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Abstract In a recent intercomparison of the response of
general circulation models (GCMs) to high-latitude fresh-
water forcing (Stouffer et al. 2006), a number of the GCMs
investigated showed a localised warming response in the
high-latitude North Atlantic, as opposed to the cooling that
the other models showed. We investigated the causes for this
warming by testing the sensitivity of the meridional over-
turning circulation (MOC) to variations in freshwater forc-
ing location, and then analysing in detail the causes of the
warming.

By analysing results from experiments with HadCM3,
we are able to show that the high-latitude warming is inde-
pendent of the exact location of the additional freshwater in
the North Atlantic or Arctic Ocean basin. Instead, the ad-
dition of freshwater changes the circulation in the subpolar
gyre, which leads to enhanced advection of warm, saline,
sub-surface water into the Greenland-Iceland-Norwegian (GIN)
Sea despite the overall slowdown of the MOC. This sub-
surface water is brought to the surface by convection, where
it leads to a strong warming of the surface waters and the
overlying atmosphere.
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1 Introduction

The meridional overturning circulation (MOC), closely linked
with the thermohaline circulation, in the North Atlantic is
important for Northern Hemisphere, and especially Euro-
pean, climate. This is on the one hand due to the large north-
ward heat transport by the MOC (Ganachaud and Wunsch
2000), and on the other hand due to its nonlinear behaviour
and, therefore, the possibility of abrupt change (Manabe and
Stouffer 1995; Rahmstorf 1995; Stocker and Schmittner 1997).

Briefly, the North Atlantic MOC can be summarised as
warm, salty surface waters flowing northwards in the At-
lantic as part of the Gulf Stream and the North Atlantic
current. In the high northern latitudes of the Atlantic, these
waters then cool by exchanging heat with the overlying at-
mosphere. Once the density has increased sufficiently due
to the cooling, convection sets in, and cold dense deep wa-
ter is formed. In the North Atlantic, deep water formation
mainly occurs in two locations: in the Greenland-Iceland-
Norwegian (GIN) sea, and in the Labrador Sea.

At depth, the GIN sea is isolated from the rest of the
Atlantic ocean by the Greenland-Scotland ridge (GSR). The
deep water overflows the ridge through channels, with the
Denmark Strait west of Iceland and the Faroe Bank Channel
east of Iceland the most important (Hansen and Østerhus
2000). South of the ridges, the overflow water then mixes
with ambient water, thus forming the North Atlantic Deep
Water (NADW). The NADW then passes around the south-
ern tip of Greenland and through the Labrador sea as the
Deep Western Boundary Current (DWBC). In the Labrador
Sea, additional deep water, the Labrador Sea Water (LSW),
is formed through deep convection (Cuny et al. 2005), which
mixes with the DWBC (Lavender et al. 2000). Past the Labrador
Sea, the DWBC continues southward along the western bound-
ary of the Atlantic basin at a depth of approximately 2500m.
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It traverses the entire Atlantic Ocean, and is finally mixed
into other water masses in the Southern Ocean (Warren 1981).

The overall current system is assumed to be driven by the
meridional pressure gradient between the deep water forma-
tion areas and the South Atlantic (Rahmstorf 1996), with a
linear relation shown in HadCM3 (Thorpe et al. 2001), as
well as MOM (Rahmstorf 1996), while other authors pro-
pose a one-third power relationship (Park 1999). The picture
of the MOC that emerges from box models, e. g. Stommel
(1961); Rooth (1982); Rahmstorf (1996); Scott et al. (1999),
is one of a nonlinear circulation system that can collapse in a
bifurcation, once a density threshold is crossed (Rahmstorf
1995). The system is, therefore, rather sensitive to temper-
ature and salinity perturbations in the Nordic Seas (Rahm-
storf 1995; Mikolajewicz and Voss 2000), and it is presently
feared that a disruption of the system might take place due
to global warming (Jansen et al. 2007).

