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TD3 — Conceptual model of the Atlantic Meridional Overturning
Circulation

We study a simple model of the Atlantic Meridional Overturning Circulation (AMOC), after Stommel (1961):
the ocean is composed of two boxes characterized by temperatures T1, T2 and salinity S1, S2 (expressed in g.kg-1),
representing the polar and tropical regions, respectively (see Fig. 1). A meridional circulation transports heat and
salinity: the mass flux in the upper ocean, denoted m, is proportional to the density difference ∆ρ = ρ2 − ρ1:
m = −µ∆ρ, with µ > 0 a constant coefficient. We impose a salinity flux Σ in the tropical ocean box. To ensure
global conservation of salt, a salinity flux −Σ is applied to the polar ocean box. We assume a linear equation of state:
ρ = ρ0(1− α(T − T0) + β(S − S0)) with α, β > 0.Le modèle de Stommel (1961)

T1, S1T2, S2

Σ −Σ

m

Equateur Pôle

T1,T2 : températures.
S1, S2 : salinités.
∑ : flux de sel     (équivalent à évaporation - précipitation)
m : circulation thermohaline

m, proportionnel à la différence de densité:
m = µ (ρ1-ρ2) = µ (α (T2-T1) - β (S2-S1))

Figure 1: Schematic of the Stommel model.

1. Show that the evolution equations for the salinity in each box are:

∂S1

∂t
= |m|(S2 − S1)− Σ,

∂S2

∂t
= |m|(S1 − S2) + Σ. (1)

Deduce the equation for salinity difference ∆S = S2 − S1:

∂∆S

∂t
= 2(Σ− |m|∆S). (2)

2. Let x = β∆S
α∆T and F = βΣ

µ(α∆T )2
. We assume that ∆T is constant. Show that, after introducing an appropriate

non-dimensional time, the equation becomes

ẋ = F − x|1− x|. (3)

3. Draw the curve with equation y = x|1−x|. Show that for 0 < F < 1/4, there are three fixed points 0 < xT < 1/2,
1/2 < xI < 1 and 1 < xS , and otherwise, only one fixed point. Study the stability of these fixed points.

4. Show that, in the new time units, m = 1−x
2 . Plot m at equilibrium as a function of F .

5. What would be the sign of F in the current climate? The sign of m? To which equilibrium state of the Stommel
model would it correspond?

6. We now consider models which resolve the dynamics of the ocean, undergoing so-called “hosing” experiments: a
freshwater flux is imposed in a specified region in the North Atlantic, and the strength of the AMOC is monitored
as the flux is slowly increased and decreased. Fig. 2 shows the results of such experiments, for models averaged in
longitude (top panel) and for 3D models (bottom panel). Is the qualitative behavior of these models consistent
with the Stommel model? Discuss the agreement among models regarding the position of the two bifurcation
points. Is current climate within the bistability regime?

7. Estimate the order of magnitude of the time in which the Greenland ice sheet would have to melt to collapse
the AMOC, assuming that the behavior of the models shown in figure 2 corresponds to reality. The total mass
of the Greenland ice sheet is roughly 3 000 000 Gton.
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cases the circulation is switched off altogether in such a
sudden step; this is likely the result of a complete shutdown
of convection and is known as ‘‘convective instability’’, as
opposed to the more gradual ‘‘advective shutdown’’ asso-
ciated with Stommel’s salt advection feedback [Rahmstorf
et al., 1996]. Thus, the qualitative features of the hysteresis
curves can be understood in terms of the two basic positive
feedbacks described in the introduction.
[12] The width of the hysteresis curves, i.e. the difference

in freshwater forcing between the two bifurcation points
where the circulation turns on and off, can be computed for
Stommel’s conceptual model as

Fcrit ¼
a

4bcp rS0
Q

where Q is the heat transport, a is the thermal expansion
coefficient, b is the haline expansion coefficient, cp is the
heat capacity and r the density of sea water, and S0 is a
reference salinity (taken as 35 psu).
[13] For a meridional heat transport of 1 PW, a typical

value for the Atlantic thermohaline circulation [Roemmich
and Wunsch, 1985], the resulting hysteresis width is 0.24 Sv.
Indeed, most of the hysteresis curves in our intercomparison
are clustered around this value (range 0.15–0.5 Sv). We
further note that the improved version of the MPM produces
a hysteresis width of 0.32 Sv [Wang, 2005].
[14] The height of the hysteresis curves, i.e. the value of

the volume transport at the point designated as zero fresh-
water input (see discussion below), is a tunable value in
Stommel’s box model: there is a linear relation between
density difference and flow rate in this model, the propor-
tionality constant being a free model parameter. A similar
(though of course more complex) parameterized relation
between the density field and the flow field is assumed in
zonally averaged ocean models, which applies to many of

the models in this intercomparison (see Table 1). In these
models, the volume transport and thus the height of the
hysteresis curves can be scaled up by changing a parameter.
When volume transport increases this will also increase heat
transport (if temperatures remain unchanged to first order),
so that the hysteresis curve could be scaled up in both
dimensions in this manner.
[15] In contrast, in three-dimensional ocean models the

link between density and flow field arises from the basic
hydrodynamic equations, so that the magnitude of the
hysteresis loop is not directly tunable. However, it can be
indirectly affected to some extent by choices in oceanic
diffusion [Prange et al., 2003; Schmittner and Weaver,
2001].

