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ABSTRACT

Model studies point to enhanced warming and to increased freshwater fluxes to high northern
latitudes in response to global warming. In order to address possible feedbacks in the ice-ocean system
in response to such changes, the combined effect of increased freshwater input to the Arctic Ocean and
Arctic warming—the latter manifested as a gradual melting of the Arctic sea ice—is examined using a
3-D isopycnic coordinate ocean general circulation model. A suite of three idealized experiments is carried
out: one control integration, one integration with a doubling of the modern Arctic river runoff, and a third
more extreme case, where the river runoff is five times the modern value. In the two freshwater cases, the
sea ice thickness is reduced by 1.5-2 m in the central Arctic Ocean over a 50-year period. The modelled
ocean response is qualitatively the same for both perturbation experiments: freshwater propagates into
the Atlantic Ocean and the Nordic Seas, leading to an initial weakening of the North Atlantic Drift.
Furthermore, changes in the geostrophic currents in the central Arctic and melting of the Arctic sea ice
lead to an intensified Beaufort Gyre, which in turn increases the southward volume transport through
the Canadian Archipelago. To compensate for this southward transport of mass, more warm and saline
Atlantic water is carried northward with the North Atlantic Drift. It is found that the increased transport
of salt into the northern North Atlantic and the Nordic Seas tends to counteract the impact of the increased

freshwater originating from the Arctic, leading to a stabilization of the North Atlantic Drift.
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1. Introduction

It is believed that the transport of freshwater into
the high northern oceans plays a major role in the
circulation in the Nordic Seas and the Atlantic (and
possibly the World) Ocean since it passes convective
regimes of major importance to the thermohaline cir-
culation (Aagaard and Carmack, 1989). The role of
high latitude freshwater input is of particular interest
from a paleo perspective. The response of the ocean
circulation to increased meltwater fluxes during the
last deglaciation (14-15 kyr BP) can possibly explain
the highly variable climate during this period (e.g.,
Broecker et al., 1992; Lahman and Keigwin, 1992;
Clark et al., 2002).

Simonsen (1996) computed the meltwater fluxes
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into the Atlantic Ocean, the Nordic Seas, and the Arc-
tic Ocean based on the paleo-topography reconstruc-
tion of Peltier (1994). The obtained 1000-year mean
meltwater flux into the Nordic Seas and the Arctic
Ocean was comparable with the modern freshwater
input of 0.1 Sv (1 Sv=10° m3 s~!; Aagaard and Car-
mack, 1980) during the last deglaciation. However,
paleo data records indicate that the major melting
lasted only 300-500 years (Fairbanks, 1989; Jones and
Keigwin, 1988), implying freshwater fluxes 2-3 times
larger than the 1000-year mean during the major melt-
ing events.

Fully coupled atmosphere-sea ice-ocean climate
models are currently used to examine the past, present,
and possibly future climate states. The present day cli-
mate models give a fairly representative picture of sev-
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eral aspects of the current climate system (e.g., Latif,
1998; Cooper and Gordon, 2002; Furevik et al., 2003).
Many state-of-the-art climate models show a 20%—-30%
reduction in the Atlantic Meridional Overturning Cir-
culation (AMOC) when forced with greenhouse gas
and aerosol projections for the current century (e.g.,
Cubasch et al., 2001).

A typical and quite robust response in coupled
model simulations is increased evaporation at low lat-
itudes, and increased precipitation and continental
runoff to the high northern latitudes. It is therefore
tempting to believe that an increased supply of fresh-
water and warming at high northern latitudes will lead
to reduced formation rates of intermediate and deep
water masses, and consequently to a reduced AMOC
(Peterson et al., 2002). However, a different model
response was identified by Latif et al. (2000). Here,
large-scale air-sea interactions in the Tropics, with a
pattern similar to a strong and persistent El Nino
(Timmermann et al., 1998), led to anomalously high
salinities in the tropical Atlantic. These anomalies
were then advected northward into the convective re-
gions of the North Atlantic, thereby compensating for
the effect of local warming and freshening. Also other
model experiments show essentially no changes in the
AMOC during the 21st century (Gent, 2001; Sun and
Bleck, 2001).

In addition to increased surface freshwater fluxes at
the high northern latitudes, most climate models show
an enhanced greenhouse warming in the polar regions,
especially for the Arctic, with a predicted warming of
3-4°C during the next 50 years (Mitchell et al., 1995;
Raisénen, 2001). This will most likely lead to changes
in both the extent and the thickness of sea ice in the
Arctic, with consequences for the Arctic region (Vin-
nikov et al., 1999; Johannessen and Miles, 2000).