So-called “freshwater hosing experiments”, i. e. exper-
iments where the North Atlantic freshwater balance is per-
turbed by artificially adding freshwater to the ocean basin,
have generated substantial interest in recent years. Pertur-
bations in the MOC have been investigated as causes for
Younger Dryas cooling, e. g. Manabe and Stouffer (1997);
Tarasov and Peltier (2005); Peltier et al. (2006), and the
8.2 kyr event (Renssen et al. 2001; Wiersma et al. 2006;
Wiersma and Renssen 2006). Furthermore, the response of
the MOC to future warming due to the anthropogenic green-
house effect has been investigated, e. g. Manabe and Stouf-
fer (1988, 1995); Rahmstorf and Ganopolski (1999); Wood
et al. (1999); Thorpe et al. (2001); Vellinga and Wood (2008).
Here, one focus has been on increased runoff from a melt-
ing Greenland Ice sheet (Fichefet et al. 2003; Jungclaus et al.
2006; Driesschaert et al. 2007).

While a recent intercomparison of the MOC response
to increasing greenhouse gas concentrations in different cli-
mate models found that the system responds with a grad-
ual slowing of the MOC in all models investigated (Gregory
et al. 2005), at least one other study gives a higher probabil-
ity for a collapse of the MOC (Challenor et al. 2006).

In a recent intercomparison of freshwater hosing exper-
iments, Stouffer et al. (2006) found that these freshwater
perturbations, contrary to expectations, did not lead to the
ubiquitous cooling in the North Atlantic basin that might
be expected. Instead it led to a warming in some areas of
the North Atlantic for some of the climate models taking
part in the intercomparison. Stouffer et al. (2006) speculate
that this rather unexpected result might be due to the ex-
perimental design, where freshwater was added in a band
of 50°-70°N in the North Atlantic basin, since the warming
occurred just north of the area where freshwater was added.
Saenko et al. (2007) report a similar warming centred around
the Labrador Sea region in experiments where freshwater is
added right at the continental boundary of either Greenland

or the Labrador sea. In their case the warming appears in a
different location, though, and the mechanism they report, a
retreat of sea ice in the subpolar Atlantic, induced through
changes in wind stress curl, does not occur in the experi-
ments reported here.

The aim of the current paper is to investigate the sensitiv-
ity of the climatic response to variations in the experimental
design employed by Stouffer et al. (2006), and to explore the
physical and dynamical reasons for this unexpected warm-
ing using the coupled general circulation model HadCM3.
Since resolution in HadCM3 is comparatively coarse, results
from such experiments may not reflect what would happen
on small scales in the “real” climate system. Nonetheless,
we can aim to understand the cause of unexpected model
results (as those reported by Stouffer et al. (2006)), while
keeping in mind that the real climate system might react dif-
ferently.

The layout of this paper is as follows. In Section 2 we de-
scribe the model used, as well as the experimental design. In
Section 3 we show results for various high-latitude locations
of freshwater forcing, while Section 4 is devoted to the anal-
ysis of the reasons for the high-latitude warming. Finally,
we conclude this paper with a summary and discussion in
Section 5.

2 Model experiments

In order to investigate the sensitivity of the climatic response
to freshwater hosing of the North Atlantic, we performed a
number of experiments with the third version of the Hadley
Centre coupled ocean-atmosphere model HadCM3 (Pope et al.
2000; Gordon et al. 2000; Collins et al. 2001). The atmo-
spheric component of HadCM3 uses a 3.75° by 2.5° longitude-
latitude grid with 19 levels in the vertical, while the ocean
has a resolution of 1.25° by 1.25°, and 20 unevenly spaced
layers in the vertical. The model produces a stable climate
without the use of flux adjustments, though a very small drift
remains in the deep ocean (Pardaens et al. 2003). Convec-
tion in HadCM3 is parametrised by the Rahmstorf (1993)
scheme, and the overflow over the GIS ridge is modified
by using the Roussenov convection scheme (Roether et al.
1994). These parametrisations lead to overflows over the
GSR that are reasonable for a model of limited resolution
(Wood et al. 1999; Thorpe et al. 2004), with deep water
formed in the Labrador and in the GIN sea (Wood et al.
1999).

