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[1] The traditional view is that widespread discharge of
freshwater into the North Atlantic leads to a reduction of the
Atlantic Meridional Overturning Circulation (AMOC), a
concomitant reduction of poleward heat transport and a
cooling of the climate of the North Atlantic. Here we report
upon coupled atmosphere-ocean general circulation model
experiments that suggest a more non-uniform response of
the North Atlantic climate to large freshwater perturbations.
We show that in a cold climate with extensive sea ice
coverage in the Labrador Sea, a massive discharge of
freshwater along coastal boundaries leads to an anomalous
warming in the western North Atlantic. The warming
persist despite a significant weakening of the AMOC
and its associated heat transport. It is maintained by
major reorganizations of the large-scale wind field, oceanic
circulation and convection in the subpolar Atlantic.
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1. Introduction

[2] The idea that an injection of freshwater into the North
Atlantic could result in wide-spread northern hemisphere
cooling has been extensively exploited to explain many
phenomena in the paleo record. One reason for this is that
results from climate models suggest that the formation of
deep water in the North Atlantic and the associated transport
of heat could be interrupted (at least temporarily) by
freshwater fluxes [Fanning and Weaver, 1997; Manabe
and Stouffer, 1997; Schiller et al., 1997; Vellinga and Wood,
2002; Stouffer et al., 2006]. In many such studies, however,
the experimental design involved the application of a large
freshwater flux over much of the subpolar Atlantic, typi-
cally uniformly between 50�N and 70�N (for a recent
example, see Stouffer et al. [2006]).
[3] Here, an alternative approach is considered wherein

freshwater perturbations are more localized and applied near
the continental boundaries. Both the ‘‘uniform’’ and the
‘‘boundary-localized’’ approaches serve only as crude
attempts to represent the complex melt-water events that took
place during deglaciation. Yet, the ‘‘uniform’’ approach has
received much more attention in past studies. It is possible
that boundary-localized freshwater fluxes may serve as a

closer representation of the real situation since due to the
Earth’s rotation, much of the discharged freshwater would
be confined to boundary currents along the continental
margins (e.g., Gill [1982], see also the relevant discussion
byWunsch [2007]). It therefore seems of interest to compare
the ‘‘uniform’’ and the ‘‘boundary-localized’’ approaches
which is one of our main aims here. Using a coupled
atmosphere-ocean general circulation model we show, in
particular, that the response of the North Atlantic climate
may differ significantly, depending whether freshwater is
injected broadly, over much of the subpolar Atlantic or only
along the continental boundaries.

2. Model and Experimental Design

[4] We employ the most recent developmental version of
the Canadian Centre for Climate Modelling and Analysis
(CCCma) coupled global climate model (CGCM), the initial
version of which is described by Flato et al. [2000]. The
present model does not employ flux adjustments. In the
subpolar regions, the simulated climate exhibits colder
conditions than present. As discussed below, this leads to
sea ice coverage which is too extensive in the Labrador Sea.
This in turn has important implications for the subpolar
North Atlantic climate response to freshwater perturbations,
particularly when these are applied at the boundaries.
[5] The oceanic component of the model is derived from

the NCAR Climate System Model (CSM) Ocean Model.
Here, the horizontal resolution is 1.41�� 0.94� (longitude�
latitude) and there are 33 vertical levels. The ocean model
employs an anisotropic viscosity [Large et al., 2001] and an
eddy transport [Gent and McWilliams, 1990] parameter-
izations. We also include a parameterization that accounts
for the effect of the dissipation of internal tides on deep
ocean vertical mixing, implemented very similar to that
described by Simmons et al. [2004]. Vertical mixing, driven
by buoyancy and shear, is parameterized by the KPP
scheme [Large et al., 1994]. The atmospheric component
is a spectral model. Its original version was described by
McFarlane et al. [1992]; it has since been modified as
described by K. von Salzen et al. (manuscript in prepara-
tion, 2007). The version of the atmospheric GCM employed
here has T63 resolution (�2.8�) and 35 vertical levels. Sea-
ice thermodynamics is governed by an energy balance
model [McFarlane et al., 1992], whereas sea ice dynamics
uses a cavitating-fluid rheology [Flato and Hibler, 1992].
[6] We report on the results of three experiments. In the

