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The nonlinear nature of the climate system suggests that its reactions to unexpected
perturbations could be different from the expected ones. In nonlinear science it is recog-
nized as a promising paradigm that stochastic fluctuations can generate order or other
counterintuitive effects. Thus, noise sources, adequately coupled to a nonlinear system,
may give rise to a rich new phenomenology not present in a deterministic noiseless
scenario. In this review we focus attention on thermohaline circulation (THC). THC
presents two modes of operation; one state shows active THC and the other inactive.
Previous episodes of transitions between both states of THC observed in paleoclimatic
records and the influence of this circulation on climate have resulted in detailed inves-
tigations on the dynamics of the THC. A weakening or a collapse of this current could
trigger the onset of a new Younger Dryas. In this review the introduction of stochastic
forcing in key parameters, both in a simple box model and in an earth model of in-
termediate complexity, provokes a weakening and even a shutdown of the THC. The
consequences of this weakening are observed in different variables. The surface air
temperature and the sea surface temperature are dominated by cooling of the North-
ern Hemisphere. Changes in the position of the Intertropical Convergence Zone and in
precipitation are observed. There is also an intensification of the North Atlantic Oscil-
lation values during winter. These results reinforce the necessity to consider stochastic
sources in climate models to improve our understanding of the climate.
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Introduction

Ocean circulation is a complex physical sys-
tem governed by conservation equations for
heat, salt, moment, and mass. There are three
main processes that cause ocean circulation:
tidal forces, wind stress, and density differences.
The Humboldt Current is an example of a
cold low-salinity ocean current largely driven
by wind stress that extends along the west coast
of South America from northern Peru to the
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southern tip of Chile. The Gulf Stream in the
North Atlantic is another example of wind-
driven circulation. Thermohaline circulation
(THC) represents that part of ocean circulation
that is driven by density differences.

The main dynamic mechanisms of wind-
driven circulation are well understood,1 but the
behavior of deep ocean currents and, in par-
ticular, of THC is not completely understood.
THC, zonally averaged, is essentially a merid-
ional vertically overturning circulation system
(MOC) with its sources of deep and bottom
water at high latitudes in both the Northern
and Southern Hemispheres. The main forma-
tion regions of cold deep water in the Northern
Hemisphere are the arctic seas: Greenland Sea
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Figure 1. Main areas of upwelling (Ø) or downwelling (⊗) observed in the World Ocean
Circulation Experiment project and by Ganachaud and Wunsch.2 In the North Atlantic a
strong downwelling branch exists in the nordic seas and Labrador Sea. In the Southern
Ocean, the bottom water formation takes place mostly in the Ross and Weddell Seas, while
the distribution of upwelling is uncertain. In the Indian Ocean, most of the upwelling takes
place north of lat 7◦S. Sea surface salinity (measured in pss) was obtained from the annual
climatology records in the World Ocean Atlas 2005 (ftp://ftp.nodc.noaa.gov/). (In color in
Annals online.)

and Barents Sea, which are adjacent to the Arc-
tic Ocean, and the Labrador Sea. The Weddell
Sea, Ross Sea, and the sea off the Adelie coast
are the main formation centers in the South-
ern Hemisphere.2 Figure 1 shows, over a salin-
ity world map, the main points of deep-water
formation (⊗) and the main upwelling (Ø) ar-
eas of the THC measured by the World Ocean
Circulation Experiment (WOCE project) and
based on the work of Ganachaud and Wun-
sch.3 The numbers in the figure show the vol-
ume transports measured in main points of up-
welling and downwelling. The THC is a global
phenomenon with interhemispheric and inte-
roceanic exchanges. It is a process influenced
by the topography, the global distribution of
wind stress, surface heat, and freshwater fluxes.

It is also important to note that the concep-
tual picture of the THC includes not only a
highly localized convection but also a broad

upwelling branch that takes place all over the
world ocean. In this conceptual scheme we can
say that the THC is “pushed” by convection
and “pulled” by upwelling.4

The formed water mass in the North Atlantic
is the North Atlantic Deep Water (NADW),
and great masses of similarly frigid and saline
water coming from the Weddell and Ross Seas
are called the Antarctic Bottom Water. In the
North Pacific, formation of deep water does not
occur because the salinity is too low.

The Atlantic THC plays a major role
in global climate, transporting approximately
1 PW (1015 W) of heat northward in the At-
lantic.3,5–7 This heat is liberated to the atmo-
sphere, moderating winter temperatures in the
North Atlantic.

The quantitative effect of THC over the cli-
mate of the North Atlantic is not well known.
Estimations made from switching off NADW
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formation in climate models suggest there is
a cooling with a maximum of 10 K over the
nordic seas, while the spatial extent of the cool-
ing is model dependent.8 In the last decade
some efforts have been made to measure the
magnitude of this circulation and even to
determine if there is a diminishing trend in
the actual context of climate change as some
authors have stated based on repeated hydro-
graphic sections in the Atlantic at lat 25◦N
between 1957 and 2004.9 Nevertheless from
direct observations made using the deployed
array of moored instruments of the Rapid Cli-
mate Change program,10 we conclude that the
trend observed by Bryden et al.9 is not distin-
guishable from the natural variability. Other re-
searchers11 have concluded that the deep-water
outflow, while varying at shorter timescales, has
had no significant trend in the last decade. Nat-
ural variability of the THC cannot be sepa-
rated from that of the North Atlantic Oscilla-
tion (NAO) on interannual timescales. When
this mode of variability is in its positive phase,
wind blows stronger in the North Atlantic, di-
minishing sea surface temperature (SST) and
enhancing NADW formation.12 On a multi-
decadal scale a new paradigm is arising in the
North Atlantic. A mode of oscillation, the At-
lantic Multidecadal Oscillation, has been re-
lated to THC multidecadal variability.13,14 This
mode of oscillation is a switch between warm
and cold in the North Atlantic, with a period
of 50–70 years,15 and this influences NADW
formation and THC anomalies.