Our initial interest was in the climatic response to a mod-
erate weakening of the Atlantic MOC, rather than an abrupt
collapse of the circulation. In the sensitivity experiments re-
ported here, therefore, we added a constant freshwater flux
of 0.1Sv distributed across the various domains in the North
Atlantic or Arctic Ocean basins shown in Fig. 1 a.
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A freshwater flux of this magnitude is rather large in the
context of the present climate. Total runoff from the Ama-
zon river is estimated to be about this magnitude (Stouffer
et al. 2006), and the ice and water import into the GIN Sea
through Fram Strait is estimated to be about 3950km3/yr
(Aagaard and Carmack 1989), corresponding to about 0.13
Sv. In the context of a future warmer climate, though, this
magnitude might be reached by the runoff from a melting
Greenland Ice Sheet (Jungclaus et al. 2006; Driesschaert
et al. 2007). In the context of past changes in climate, on
the other hand, a freshwater flux of this magnitude is not
unreasonable. Teller et al. (2002) estimate that 163000km3

may have been released from Lake Agassiz prior to the 8.2ka
event, which would correspond to a flux of 5.2 Sv if released
during one year, or 0.05 Sv if released over the 100 years of
our experiments.
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Fig. 1 (a) Locations of freshwater hosing in experiments CMIP
(black), SIB (red), LAR (blue), and LOC(green). (b) Maximum of
the meridional overturning streamfunction in the North Atlantic basin.
Shown are 10-year Gaussian-weighted smoothed timeseries for the
control run (black crosses), and experiments CMIP (black), SIB (red),
LAR (blue),and LOC (green). Black dashed lines are the control run
mean, as well as 30-yr mean values from the end of each hosing exper-
iment. Thin dotted lines are plus and minus two standard deviations of
control run MOC.

We performed four experiments, releasing the freshwa-
ter in the following locations:

1. CMIP: the freshwater is added to the North Atlantic basin
between latitudes 50°N and 70°N, similar to the experi-
mental setup in Stouffer et al. (2006)

2. SIB: the freshwater is added to the Arctic Ocean north
of the Siberian coast

3. LAR: the freshwater is added to the North Atlantic basin
to a larger area north of the CMIP area

4. LOC: the freshwater is added to the North Atlantic basin
to a localised area covering parts of the GIN Sea and the
Barents Sea.

All of these experiments are started from year 100 of a con-
trol run climate, which was itself initialised from year 2789
of the HadCM3 control run performed at the Hadley Cen-
tre (Collins et al. 2001). The initial model state from which
the experiments are initialised is therefore relatively stable.
In the perturbation experiments, freshwater is added at a
constant rate of 0.1Sv until the end of the experiment. The
first year of the freshwater experiments is labelled as year 1
throughout this paper. The mean climatic response in years
71-100 of the experiments is compared to the control run
state. Where appropriate, statistical significance of the dif-
ference between experiment and control is tested by per-
forming a t-test against the 6 available non-overlapping 30-
year sections of control run climate.

For the analysis of the physical reasons for the warming
in the GIN-sea in Section 4, we concentrate on the control
run and experiment CMIP.

3 Results

As a measure of MOC strength, a timeseries of the max-
imum of the annual mean meridional overturning stream-
function in the experiments is shown in Fig. 1 b. Shown are
the MOC timeseries after smoothing with a 10-year Gaussian-
weighted filter. The control run, shown as a thick black dot-
ted line, has a mean overturning of 18.5Sv. In the fresh-
water hosing experiments, the circulation starts to decrease
quickly, and the mean overturning strength in years 71-100
is 15.4Sv for CMIP, 15.1Sv for Sib, 15.1Sv for LAR, and
14.9Sv for LOC.

These reductions in overturning are basically as one would
expect. The decline in MOC strength happens more quickly
if the freshwater is added close to the deepwater formation
region. It takes some time for the freshwater to be advected
to the deepwater formation region if the hosing takes place
further away, as is apparent in experiment SIB, where the
freshwater is added to the Arctic Ocean.

What one would also expect to see in experiments sim-
ilar to the ones performed here is that a reduction in MOC
would lead to a reduction in meridional heat transport, which
would in turn lead to a general cooling in the North Atlantic
area. Stouffer et al. (2006) showed that this is actually not
the case in some of the climate models they investigated.
Rather they found warming in some areas of the North At-
lantic basin, particularly the Barents Sea, in five GCMs in-
cluding the HadCM3 model being used here, which was the
main motivation for the present study.

Fig. 2 shows the change in winter surface air temperature
(SAT) over land, and sea surface temperature (SST) over the
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Fig. 2 Change in 30-year mean DJF surface air temperature over land
or sea surface temperature over sea for experiments CMIP, SIB, LAR,
and LOC, relative to control. White areas: changes not significant at a
significance level of 0.05.

ocean areas in the four model experiments. It is quite ob-
vious that there is a significant warming in the GIN Sea at
about 70°N in all four of the experiments, which extends
eastwards into the Barents Sea. The SST warms by up to
4°C in the GIN Sea in experiment CMIP, with slightly less
warming in the other three experiments. SAT over eastern
Scandinavia also increases significantly in all experiments
except LOC, with SAT change strongest in CMIP, and weak-
est in LAR.

