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The oceanic thermohaline circulation (THC) carries light, warm
surface water polewards and dense, cold deep water equator-
wards, thereby transporting a large amount of heat towards the
poles and significantly affecting high latitude climate. The THC
has been remarkably stable, and its variability quite low, over the
Holocene period (the past 10,000 years). The much greater climate
instability and high-frequency variability recorded in ice! and
deep-sea® cores throughout the preceding 150,000 years has been
linked to greater THC variability™’. Here we argue, using a global
coupled ocean—atmosphere—ice general circulation model with
realistic geography, that there is a wide range of weak mean states
of the THC that cannot be stably sustained by the climate system.
When the model THC is forced into a state in the unstable range,
the THC may rapidly strengthen, collapse or display strong
oscillations. The existence of this unstable regime may account
for the greater variability of the THC and climate before the
Holocene period.

The THC is driven by the north—south gradient in water density
created by atmospheric thermal forcing and weakened by the
north—south salinity gradient maintained by air—sea exchange of
fresh water (FW) due to subtropical evaporation and high-latitude
precipitation. The present-day stable THC is thermally dominant,
that is, driven by cooling and sinking of dense water masses at high
latitudes. Numerous ocean-only model studies, from simple box
models* to three-dimensional models’, have shown that a weaker
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THC than that of today, obtained under larger freshwater forcing
(that is, a less thermally dominant THC) may become unstable.
Once unstable, such a weak THC cannot be sustained with small
amplitude variability such as exists today. Instead, the THC may
reverse**™®: (as it may have done during the Cretaceous period?),
undergo a significant decrease’, collapse'®"", display strong oscilla-
tions'*”"* or increase to a stable value outside the unstable range.
On the basis of such ocean-only models, it was further speculated®'®
that a weaker and less thermally dominant North Atlantic THC than
today’s, obtained under stronger FW forcing (for example, a larger
FW flux into the northern North Atlantic Ocean), might be
unstable.

Ocean-only models heretofore used for investigating the stability
of the THC are known to be prone to various artefacts®'®'” which
can affect the model’s stability behaviour. Here I use a coupled
ocean—atmosphere—ice general circulation model (GCM), in which
the air—sea interaction is more fully represented, to examine the
spontaneous stability of a range of strong (thermally dominant) and
weak (less thermally dominant) THC states. We consider a given
climate state to be stable if, when used to initialize the coupled
model, it results in a small-amplitude variability around this initial
state, similar to the weak THC variability during the Holocene. On
the other hand, a climate state is considered unstable if, when used
to initialize the coupled model, it results in a sizeable drift of the
THC away from the initial state, or in large-amplitude THC
oscillations. A THC instability may thus result in an increase as
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Figure 1 Diagnostics of the steady-state, ocean-only solutions used to initialize
the coupled model integrations shown in Fig. 2. a, The zonally averaged North
Atlantic sea surface salinity fields used to obtain the various steady-state, ocean-
only solutions. To the observed North Atlantic salinity (solid grid line), zonally
uniform perturbations of the form AS exp( — (8 — 55.56°%/4.4°*) were added, as a
function of latitude 8 only, where AS takes the values (-1, -05, —0.375, —0.25,
0, +0.5p.p.t.). b, the heat flux and ¢, the freshwater flux adjustments (in watts m ~2
and myr~', respectively), annually averaged and zonally averaged over the
Northern Atlantic ocean, for the control run and for the five modified surface
salinity runs. A positive FW adjustment tends to make the ocean saltier, and a
positive heat adjustment heats the ocean. Line types for each experiment are as
in a. d, The steady-state, ocean-only rate of formation of North Atlantic Deep
Water (dashed line), Southern Ocean Deep Water (dash-dotted line) and their
sum (solid line), as function of the restoring salinity perturbation, S’ = AS, in the
North Atlantic.
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well as a decrease, a collapse or strong oscillations of the THC'
which resemble some of the strong climate variability seen during
unstable past climates’.