The possibility of an abrupt climate change
associated with a complete shutdown of ocean
circulation in the North Atlantic has been a
topic of much speculation and research in the
last decades. THC is a classical example of non-
linear processes in the climate system where
the salinity plays a main role in this nonlinear-
ity.16,17 If we describe this system with a sta-
bility diagram showing strength of the THC
as a function of the freshwater input into the
North Atlantic, we can appreciate a bistable
regime and a bifurcation point where the cir-
culation breaks down.18 Thus, the possibility

exists that minor changes in key parameters
can cause a sudden change in THC condi-
tions. Those minor changes could be supplied
by anthropogenic climate change. As an exam-
ple, freshwater input in the North Atlantic is a
parameter that is expected to vary as a result
of climate change produced by the accumu-
lation of greenhouse gases in the atmosphere.
The fate of THC under these new conditions
has been the subject of scientific debate since
the work of Broecker.19 Broecker warned about
the possibility of sudden climate change from a
switch in North Atlantic circulation driven by
a freshening of surface water that would pre-
vent formation of NADW. In a later work by
the same author,16 THC was nominated as the
Achilles heel of actual climate, highlighting the
possibility that minor changes in parameters
can cause a sudden change in climatic con-
ditions. The stability of the THC in climate
models depends on many factors, among them
the initial strength of the THC itself.

Paleoclimatic data suggest that past abrupt
changes in this NADW formation have taken
place.20,21 Three major circulation modes were
identified: a warm mode similar to the present-
day Atlantic, a cold mode with NADW form-
ing south of Iceland, and a switched-off mode.
These historic changes have provoked abrupt
changes in the land surface climate.22 A result
of the switched-off mode is ice-sheet instabil-
ity that introduces major inputs of freshwa-
ter to the Atlantic (Heinrich events, Younger
Dryas event). The cold mode is a result of the
Dansgaard–Oeschger events, which are dra-
matic warm events with a large amplitude in
Greenland and areas surrounding the north-
ern Atlantic.23

The influence of THC on climate, the pos-
sibility of an abrupt change in its mode of op-
eration, and the evidence in the paleoclimatic
data of abrupt changes in the past have resulted
in detailed investigations of the behavioral dy-
namics of the THC. Many modeling studies
have been carried out in the last decades on this
topic, but lack of predictability near thresholds
implies that abrupt climate changes will always
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have more uncertainty than gradual climate
change.24 Moreover, there are other underly-
ing uncertainties added to nonlinearity, such
as the sensitivity of the THC to freshwater
addition or the increasing rate and the loca-
tion of this input. This lack of predictability
could account for the wide range of results ob-
tained by numerical models in the last decade;
these range from a complete collapse25 to dif-
ferent rates of weakening, while others do not
simulate this weakening26 or even suggest that
adding freshwater to the North Atlantic in-
creases the MOC.27 There is also the possibility
that a positive NAO trend eventually provoked
by climate change might delay the reduction
of the THC.12 On the other hand, the mag-
nitude of the induced change in the climate
provoked by THC weakening or collapse also
reflects uncertainties, as was mentioned above.
Nevertheless, in recent years, the comparisons
of models have reduced the uncertainty in the
output. Thus, the picture that emerges is that
THC will decrease in the 21st century in re-
sponse to the increase in buoyancy.18 However,
none of the Atmosphere–Ocean General Cir-
culation Models (AOGCM) achieve a complete
shutdown when forced with scenarios from the
Intergovernmental Panel on Climate Change
(IPCC).28 Moreover, from the assessment of
ocean hydrographic data and model results,
it is expected that the anthropogenic weaken-
ing of the THC will remain within the range
of natural variability during the next several
decades.29 Nevertheless, random internal vari-
ability or noise may also be important in deter-
mining THC stability.24,30–33 The influence of
noise in the fate of THC in the context of cli-
mate change has not been as extensively studied
as AOGCM and intermediate models without
noise.

In this work we review the results we ob-
tained using models of different complexity
but adding noise. In the next section, an in-
troduction on the necessity of taking into ac-
count noise and different possible forcings is
included. Section 3 will review results obtained
with a simple box model and adding white

noise and will introduce new results with this
model, adding red noise. Section 4 will re-
view the results obtained with an earth model
of intermediate complexity (EMIC) called
ECBilt-Clio. Finally, some conclusions will be
highlighted.

Stochastic Forcing

Modern climate models consist of coupled
ocean–atmosphere general circulation models
(CGCMs) that integrate basic fluid dynamic
equations. They simulate the time-dependent
three-dimensional flow fields and associated
transports of mass, heat, and other fluid prop-
erties at a resolution of typically a few hun-
dred kilometers. Processes below this resolu-
tion (such as clouds and ocean eddies) cannot
be represented explicitly and must be param-
eterized, that is, expressed in terms of the re-
solved larger scale motions. This is the major
source of uncertainty of CGCMs. Advances in
supercomputers enabling higher model reso-
lution have helped reduce these uncertainties,
but significant differences still exist in the pre-
dicted patterns of temperature change or in
other distributions, such as precipitation or sea
level rise. On the other hand, in most coupled
ocean–atmosphere and climate models, short-
timescale weather forcing has not been rep-
resented or has been smoothed. Nevertheless,
forced climatic noise is a feature of the real cli-
mate system and should be taken into account
when planning sensitivity studies and climate
change experiments.34

In an attempt to mimic the impacts of the un-
resolved processes and model the unpredictable
fluctuations of the short-timescale atmospheric
variables in the climatic system, it has been
suggested that random noise should be added
to climate models.35 Transition probabilities
are known to depend sensitively on noise lev-
els.36–38 Considering that the full spectrum of
spatial and temporal scales exhibited by the cli-
mate system will not be resolvable by models
for decades, the stochastic techniques offer a
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direct, suitable, and computationally economi-
cal solution.

The use of stochastic sources in weather
forecast models has been successfully applied
in the past. Random noise has demonstrated
considerable skill in improving weather fore-
casts,39 in modeling El Niño events,40 in the
study of the atmospheric quasibiennial oscilla-
tion,41 in modeling atmospheric convection,42

in enhancing ocean SST predictability,43 and
in modeling the impacts of ocean eddies.44 So
strong is the evidence that weather forecasts
are improved by random noise that it is now
routinely added at the European Centre for
Medium-range Weather Forecasts.39 Further-
more, the U.K. Met Office is currently test-
ing various stochastic physics schemes in their
weather forecasting model. However, almost
none of the climate models include noise in
their equations.

Noise-induced transitions between different
stable states may be explained by an analogy
with a particle moving in a potential well. With-
out noise, the system has a tendency to remain
in the second state. When noise is added, the
random perturbations increase the likelihood
of the particle overcoming the potential barrier
and moving to the first state.

In general, internal noise has been assumed
to be white to a very good approximation. This
means that the value of the random field at
a given time does not depend on its values at
other times. The correlation function of a white
Gaussian process of zero mean is given by36:

〈ξw (t )ξw (t ′)〉 = 2A δ(t − t ′), (1)

where δ is the delta function, A is the intensity
of the noise, 2A its variance, and 〈〉 denotes an
average over the probability distribution of the
random field.