Here we address these questions by exploring the
isolated effects of increased freshwater input to the
Arctic Ocean and Arctic warming—the latter mani-
fested as a gradual reduction in the sea ice thickness—
by means of idealized model experiments. For the ex-
periments, an isopycnic coordinate ocean general cir-
culation model (OGCM) fully coupled to a dynamic-
thermodynamic sea ice model has been used (see sec-
tion 2). The model experiments are described in sec-
tion 3 and the results of the control and perturbed
simulations are provided in sections 4 and 5, respec-
tively. The obtained results are discussed in section 6,
and the findings are summarized in section 7.

2. The coupled ocean-sea ice model

The OGCM applied in this study is based on the
Miami Isopycnic Coordinate Ocean Model (MICOM)
(see Bleck et al., 1992 for a thorough desription of
the model). To describe the high latitude climate
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system, dynamic and thermodynamic sea ice modules
have been coupled to MICOM (Drange and Simonsen,
1996). The sea ice module modifies the heat and fresh-
water fluxes between the ocean and the atmosphere by
freezing or melting ice in order to prevent the sea sur-
face temperature to decrease below the freezing point
of sea water. If ice is present and the sea surface tem-
perature increases, ice is melted in order to keep the
sea surface temperature at the freezing point. The dy-
namic ice model, which transports ice as a result of the
applied wind field and the simulated surface currents
and sea surface tilt, is based on the classical viscous-
plastic rheology of Hibler (1979) but in the modified
implementation of Harder (1996).

For this study a regional version of MICOM has
been adopted. The model domain includes the At-
lantic Ocean north of 20°S and the entire Arctic Basin
(Fig. 1). A locally orthogonal curvilinear horizontal
grid (Simonsen and Drange, 1997) was adopted with
grid focus in the Nordic Seas with a maximum grid
resolution of about 40 km. Artificial (closed) bound-
aries occur south of the Bering Strait, along the South
Atlantic boundary, and in the Strait of Gibraltar.

The model was initialized with temperature and
salinity fields for September from the National
Oceanographic Data Center (Levitus et al., 1994; Lev-
itus and Boyer, 1994), and is forced by monthly mean
climatologic atmospheric fields. The wind stress and
absolute wind speed were derived from the Euro-
pean Centre for Medium Range Weather Forecasts
(ECMWF, 1988), merged with data from the Compre-
hensive Ocean Atmosphere Data Set (COADS) in the
central Atlantic Ocean (Oberhuber, 1988; Aukrust and
Oberhuber, 1995). Cloud cover and relative humid-
ity are from COADS, with data from Huschke (1969)
and Maykut (1978) respectively, included in the cen-
tral Arctic. The air temperature is from COADS, but
with data from ECMWF and coastal weather stations
in ice covered regions as prepared by Simonsen and
Haugan (1996). Precipitation is derived from Legates
and Willmott (1990).

The model bathymetry is computed as the arith-
metic mean of the 5-min resolution ETOPOb5 database
(NOAA, 1988). The continuity, momentum, and
tracer equations are discretized on an Arakawa C-grid
stencil (Arakawa and Lamb, 1977), implying that wa-
ter transport will take place in channels or openings
with a width of one single grid cell. In the model con-
figuration used here, the Canadian Archipelago has
been included as a 250 m deep channel between the
North American continent and Greenland. For model
systems with higher horizontal resolution, a more real-
istic representation of the Canadian Archipelago can
and should be made. For the resolution common to
most climate models, the approach adopted here is
straightforward and represents a simple (although not
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Model grid
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Fig. 1. The model grid used in this study. The numbers 1-8 represent
the major river discharge locations in the Arctic Ocean (MacKenzie,
Kolyma, Kotuy, Lena, Ob, Yenisei, Pyasina, and Northern Dvina, re-
spectively). Also shown are two locations in the Arctic Ocean that are
mentioned in the text, one in the Eurasian Basin and a second one in
the Canadian Basin. Finally, the Greenland-Ireland transect used in

the text is shown.

perfect) representation of, for instance, the Cana-
dian Archipelago. Note that for models applying an
Arakawa B-grid stencil, two grid cells are needed to
resolve transport through channels or openings.

