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The sensitivity of the North Atlantic thermohaline circulation to the input of fresh water is
studied using a global ocean circulation model coupled to a simplified model atmosphere.
Owing to the nonlinearity of the system, moderate changes in freshwater input can induce
transitions between different equilibrium states, leading to substantial changes in regional
climate. As even local changes in freshwater flux are capable of triggering convective instability,
quite small perturbations to the present hydrological cycle may lead to temperature changes
of several degrees on timescales of only a few years.

THE North Atlantic Ocean today carries (1.2:0.2) x 10'* W of
heat northwards'?, Most of this heat transport is due to the
vertical overturning cell associated with North Atlantic Deep
Water (NADW) formation®; warm surface water flows
northwards, sinks, and flows southwards as cold deep water.
The volume transport of this ‘conveyor belt’ is about 17+4 Sv
(ref. 3; 1 sverdrup=10° m® s™'). This heating system makes the
northern North Atlantic about 4 °C warmer than corresponding
latitudes in the Pacific* and is responsible for the mild climate
of Western Europe. Variations in NADW circulation therefore
have the potential to cause significant climate change in the
North Atlantic region. :

Previous modelling studies have suggested that the NADW
circulation is a nonlinear system which is highly sensitive to
changes in freshwater forcing; it may collapse if a certain thresh-
old is exceeded®® and can show hysteresis behaviour'®'". There
is mounting palaeoclimate evidence, particularly from sediment
cores, showing that past climate shifts were associated with
changes in NADW flow'?"'%. Recent coupled ocean-atmosphere
model experiments investigating the effect of anthropogenic
greenhouse gases on climate find that global warming would
probably lead to reduced NADW formation'®"”.

Given the possibility of an anthropogenically triggered transi-
tion in NADW circulation, a systematic study of its-sensitivity
is urgently needed. Excessive computation costs make this not
yet feasible using fully coupled ocean-atmosphere models. Here,
a study of circulation transitions made with a global ocean circu-
lation model! coupled to a greatly simplified atmospheric model
is presented. It is found that NADW circulation winds down
when a bifurcation (first suggested by Stommel®) is passed,
which the model predicts to occur when an additional freshwater
input of less than 0.06 Sv is introduced into the catchment area
of the North Atlantic. Convective instability can trigger a local
shutdown of deep convection for even smaller regional changes
in freshwater forcing, leading to rapid regional sea surface tem-
perature (SST) changes within a few years. A transition to oscil-
latory behaviour® (a Hopf bifurcation) was also discovered,
leading to a parameter range with self-sustained interdecadal
oscillations.

Model and experiment design

The ocean model used in this study is the general circulation
model (GCM) developed at the Geophysical Fluid Dynamics
Laboratory (GFDL) in Princeton'®, in a coarse-resolution
global configuration (Fig. 1a) with twelve vertical levels, similar
to the models used in refs 17, 19 and 39. The model was driven
by observed annual mean wind stress?, The surface flux of fresh
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water was derived from a spin-up experiment and prescribed as
a fixed flux thereafter; this flux field is illustrated in ref, 21,
where details of the model spin-up are also described. Regional
integrals of the flux are shown in Fig. 14; perturbations added to
the freshwater flux for the sensitivity experiments are described
below.

For thermal forcing, neither prescribing a fixed heat flux nor
restoring the SST to prescribed values provides a realistic feed-
back response to large-scale ocean circulation changes™. There-
fore, a simple atmospheric energy balance was used, which
damps SST anomalies by horizontal diffusion of heat in the
atmosphere and by longwave radiation. This approach is dis-
cussed in detail in refs 21 and 22. It reproduces the correct SST
contrast between North Pacific and North Atlantic oceans in the
model equilibrivm as a result of oceanic heat transport, without
prescribing it in the forcing. The damping of SST anomalies
depends on their spatial scale; small anomalies are removed rap-
idly by atmospheric transport, and the largest scales damped
only by longwave radiation to space. Scale selectivity is crucial
for successfully modelling local heat loss in small convection
regions at the same time as the large-scale response to oceanic
heat transport.

