circulation strength is more sensitive to changes in the shape of the lateral buoyancy
ﬂux, than to changes in the meridional distribution of the surface buoyancy ﬂux, as the
latter does not explicitly change the potential energy input of the system.
We conclude, on the basis of this study, that not only the amount of heat or salt that
is imported into the Alantic is relevant for the operation of the overturning circulation,
but that also the vertical distribution of this exchange is relevant. A climatological
shift in the importance of intermediate or thermocline water for compensating NADW
export, or a change in the thermohaline characteristics of these water masses, might
therefore inﬂuence the Atlantic overturning strength considerably.
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This study has shown the importance of interocean ﬂuxes of heat and freshwater,
caused by the atmosphere and the ocean, for the operation of the global-scale ocean
circulation. This emphasizes the need for truly global models for studies of climate
dynamics and climate change, and for correct representations of the interbasin ﬂuxes
in these models. The model results and the analysis of the hydrographic data also emphasize one of the major shortcomings of 2D models which fail to account for residual
wind-driven ﬂuxes of heat and salt. Care should be taken when using these models for
sensitivity studies of the thermohaline circulation, as Rahmstorf (1996) has shown that
the sign of the net active freshwater ﬂux is crucial for the stability of overturning states.
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Appendix A
Correct values for T0 and S0
In this appendix we will show that the appropriate choices for the reference values T0
and S0 in Eqs. (4) and Eqs. (27) are the average values of temperature and salinity of
the basin under consideration, in this case the Atlantic Ocean north of 30◦ S. Only then
will the potential energy input of these ﬂuxes into the Atlantic be correctly represented
in our model.
We consider the evolution-equation for basin-integrated potential energy Eq. (14),
the basin under consideration being the Atlantic north of 30◦ S. No a priori model
constraints have been used in deriving this equation: the unspeciﬁed boundary buoyancy
ﬂux F contains the realistic advective ﬂux at the 30◦ S section or its diﬀusive model
equivalent, and so the equation applies both to the Atlantic Ocean and to our model.
When we split the vertical velocity w into the basin-averaged part w0 =< w > and a
deviation w  , we can write the buoyancy production as:
< wB >= w0 < B > + < w  B > .

(A1)

As the real ocean is not closed at 30◦ S, and mass exchange takes place with the Southern
Ocean, the net vertical transport w0 will not vanish. This means that in reality we
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have, besides the residual term < w  B >, a change in potential energy due to net
vertical ﬂow advecting the average buoyancy < B >. In our model w0 is zero, as
the model domain is closed. In order to make the buoyancy production in our model
comparable to that in the real ocean, the term w0 < B > must vanish. The deﬁnition
of B ∗ = ρ0 [α(T ∗ − T0 ) − β(S ∗ − S0 )] = ρ0 α∆T (T − λS) = B0 B now shows that the
correct choice for T0 and S0 is to take the basin-averaged values: only then do the
diﬀusive ﬂuxes in our 2D model represent the potential energy input of the real advective
ﬂuxes in a comparable way.

Appendix B
Potential energy and the basin-integrated value
The explicit appearance of the vertical coordinate z in the deﬁnition of potential energy,

as well as in the boundary integral zF · n dΓ of Eq. (18), might give rise to some
ambiguity about the invariance of the potential energy formulation with respect to the
particular choice of the reference level. Obviously a potential energy U  (∆z) = − <
(z − ∆z)B >, which is deﬁned with respect to a reference
level ∆z above the bottom, is

∆z < B > larger than U, while the boundary integral (z − ∆z)F · n dΓ is an amount

∆z F · n dΓ smaller. As the behaviour of our system must be independent on the
choice of reference level, the time-evolutions of U and U  (∆z) are linked via:
d
< B >= −
dt



F · n dΓ = −I.