This approximation is reasonable because
internal noise moves much more rapidly than
the typical timescales of the system. However,
this behavior cannot be ensured in the case of
external noises where we must consider situa-
tions in which the correlation of the random
field between different times could be nonzero.

In these cases, the spectrum of the noise is
no longer constant and therefore the noise is
considered colored. The patterns of air–sea in-
teraction are largely stochastic in time. The
dynamic response of the ocean to stochas-
tic forcing includes a slow adjustment so that
the ocean acts as a low-pass filter that ef-
fectively integrates the high-frequency atmo-
spheric forcing, reddening of the temporal
spectrum for at least some climate variables
(e.g., SST). The reddening process involves
THC.45,46 The relative importance of these
reddening mechanisms depends on timescale
increasing in importance as the timescale
lengthens.

The most known example of colored noise
is the Ornstein–Uhlenbeck process,36 which is
a colored Gaussian noise of zero mean whose
dynamics are given by:

ξ̇(t ) = −τ−1ξ(t ) + τ−1ξw (t ), (2)

where the Ornstein–Uhlenbeck process ξ(t) is
driven by the white Gaussian noise of zero
mean, and the correlation function is given by
Equation (1). The correlation function of ξ(t) is
an exponential function given by:

〈ξ(t )ξ(t ′)〉 = A

τ
e −|t−t ′|

τ , (3)

where τ is the correlation time of the noise, i.e.,
a measure of its memory in time, A is the noise
amplitude, and σ = (A /τ)1/2√A /τ is the noise
dispersion. In the limit τ → 0 the white noise
limit ξw(t) is recovered.

In the particular case of the study of the
THC, we will consider a white Gaussian pro-
cess to simulate the atmospheric fluctuations
on the climate system and we will take an
Ornstein–Uhlenbeck process to characterize
the upper-ocean temperature variability on cli-
matological timescales.

Toy Model

A previous work32 has used a low complex-
ity ocean–atmosphere-coupled model to inves-
tigate the possibility of a collapse of THC,
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taking into account the synoptic atmospheric
variability. This type of model can only give
qualitative results, but currently available com-
puting capacity reduces the need to carry out
exhaustive parametric studies of the THC using
three-dimensional models. In this way, mod-
els of reduced complexity can provide valuable
contributions to a better understanding of pa-
rameter space as well as being useful as hypoth-
esis builders.

The goal of the study was to prove the ability
of the model to provoke a collapse of the THC
under some hypothesis, such as a massive sud-
den freshwater input. Then, by adding noise to
simulate synoptic variability, the possibility of
such a collapse was also examined.

Model Description

The atmosphere–ocean model used in this
study has been taken from a previously pub-
lished work by Roebber.47 The atmospheric
part of the model is represented by a low-order
model introduced by Edward Lorenz in 1984
and defined by three equations:

dX

dt
= −Y 2 − Z 2 − aX + aF ,

dY

dt
= XY − bXZ − Y + G ,

dZ

dt
= bXY + XZ − Z ,

(4)

where X , Y, and Z represent the meridional
temperature gradient and the amplitudes of the
cosine and sine phases of a chain of superposed
large-scale eddies, respectively. F represents the
meridional gradient of diabatic heating, and G

is the asymmetric thermal forcing representing
the longitudinal heating contrast between land
and sea. Finally, a = 0.25 and b = 0.4.

The ocean model adopted is a three-box
model (Fig. 2) representing THC in the North
Atlantic Ocean. In this model, Q s denotes
the equivalent salt flux (differential net surface
evaporation), Ta1 and Ta2 represent restoring
air temperatures with restoring constant KT,
and q is the magnitude of the THC. The sense
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Figure 2. Geometry of the North Atlantic through
a box model with three boxes. Q s denotes the equiv-
alent salt flux, Ta1 and Ta2 represent restoring air tem-
peratures with restoring constant KT, and q represents
the thermohaline circulation (THC); the sense of the
arrows indicates a positive circulation. The numbers
represent the three boxes.

of the circulation indicated in Figure 2 denotes
q positive.

The explicit equations of the model and the
ocean model constants are47:

V1
dT 1

dt
= 1

2
q (T2 − T3) + KT (Ta 1 − T1)

−Kz1 (T1 − T3) ,

V2
dT 2

dt
= 1

2
q (T3 − T1) + KT (Ta 2 − T2)

−Kz2 (T2 − T3) ,

V3
dT 3

dt
= 1

2
q (T1 − T2) + Kz1 (T1 − T3)

−Kz2 (T2 − T3) ,

V1
dS1

dt
= 1

2
q (S2 − S3) − Kz1 (S1 − S3) − Q s ,

V2
dS2

dt
= 1

2
q (S3 − S1) − Kz2 (S2 − S3) + Q s ,

V3
dS3

dt
= 1

2
q (S1 − S2) + Kz1 (S1 − S3)

+Kz2 (S2 − S3) ,

(5)

where q is the THC with the flow as indicated
in Figure 2 denoted by positive values. V j is the
box volume, T j and S j denote the volume aver-
age temperature and salinity, respectively, K zj

is the vertical eddy mixing coefficient of box
j (j runs from 1 to 3), K T is the temperature
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restoring constant, and Q s is the volume-
averaged equivalent salt flux, proportional to
the differential net surface evaporation.

The atmosphere model is coupled to the
ocean model through F and G that are allowed
to vary in a seasonal cycle:

F (t ) = F0 + F1 cos ωt + F2(T2 − T1)
G (t ) = G 0 + G 1 cos ωt + G 2T1,

(6)

where ω is the annual frequency and t = 0
at winter solstice. The values chosen are:
F 0 = 4.65, F 1 = 1, F 2 = 47.9, G0 = −3.60,
G1 = 1.0, and G2 = 4.0254. These assump-
tions insure that F and G remain bounded by
qualitatively plausible constraints for collapse
flows.47 On the other hand, the ocean is cou-
pled to the atmosphere through the restoring
temperatures Ta1 and Ta2 and the equivalent
salt flux (differential net surface evaporation)
Q s with the next expressions:

Ta 1(t ) = Ta2 − γX (t )
Q s (t ) = 0.00166 + 0.00022(Y 2 + Z 2), (7)

where γ = 0.06364 and Ta2 = 25◦C are con-
stants and the parameterization of Q s(t) is due
to the assumption that the eddy water vapor
transport is directly proportional to the eddy
sensible heat flux given by Y 2 + Z 2.