In these freshwater hosing experiments, convection depth,
indicated in Fig. 3 by the mixed layer depth, increases in
the GIN Sea area. The change in convection leads to the in-
crease in SST due to warmer sub-surface waters being mixed
with rather cold surface waters. If one were to consider ex-
periment CMIP only, one could speculate that the change
in convection was due to a shift in the location of convec-
tion from the area where freshwater hosing is applied to just
north of this area. However, our multiple experiments show
that this clearly does not explain the phenomenon, since a
very similar change in convection depth takes place in the
other three experiments, despite the very different locations
of freshwater hosing. In experiment SIB, no freshwater is
added in the band 50°-70°N at all. Therefore, the observed
shift in convection cannot be due to the direct suppression
of convection due to the localised addition of surface fresh-
water. In experiment LAR, on the other hand, the freshwater
is added both in the area that shows a reduction in convec-
tion and in the area that shows an increase in convection,
but the change in convection is rather similar to experiment
CMIP. Finally, in experiment LOC the freshwater is added

Fig. 3 Change in 30-year mean DJF mixed layer depth in experiments
CMIP, SIB, LAR, and LOC, relative to control. Values range from -
260m to +263m.

in a rather narrow band centred on those places where the in-
crease in convection depth takes place in experiments CMIP
and LAR. Despite the concentrated addition of freshwater in
this area, the change in convection still is very similar to the
other three cases.

Fig. 4 Change in 30-year mean surface salinity in experiments CMIP,
SIB; LAR and LOC, relative to control.

Finally, annual mean sea surface salinity (SSS) shows
very similar changes in all four experiments across the At-
lantic Ocean, though some differences are apparent in the
Barents Sea and the Arctic Ocean. In all experiments, SSS
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increases by up to 2psu east of Greenland between 70°N
and 75°N, while SSS generally decreases south of this area.
In the eastern Barents Sea SSS increases strongly in exper-
iment CMIP, while the increase is less strong in experiment
LAR. In experiment SIB there is only a very weak increase
(and reduced salinity further east), while there is a decrease
in SSS in experiment LOC.

In the following section we will focus on experiment
CMIP to investigate the reasons for the increased vertical
mixing, temperature and salinity in parts of the far North
Atlantic in these HadCM3 model simulations. The strong
increase in the surface salinity of the north-western GIN
Sea, directly where the anomalous surface fluxes are con-
centrated in the LOC experiment that would be expected to
induce surface freshening, indicates that a rather complex
dynamical response takes place.

4 Physical reasons for warming in the GIN Sea

4.1 Diagnosed changes in the experiments

Fig. 5 Sea surface temperature (SST, left) [°C] and salinity (SSS,
right) [psu] in the control run (upper half) and change in experiment
CMIP (lower half). The black boxes in the lower panels indicate the
region of maximum warming investigated in more detail.

Annual mean SST in the North Atlantic area for the con-
trol run climate is shown on the left of Fig. 5. Temperatures
above 15°C are limited to latitudes south of 45°N. The cold-
est temperatures of about 0°C occur in the Arctic, around
northern Greenland, and in the Barents Sea. The majority of
the GIN Sea is rather cool at about 5°C, and it is only south
of 70°N, as well as along the Norwegian coast, that temper-
atures rise above this mark. The area east of Iceland has a
temperature of about 10°C.

The distribution of surface salinity, shown on the right
of Fig. 5, is quite different from the temperature distribu-

tion. Salinities below 33 psu occur in the Arctic, in the East
Greenland Current, as well as in the Labrador and southern
Barents Sea. Apart from the East Greenland Current, salinity
in the GIN Sea is generally at about 34 psu or higher.

In the control run, convection (not shown) intermittently
reaches depths of 1400-2000m in the Labrador sea, and about
1200m in the Irminger and GIN sea. The GIN sea is the area
where convection is most widespread, and occurs every win-
ter, while Labrador sea convection is limited to a few grid
points and only in some winters.