(B1)

where I is the net boundary buoyancy ﬂux (positive outward). In steady state conditions, both d < B > /dt and I must evidently be zero. We can split the potential energy
U into a basin-averaged part U0 = − < z >< B >= − < B > /2 and a deviation
U = − < z(B− < B >) >= U+ < B > /2. The time-evolution of U0 equals:
1d
1
dU0
=−
< B >= I
dt
2 dt
2

(B2)

and indicates that I/2 of the contribution of the boundary ﬂuxes is used for increasing
the background state U0 . A change in this background potential energy, however, is
not relevant from a dynamical point of view. One way to remove these changes is to
consider the time-evolution of U , rather than of U:
dU
dU0
dU
=
−
= (...) +
dt
dt
dt



1
zF · n dΓ − I
2

(B3)

We note that U is equal to the potential energy referenced to midlevel, i.e. U  (1/2) =
 With this reference, the background potential
− < (z − 1/2)B >= U+ < B > /2 = U.
energy, say U0 (∆z), equals zero.
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In this study we use a surface buoyancy ﬂux Fs (y) at the top of the domain and a
lateral buoyancy ﬂux Fl (z) at the southern boundary, so the boundary integral in Eq.
(18a) contains two non-zero contributions:


zF · n dΓ =

 1
0

Fs (y)|z=1 dy −

 1
0

zFl (z)|y=0 dz.

(B4)

When we separate the ﬂuxes Fs and Fl into net components Is and Il , which must be
equal in a steady state, and shape functions Fs (y) and Fl (z) which have zero integral,
the surface component of the boundary integral equals:
 1
0

Fs (y) dy = Is ,

(B5)

whereas the component of the lateral boundary yields an integral denoted by Kv :
 1
0

1
zFl (z) dz = Il +
2

 1
0

1
z Fl (z) dz = Il + Kv .
2

(B6)

The resulting expression for the boundary integral now becomes:


1
1
1
1
zF · n dΓ − I = Is − Il − Kv − (Is − Il ) = Is − Kv .
2
2
2
2

(B7)

It is interesting to note that the contribution of the boundary integral contains no information on the net lateral buoyancy ﬂux Il , but only on the shape of the lateral buoyancy
ﬂux Fl (z). Evidently, a (homogeneously distributed in the vertical) net lateral buoyancy
 as it only aﬀects the background potential
input does not aﬀect the potential energy U,
energy U0 . On the other hand, the surface contribution (Eq. (B5)) contains information
on the net buoyancy ﬂux only, but not on the shape of the surface buoyancy ﬂux Fs (y).
Obviously this shape, which accounts for meridional redistribution of buoyancy within
a basin, does not directly inﬂuence the potential energy of the system.
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Captions to the figures

Figure 1: Proﬁles of meridional advective ﬂuxes of (a) heat (in MW m−2 ) and of (b)
salt (in g m−2 s−1 ) across 30◦ S in the Atlantic. Solid lines denote the total ﬂuxes, while
long-dashed and short-dashed lines denote the overturning and residual components,
respectively. Notice the large southward contributions of the gyre-induced residual
ﬂuxes in the upper 1000 m, and the northward heat and salt ﬂuxes at NADW level.
Data used are from an inversion of WOCE data performed by Dr. J. Holfort (IfM Kiel,
Germany).

Figure 2: Proﬁles of prescribed surface temperature Ts and surface salt ﬂux FsS as a
function of latitude.

Figure 3: Proﬁles of P − E (in 10−9 m s−1 ) for the three diﬀerent datasets as indicated
in the ﬁgure.

Figure 4: Proﬁles of prescribed lateral heat (FlT ) and salt (FlS ) ﬂuxes. The overturning
salt ﬂux proﬁle Fl,overturning is used in the discussion.

Figure 5: Streamfunction proﬁles of NPP states at σs = 16.0 in the (a) global domain
north of 30◦ S, and (b) its Atlantic domain counterpart. At the southern boundary of
the latter state ﬂuxes of heat and salt are prescribed which are diagnosed at y = 0.25
in the global state. Streamfunction is scaled with the maximum of the Atlantic state
in both panels. Solid contours denote clockwise circulation (negative ψ), and have an
increment of 0.2.