With this surface forcing, the model reaches a steady equilib-
rium state after an integration time of ~3,000 years. This is used
as a starting point for the experiments described below. In this
state, the Atlantic thermohaline circulation has the familiar two-
storey structure with a NADW overturning cell of 20 Sv stacked
above an opposite turning cell of Antarctic Bottom Water of
7 Sv; the Pacific and Indian oceans derive their entire deep water
from an inflow of 11 Sv from the south.

In the experiments reported here, slowly varying freshwater
flux perturbations were added in different ocean regions (Fig.
1a). The perturbations were increased or decreased linearly in
time, in order to trace the hysteresis response of the ocean
circulation. The method was inspired by a study by Mikolajew-
icz and Maier-Reimer'', who investigated the effect of thermal
restoring boundary conditions on freshwater discharge events
of 1,000-2,000 years duration. The aim of our study is differ-
ent: we attempt to trace the equilibrium response of the
NADW circulation to freshwater forcing changes, that is, to
construct a bifurcation map and to identify critical transitions.
Consequently, the forcing was varied at a much slower rate
(up to 230 times slower than described in ref, 11). Freshwater
flux is used as control variable for the experiments and is
therefore specified. In reality there is a feedback of sea surface
temperature on the freshwater flux™, but recent work suggests
this is only weak™.
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FiG. 1 a, Location map for the model experiments. The shaded areas
A and B mark regions where freshwater forcing was varied; for region
B the change was of opposite sign in the Atlantic and the Pacific. The
Labrador Sea is marked with an asterisk, and the Greenland-lceland-
Scotland ridge separating the Atfantic from the Arctic is indicated as a
dashed line. b, Regional integrals of net freshwater forcing in sverdrup
(1 Sv=10° m®s™%). Positive values indicate net precipitation and océur
in the intertropical convergence zone and in high latitudes; the subtrop-
ical gyre regions are characterized by net evaporation. The fluxes were
obtained by forcing the ocean model towards observed surface salinity”,
and thus include the effect of river runoff, Note that there is no net
volume transport and negligible net freshwater transport through Bering
Strait in this model, so that oceanic transport across a given latitude
in the Atlantic can be obtained by summing the surface fluxes from the
Arctic; at the latitude of South Africa, the ocean circulation exports sait
equivalent to a freshwater inflow of 0.2 Sv.

Conveyor hysteresis

Figure 2 shows the NADW circulation (defined as the maximum
of the meridional mass transport in the Atlantic, excluding the
near-surface wind-driven layers) as a function of the freshwater
perturbation for a number of experiments. In Fig. 2, top panel,
fresh water was added to a region south of Greenland (labelled
A on Fig, 1a), with the inflow increasing or decreasing by 0.05 Sv
per 1,000 years; Fig. 2, bottom panel, shows experiments where
fresh water was taken from the tropical Pacific and added to the
tropical Atlantic (in the regions labelled B on Fig. la). Figure
2 bottom also includes two additional experiments where the
forcing was changed at the slower rates of 0.006 and 0.02 Sv per
1,000 years. The initial state is labelled a.

The hysteresis curves show a decline in NADW overturning
with increasing freshwater input into the North Atlantic. Beyond
a certain value, overturning is essentially zero (the small remain-
ing background transport is due to the fact that the meridional
stream function never becomes negative everywhere, even in the
absence of NADW formation). For an intermediate forcing
range which includes present-day climate, NADW overturning
can be either ‘on’ or ‘off’ (as in equilibrium f), depending only
on initial conditions.