Forcing in Atmospheric Coupling

The Lorenz model that simulates atmo-
sphere with the chosen parameters has a
chaotic behavior. The spectrum of variability
of this model is the typical one corresponding
to a chaotic system. However, a synoptic-scale
spectrum is very different from a chaotic spec-
trum,48 and, in our case therefore, the output
of the Lorenz model cannot be interpreted as
synoptic-scale variability. To introduce synop-
tic variability inside this model, i.e., the main
stochastic component of climate systems, ran-
dom fluctuations were introduced in an addi-
tive way in parameters F and G. These fluctu-
ations are given by white Gaussian noise with
zero mean and whose correlation function is
given by Equation (1). This kind of noise pa-
rameterization suitably simulates the processes

that are below the resolution of the model. In
other previous work,35 the effect of atmospheric
processes on the ocean has been taken into ac-
count as white noise.

First of all, to test the behavior of the model,
we look for the stabilization of the toy model
described above with the present-day value of
approximately 15 Sv (1 Sv ∼= 106 m3 s−1), as
measured from hydrographic data gathered in
the WOCE project.3 This steady state has an
average temperature of 287.5 K in north hemi-
sphere latitudes ranging from 70◦N to 45◦N
and 291 K in latitudes from 45◦N to the equator
(Fig. 3). After proving the ability of the model to
simulate the present-day state, the possibility of
a collapse of the THC under a massive sudden
freshwater input was considered. In this case,
the equivalent salt flux of box 1, Q s1, needed
a value greater than in box 2, Q s2, in order
to simulate a Younger Dryas-like episode. In
this experiment, we considered Q s1 = 0.008
between the year 2000 and 2400, whereas Q s2

is given by Equation (7).
In Figure 4A we can see how THC collapses

approximately 100 years after the start of this
massive sudden freshwater input, and, conse-
quently, a decrease in temperature occurs in
the north hemisphere latitudes (Fig. 4B). In
the year 2400 under present-day conditions,
Q s1 = Q s2 = Q s(t), THC recovers very slowly
and not in a next future. With this test, we con-
sidered the model able to reproduce previous
events, such as a Younger Dryas episode.

The next step was to analyze if high-
frequency variations in the meridional gradi-
ent of diabatic heating or in the longitudinal
heating contrast between land and sea could
induce significant changes in ocean circula-
tion. To carry out this study the model was
executed under present-day conditions with
Q s1 = Q s2 = Q s(t). Stochastic perturbations
of white Gaussian noise with different inten-
sity A values (see Equation (1)) were introduced
through parameter F or G of the model.

The addition of noise in F (Fig. 5A) pro-
duces a greater variability in the THC, but
a collapse is not observed. This result is
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Figure 3. Values of: (A) strength of the THC; (B) temperature between lat 70oN and
45oN, (T1); (C) temperature between lat 45oN and the equator, (T2); and (D) difference
between temperatures T2 and T1 when the present-day steady state of the ocean–atmosphere
system is considered.

Figure 4. Effects of a massive freshwater input between the year 2000 and 2400: (A)
strength of the THC and (B) temperature between lat 70oN and 45oN, (T1).
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Figure 5. (A) Effects of a stochastic forcing on the meridional gradient of diabatic heating
F for different values in the intensity of the applied noise A. (B) Effects of stochastic forcing
on the zonal gradient in diabatic heating G for different values in the intensity of the applied
noise A. The values of A are shown in the respective legends.
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Figure 6. Effects of a stochastic perturbation on the zonal gradient in diabatic heating
G after a weakening of the THC from an increase in the CO2 concentration for two levels of
noise A shown in the legend.

understandable because the noise effect from
variations in F is translated by the model as
the difference between temperature Ta1 and
Ta2. Increments or decrements between north-
ern and southern latitudes in the Northern
Hemisphere could strengthen or weaken the
THC, but a collapse would be very difficult be-
cause the basic differences between north and
south are maintained.32

Forcing in parameter G is different (Fig. 5B)
because this parameter is introduced in the salt
flux Q s and in this case noise affects the dif-
ference between the land temperature and the
ocean temperature. An increment in the land
temperature can provoke a net freshwater flux
into the northern part of the North Atlantic
with the consequent loss of salinity and the
collapse of THC.32 In reality this means it is
easier to cause a collapse of THC by changing
the evaporation–precipitation budget than by
changing differences in temperatures.

In this same study, we also observed that
the threshold necessary to cause THC collapse
is very sensitive to parameters like the con-
centration of atmospheric greenhouse gases. It

has been established28 that temperature differ-
ences between polar and equatorial latitudes
will decrease in a global warming context. In
this way we simulate the fate of THC under
global warming, decreasing the value of γ from
0.06364 to 0.045. Figure 6 shows that this de-
creasing provokes a weakening in the THC.
This implies that high-frequency synoptic vari-
ations could more easily provoke a collapse in
THC than under actual conditions, as shown
in Figure 6 where the intensity of noise A,
which would be necessary to obtain a collapse
of the THC, is lower than the intensity shown in
Figure 5.

Results obtained with this simple model sup-
port the hypothesis that high-frequency vari-
ability represented by white noise can play
a main role in this type of highly nonlin-
ear system, and this is in agreement with
other work.45,49 In this particular case, noise
added to the parameter that represents merid-
ional temperature variation does not have
relevant effects in THC circulation. How-
ever, noise added to the parameter that
represents zonal temperature variation can
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Figure 7. Examples of a time series of the random noise applied to the equivalent salt
flux of box 1 (Q s1) for different values of dispersion (σ) and correlation time (τ).

cause a collapse of THC circulation. Under
actual conditions high-frequency variability is
not able to cause a collapse of THC. Never-
theless, if this circulation weakens in response
to global warming, the intensity of noise nec-
essary to cause a collapse diminishes. In this
case, high-frequency variability could provoke
a collapse of THC.

Forcing in Oceanic Coupling

The previous studies have introduced the
stochastic forcing through the variables F and
G, which represent the coupling of the atmo-
sphere model to the ocean model. We can also
introduce stochastic forcing in ocean coupling.
In this toy model the ocean model couples to the
atmosphere model through the restoring tem-
peratures Ta1 and Ta2 and the equivalent salt
flux (differential net surface evaporation) Q s.
In particular, previous analyses show that Q s

presents considerable synoptic-scale variability
with fluctuations about the seasonal mean in
the order of 10–50%.47,50 Moreover, the equiv-
alent salt flux should be related to the hydro-

logic cycle, involving both river runoff (very im-
portant component of the freshwater flux into
the ocean basin) and the atmospheric merid-
ional transport of water vapor. In this regard,
we studied the influence of stochastic forcing
on Q s.