In measurement data from surface drifters (Reverdin et al.
2003; Flatau et al. 2003), the subpolar gyre consists of two
distinct parts. A western part, with the Irminger current flow-
ing northward along the western flank of the Reykjanes Ridge,
which then connects to the East Greenland, West Green-
land, and Labrador currents. There also is an eastern part,
consisting of northward flow through the Rockall Trough
or the Maury channel, and westward flow south of Iceland.
Surface drifter data show only a very weak connection be-
tween these parts, with some south-westward flow along
the eastern flank of Reykjanes Ridge. Inverse estimates, on
the other hand, show substantial transport across Reykjanes
Ridge (Bacon 1997). In an intercomparison of eddy-resolving
ocean models, Treguier et al. (2005) show these parts to be
connected, with a strong current along the eastern flank con-
necting the two parts of the subpolar gyre, as well as some
flow across the ridge. These authors also mention that differ-
ences between models are larger than interannual variability
within a single model.

In comparatively low-resolution models like HadCM3,
the subpolar gyre consists of one continuous circulation cell,
branching off from the North Atlantic current south of Ice-
land, and joining the East Greenland, West Greenland, and
Labrador currents west of Iceland, as shown in Fig. 6.
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North Atlantic surface circulation in control run

Fig. 6 Surface (0-30m depth) circulation in the control run.

Near surface current speeds are about an order of mag-
nitude smaller than in the eddy resolving models compared
in Treguier et al. (2005). In an investigation of the influence
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of ocean resolution on the ocean circulation, Spence et al.
(2008) find that current speeds increase with finer resolu-
tions, but these authors do not report that the overall shape of
the subpolar gyre mentioned is resolution dependent. Since
Spence et al. (2008) did not change bathymetry between
experiments with different resolutions, it can be speculated
that the different structure of the subpolar gyre in HadCM3
(and other low resolution models) and eddy-resolving mod-
els is an effect of bottom topography.

The freshwater hosing experiment we report here leads
to a strong change in the distributions of temperature and
salinity, as shown in the lower part of Fig. 5. For ease of
comparison we show only the surface layer, but very simi-
lar changes occur in all near-surface layers. While SST and
SSS decrease south of Iceland, there is a strong increase in
SSS in the centre of the GIN Sea, as well as further east in
the Barents Sea. In these locations, as well as in the con-
necting areas, there is a strong increase in SST of up to 4°C.
In addition, winter mixed layer depth increases by several
hundred metres in these locations (Fig. 3). As an indicator
of convection depth, it was expected that the mixed layer
depth would decrease due to the stabilising influence of the
freshwater forcing. Decreases are simulated, but only in the
southern and eastern parts of the GIN Sea, as well as south
of Iceland.
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Fig. 7 DJF mixed layer depth, annual mean density, salinity, and tem-
perature in the surface layer of the area of maximum warming (indi-
cated by the boxes in the lower panels of Fig. 5). In addition, westerly
transport in the subpolar gyre south of Iceland is shown. Thin lines are
annual values, thick lines are smoothed with a 10-year filter. Control
run is shown in blue, and CMIP experiment in red.

To understand the reasons for this anomalous warming,
we looked at the location of maximum warming, indicated
by a rectangle in the lower part of Fig. 5, in some more de-
tail. Time series of the annual mean surface density, salinity,
and temperature in this area, as well as the winter mixed

layer depth, are shown in Fig. 7 for control (blue) and CMIP
(red). In this region, the results are very similar to each other
for the first 40 years of the experiments. After year 40, win-
ter convection depth increases strongly to about 250 m, due
to the increase in surface density, which is in turn due to an
increase in surface salinity. Sea surface temperature also in-
creases after year 40, but the increase in salinity dominates
the temperature increase in terms of the water density.

4.2 Causes for temperature increase

Gamiz-Fortis and Sutton (2007) report temperature fluctu-
ations in the GIN Sea in the control run of HadCM3, with
a quasi-periodic oscillation with a period of about 7 years.
Their analysis indicates a cycling between states with shal-
lower or deeper convection in this region. When convection
is increased, heat is transported from the warm subsurface
waters into the upper layers, causing a strong warming at
the surface. In the periods with shallower mixing, the upper
layers cool.
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Fig. 8 Depth profiles of temperature, salinity and density for the study
area for control (blue) and CMIP (red). Annual mean is shown as a
solid line, DJF as a dashed line.