The inflow of Antarctic Bottom Water into the Atlantic
decreases slightly as NADW flow weakens in the model. In the
Pacific, the bottom water circulation also weakens, and after the
breakdown of NADW flow an overturning cell of 10 Sv starts
between 30° N and 60° N. This North Pacific cell (not shown)
reaches 1,500 m depth and recirculates within the Northern
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FIG. 2 Hysteresls response of the North Atlantic overturning circulation
to a slowly changing freshwater forcing in the high latitudes (top panel)
and the tropics (bottom panel; see Fig. 1 for exact locations). (NADW,
North Atlantic Deep Water). Open circles mark true model equilibria
obtained with constant freshwater forcing; the equilibrium marked a is
the initial state at the start of the experiment. Arrows mark the direction
in which the curve is traced. After one hysteresis loop, starting from a
towards the right, the model arrives at equilibrium b. From there the
right half of the hysteresis curve was traced a second time. Point ¢ was
reached by reversing at point e. Point f is an equilibrium with no NADW
formation, under present-day forcing. The discontinuity D is the point
where Labrador Sea convection ceases. In the lower panel, the right
half of the hysteresis curve was traced at three different rates; the rate
of freshwater forcing change is labelied in units of 1072 Sv yr™™,

Hemisphere with no outflow to the south, resembling the hem-
ispheric circulation envisaged in Stommel’s® original box model.
It shows a clear hysteresis response even if the forcing changes
only in the North Atlantic, constituting an interesting oceanic
teleconnection between- Atlantic and Pacific oceans.

Saddle-node bifurcation

The general shape of the hysteresis curves and their bimodal
structure can be understood with the help of Stommel’s® classical
box model of the thermohaline circulation (which can be gen-
eralized to allow cross-hemispheric flow). Figure 3 shows the
equilibrium solutions of this simple model as a function of fresh-
water flux. The positive branch corresponds to the overturning
of NADW, while the negative flow branch corresponds to a
reverse flow. The branch shown dashed is unconditionally
unstable, and separates the basins of attraction of the two stable
branches, Point S is a turning point, or saddle-node bifurcation,
beyond which no stable positive solution exists. The thin lines
were obtained by time integration with slowly increasing fresh-
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FIG. 3 Equilibrium flow and hysteresis response of Stommel's box
model. Heawy curves show the analytical equilibrium solution; the
dashed branch is unstable, S is the location of the saddle-node hifurca-
tion. Thin lines are the result of a time integration with a freshwater
forcing cycle identical to that used in the GCM experiments shown in
Fig. 2. Note that freshwater forcing is given in absolute values for the
box model, whereas for the GCM it is relative to the present-day climate.

water flux, as in the GCM experiments shown in Fig. 2. They
show that the equilibrium branch can be tracked closely by a
slow forcing increase—except near the bifurcation point, where
the model response becomes infinitely sluggish.

A crucial question is where Stommel’s bifurcation is located
in the real world, and, as an approximation to this, in the GCM.,
In other words, what is the critical change in hydrological forcing
which would trigger the shutdown of the present NADW con-
veyor belt circulation? From the box-model analogy, we con-
clude that the hysteresis experiments with the GCM can only
provide an upper limit of this value. Figure 2, bottom panel,
shows three GCM runs with different rates of forcing change
(as in Fig. 3) and gives an upper limit of 0.075 Sv for the critical
flux, To test for equilibrium, in a number of further experiments
freshwater forcing was held constant after certain values had
been reached. For the high-latitude perturbation (Fig. 2, top),
the model was still stable and the hysteresis curve close to equili-
brium at a flux of 0.05Sv, but at 0,06 Sv it was beyond the

bifurcation and wound down. Similarly, for the low-latitude per- -

turbation the bifurcation was found to be between 0.056 and
0.062 Sv. The corresponding critical rate of NADW overturning
is close to 12 Sv; smaller rates of NADW formation cannot
apparently be sustained by the model.