To explore the stability of weak and strong (less and more
thermally dominant) THC states, I initialized several coupled
ocean—atmosphere model runs from various steady-state, ocean-
only model solutions, following the standard initialization proce-
dure for such coupled models*. The different ocean-only steady-
state solutions were obtained by forcing (restoring) the upper level
temperature and salinity of the ocean model to near an observed
monthly sea surface temperature (SST) and a modified observed
monthly sea surface salinity (SSS)" (termed ‘restoring SST and
SSS’). The modifications to the SSS to which the surface model
salinity is restored makes it fresher or saltier in the North Atlantic
area of water mass formation (Fig. 1a), leading to a correspondingly
weaker (less thermally dominant) or stronger (more thermally
dominant) steady-state ocean-only North Atlantic THC (dashed
line in Fig. 1d). The restoring of the model surface temperature and
salinity to the specified SST and SSS fields allows various ocean-only
steady states to be obtained, some of which may be unstable in the
coupled model, where the surface fields are not restored and are free
to evolve.
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Figure 2 The North Atlantic yearly averaged THC (in Sverdrup) plotted against
time (years) from eight coupled model runs. Dashed lines denote the initial state
and plus/minus two standard deviation (SD) lines, where the SD is defined from
the control run (b). Stable initial states are defined as those whose THC remains
within two SD during the coupled model run, although the results are not sensitive
to this particular choice of two SD. The different panels show a, the coupled
model run initialized with the stable state [AS = +0.5]; b, the stable control run'®#;
¢, run initialized with the stable state [AS = —0.25]; d, run initialized with the
unstable state [AS = —0.375]; e, run initialized with the unstable state
[aS = —0.5]; f, run initialized with the unstable state [AS = — 1]; g, thick line:
the North Atlantic THC for a coupled model run starting from year 10 of the run
shown in e, initialized with the unstable initial state [AS = — 0.5]. In this run,
freshwater flux is added to the North Atlantic sinking area for the first 10 years.
The THC collapses and does not recover for 300 years. This contrasts with the
corresponding experiment of ref. 23, started from the stable control run and
shown by the thin line.
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The low-resolution primitive-equation coupled ocean—atmo-
sphere—ice GCM used here, with its realistic geometry, has been
used for many studies of greenhouse warming', climate variability®
and multiple climate equilibria®’. When initialized with ocean-only
and atmosphere-only steady states obtained by running the two
models separately, the coupled model rapidly drifts from its initial
conditions. The air—sea fluxes of heat and fresh water are therefore
supplemented at every time step by flux adjustments (FA) which
depend on geographical location and month, but have no inter-
annual variations and are obtained by averaging the restoring terms
from the ocean-only initialization run'®. FA is used in the present
experiments as a parameter that allows the different initial THC
states to be obtained (Fig. 1b, c). This is somewhat similar to
changing the FW forcing in an ocean-only model'>'*".

In the absence of an external perturbation, if the initial THC is
stable, we expect the coupled-model initialization procedure to
prevent a drift of the THC in the coupled model from the initial
ocean-only steady states, as it did in the stable control run'**
(although see ref. 22 for a caveat). The strength of the North
Atlantic THC as a function of time for the five coupled-model
runs initialized using modified surface salinities, and for the control
run, is shown in Fig. 2a—f. I denote each initial state of the coupled
model by the amplitude AS of the restoring salinity perturbation
used to obtain it in the ocean-only model runs (Fig. 1a). When
ocean-only models in previous studies were initialized by restoring
their SST and SSS and were then switched to some simple atmo-
spheric representation, these models invariably showed that weak
THC initial states were unstable, leading to a switch to a different
THC state. The qualitative behaviour of the realistic-geometry
coupled ocean—atmosphere GCM used here is remarkably consis-
tent with that of these simpler ocean-only models. In particular, the
more thermally dominant initial states with a strong initial THC
(runs [AS = — 0.25], control [AS = 0] and [AS = +0.5], Fig 2a—
c) are stable. The coupled model runs starting at these initial
conditions remain mostly within two standard deviations from
the initial state, where the standard deviation is defined from the
control run’s THC variability which roughly represents a small,
Holocene-like, stable variability. On the other hand, the less
thermally dominant and thus weaker initial THC states (runs
[AS= —1], [AS= —0.5], [AS= —0.375], Fig. 2d—f) are spon-
taneously unstable within the coupled model, as the THC drift from
the initial conditions in these runs clearly exceeds two standard
deviations. I call this a spontaneous instability, because no external
perturbation is applied to the coupled model once the coupled
model integration begins.

The threshold between stable and spontaneously unstable initial
states in the coupled model lies between 14Sv (stable state
[AS = —0.25], Fig. 2c) and 13 Sv (unstable state [AS = — 0.375],
Fig. 2d). The steady-state ocean-only solution used as the stable
initial condition in the control run [AS = 0] is different from the
initial state [AS = — 0.375] that is unstable within the coupled
model, yet not dissimilar (Fig. 3a—d), indicating that an ocean
climate not very far from the present-day climate may be sponta-
neously unstable within the coupled model. Note that none of the
runs displays a stable small-amplitude THC variability, like that of
the present day, within the unstable THC regime of below 14 Sv.
When forced by a doubling of carbon dioxide" and by freshwater
input into the North Atlantic ocean”, the coupled model THC
recovers within 150—200 years. Its inability to recover to its original
weak initial states within the fairly long integration of 500 years seen
in Fig. 2 indicates that the weak THC initial states may indeed be
considered to be in an unstable THC regime.