Figure 6: Relations between lateral heat ﬂux amplitude τl and (a) overturning strength
ψmax , and (b) buoyancy production < wB > and its thermal component < wT >. In
steady state, < wT > equals the sum of the vertical temperature diﬀerence ∆Tv and
the boundary ﬂux contribution I T /2 − KvT . The lateral heat ﬂux FlT is plotted in Fig.
4 (solid line) and given by Eq. (11a). The value τl = 70 is representative for observed
ﬂuxes across 30◦ S (Eq. (12)).
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Figure 7: (a) Relation between the lateral salt ﬂux amplitude σl and overturning
strength ψmax , for a lateral salt ﬂux with vertical proﬁle FlS (solid line) and for a
vertically uniform lateral salt ﬂux (dashed line). (b), (c) Relation between the lateral
salt ﬂux amplitude σl and the saline component < wS > of the buoyancy production
for the vertical proﬁle case (b) and for the vertically uniform case (c). In steady state,
< wS > equals the sum of the vertical salinity diﬀerence ∆Sv and the boundary ﬂux
contributions I S /2 − KvS . The ﬂux proﬁle FlS is plotted in Fig. 4 (long-dashed line) and
given by Eq. (11b). The value σl = 16 is representative for observed ﬂuxes across 30◦ S
(Eq. (13)). Note that < wB >∝ − < wS >, so a positive value of < wS > tends to
brake the ﬂow.

Figure 8: (a) Overturning strength ψmax as a function of lateral salt ﬂux amplitude σl
(solid line) and surface salt ﬂux amplitude σs (dashed line). The net ﬂux was kept ﬁxed,
and only the amplitudes of the proﬁles were changed. In (b) and (c) the relevant terms
in the buoyancy production are plotted for both cases, showing that the shape of the
lateral ﬂux contributes directly to the energy balance through −KvS , while the shape of
the surface salt ﬂux only inﬂuences the energy balance in an indirect way through ∆Sv .

Figure 9: The relevant terms in the balance of the buoyancy torque (Eq. (24a)) for
the same cases as in Fig. 8. The increase in the lateral ﬂux (a) has almost no impact
on this balance, whereas the increase in the surface ﬂux (b) causes the change in KhS .
This change is balanced by the advection term < vS > rather than by the meridional
salinity diﬀerence ∆Sh .

Figure 10: < wB > and ∆Bh set out against ψmax for all experiments performed.
Curves are best-ﬁt quadratic (< wB >) and linear (∆Bh ) functions.

Figure 11: Saline component of the buoyancy production < wS > and its components
as a function of the parameter µ. µ = 0 denotes the model with the total salt ﬂux
prescribed, whereas at µ = 1 the zonally averaged overturning component is prescribed
(see Fig. 4). Note that an increase in < wS > corresponds to an increase in the
weakening eﬀect of salinity on the circulation strength (a decrease in < wB >).

33

Parameter
Characteristic length scale
Characteristic depth scale
Depth of NADW overturning cell
Thermal expansivity
Saline expansivity
Characteristic temperature range
Characteristic salinity range
Reference potential temperature
Reference salinity
Reference density
Gravitational acceleration
Horizontal diﬀusivity
Vertical diﬀusivity
Horizontal viscosity
Vertical viscosity
Heat capacity
Aspect ratio
Thermal Rayleigh number
Prandtl number
Lewis number
Buoyancy ratio
Amplitude of surface salt ﬂux
Amplitude of lateral salt ﬂux
Amplitude of lateral heat ﬂux

Symbol
L
H
HN
α
β
∆T
∆S
T0
S0
ρ0
g
κh
κv
νh
νv
cp
a
Ra
Pr
Le
λ
σs
σl
τl

Value
1 · 107 m
5 · 103 m
2828 m
1.9 · 10−4 K−1
7.6 · 10−4 psu−1
25◦ C
2 psu
4.83◦ C
35.07 psu
1 · 103 kg m−3
10 m s−2
1 · 103 m2 s−1
1 · 10−4 m2 s−1
2.25 · 103 m2 s−1
2.25 · 10−4 m2 s−1
4 · 103 J kg−1 K−1
5 · 10−4
1 · 104
2.25
1
0.32
0 – 10
0 – 16
0 – 70

Table 1: Symbols and characteristic values of dimensional and non-dimensional parameters used in this study.
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