It is remarkable that the critical amount of freshwater input
is essentially the same, whether added in the high-latitude con-
vection region or in the low latitudes. This is because the mecha-
nism underlying Stommel’s bifurcation is a large-scale advective
mechanism. Tt does not much matter where the fresh water is
added, as long as it passes through the NADW loop before
leaving the Atlantic, that is, it is added to the “NADW catch-
ment area”, This catchment area will not have a sharp boundary
in a turbulent ocean ; for example, fresh water added to the South
Atlantic can be expected partly to flow north in the conveyor
and partly to exit to the Southern Ocean through wind-driven
circulation. The catchment area also depends on the circulation
itself.

It is difficult to assess which changes in atmospheric circula-
tion would be required to increase the freshwater transport into
the NADW catchment area by -0.06 Sv, but Fig. 15 indicates
that the change would only be a fraction of the climatological
flux. In the coupled experiment of Manabe and Stouffer'”** for

a quadrupling of the atmospheric level of CO,, NADW forma-
tion is completely extinguished by a net precipitation increase
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in the North Atlantic, while sea-ice melting makes a negligible
contribution. If a freshwater flux of 0.06 Sv were to be obtained
only bay melting sea ice, the entire Arctic sea-ice volume (2-
3% 10" m*) would need to melt during a period of 10-15 years,
a time span too short to cause an advective spin-down of the
circulation, The timescale of the shutdown is determined by the
advection of salt in the overturning circulation and is typically
several hundred years; the more the critical flux is exceeded, the
faster the spin-down. Sea-ice melting is, therefore, not a viable
mechanism for causing an advective spin-down, but could lead
to convective transitions as discussed in the next section. For
comparison, meltwater inflow from the disintegration of conti-
nental ice sheets at the end of the last glacial peaked at 0.44 Sv
and lasted many centuries™

Convective instability
Although the overall shape of the hysteresis curves can be
explained by Stommel’s box model, there are also interesting
discontinuities, most notably the one marked D in Fig. 2. When
we start from point e on the equilibrium curve and move to the
left, a new equilibrium branch is found with a lesser NADW
overturning rate. And when a full hysteresis cycle is completed,
we arrive at not the initial state a, but a different equilibrium
state (b or d respectively). We are thus finding multiple equilib-
rium states with different NADW formation rates under the
same forcing,

Similar multiple equilibria have previously been found and
analysed in idealized models®*; they are linked to different

* stable convection patterns and are caused by a positive feedback

mechanism which can make convection self-sustaining once it
has been established at a cértain point. The convection patterns
for several equilibria marked in Fig. 2 are shown in Fig, 4. The
crucial difference between model states with ~20 Sv overtutning
and those with only ~16 Sv overturning is the absence of Lab-
rador Sea convection in the latter, Time series of convection
depth at single points (not shown) confirm that at the disconti-
nuity D Labrador convection shuts down. Other small jumps in
the circulation time series can generally be attributed to a change
in convection somewhere in the model. Associated circulation
changes appear almost instantancous, as adjustment to convec-
tion changes occurs through a mechanism of wave
propagation’*>' which takes only a few years to complete. Con-
vective instability is therefore a mechanism that could lead to
rapid climate shifts such as the Younger Dryas event®.

Convective instability does not depend on the large-scale
freshwater budget but on local flux. This is why the shutdown
of Labrador convection occurs for a much smaller freshwater
input for the high-latitude perturbation than for the low-latitude
perturbation (compare Fig 2 top and bottom). Further experi-
ments showed that a perturbation of 0.015 Sv is enough to cause
the shutdown if targeted directly at the Labrador Sea. This dem-
onstrates that rather small changes in freshwater forcing may
lead to regional shutdown of convection. In the real world and
in fully coupled models, the distinction between similar equilibria
(such as a and b) may be blurred by atmospheric variability,
but qualitatively different convection patterns (such as a and c)
should represent distinct climate states (see the discussion in
Rahmstorf®"). Sediment-core resiilts'® have linked past climate
change to a regional shift in NADW convection, from the
Norwegian Sea to a location south of Iceland.