first, a freshwater perturbation of 1 Sv (� 106 m3/s) is
applied throughout the integration uniformly between 50�N
and 70�N in the Atlantic (as in, e.g., Stouffer et al. [2006]).
In the second and third experiments, the same 1 Sv of
freshwater is applied along either the boundary of Green-
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land or the north-east coast of North America (Figure 1,
top).
[7] There is some similarity between our experimental

design and that used by Gerdes et al. [2006]. They report
results based on an ocean general circulation model with
surface boundary conditions ranging from simple restoring
to the use of an energy balance atmospheric model. In
contrast, in the coupled model we employ the atmospheric
component is a general circulation model. Fichefet et al.
[2003] investigate implications of changes in freshwater
flux from Greenland in a warmer climate. Our main focus
here is on how a colder, rather than warmer climate would
respond to freshwater discharge. In addition, the horizontal
resolution in our model ocean makes it possible to use

relatively low values for viscosity. This significantly
reduces the role of friction in the large-scale vorticity
balance, leading to much improved simulation of boundary
currents.
[8] The use of a rigid lid approximation in the ocean

model can lead locally to negative salinity values where a
strong external freshwater forcing (salt removal) is applied
over a relatively small volume. To prevent this, the fresh-
water perturbation was distributed uniformly between the
surface and 200 m depth in the experiments where it is
applied along either boundary. Indeed, strong freshwater
boundary pulses are likely to be sediment laden so that one
might also expect this approach to be more realistic. We also
note that under the present situation, the signature of the low
salinity water (salinity less than 34 g/kg) is observed to
penetrate to about 200 m depth within the main branch of
the Labrador Current [e.g., Lazier and Wright, 1993].

3. Results

[9] We first compare the mean climate states averaged
over years 41–50 after the perturbation is applied, by which
time the Atlantic meridional overturning circulation
(AMOC) has already significantly weakened, in accord
with the results presented by Stouffer et al. [2006]. The
weakening of the AMOC was slightly smaller in the two
cases when the freshwater perturbation was applied along
the boundaries than in the case when it was applied
uniformly in the subpolar Atlantic between 50�N and
70�N (about 60% versus a 85% decrease of the Atlantic
deep water outflow at 30�S from its value of about 15 Sv in
the unperturbed case). As a consequence, while in all
perturbed cases the northward oceanic heat transport
dropped substantially (Figure 1, bottom), it dropped some-
what less in both cases when the freshwater perturbation
was localized to the boundary regions (Figure 1, bottom).
Nevertheless, adopting the conventional view, one would
expect a cooling of the subpolar North Atlantic as a
consequence of the significantly reduced northward heat
transport in the ocean regardless of where the freshwater
flux was applied. As we show below, this is not the case.
[10] When the freshwater perturbation is applied broadly

over the subpolar Atlantic, the surface air temperature (SAT)
decreases almost everywhere in the northern hemisphere
(Figure 2, top). The largest decrease of SAT is over the
northern North Atlantic, in agreement with the multi-model
mean response reported by Stouffer et al. [2006]. However,
in both cases when the same amount of freshwater is
injected along the ocean boundaries, the North Atlantic
cooling is weaker (Figures 2, middle, and 2, bottom).
Furthermore, there are vast areas of warmer conditions in
and around the subpolar Atlantic, especially when the
freshwater is released along the east coast of North America.
These warmer conditions are established in a matter of
decades after the freshwater perturbation is applied. While
the magnitude of the surface warming varies, what is
remarkable is that it persists despite the significant decrease
of northward heat transport in the Atlantic Ocean associated
with the weakened AMOC.
[11] In order to understand the mechanism behind the

warming concurrent with weakening of the AMOC, we
analyze the changes in subpolar gyre circulation, surface

Figure 1. (top) Two locations (green and black shading)
where the sustained 1 Sv external freshwater boundary
perturbation was applied. (bottom) Northward heat transport
in the Atlantic Ocean in pW (1 pW � 1015 W). Blue
corresponds to the control climate and red corresponds to
years 41–50 for the three experiments in which a freshwater
perturbation is applied either uniformly between 50�N and
70�N in the Atlantic (solid), along the coast of Greenland
(dashed), or along the north-east coast of North America
(dash-dotted).
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