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Simulation of abrupt climate
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freshwater input to

the North Atlantic Ocean

Syukuro Manabe & Ronald J. Stouffer

Geophysical Fluid Dynamics Laboratory/NOAA, Princeton University,
Princeton, New Jersey 08542, USA

TEMPERATURE records from Greenland ice cores™ suggest that

large and abrupt changes of North Atlantic climate occurred fre-
quently during both glacial and postglacial periods; one example
is the Younger Dryas cold event. Broecker’ speculated that these
changes result from rapid changes in the thermohaline circulation
of the Atlantic Ocean, which were caused by the release of large
amounts of melt water from continental ice sheets. Here we
describe an attempt to explore this intriguing phenomenon using
a coupled ocean—atmosphere model. In response to a massive sur-
face flux of fresh water to the northern North Atlantic of the
model, the thermohaline circulation weakens abruptly, intensifies
and weakens again, followed by a gradual recovery, generating
episodes that resemble the abrupt changes of the ocean—atmos-
phere system recorded in ice and deep-sea cores®. The associated
change of surface air temperature is particularly large in the nor-
thern North Atlantic Ocean and its neighbourhood, but is relatively
small in the rest of the world.

The coupled model™® consists of general circulation models
(GCMs) of the atmosphere and oceans and a simple model of
land surface that includes the budgets of heat and water. It is a
global model with realistic geography. The atmospheric GCM
includes the seasonal variation of insolation and predicted cloud
cover. It has nine vertical finite-difference levels. The horizontal
distributions of predicted variables are represented by spherical
harmonics (15 associated Legendre functions for each of 15
Fourier components) and by corresponding grid points. The
oceanic GCM uses a finite-difference technique with a regular
grid system which has horizontal spacing of 4.5° latitude x 3.75°
longitude and 12 vertical levels.

The control experiment is a 1,000-year time integration of the
coupled model” described above. The initial conditions for the
control experiment have realistic seasonal and geographical dis-
tributions of surface temperature, surface salinity and sea ice,
with which both the atmospheric and oceanic model states are
nearly in equilibrium. When the time integration of the model
starts from this initial condition, the model climate drifts
towards its own equilibrium state which differs from the realistic
initial condition described above. To reduce this drift, the fluxes
of heat and water obtained from the atmospheric component of
the coupled model are modified by given amounts before they
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FIG. 1 a, Time series of the deviations of sea surface temperature (SST)
and sea surface salinity (SSS; p.s.u., practical salinity units) from their
initial values (that is, 7 °C and 35 p.s.u., respectively) at a grid point in
the Denmark Strait (60.75° N, 37.50° W) obtained from the FW experi-
ment. b, Temporal variations of the rate of THC in the North Atlantic
obtained from the control and FW integrations. Here, the rate of THC
is defined as the maximum value of the stream function of meridional
circulation in the North Atlantic (Fig. 4).

are imposed at the oceanic surface. Because the adjustments are
determined before the time integration of the coupled model,
and are not correlated to the transient surface anomalies of tem-
perature and salinity which can develop during the integration,
they are unlikely to either systematically amplify or damp the
anomalies. The adjustments do not eliminate the shortcomings
of the model dynamics which could distort the simulated
transients®. But the adjustments do prevent the rapid drift of
the model state from the realistic initial condition, which could
seriously distort the results of a numerical experiment. The ident-
ical adjustments are also applied to the freshwater (FW) experi-
ment described below.

Latitude (degrees)

Longitude (degrees)

FIG. 2 Horizontal distribution of SSS anomalies (in units of p.s.u.) aver-
aged over the 10-year period from year 11 to year 20 of the FW experi-
ment. The areas of positive anomalies are shaded. Here, the anomaly
represents the difference between the 10-year mean state of the FW
integration and the 100-year (years 501-600) mean state of the control
integration.
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FIG. 3 Horizontal distribution of surface air temperature anomaly (°C)
averaged over the 10-year period from year 51 to year 60 of the FW
experiment. The areas of positive anomalies are shaded. Here, the
anomaly represents the difference between the 10-year mean state of
the FW integration and the 100-year (years 501-600) mean state of
the control integration.