Interdecadal oscillations

A further interesting feature of the hysteresis curves is the oceur-
rence of interdecadal oscillations in certain parameter ranges.
The most spectacular oscillation arises in Fig. 2, bottom panel,
just before the Labrador discontinuity D. Figure 5 shows a close-
up view of the relevant section of the curve; it reveals that a
Hopf bifurcation (H) leads to a transition from a stable model
solution to a limit cycle with a period of 22 years. This period
is independent of the rate at which freshwater input is increased.
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FIG. 4 Convection patterns in the North Atlantic for six equilibrium solutions (states
a-f) of the ocean model as labelled in Fig. 2. The height of the columns shows
convection depth from the surface, and colour indicates the amount of heat (W
m™?) brought to the surface by convection. Convection is the main process by which
the heat brought to the north in the conveyor circulation is released from the water
column, Note that states a and b have convection in the Labrador Sea, whereas in
c-e NADW is formed only east of Greenland. State f is a ‘southern sinking’ state

without NADW formation.

The overturning rate varies by as much as 3 Sv, and the average
temperature of the high-latitude North Atlantic by 0.2 °C. The
temperature maximum lags behind the overturning maximum
by about 3 years. As one would expect from the short period,
this oscillation is local to the North Atlantic; it is also deep—
the flow oscillates in a region between 20° N and 60° N over the
whole depth range. Surprisingly, Labrador Sea convection is
not affected; convection depths remain completely stationary
throughout the oscillation, The sea surface temperature pattern
associated with the oscillation is shown in Fig, 6. With its maxi-
mum near Newfoundland, it resembles the observed interdecadal
variability pattern shown by Kushnir™, cxcept that it lacks the
second maximum found in the data near the sea-ice margin north
of Iceland. This second maximum may be linked to sea-ice varia-
tions; no icc model is included in the present study. A much
weaker oscillation with a period of 16 years arises in the high-
latitude experiment (Fig. 2, top), again just before the Labrador
convection shuts down. Similar interdecadal SST oscillations
centred on the Labrador region have been found in a number

of studies with different models™™,
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FIG. 5 a, Close-up view of the oscillations visible in Fig. 2,
hottom panel, just before the sh ut-down point D of Labrador
convection. The time axis is labelled in years with an arbi-
trary origin. At point H, the model passes a Hopf bifurcation,
where the stable equilibrium state gives way to a limit cycle
with a period of 22 years. Note that the amplitude initially
increases as the square root of the control parameter
(freshwater flux, which in this case is proportional to time);
a characteristic feature of Hopf bifurcations®®. b, Two
periods of the oscillation at higher time resolution. Also
shown are surface salinity and temperature, averaged over
the Atlantic north of 50° N.

Consequences for climate

Given the large heat transport of the NADW con-
veyor belt, it is natural to ask what the bifurcations
described above mean for Atlantic surface tempera-
tures. Because of the simpleatmospheric heat budget
employed, the model has a limited capacity to predict
SST changes resulting from circulation changes. The
equilibrium with the strongest overturning (state b),
also has the warmest high-latitude SST. Figure 6
shows SST differences of other model states com-
pared to initial state a, as well as the SST change over
one of the oscillation cycles discussed above (Fig. 6a).
The interdecadal oscillation has a range -of 0.7 °C near New-
foundland and decreases to under 0.2 °C near the European
coast. The difference between normal and weak NADW circula-
tion equilibria (Fig. 6b) is larger; it reaches a maximum of 2.5 °C
near Newfoundland. The cooling predicted for a total shutdown
of NADW circulation (Fig. 6¢) reaches a maximum of 6 °C
near Greenland, with widespread cooling of over 4 °C across the
Atlantic. Note that a fully coupled experiment would probably
show an amplified temperature response near ice margins due
to the ice-albedo feedback (not included in this model). The
cooling effect would also extend further north in a model that
produces more NADW north of the Greenland-Scotland ridge.