As a result of the long memory of the oceanic
system that integrates stochastic forcing, trans-
forming a white noise signal into a red noise
one. A first-order extension to the study of
the integration by the ocean of the fast vari-
ations of the atmosphere can be made using an
Ornstein–Uhlenbeck process with a red noise
spectrum.35

In Figure 3, a massive sudden freshwater
input causes the possibility of a collapse of
the THC, assuming the equivalent salt flux of
box 1, Q s1, is greater than in box 2, Q s2. Now
we consider the values of Q s1 and Q s2 as given
by the next equation:

Q s 1 = Q s 2 + ξ

Q s 2(t ) = 0.00166 + 0.00022(Y 2 + Z 2), (8)

where ξ is a colored Ornstein–Uhlenbeck
noise given by Equation (3). Figure 7 shows
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Figure 8. Behavior of the THC with a stochastic perturbation on the equivalent salt flux
of box 1 (Q s1) for different values of correlation time (τ).

some examples of the random noise applied to
Equation (8) for different values of time corre-
lation (τ) and dispersion (σ).

In Figure 8 we can see how Q acts as a key
parameter in the behavior of the THC. De-
pending on the forcing, we observe different
states of the THC, reaching a shutdown above
a critical value of the forcing and even a flow
reversal of the circulation. This critical value
depends on both the dispersion and the time
correlation. Figure 9 shows the dependence of
the mean value of THC versus the two param-
eters of the forcing. Note that the increase in
the time correlation is more effective in order
to cause a collapse of THC than the increase
in the dispersion. This means that the duration
of the entry of additional flow is more signifi-
cant than the intensity of this flow in provoking
a collapse of the THC.

We have also studied the effect of red noise
introduced in the equivalent salt flux equations,
but in a global warming context as we did in
the case of white noise forcing. In this case,
a decrease of the forcing needed to cause a
collapse of the THC is observed. In Figure 10

Figure 9. Effects on the mean value of the THC
of a stochastic perturbation on equivalent salt flux of
box 1 (Q s1) for different values of dispersion (σ) and
correlation time (τ).

this effect is evident by plotting the threshold
value between an active and inactive state of
the THC for different values of σ and τ.

With these results, we can conclude that nat-
ural processes, acting on a day-to-day timescale
and represented as white noise or on a longer
timescale and represented as red noise, could
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Figure 10. Location of the bifurcation point in the behavior of THC versus the dispersion
(σ) and correlation time (τ).

drive the THC to a bifurcation point in a global
warming context.

Earth Model of Intermediate
Complexity

The results discussed in the previous sections
from a simple model have been reproduced
in an analogous way in an EMIC. This sec-
tion shows some results obtained by Lorenzo
and Taboada33 on the model ECBilt-Clio af-
ter adding noise from freshwater input around
Greenland.

Model

The atmosphere–ocean model used in this
section is the ECBilt-Clio model. This is
a three-dimensional, coupled, atmosphere–
ocean–sea-ice model developed at the Konin-
klijk Nederlands Meteorologisch Instituut.

The atmospheric component is the ECBilt
model,51 a spectral T21, global three-level,
quasi-geostrophic model with simple param-

eterizations for the diabatic processes. The
model is realistic in the sense that it contains
the minimum amount of physics that is neces-
sary to simulate the midlatitude planetary and
synoptic-scale circulations in the atmosphere as
well as its variability on various timescales.

The Clio model52 comprises a primitive
equation, free-surface ocean, general circu-
lation model coupled to a thermodynamic–
dynamic sea-ice model. The ocean component
includes a relatively sophisticated parameteri-
zation of vertical mixing. A three-layer sea-ice
model, which takes into account sensible and
latent heat storage in the snow–ice system, sim-
ulates the changes of snow and ice thickness
in response to surface and bottom heat fluxes.
In the computation of ice dynamics, sea ice is
considered to behave as a viscous–plastic con-
tinuum. The horizontal resolution of Clio is
3 degrees in latitude and longitude, and there
are 20 unevenly spaced vertical layers in the
ocean. The Clio model has a rotated grid over
the North Atlantic Ocean in order to circum-
vent the singularity at the pole.
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Figure 11. Histograms of applied noise around Greenland: (A) random Gaussian noise
of zero mean and standard deviation equal to 0.3 Sv. and (B) a noisy positive signal of mean
0.25 Sv and standard deviation equal to 0.18 Sv.

To introduce the atmospheric variability not
simulated in the model, random fluctuations
were introduced in an additive way in the
freshwater flux around Greenland.28,53 These
fluctuations were given by a white Gaussian
noise with zero mean and standard deviation
less than 0.3 Sv. We have also considered a
stochastic positive signal of mean 0.25 Sv and
standard deviation equal to 0.18 Sv. Figure 11
shows the histograms of both signals.

Noise signal was introduced in the ocean
basin of the Greenland/Iceland/Norwegian
Sea (GIN Sea). This is the area in the North
Atlantic that has the more intense sinking,
and fluctuations in the flux of the freshwa-
ter could activate a change in this convection
(see Fig. 12). These fluctuations could be mo-
tivated or amplified by a melting of the ice
cover or an increase in the precipitation as-
sociated with global warming. Because the at-
mosphere model and the ocean model have dif-
ferent scales and different time steps were used

in the coupled model for both models, the ad-
dition of noisy pulses having a different period
were considered.

Results

Before analyzing the effect of stochastic
freshwater fluxes, the model was stabilized in
a steady state. Then in a deterministic way, the
total collapse of the THC was obtained with
a continuum discharge of 0.8 Sv in the GIN
Sea. The result was a strong cooling in the
North Atlantic region, which spread over the
Northern Hemisphere, and a slight warming
in the Southern Hemisphere (see Fig. 13). This
result is consistent with paleoproxy reconstruc-
tions.54

As mentioned previously, a complete col-
lapse of the THC is not probable in the
next century,28 but previous studies show sub-
stantial uncertainties in the response of the
models.55 The THC is potentially sensitive to
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Figure 12. Map of the area where stochastic forcing is introduced.

Figure 13. Annual mean surface temperature anomaly (◦C) with a collapsed THC. In
this experiment, an additional constant freshwater flux of 0.8 Sv is applied to the Green-
land/Iceland/Norwegian Sea. (In color in Annals online.)

freshwater addition and changes in surface
fluxes induced by natural variability or by an-
thropogenic changes.

This sensitivity and the disagreements be-
tween the model simulations reflect the com-
plexity of oceanic circulation. In addition, as
we indicated previously, numerous unresolved
processes exist in the climate models that could
have a dynamic influence. The difficulty caused
by unknown processes could be partially over-
come by adding noise to the models.