In our experiments, this mechanism is not sufficient to
explain the simulated changes. Depth profiles of potential
temperature, salinity, and potential density (Fig. 8) clearly
show that, relative to the control run, CMIP temperature in-
creases at all depths, while salinity and density increase at
the surface and decrease at depth, leading to a much smaller
gradient in salinity and density with depth. The latter is a
clear signature of enhanced convection in this area. The fact
that annual mean temperature at the surface becomes higher
than temperature at depth excludes enhanced convection as
the sole source of the temperature increase at the surface.
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Winter convection certainly plays a role by equalising tem-
peratures along the water column, but it cannot explain the
overall increase in temperature throughout the whole water
column.

Possible explanations for the changes in surface proper-
ties in the study area are changes in surface fluxes on the
one hand, and changes in advection on the other hand. A de-
crease in precipitation, which would lead to an increase in
salinity in the study area, did not occur in this region dur-
ing the CMIP experiment. Warming-induced sea-ice retreat
in this area actually enhances the loss of heat from the sea
surface to the atmosphere. In addition, changes in sea ice
(not shown), as well as changes in wind stress curl (also not
shown), which could be another factor, only develop after
the warming sets in. They seem to be a reaction to the sur-
face warming, not a cause of it.

Surface fluxes, therefore, seem to be a rather unlikely
cause for the simulated changes. Although the main increase
in SSS (Fig. 5, bottom right) occurs north of the region of
additional freshwater input in the CMIP experiment (50-
70°N), a similar increase occurs even when the freshwater
is added to the northern GIN Sea in experiment LOC. The
fact that SSS actually increases in response to additional
freshwater indicates a strong dynamical ocean response. In
addition, the timeseries plots in Fig. 7 show that SST and
SSS vary in-phase, which points towards advection of warm
saline waters as the cause of the changes in the study area.

4.3 Gyre circulation

Further investigation of the simulated currents into the GIN
Sea area shows that there is an increase in northward ve-
locity east of Iceland (not shown), which would enhance
advective transport into the GIN Sea basin, despite the fact
that overall overturning decreased. Surface wind stress fields
(not shown) show incoherent changes, which implies that
this change in currents is not due to wind stress forcing.

Instead, the change in transport into the GIN Sea is re-
lated to changes in the subpolar gyre circulation south of
Iceland. Fig. 7, bottom, shows the depth-integrated trans-
port in the subpolar gyre south of Iceland. Transport is in
a westward direction and therefore negative. While circula-
tion in the control run, shown in blue, stays constant, the
circulation changes strongly in experiment CMIP, shown in
red. Here the subpolar gyre transport decreases by about two
thirds. Häkkinen and Rhines (2004), as well as Hátún et al.
(2005), have shown that reductions in subpolar gyre circu-
lation lead to an increase in transport into the Nordic Seas,
which is clearly also the case in our model experiments. As
shown by Levermann and Born (2007), a decrease of sub-
polar gyre transport can be induced by small changes in the
surface freshwater budget. This leads to the conclusion that
the addition of freshwater in our hosing experiments causes

a decrease in the subpolar gyre circulation, which increases
transport into the GIN Sea.
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In addition, the vertical structure of temperature and salin-
ity, and therefore density, in the North Atlantic changes through
the addition of freshwater. Fig. 9 shows the change in zon-
ally averaged salinity and temperature in the Atlantic basin.
The surface layers between about 40°N and 65°N show a
strong decrease in salinity and temperature. Below this layer,
salinity changes only slightly, while temperature increases
by up to 1.5°C. The surface layer is rather light, while the
lower layers are more dense. A similar change in vertical
structure was also observed by Mignot et al. (2007), where
a low density layer formed above the higher density layers
as a response to freshwater hosing.

This warmer subsurface water is then transported below
the surface into the GIN Sea basin by the currents that are
enhanced by the change in subpolar gyre transport. Quan-
tifying this, the volume transport across 65°N between Ice-
land and Norway in the upper 530 m increases from 8.1Sv
to 10.9Sv. In the control run, the water flowing through
the upper 110 m of this cross section has an average salin-
ity of 35.0psu, and a mean potential temperature of 8.8◦C,
while the water between 110 m and 530 m depth has val-
ues of 35.3psu and 8.1◦C. In the CMIP experiment, these
values change to a mean salinity of 33.8psu and tempera-
ture of 8.1◦C in the upper 110 m, and to 35.1psu and 9.7◦C
between 110 m and 530 m. Clearly, the surface layer gets
colder and fresher, while the water below the surface warms,
with salinity staying more or less constant.