All the major rivers in the model domain are in-
cluded. The seasonal variation in the river output is
adopted from Diimenil et al. (1993). For those rivers
where the seasonal variation is unknown, the variation
from a neighboring river is used. The annual mean
river discharge is adopted from Aagaard and Carmack
(1989), Diimenil et al. (1993), Mosby (1962), and
Semtner (1987), and amounts to about 0.1 Sv for the
Arctic rivers (the locations of the major Arctic rivers
are indicated in Fig. 1). A virtual salt flux formula-
tion is used for the river runoff in the model (fixed
ocean volume and no volume flux). Therefore, no ad-
ditional mass of water is added through river runoff.
Since the virtual salt flux formulation cannot conserve
the ocean salt content (Roullet and Madec, 2000), a
restored sea surface salinity (SSS) is used to limit the

surface salinity drift.

The model was first spun up for 40 years. This is
too short to draw any definite conclusions about the
model performance. However, at this point an annual
steady state circulation was achieved, and the main
features of the circulation in the Arctic Ocean and the
Nordic Seas were reproduced. During the spin-up, re-
laxation of sea surface temperature (SST; Levitus and
Boyer, 1994) and SSS (Levitus et al., 1994) was ap-
plied. Since there are few hydrographic observations
from the Arctic, relaxation of SST was switched off
wherever the monthly sea ice climatology by Walsh
and Johnson (1979) showed ice, whereas relaxation of
SSS was made towards the annual mean salinity field
of the area. After the spin up period of 40 years, the
model was run for another three years with continued
relaxation applied to temperature and salinity. During
this period, the SSS fluxes implied by the SSS relax-
ation were diagnosed and monthly mean values were
computed and stored.
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Fig. 2. Changes in the sea ice thickness (m) for March in year 50. (a) PX2—CTRL and
(b) PX5—CTRL. Contour interval is 0.5 m. In addition, the £0.3 m and +0.1 m contour
levels are shown. (c) Temporal changes in the sea ice volume (km®) for March in the

central Arctic Ocean.

A total of three 50-year simulations were then car-
ried out (see below). During the three model exper-
iments, the diagnosed monthly mean SSS fluxes were
used as flux forcing for salinity in order to let SSS
anomalies freely develop, propagate, and decay in the
model, while standard relaxation was used for SST.

3. Design of the freshwater experiments

All of the 19 climate models participating in the
Coupled Models Intercomparison Project CMIP-2 pre-
dict increased precipitation and enhanced warming in
the high northern latitudes in response to increased
greenhouse gas forcing (Réisénen, 2001). The magni-

tude of the increase in precipitation depends on the
model (Réisénen, 2001), and likely on the strength of
the applied greenhouse gas forcing. For instance, in
the transient greenhouse warming simulation by Latif
et al. (2000), an increased surface freshwater flux (pre-
cipitation minus evaporation plus river runoff) of 0.1
Sv was found poleward of 45°. Furthermore, Manabe
and Stouffer (1994) obtained an increased freshwater
flux of 0.3 Sv poleward of 50°N in a global warming
scenario assuming a 1% increase in the concentration
of atmospheric CO4 until a quadrupling of the present
value was reached. If the simulated changes in the
freshwater fluxes are confined to the Arctic Ocean and
the Barents Sea, a doubling to tripling of the present
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river runoff of about 0.1 Sv (Aagaard and Carmack,
1989) is obtained.

Based on the scenario-derived estimates of in-
creased surface freshwater flux to the high northern
latitudes, idealized model experiments with increased
freshwater fluxes to the Arctic region have been con-
ducted.

The three integrations are

CTRL: No change in the freshwater flux.

PX2: Doubling of the freshwater fluxes from the
Arctic rivers.

PX5: Fivefold increase in the freshwater fluxes
from the Arctic rivers.

Together with the increased surface freshwater
fluxes, the thickness of the Arctic sea ice was reduced
in the perturbed simulations to mimic an expected sea
ice response to global warming (Vinnikov et al., 1999).
This was done by introducing the notion of “Arctic
warming”, where an ad hoc assumption was made that
the warming scaled with the added freshwater (see Ap-
pendix). The inclusion of the artificial warming in the
Arctic led to a reduced sea ice thickness of 1.5-2 m
in the central Arctic by year 50 (Figs. 2a, b). These
melting rates are comparable to those found in sce-
nario integrations with fully coupled climate models
(Vinnikov et al., 1999).

Gradual reductions in the sea ice volume of 3000
km?3 and 3600 km? respectively in PX2 and PX5 were
obtained over the first 40 years (Fig. 2¢). This corre-
sponds to additional freshwater sources of 0.0024 Sv
and 0.0030 Sv to the central Arctic Ocean in PX2 and
PX5. This is only 2%—3% of the present-day river
runoff of 0.1 Sv, and should therefore not be significant
compared to the large increases in the river runoff in
the perturbed simulations.