Perturbations of white Gaussian noise in
the discharge of freshwater input with differ-
ent frequencies near Greenland were consid-
ered. Previous studies show that the strength
of forcing freshwater flux should be between
0.1 Sv, which is the magnitude predicted for a
large CO2-induced climate change (4 × CO2),
and 1 Sv, which is within the range en-
visaged for events driven by meltwater re-
lease during the last glacial era and the
deglaciation.55
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Figure 14. Response of THC to freshwater pulses with different variability around Green-
land: (A) without noise, (B) the effect of a perturbation with daily variability, (C) the behavior
of the circulation with a perturbation of multidecadal variability (40 years), and (D) the result
using a positive value in the perturbation.

Figure 14 shows the behavior of THC with-
out perturbations (Fig. 14A) and with differ-
ent stochastic forcing on the freshwater flux
(Fig. 14B–D). In Figure 14B we can see the
results of a forcing on freshwater input with a
daily variability, that is, the intensity of the dis-
charge changes in a random way each day. This
forcing can be positive, increasing the waited
quantity, or negative, decreasing the freshwater
flux over the studied area. The daily variability
represents the high-frequency variability of the
climate system, which is not present in most cli-
mate systems. Figure 14B shows that even this
variability distorts the behavior of the THC, the
difference in time scales between the forcing
(1 day) and the THC (multidecadel) avoids
significant changes in variables, such as surface
temperature. Then, we increase the timescale
of the forcing applied. That is, we introduce
forcing where the value of the fluctuation
changes in a random way each year, 10 years,
20 years, and so on. We also consider the possi-

bility that the fluctuations are always positive or
sometimes positive and sometimes negative in
a random way. In Figure 14C and we show the
behavior of the THC with a temporal variabil-
ity of 40 years and consider both random values
(Figure 14C) and positive values (Fig. 14D). A
temporal scale of 40 years was selected to more
clearly show the variability of the signal. For
other variability periods, the behavior observed
is similar to the one shown in Figure 14C for
random values and equal to the one observed
for positive-only values in Figure 14D.

In most cases, the addition of stochastic per-
turbations does not achieve a complete shut-
down of the THC. However, a significant weak-
ening can be observed. The consequences of
this weakening are observed in different vari-
ables with appreciable effects.

In Figure 15 a time series of global surface
temperature averages are shown for the case
without noise, with random noise, and with
a positive noisy signal. This figure shows that
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Figure 15. Time series of mean global surface temperature (◦C) over a period of
400 years for three different inputs of freshwater: without noise, with noise, and with a
noisy positive signal.

positive discharges of freshwater induce a de-
crease in the surface temperature from a weak-
ening of the THC even though this weaken-
ing takes place only during a short temporal
period. The continual contribution of freshwa-
ter achieves a shutdown of the THC, prevent-
ing the recovery of the circulation and con-
sequently of the surface temperature even with
small contributions of freshwater (positive noise
in Fig. 15). All results show that the effect on
the global temperature average is notable even
though the collapse of the THC is reversible
and even incomplete.

The Northern Hemisphere, especially the
area of the North Atlantic, is the most affected
in all cases (noise and positive noisy signal)
(Fig. 16). With the weakening of the THC, the
northward heat transport decreases, producing
a cooling around Greenland of up to 4◦C for a
temporal weakening (Fig. 16A) and 10◦C for a
complete collapse (Fig. 16B). An interesting ef-
fect in Figure 16A is the warming over the
Barents Sea and nordic seas, which is as large

as the cooling around Greenland. This ef-
fect could be caused by the northward shift
of oceanic deep convection, resulting in an
increase in the northward heat transport in
the high latitudes of the North Atlantic and
amplified by sea-ice feedback.55 The input of
freshwater weakens deep convection in the lat
50–70◦N belt, but in the Barents Sea and nordic
seas where the freshwater input is not directly
forced, this input could provide the conditions
to trigger a sinking of water mass. The response
to weakening of the THC in the Southern
Hemisphere is almost negligible and character-
ized by a small warming. The reduction of heat
transport northward could motivate this warm-
ing in the Southern Hemisphere. It is also inter-
esting that temperatures decrease in the whole
area of the North Atlantic only with a complete
collapse of the THC. If the THC only weak-
ens, then temperatures are maintained by the
domination of radiative forcing.

Figure 17 shows the streamfunction aver-
age at 500 mb. In this figure, a weakening
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Figure 16. Average surface temperature anomaly (◦C) over a period of 400 years for two
different perturbations in the input of freshwater: (A) random Gaussian noise of zero mean
and standard deviation equal to 0.3 Sv and (B) a noisy positive signal of mean 0.25 Sv and
standard deviation equal to 0.18 Sv. (In color in Annals online.)

of the polar jet is observed with both random
noise and a positive noisy signal (Fig. 17A and
B, respectively). This phenomenon is caused
by a feedback effect provoked by the weaken-
ing of the THC that results in a decrease in
the northward heat transport. Moreover, the

weakening of the THC reduces vertical mix-
ing, and, consequently, the vertical heat trans-
port is also reduced. This causes the atmo-
sphere to be less energetic, and, concomitantly,
the polar jet is also reduced. This effect is re-
lated to a decrease in precipitation in western
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Figure 17. Average streamfunction anomaly in m2/s in 500 mb for (A) a random Gaus-
sian noise of zero mean and standard deviation equal to 0.3 Sv and (B) a noisy positive
signal of mean 0.25 Sv and standard deviation equal to 0.18 Sv. (In color in Annals online.)

continental Europe and the Mediterranean
area, as shown in Figure 18A and B. We can
also observe (more pronounced in Fig. 18B) im-
portant positive anomalies over the equatorial
area and negative anomalies over the tropical

area and the subtropical North Atlantic. This
behavior reflects changes in the position of the
Intertropical Convergence Zone and the corre-
sponding changes in rainfall in the equatorial
countries.
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Figure 18. Average precipitation anomaly in cm/year for (A) a random Gaussian noise
of zero mean and standard deviation equal to 0.3 Sv and (B) a noisy positive signal of mean
0.25 Sv and standard deviation equal to 0.18 Sv. (In color in Annals online.)

The changes in SST after perturbation with
freshwater input and the consequent weaken-
ing of the THC (Fig. 19A and B) follow the be-
havior observed in the air surface temperature.