5. Position of Present-Day Climate

[16] An important aspect is the position of the present-
day climate on the hysteresis curves, which is marked by a
circle in Figure 2. This determines whether present-day
climate is mono-stable or bi-stable in a model (i.e., whether
the thermohaline circulation will recover after it was
switched off by a long but temporary perturbation), and
how close the present-day climate is to the Stommel
bifurcation point (see Figure 1).
[17] All model simulations were started from a present-

day climate state, i.e., zero freshwater anomaly equals
present-day climate. In Figure 2 the hysteresis curves are
not plotted directly as function of the added freshwater
anomaly, but shifted in order to align them on their left
sides. This point is designated zero freshwater flux, since
this is what it is in Stommel’s conceptual model: bi-stable
solutions in this model can only arise for positive fresh-
water input. This point is the only physically meaningful
point for aligning the models, since otherwise there is no
unique definition for an absolute value of the freshwater
flux. In a geographically explicit model there is no unique
value of the freshwater flux since it is a spatially varying
quantity, and it is ill defined what catchment area should
be considered when calculating an integral (see [Rahm-
storf, 1996]). To the right of the origin the present-day
climate is in a bi-stable regime, to the left it is in a mono-
stable regime.
[18] It is clear that the models differ greatly in where the

position of the present-day climate is located on the hyster-
esis curve. This is an important difference as it determines
the model sensitivity to perturbations, with models further
on the left being less sensitive. Such a difference can be
brought about by differences in the surface fluxes to the
ocean, which are treated very differently by different
models; they result from a mix of observed fluxes, com-
puted fluxes (with greatly differing sophistication of the
physics) and flux adjustments.
[19] The reason for these model differences requires

further study. So does the question of where the real
Atlantic Ocean is likely to reside, although some evidence
suggests it may be in the bi-stable regime [Rahmstorf,
1996; Weijer et al., 1999]. We found (not shown) that
there is a tendency for models with greater evaporation to
be further on the left in the hysteresis diagram (i.e., with a
more stable thermohaline circulation) but the connection is
not clear-cut. The freshwater budget of the Atlantic

Figure 2. Hysteresis curves found in the model inter-
comparison. The bottom panel shows coupled models with
3-D global ocean models, the top panel those with
simplified ocean models (zonally averaged or, in case of
the MIT_UWash model, rectangular basins). Curves were
slightly smoothed to remove the effect of short-term
variability. Circles show the present-day climate state of
each model.
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Figure 2: AMOC strength as a function of imposed freshwater flux in the North Atlantic in models of intermediate
complexity (Rahmstorf et al. 2005). The dot indicates the position of current climate.

8. It remains debated whether the real AMOC exhibits multiple steady-states or not. Regardless, paleoclimate
proxies indicate that it has varied substantially in the past, and it might have played an important role in abrupt
climate changes over the last glacial period, such as those shown in Fig. 3. Relying on what you have learned
in the paleoclimate lecture, describe the features of these climate changes qualitatively (context in which they
occur, timescale, amplitude, etc).

observational and a mechanistic approach. From the obser-
vations, we can ask whether the events in different records
have the same timing, abruptness, and persistence. Many of
the records from the North Atlantic region have been
examined in this context [e.g., Alley et al., 1999; Hemming,
2004], but this is less true for other regions, particularly the
tropics. For the mechanistic approach, the question is
whether there are plausible physical mechanisms that can
link different regions, perhaps at a global scale, and what
drives such mechanisms to produce abrupt changes.
[4] At present, the favored paradigm for explaining the

abrupt climate events seen in ice cores and elsewhere
centers on freshwater input to the high-latitude North
Atlantic and its effect on heat transport into the region via
disruption of the meridional overturning circulation (MOC)
of the Atlantic [e.g., Rooth, 1982; Broecker et al., 1985;
Bond et al., 1993; Rahmstorf, 1995; Alley et al., 1999;

Ganopolski and Rahmstorf, 2001; Knutti et al., 2004]. It is
argued that freshwater discharges into the North Atlantic
Ocean from the surrounding landmasses abruptly weaken
the ocean thermohaline circulation (THC) in the Atlantic
and the delivery of heat from the tropics to the high latitudes
causing cold events in Greenland. The most obvious source
of this fresh water would be from periodic releases of
meltwater derived from the surrounding ice sheets.
[5] A collection of paleochemical data, reviewed in

section 2.1.2, support the premise that the THC has indeed
undergone past changes in its intensity. However, it is not
necessarily clear whether these changes were the cause or
consequence of abrupt climate change. Furthermore, it is
not obvious that THC changes alone can explain the climate
changes recorded both within the North Atlantic and world-
wide [Wunsch, 2006]. Are there other possible mechanisms
that can explain the features of the observations? One such

Figure 1. Comparison of (bottom) North Greenland Ice Core Project (NGRIP) ice core oxygen isotope
record (a proxy for air temperature) to (top) a typical deep sea sediment oxygen isotope record (a signal
dominated by global ice volume). The Mapping Spectral Variability in Global Climate Project
(SPECMAP) stack [Imbrie et al., 1984] is a composite record constructed from normalizing and
averaging a number of low-latitude planktic foraminiferal isotope records and is representative of the
resolution typically achieved in climate time series based on open ocean marine sediments with low to
moderate sedimentation rates (i.e., less than about 5–8 cm ka!1). The high-resolution NGRIP record
[North Greenland Ice Core Project Members, 2004] spans the last 123,000 years and reveals pervasive
century- to millennial-scale variability not resolvable in typical marine records. The abrupt cooling of the
Younger Dryas and the rapid warmings that characterize the well-known Dansgaard-Oeschger interstadial
events are numbered. Heinrich events (labeled H1 to H6) are discrete layers of ice-rafted debris found in
marine sediment cores from a wide swath of the subpolar North Atlantic. They have been interpreted to
reflect the episodic discharge of massive numbers of icebergs from the Hudson Strait region.
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Figure 3: Oxygen isotopic ratio δ18O from Greenland ice cores (Clement and Peterson 2008).
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