In the FW experiment conducted here, a surface freshwater
flux of 1 Sv (10°m’s™") is released uniformly over the latitude
belt between ~50 and 70° in the North Atlantic Ocean during
the first 10-yr period. Although the freshwater flux is turned off
at the end of the tenth year, the time integration is performed
over a period of 300 years. (Fairbanks® estimated that the rate
of the pre-Younger Dryas discharge of melt water into the entire
world oceans peaked at 0.44 Sv, which is smaller than the rate
of 1 Sv used here. However, the total amount of discharge is
much larger than that imposed in the present experiment.) The
initial condition for the FW experiment is the state of the cou-

20th)

pled ocean-atmosphere model at year 501 of the 1,000-year con-
trol integration. The change of the model state induced by the
freshwater flux is examined by comparing the FW and control
integrations. We note that the melt water is applied to the simu-
lated state of the current interglacial rather than the last glacial
period. It is therefore desirable to reassess the response of the
thermohaline circulation (THC) in a glacial environment when
the glacial states of oceans and the atmosphere have been suc-
cessfully simulated and the rates of freshwater input into the
North Atlantic are better known.

Because of the infusion of fresh water described above, sea
surface salinity (SSS) in the Denmark Strait is reduced abruptly
during the decade of the water infusion, followed by a rapid
recovery as indicated in Fig. la. By the second decade, the region
of large negative SSS anomalies extends to the west of the north
African coast and Arctic Ocean (Fig. 2). The reduction of sur-
face salinity during the first decade of the experiment is accom-
panied by a very rapid lowering of sea surface temperature (SST)
centred around the Denmark Strait by as much as 8 °C followed
by an almost abrupt warming and cooling (Fig. 1). By the sixth
decade, the region of negative SST and surface air temperature
anomalies extends from 40° N in the Atlantic to most of Green-
land, Scandinavia and the west European coast (Fig. 3). During
the next few hundred years, both SST and SSS increase and
recover their normal values, with substantial fluctuations around
years 120 and 200 (Fig. 1).

The sudden drop of SST during the first decade of the FW
experiment results partly from the reduction of convective activ-
ity which mixes the cold surface water with the warmer subsur-
face water of the ocean. The SST drop is also attributable to the
rapid weakening of the thermohaline circulation (Fig. 15), which
advects warm surface water towards the northern North Atlan-
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FIG. 4 Latitude—depth distribution of the stream function which rep-
resents the meridional overturning in the North Atlantic in units of sver-
drups (10°m®s™%), averaged over: a, years 501-600 of the control
experiment; b, years 19 and 20 and c, years 291-300 of the FW experi-
ment. (Depth is given in kilometres; areas of clockwise circulation are
shaded.) During the few initial decades, the THC in the North Atlantic
markedly weakens and becomes shallower (compare a and b), allowing
stronger deep inflow of Antarctic bottom water. The initial capping of
the Atlantic Ocean by the low-density, fresh surface water chokes off
the heat exchange between the atmosphere and ocean and raises the
temperature of subsurface water, rapidly weakening the THC during the
first decade of the experiment. At the end of the second decade, the THC
extends poleward of 65° N in the near-surface layer (b). The associated
extension of the northward advection of warm surface water is respon-
sible for the rapid increase of SST and SSS in the Greenland Sea during
the second decade (Fig. 1a). The northward extension of warm advec-
tion disappears by year 40 of the experiment, causing the reduction of
SST and SSS during the fourth decade (Fig. 1a). It appears that the
northward extension (into the Norwegian/Greenland seas) occurs
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because the density of surface water is too low to sink at normal lati-
tudes (that is, around 60° N). The gradual recovery and eventual restor-
ation (c) of the overturning intensity, which follows the rapid initial
fluctuation, is attributable partly to the vertical subsurface water column
of relatively high density which is restored in the sinking region of the
THC by ~70 years of the experiment. The increase of the water column
density is due not only to the horizontal spreading and disappearance
of the very fresh surface water but also to the reduced supply of warm
water with relatively low density from the south into the sinking region
of the THC. The gradual reintensification of the THC is also attributable
to the reduction of subsurface water density in low latitudes which is
due to the weakened upwelling of dense water associated with the large
initial weakening of the THC. The increase in the meridional gradient of
density due to the density changes of opposite sign in the sinking and
rising regions of the THC results in the increase of not only the meri-
dional but also the zonal density gradient®® in the upper layer of the
ocean, intensifying the meridional circulation and causing the gradual
recovery in the intensity of the THC.
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tic. The large initial weakening and reintensification of the THC
appear to be induced by the massive, initial infusion of fresh,
low density water and its abrupt termination, respectively. After
the initial fluctuation. the THC reintensifies gradually (Fig. 15),
increasing both SST and SSS during the next few hundred years.
The damped oscillation of the THC, which occurs during the
reintensification, resembles the weaker oscillation which
Delworth er al.'® found in the control experiment. The structures
of the THC at the beginning. shortly after the termination of
the freshwater infusion, and at the end of the experiment are
illustrated and discussed in Fig. 4. and its legend.