During a complete shutdown of the THC, a de-
crease in SST is observed across the whole area
around Greenland, in agreement with previous
research.55 The slight warming observed in the
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Figure 19. Average sea surface temperature anomaly (◦C) for (A) a random Gaussian
noise of zero mean and standard deviation equal to 0.3 Sv and (B) a noisy positive signal
of mean 0.25 Sv and standard deviation equal to 0.18 Sv. (In color in Annals online.)

northern North Atlantic can be explained by
the warming of the surface temperature seen
in Figure 16. Another direct effect of the fresh-
water input is the decrease in sea surface salinity

over the Gulf Stream area and over the Green-
land basin. In the Southern Hemisphere, the
salinity hardly varies with small increments of
approximately 0.5 psu (Fig. 20A and B).
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Figure 20. Average sea surface salinity anomaly (psu) for (A) a random Gaussian noise
of zero mean and standard deviation equal to 0.3 Sv and (B) a noisy positive signal of mean
0.25 Sv and standard deviation equal to 0.18 Sv. (In color in Annals online.)

The NAO is the main pattern of climate vari-
ability in the North Atlantic region, and this
occurs mainly during) the winter period (De-
cember to February). Previous work established

a close relationship between the NAO and
THC.12,55 The NAO can produce changes
in the intensity of the THC through anoma-
lous wind stress and buoyancy fluxes related to
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Figure 21. Average 500-mb geopotential height anomaly in m2/s2 during the winter
period (December through February) for (A) a random Gaussian noise of zero mean and
standard deviation equal to 0.3 Sv and (B) a noisy positive signal of mean 0.25 Sv and
standard deviation equal to 0.18 Sv. (In color in Annals online.)

positive and negative NAO phases. On the
other hand, a weakening of the THC results in
a SST decrease in the northern North Atlantic
(see Fig. 19) with a consequent weakening of

the Icelandic low, which affects the behavior of
the NAO. In Figure 21, after the weakening
of the THC, a positive anomaly of 500-
mb geopotential height appears south of
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Figure 22. Normalized anomaly of the North Atlantic Oscillation index during the winter
period (December through February) for a random Gaussian noise of zero mean and standard
deviation equal to 0.3 Sv and for a noisy positive signal of mean 0.25 Sv and standard
deviation equal to 0.18 Sv.

Iceland for the winter period when both ran-
dom noise and a positive noisy signal are
introduced.

This anomaly affects NAO intensity mainly
in the winter, as is shown in Figure 22 where we
can observe normalized anomalies of the win-
ter NAO for two stochastic inputs: a random
Gaussian noise of zero mean and standard devi-
ation equal to 0.3 Sv and a noisy positive signal
of mean 0.25 Sv and standard deviation equal
to 0.18 Sv. The figure shows an intensification
of NAO index during December, January, and
February for both cases of stochastic forcing.

These results support previous conclusions
obtained with a model of low complexity.32 The
possibility of a complete collapse of the THC is
low, but there is a possibility of a large impact,
even with a small weakening of this circulation.
Moreover, this probability of a collapse of THC
is increased with the inclusion of stochastic forc-
ing, which is not considered in most current
climate models.

Conclusions

THC is a very significant part of the climate
system. Natural climate variability over the last
millennia has provoked abrupt changes in its
mode of circulation. In the actual context of
anthropogenic climate change, this circulation
has been extensively studied in order to under-
stand the probability of a new abrupt transi-
tion. In this work, we have studied the spatial
and temporal effects of noise at a subgrid scale
on the THC.

We have considered a simple box model and
an EMIC, and in both cases we could observe
that the behavior of the THC is seriously mod-
ified when stochastic forcing adds in the key
parameters of freshwater input or equivalent
salt flux. On the other hand, the global warm-
ing effect probably goes in the same direction,
driving the THC to its bifurcation point.

Although the noise-induced transitions be-
tween different stable states are poorly
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understood, their study may play a crucial
role in meteorology, oceanography, and cli-
mate. The results of this review corroborate
the importance of considering a certain level of
noise for improving the performance of climate
models to explain nonlinear behavior, includ-
ing noise-induced transitions between different
regimes.36–44

Most AOGCM models currently used have
not taken into account processes below certain
temporal and spatial scales.56,57 This review ad-
dresses the role of stochastic sources in climate
models and claims the importance of the study
of these sources to understand the fate of the
climate system.

Acknowledgments

This work was supported by the Ministe-
rio de Educación y Ciencia under Research
Grant No. CTM2006-02396. Financial sup-
port from the Department of Environment of
the Galician Government (Xunta de Galicia)
is gratefully acknowledged. N.L. acknowledges
the support by the Ramón y Cajal program.

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. Pedlosky, J. 1996. Ocean Circulation Theory. Springer.
Berlin, New York.

2. Van Aken, H.M. 2007. The Oceanic Thermohaline Cir-

culation: An Introduction. Springer. New York.
3. Ganachaud, A. & C. Wunsch. 2000. Improved esti-

mates of global ocean circulation, heat transport and
mixing from hydrographic data. Nature 408: 453–
457.

4. Munk, W. & C. Wunsch. 1998. Abyssal recipes II:
energetics of tidal and wind mixing. Deep-Sea Res. I

45: 1977–2010.
5. Trenberth, K. & A. Solomon. 1994. The global

heat balance: heat transports in the atmosphere and
ocean. Clim. Dynam. 10: 107–134.

6. Bryden, H. L. & S. Imawaki. 2001. Ocean heat trans-
port. In Ocean Circulation and Climate. G. Siedler, J.
Church & J. Gould, Eds.: Academic Press. London.

7. Ganachaud, A. & C. Wunsch. 2003. Large-scale
ocean heat and freshwater transports during the
World Ocean Circulation Experiment. J. Clim. 16:
696–705.

8. Rahmstorf, S. 2006. Thermohaline Ocean Circula-
tion. In Encyclopedia of Quaternary Sciences. S.A. Elias,
Ed.: Elsevier. Amsterdam.

9. Bryden, H.L., H.R. Longworth & S.A. Cunningham.
2005. Slowing of the Atlantic meridional overturning
circulation at 25◦N. Nature 438: 655–657.

10. Cunningham, S.A., T. Kanzow, D. Rayner, et al.

2007. Temporal variability of the Atlantic Merid-
ional Overturning Circulation at 26.5◦N. Science 317:
935–938.

11. Schott, F., R. Zantopp, L. Stramma, et al. 2004. Cir-
culation and deep water export at the western exit
of the subpolar North Atlantic. J. Phys. Oceanogr. 34:
817–843.

12. Delworth, T.L. & K.W. Dixon. 2000. Implications of
the recent trend in the Arctic/North Atlantic Oscilla-
tion for the North Atlantic thermohaline circulation.
J. Clim. 13: 3721–3727.

13. Delworth, T.L., & M.E. Mann. 2000. Observed and
simulated multidecadal variability in the Northern
Hemisphere. Clim. Dynam. 16: 661–676.