Therefore, the simulated warming in the GIN Sea is due
to the following chain of events. Initially, the addition of
freshwater leads to a surface freshening and cooling, while
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the lower layers are warmed by the suppression of verti-
cal mixing in the GIN Sea and the region south of Iceland.
The subpolar gyre circulation reduces due to the addition of
freshwater, which leads to enhanced mass transport into the
GIN Sea. The enhanced mass transport and the subsurface
warming result in increased subsurface heat transport into
the GIN sea. Here, below-surface conditions change: tem-
perature increases while there is a small decrease in salinity.
Below-surface density therefore decreases throughout the
GIN Sea basin, facilitating winter convection. Once convec-
tion sets in, the warm water is mixed throughout the water
column, leading to a strong increase in surface temperature
and salinity.

5 Summary and Discussion

In this paper we have investigated the climate system re-
sponse to freshwater hosing in different high latitude lo-
cations. To this end we have performed four experiments
with HadCM3, where we have added an additional 0.1 Sv
of freshwater, sustained for 100 years, to: 1) the North At-
lantic between 50 and 70°N (experiment CMIP), 2) the Arc-
tic ocean north of the Siberian coast (SIB), 3) to the North
Atlantic basin to a larger area north of the CMIP area (LAR),
and 4) to a localised area of the North Atlantic basin cover-
ing parts of the GIN Sea and the Barents Sea (LOC).

In all four experiments, the MOC decreases by roughly
25% compared to the control run. Despite this decrease in
overturning, which implies a decrease in meridional heat
flux, the HadCM3 response is a warming in the high lati-
tude North Atlantic, while temperatures south of Iceland de-
crease. The warming can reach up to 4°C in the GIN and
Barents Sea, and extends eastwards into Scandinavia. In ad-
dition to the warming, the climate response consists of an in-
crease in mixed layer depth in those locations where warm-
ing is largest, and an increase in salinity, despite the over-
all freshening of the North Atlantic induced by the artificial
freshwater flux.

This HadCM3 climate response is robust against varia-
tions in freshwater forcing location, appearing (with varying
amplitude) in all of our freshwater hosing experiments, even
if the freshwater is added in a narrow band centred on the lo-
cations of increased mixed layer depth in experiment LOC.
The simulated changes cannot, therefore, be explained by
small shifts in convection sites to the north of the area where
freshwater is added, as one could hypothesise if confronted
solely with the results of experiment CMIP.

Instead, the ocean responds dynamically to the addition
of freshwater. We identified two mechanisms that are rel-
evant here. First, surface advection of warm and compara-
tively saline surface water from the low latitudes into the
GIN Sea is reduced, and is instead overlain by a layer of

cold and fresh surface water, leading to a decrease of sur-
face temperature and salinity north of 40°N, while there is
an increase in temperature at depth. Second, the strength of
the subpolar gyre strongly decreases due to the addition of
freshwater at the surface. This decrease in gyre transport
leads to an increase of mass and subsurface heat transport
into the GIN Sea, where subsurface temperature increases,
and salinity does not decrease as strongly as at the surface.
This decrease in sub-surface density leads to an increase
in convection between 70°N and 75°N, which leads to the
strong warming at the sea surface that motivated this inves-
tigation.

The experiments were conducted with an idealised ex-
perimental setup, and several changes could be made to make
these experiments more “realistic”. One of the simplifica-
tions of HadCM3 is that the Bering Strait is closed in the
model. Usually it is assumed that this does not affect the
circulation in a major way (Pardaens et al. 2003), but there
is a transport of about 0.8Sv of relatively fresh Pacific wa-
ter through the Bering Strait (Aagaard and Carmack 1989).
In the case of experiment SIB, where freshwater is added
to the Arctic Ocean off the Siberian coast, this might have
an influence. We can only speculate about the likely influ-
ence of the open/closed Strait here, since we did not have
such a model configuration available. Transport through the
Bering Strait seems to be controlled by the dynamic sea level
differences between the Pacific and the Arctic (Shaffer and
Bendtsen 1994; Hu et al. 2007). An addition of freshwater
into the Arctic ocean would lead to a decrease in density
there, which in turn would lead to a rise in sea level, thereby
reducing the inflow from the Pacific Ocean. The magnitudes
of this effect are impossible to quantify without model ex-
periments, but this could lead to a reduction of the overall ef-
fect on the MOC, if freshwater is added to the Arctic Ocean.