The coupled model produced large and rapid changes in sur-
face air temperature and the rate of deep-water formation remi-
niscent of those inferred from the palaeoceanographic*'' and
ice-core records'-”. But during the glacial and postglacial periods,
one can identify many cold episodes of low ice-core &'*O which
last much longer than the simulated period of low SST in the
present FW experiment. Obviously, the cold period could last
longer if a meltwater flux of smaller magnitude were applied
much longer than 10 years, or a massive armada of icebergs was
discharged and melted in the middle of the cold period'*. Both
of these mechanisms, which release the fresh water with low
5'®0, could have operated during the cold event of 14,500 '“C-
years ago, accounting for the §'®*0 minimum in planktonic for-
aminifera noted by Keigwin and Lehman'’. On the other hand,
the total amount of melt water infused around the beginning of
the Younger Dryas event might have been substantially larger
than that imposed in the present experiment’. If so, the THC
could be weakened enough to keep it at a reduced intensity
despite the relatively small supply of fresh water during most of
the cold Younger Dryas period. It is likely that the rate of
meltwater supply during the Younger Dryas was too small to
reverse the positive §'*O anomaly associated with low SST,
yielding the planktonic §'*0 maximum noted by Keigwin and
Lehman'?.

By use of a coupled ocean-atmosphere model, Manabe and
Stouffer'* obtained two stable equilibria, that is, active and in-
active modes of the THC in the Atlantic Ocean. They suggested
that the inactive mode resembles the oceanic state of Younger
Dryas. However, the palacoceanographic evidence'” indicates
not only a markedly reduced deep-water formation but also a
significant ventilation of the upper ocean layer during the cold
period. It is therefore likely that the transient state of weak and
shallow THC encountered during the present FW experiment
is more consistent with the palacoceanographic signatures of
Younger Dryas than the inactive equilibrium mentioned above.
The freshwater-induced transitions among multiple equilibria of
a simple coupled model were examined, for example, by Stocker
et al.'® and Rahnstorf?'.

The evolutions of the THC and SST, which were recently
obtained by Rahmstorf'” by use of his coupled model with a
highly simplified atmosphere and idealized geography, and
without the seasonal variation, is quite different from those
described in the present study. His simulation shows that, in
response to an infusion of fresh water, the THC rapidly weakens
but restores its original intensity very quickly, leaving behind an
equilibrium state of shallow convection and cold surface water.
In the coupled model used here, it is not possible to sustain such
shallow convection indefinitely at a given grid point, because it
is influenced by the noisy and seasonally varying atmosphere.

The recent study of Manabe and Stouffer'®' reveals that,
associated with the CO,-induced warming of the model atmos-
phere, the poleward transport of water vapour increases, causing
marked increases in precipitation, and accordingly, freshwater
supply in the high latitudes. The simulated multi-century
response of the THC to the doubling of atmospheric CO, (refs
18, 19) resembiles the response to the freshwater input described
here. Thus substantial changes in the intensity and distribution
of the THC could also occur in response to future increases of
greenhouse gases in the atmosphere. O
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THE existence of rapidly spinning microplates along the southern
East Pacific Rise has been documented by geophysical swath-
mapping surveys' ™, and their evolution has been successfully
described by an edge-driven kinematic model’. But the mechanism
by which such microplates originate remains unknown. Proposed
mechanisms'~'® have generally involved rift propagation'', possibly
driven by hotspots or changes in direction of sea-floor spreading.
Here we present geophysical data collected over the Earth’s fastest
spreading centre, the Pacific—-Nazca ridge between the Easter and
Juan Fernandez microplates (Fig. 1), which reveal a large-offset
propagating rift presently reorganizing the plate boundary geom-
etry. A recent episode of rapid ‘duelling’ propagation of the histori-
cally failing spreading centre in this system has created a
120 % 120 km overlap zone between dual active spreading centres,
which may be the initial stage of formation of a new microplate.

The dual spreading centres, shown by shallow ridges and
acoustically reflective sea floor, overlap between about 28.5°-
29.5° S, 113°-112° W (Figs 2, 3). The West ridge has been propa-
gating south®'? for ~1.5 Myr, transferring young Pacific lithos-
phere to the Nazca plate (shown by the rotated fabric extending
northeast from the overlap zone). It is the shallowest part of the
entire East Pacific Rise, reaching above 2,100 m. It is also the
most highly inflated, defined by cross-sectional area above the
average 0.5 Myr depth®, reaching nearly 9 km®. This propagator
has created a shallow V-shaped area bounded by pseudofaults''
which indicate a steady propagation rate nearly equal to the
spreading rate, ~135km Myr~'. The characteristic parabolic
propagator tip results from the acceleration from no spreading
to the full rate'>'*. Spreading along most of the West ridge
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