14. Knight, J. 2005. A signature of persistent natural ther-
mohaline circulation cycles in observed climate. Geo-

phys. Res. Lett. 32: L20708.
15. Kerr, R. 2000. A North Atlantic climate pacemaker

for the centuries. Science 288: 1984–1986.
16. Broecker, W.S. 1997. Thermohaline circulation, the

Achilles’ heel of our climate system: will man-made
CO2 upset the current balance? Science 278: 1582–
1588.

17. Rahmstorf, S. 1996. On the freshwater forcing and
transport of the Atlantic thermohaline circulation.
Clim. Dynam. 12: 799–811.

18. Rahmstorf, S. 2000. The thermohaline ocean
circulation—a system with dangerous thresholds?
Clim. Change 46: 247–256.

19. Broecker, W.S. 1987. Unpleasant surprises in the
greenhouse. Nature 328: 123–126.

20. Stocker, T.F., R. Knutti & G.K. Plattner. 2001. The
oceans and rapid climate change: past, present, and
future. Geophys. Monogr. 126, AGU, Washington, D.C.,
USA.

21. Rahmstorf, S. 2002. Ocean circulation and climate
during the past 120,000 years. Nature 419: 207–
214.

22. Clark, P.U., N.G. Pisias, T.F. Stocker & A.J. Weaver.
2002. The role of the thermohaline circulation in
abrupt climate change. Nature 415: 863–870.

23. Severinghaus, J.P., A. Grachev, B. Luz & N. Caillon.
2003. A method for precise measurement of argon
40/36 and krypton/argon ratios in trapped air in



Lorenzo et al.: The Role of Stochastic Forcing on the Behavior of Thermohaline Circulation 85

polar ice with applications to past firn thickness and
abrupt climate change in Greenland and at Siple
Dome, Antarctica. Geochim. Cosmochim. Ac. 67: 325–
343.

24. Knutti, R. & T.F. Stocker. 2002. Limited predictabil-
ity of the future thermohaline circulation close to an
instability threshold. J. Clim. 15: 179–186.

25. Stocker, T.F. & A. Schmittner. 1997. Influence of
CO2 emission rates on the stability of the thermoha-
line circulation. Nature 388: 862–865.

26. Latif, M., E. Roeckner, U. Mikolajewicz & R. Voss.
2000. Tropical stabilization of the thermohaline cir-
culation in a greenhouse warming simulation. J. Clim.

13: 1809–1813.
27. Nilsson, J. & G. Walin. 2001. Freshwater forcing as

a booster of thermohaline circulation. Tellus 53A:
629–641.

28. IPCC: Climate change. 2007. The scientific basis. In
Contribution of Working Group I to the Fourth Assessment

Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press. Cambridge, UK.
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2003. The response of a coupled model of ENSO
to observed estimates of stochastic forcing. J.

Clim. 16: 2827–2842 (doi:10.1175/1520-0442(2003)
016!2827: TROACMO2.0.CO;2).

41. Piani, C., W.A. Norton & D.A. Stainforth. 2004.
Equatorial stratospheric response to variations in
deterministic and stochastic gravity wave parame-
terizations. J. Geophys. Res. 109: D14 101 (doi:10.
1029/2004JD 004656.).

42. Lin, J.W.-B. & J.D. Neelin. 2002. Considera-
tions for stochastic convective parameterization.
J. Atmos. Sci. 59: 959–975 (doi:10.1175/1520-
0469(2002)059!0959:CFSCPO2.0.CO;2).

43. Scott, R.B. 2003. Predictability of SST in an ide-
alized, one-dimensional, coupled atmosphere-ocean
climate model with stochastic forcing and advection.
J. Clim. 16: 323–335 (doi:10.1175/1520-0442(2003)
016!0323:POSIAIO2.0.CO;2).

44. Berloff, P.S. 2005. Random-forcing model of the
mesoscale oceanic eddies. J. Fluid Mech. 529: 71–95
(doi:10.1017/S0022112005003393).

45. Griffies, S.M. & E. Tziperman. 1995. A linear ther-
mohaline oscillator driven by stochastic atmospheric
forcing. J. Clim. 8: 2440–2453.

46. Delworth, T.L. & R.J. Greatbatch. 2000. Multi-
decadal thermohaline circulation variability driven
by atmospheric surface flux forcing. J. Climate 13:
1481–1495.

47. Roebber, P.J. 1995. Climate variability in a low-order
coupled atmosphere-ocean model. Tellus 47A: 473–
494.

48. Gulev, S. K., T. Jung & E. Ruprecht. 2002. Clima-
tology and Interannual Variability in the Intensity of
Synoptic-Scale Processes in the North Atlantic from
the NCEP-NCAR Reanalysis Data. J. Clim. 15: 8,
809–828.

49. Ganopolski, A. & S. Rahmstorf. 2002. Abrupt glacial
climate changes due to stochastic resonance. Phys. Rev.

Lett. 88: 038 501.
50. Gutowski, W.J., L.E. Branscome & D.A. Stewart.

1992. Life cycles of moist baroclinic eddies. J. Atmos.

Sci. 49: 306–319.
51. Opsteegh, J.D., R.J. Haarsma, F.M. Selten & A. Kat-

tenberg. 1998. ECBILT: A dynamic alternative to
mixed boundary conditions in ocean models. Tellus

50A: 348–367.
52. Goosse, H. & T. Fichefet. 1999. Importance of ice-

ocean interactions for the global ocean circulation:
a model study. J. Geophys. Res. 104(C10): 23337–
23355.



86 Annals of the New York Academy of Sciences

53. Fichefet, T., C. Poncin, H. Goosse, et al. 2003.
Implications of changes in freshwater flux from
the Greenland icesheet for the climate of the 21st
century. Geophys. Res. Lett. 30: 1911 (doi:10.1029/
2003GL017826).

54. Tziperman, E. 2000. Proximity of the present-day
thermohaline circulation to an instability threshold.
J. Phys. Oceanogr. 30: 90–104.

55. Stouffer, R.J., J.M. Yin, J. Gregory, et al. 2006. Investi-
gating the causes of the response of the thermohaline

circulation to past and future climate changes. J. Clim.

19: 1365–1387.
56. Dai, A., A. Hu, G.A. Meehl, et al. 2005.

Atlantic thermohaline circulation in a cou-
pled general circulation model: unforced varia-
tions versus forced changes. J. Clim. 18: 3270–
3793.

57. Williams, P.D. 2005. Modelling climate change: the
role of unresolved processes. Phil. Trans. R. Soc. A 363:
2931–2946.