Overall features of the bifurcation map

The experiments discussed in this Article provide a map of the
equilibrium states and bifurcation points of the Atlantic thermo-
haline circulation in a global ocean GCM, as a function of the
surface freshwater flux. The central feature is a saddle-node
bifurcation first described by Stommel® in 1961; it is the point
beyond which the NADW circulation cannot be sustained, wind-
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FIG. 6 Sea surface temperature change (in °C) for three types of NADW
circulatlon changes. a, Difference between warm and cold phase of
the inter-decadal oscillation; b, difference between 'normal’ and ‘weak’
NADW equilibria (states a minus ¢ of Fig. 2); ¢, difference between
‘normal’ and absent NADW circulation (states a minus f of Fig. 2). Shad-
ing highlights regions of strongest sea surface temperature change;
states with stronger NADW overturning are warmer in each case.

ing down on an advective timescale of centuries. The spin-down
is characterized by gradually weakening heat transport and con-
vection, and must be distinguished from the dramatic instability
which occurs when convection is suddenly interrupted in the

entire North Atlantic—a much faster process known as ‘polar .

halocline catastrophe’. Due to the slow forcing change this kind
of collapse, which may be temporary or permanent, was not
observed in the experiments reported here, but it has been found
in models subjected to rapid and massive meltwater
discharge®?*,

Stommel’s bifurcation is a very robust feature, found in mod-
cls of different complexity—-from simple box madels to GCMs.
In our GCM, the critical point is reached for an additional
freshwater input of only 0.06 Sv into the NADW catchment
ared. This is much less than a previous estimate of 0.3 Sv, which
was obtained with an idealized two-dimensional model without
wind forcing'"”. The new estimate is an uncomfortably small per-
turbation to the present hydrological cycle (compare Fig. 1h).
[t is impossible to give an error margin on this estimate, but it
depends not on regional details, only on the basin-scale circula-
tion, which the model reproduces quite well. A slow spin-down,
which seems to be of the type discussed here, was found in a
coupled model scenario'” for a quadrupling of atmospheric CO».

A second feature of the bifurcation map is the existence of
multiple states with different rates of NADW formation. Transi-
tions between these states can be triggered for even smaller,
regional changes in the freshwater budget, and they can lead to
substantial SST changes within a few years. In this model, the
major transition is between states with and without convection
in the Labrador Sea. This result, however, depends on regional
details of convection, which are not properly resolved in a coarse
model; the physical principle is likely to be robust, although the
specific details may not be. In the real world, a substantial part
of NADW is formed north of Iceland, but present climate mod-
els have trouble representing the physics of the overflow over
the Greenland-Scotland ridge. There is good evidence that con-
vection north of Iceland shut down in glacial times'”. It is pos-
sible that this convection region is more vulnerable to climate
change than the one in the Labrador Sea; this cannot be deter-
mined using the present model. The freshwater balance of this
convection region can be upset by precipitation changes, by melt-
ing ice (melting Arctic sea ice at a rate of Scm yr™' would
provide a freshwater flux of ~0.01 Sv), but also by changes in
regional currents. For example, the East Greenland current
presently removes some of the net precipitation falling over the
Arctic seas, transporting it southwards Gver the sill*®, Tt is there-
fore difficult to establish how vulnerable the present convection
pattern is to climate changes, or indeed whether deep convection
north of Iceland has ceased already™.

The third feature is the existence of the Hopf bifurcation,
leading to an oscillation of the meridional overturning rate
centred on the Labrador region. This bifurcation suggests that
there are parameter ranges where the ocean circulation is intrins-
ically steady and would vary only in response to variable atmos-
pheric forcing, and other parameter regions where the ocean
generates self-sustained interdecadal oscillations. This opens the
possibility that a change in hydrological forcing can shift the
North Atlantic from a stable climate to an oscillatory regime,
or vice versa, It will be an important topic of future research to
establish the exact forcing conditions under which oscillations
oceur, 1
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