The instability mechanism leading to the drift away from the
unstable initial states in Fig. 2d—f is composed of two stages. First,
an advective linear salinity feedback®”" leads to an increase of
salinity and density in the water mass formation area and thus an
increase in the formation rate of DW southeast of Greenland. The
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Figure 3 a-d, Upper panel, the steady-state, ocean-only North Atlantic meridional
circulation (that is, the meridional stream function); middle panel, the zonally
averaged temperature. a, ¢, Stable initial state for the control run; b, d, unstable
initial state for run [AS = — 0.375]. The smaller rate of deep-water formation in the
North Atlantic in the unstable solution allows an increased influx of Southern
Ocean water at depth, and thus the difference seen in the deep-water properties
and in Deep Water formation rate in the Southern Ocean (Fig. 1d). e, The
difference between the atmospheric surface temperature averaged over years
201-300 for the collapsed THC run of Fig. 2g, and the similarly averaged atmo-
spheric surface temperature for the control run.

runs with the stronger initial THC are stable with respect to this
linear instability stage, because the strong THC rapidly advects away
any developing salinity perturbations, and because such perturba-
tions are harder to develop because of the reduced meridional
salinity gradient in the stable states®”. At a second stage, the
increased sinking southeast of Greenland modifies the properties of
the deep water inside the neighbouring Labrador Sea, activating
DW formation and self-sustained convective mixing* there as well,
and leading to a further increase in the THC strength. Such an
increase is not seen in simpler two-dimensional models*”'* which,
once unstable, often lead to a collapsed or reversed THC. These
models, being two-dimensional, cannot support an inactive DW
formation site at the same latitude as the active formation sites.

Past the initial instability, the runs beginning from the unstable
initial states are characterized by strong North Atlantic THC
oscillations (Fig. 2d—f). This is the first time that such large-
amplitude oscillations have been seen in a coupled model, following
numerous ocean-only model studies that observed such large-
amplitude THC variability®, and coupled model runs that displayed
a smaller variability?®?. These large-amplitude oscillations (which,
especially in Fig. 2f, seem to result from the inherent instability of
the weak THC states) do not involve a complete switch between ‘on’
and ‘off’ states of the North Atlantic THC, yet may be able to
account for the climate oscillations in the interglacial Eemian
period"%.
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In a final experiment (Fig. 2g), I added a freshwater flux of 1 Sv to
the northern North Atlantic over 10 years, and found that the
spontaneously unstable initial states were also more prone to a
forced THC collapse than stronger THC runs such as the control
run®.

Various palaeo proxy data have shown a link between the North
Atlantic THC and the Pacific sector of the Southern Ocean®. The
present ocean-only steady-state solutions indeed show that as DW
formation rates in the Pacific sector of the Southern Ocean and in
the North Atlantic Ocean vary between the different initial states by
10-15Sv at each DW source, their sum remains nearly constant
(Fig. 1d). Thus this sum, the total DW formation, is determined
through a global teleconnection (Fig. 3). Similarly, the forced
instability experiment (Fig. 2g) displays a cooling of the air
temperature both over Greenland and in the Pacific sector of the
Southern Ocean by about 5 and 2 °C respectively (Fig. 3e; see also
ref. 23).

The unknown effects of the flux adjustment procedure introduce
an uncertainty as to the applicability of the more quantitative results
(the precise location of the instability threshold) to the actual
climate system®?. I also note that the phenomenon of a coupling
shock®, at the initialization of coupled model integrations, may lead
to an initial model drift which may affect the differentiation of
stable and unstable states. However, some previous coupled model
results”, and in particular the remarkable qualitative agreement
with the numerous ocean-only studies of THC stability lend
additional confidence to the results here. In fact, I feel that a flux-
adjusted coupled model with an active atmospheric component
may be expected to be more accurate than ocean-only models with
fixed freshwater flux and atmospheric temperature, with a highly
simplified heat flux parameterization and with no weather noise.

In summary, this study provides confirmation using a fully
coupled ocean—atmosphere—ice general circulation model with
realistic geometry that a weak, less thermally dominant THC is
unstable. The results limit the range of stable equilibria of the THC
in this model to above about 14 Sv and below 4 Sv (our collapsed
THC run, Fig. 2g). In this model I did not find intermediate values
of the THC that are stable, with small variability like that of the
present day. This may suggest that the North Atlantic water mass
formation and thus THC may have operated in a weak and shallow®
(Fig. 3b) unstable mode with large variability before the Holocene
and during previous interglacial periods'. Later, the water mass
formation may have switched to a stable mode with small varia-
bility, and with stronger and deeper North Atlantic THC, which has
lasted throughout the Holocene.

To set this in perspective, I note that the weakening required to
make the model THC spontaneously unstable is still significantly
larger than the present-day natural variability, which is estimated to
be about 5-10% for the coupled model used here®. Although the
location of the stable THC range found here differs from those
found in simpler models* and is clearly model dependent, I
expect the qualitative dependence of the model stability and
variability behaviour on the mean THC strength to carry over to
the real world. The implications for greenhouse scenarios that
predict a weakening of the THC are clearly an important yet open
issue. Finally, improved knowledge of past THC magnitude®, and a
more precise determination of the unstable THC regime and its
distance from present-day climate, are clearly needed, using better
coupled ocean—atmosphere models as they become available. [
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