Another idealisation in our experiments is the fact that
we added the freshwater to broad areas of ocean, instead
of allowing the model to transport it to the deep water for-
mation areas by boundary currents. We performed two sen-
sitivity experiments (not shown) to determine whether this
would make a qualitative difference to the model results we
report. In one experiment we increased Greenland runoff,
thereby adding the freshwater to the East and West Green-
land currents, and in another experiment we added the fresh-
water to the Carribean area, thereby decreasing salinity in
the Gulf Stream. In both experiments, results were quali-
tatively similar to the experiments described here, with the
warming in the GIN sea quite prominent, but quantitatively
the effect on the MOC was weaker, since some of the addi-
tional freshwater is recirculated in the subtropical gyre and
does not reach the deepwater formation areas.

The results reported in this publication may be quite de-
pendent on the model used to investigate these questions.
Stouffer et al. (2006) report a similar warming for 4 of the 14
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models taking part in the intercomparison (including HadCM3).
Therefore the mechanism reported here may be relevant for
some other climate models as well. The parametrisation of
convection may have a strong influence on our results, as
could the horizontal resolution, especiall if it were suffi-
ciently fine to reolve eddies.

Some aspects of this mechanism have been identified be-
fore, however, both from ocean models at a range of res-
olutions and from measurement data. Häkkinen and Rhines
(2004) report measured changes in sea surface height and re-
ductions in subpolar gyre circulation during the 1990s. They
performed model experiments, and linked the reductions in
subpolar gyre strength to changes in local buoyancy forc-
ing. Hátún et al. (2005) investigated the influence of subpo-
lar gyre strength on the inflow into the GIN sea, combining
a model of 20 km resolution and measurement data. They
conclude that the strength of the subpolar gyre has a major
influence on salinity in the GIN sea, with strong gyre circu-
lation leading to a reduction in inflow into the GIN sea, and
vice versa. Böning et al. (2006) confirmed their results us-
ing models of 1/3° and 1/12° resolution. Changes in subpo-
lar gyre leading to changes in inflow into the GIN sea seem,
therefore, to be quite robust and independent of model reso-
lution.

The other parts of the mechanism reported here, an in-
crease in subsurface salinity and temperature due to capping
by the added freshwater, as well as the cause of the changes
in subpolar gyre strength, which we attribute to changes in
density structure seem, for now at least, to be model depen-
dent. While it appears very plausible that capping by fresh-
water leads to a subduction of warm and salty subtropical
water under the layer of fresh and cold water that is formed
in the region of freshwater hosing, as shown by Mignot et al.
(2007) using the Climber-3α model, this may be limited to
a few models, and possibly also to models of comparatively
low resolution. Similarly, it is quite clear that subpolar gyre
strength is dependent on both wind stress forcing and on
density structure in the subpolar North Atlantic (Eden and
Willebrand 2001; Böning et al. 2006), with Labrador Sea
convection and density of overflow waters both having an
impact on subpolar gyre strength. Finally, Levermann and
Born (2007) have shown that the addition of freshwater at
the surface can change subpolar gyre strength. This mecha-
nism, therefore, also appears to be physically plausible and
quite robust across models.

All elements of the physical mechanism leading to warm-
ing in the GIN sea appear to be physically plausible, there-
fore, and not restricted to HadCM3. Nonetheless, the mech-
anism described here is potentially very much model depen-
dent. The parametrisations of vertical mixing processes, i. e.
mixed layer parametrisations, convection parametrisation,
and overflow parametrisation may have a major influence
on model reaction to the addition of freshwater. Similarly,

change to a higher (eddy-resolving) resolution may lead to
changes in model behaviour. Unfortunately, the effect of all
these factors is impossible to evaluate without running ap-
propriate model experiments.

It remains unclear, therefore, whether this behaviour is
limited to a few coupled general circulation models such as
HadCM3, or whether such localised warming might occur in
the real climate system following a partial weakening of the
Atlantic MOC. Further detailed analysis of model-simulated
processes and comparison with observations of real ocean
response under varying surface forcing is required.
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