It should be noted that a changed climate system
will, in general, lead to changes in all of the air-sea
ice-ocean fluxes. Moreover, the use of contemporary
climatological wind stress is a limitation of the study.
Recent observations indicate that the Arctic warm-
ing and sea ice melting is related to changes in the
atmospheric circulation (Walsh et al., 1996; Thomp-
son and Wallace, 1998). Such changes have not been
considered in this study. The presented perturbation
integrations should therefore be viewed as idealized
sensitivity experiments only.

Finally, the artificial boundary at 20°S will pre-
vent anomalies generated in the northern high lati-
tudes from propagating into the South Atlantic. The
closed boundary will therefore have an effect on the
dynamics and thermodynamics of the North Atlantic
Ocean, at least on long (i.e., multi-decadal) timescales.
However, for the relatively short duration of the inte-
grations presented here (50 years) this restriction is
most likely not so important (see also the discussion

VOL. 21

17.82
117.816

317.812 s
Q

Z
417.808 nn

+117.804

17.8

10 20 30 40 50
Time (yr)
Fig. 3. Time series of the annual mean sea surface salinity

(psu; solid line) and sea surface temperature (°C; dashed
line) for the model domain in CTRL.
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Fig. 4. Time series of the net annual mean northward
(solid line) and southward volume transports (Sv) for the
Greenland-Ireland section, the Faroe-Shetland Channel,
and the Fram Strait in CTRL.

in section 6).
4. The CTRL simulation

Time series of the annual averaged SSS and SST
over the entire model domain over the 50-year inte-
gration period show relatively small drifts in SSS [0.03
psu (practical salinity-unit)] and SST (0.08°C; Fig. 3).
The volume transports through some key passages in
the model also remain fairly stable (Fig. 4). However,
a reduction in the transports across the Greenland-
Ireland section can be noted, as well as a slight in-
crease in the transport over the Faroe-Shetland Chan-
nel. This could indicate a slight rearrangement of the
splitting of the North Atlantic Drift (NAD) south of
Iceland, with relatively more Atlantic water entering
the Faroe-Shetland Channel rather than the subpolar
gyre. In the Arctic Ocean, the volume transport across
the Fram Strait is stable throughout the integration
period.

It is also clear that the new equilibrium state will
only be reached after several thousand years of inte-
gration time. Important transitions in circulation can
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Fig. 5. Simulated annual mean sea surface velocity field (cm s™') at

the start of CTRL.

occur after more than 50 years (Rahmstorf, 1995),
even if SST and SSS drifts are slow. An integration
period of 50 years is therefore too short to draw any
firm conclusions on the model performance. With this
shortcoming in mind, CTRL is discussed based on the
first year of the simulation.

4.1 The Arctic Ocean and the Barents Sea

In the Arctic Ocean, two main features character-
ize the surface currents (Carmack, 1990). The first is
the Transpolar Drift, in which the surface waters of
the Eurasian Basin move across the basin towards the
North Pole and then towards the Fram Strait. The
second is an anticlockwise flow in the Canadian Basin,
the so-called Beaufort Gyre. While the Beaufort Gyre
seems to be well reproduced by the model, the Trans-
polar Drift is directed towards the northern part of
Greenland rather than the Fram Strait (Fig. 5).

The upper waters of the Arctic Ocean are charac-
terized by a shallow mixed layer at or near the freezing
point, overlying a pronounced cold halocline (Rudels
et al., 1996). The halocline is a layer with temper-
atures < —1°C and salinities between 30.4-34.4 psu,
leading to a stable vertical density structure in the
central Arctic. The model captures a halocline at a
depth of about 100-200 m which agrees quite well with
observations (Fig. 6).

However, the Atlantic layer is not well reproduced
in the model (Fig. 6). For instance, the water at in-
termediate depths in the Eurasian Basin is too cold
(by about 1°C) compared to observations taken dur-
ing the Oden 91 North Pole Expedition (Anderson et
al., 1994). The reason for this is not yet clear, but it
could be linked to a too intense cooling, and conse-
quently to a too vigorous surface mixing, in the West
Spitsbergen Current south of the Fram Strait in the
model.
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ice velocity (cm s™') in the first year of CTRL. In panel (a), the contour interval is 0.5 m. In

addition the 0.25 m contour level is shown.

The model is able to generate ice cover in fairly
good agreement with climatologies derived from ob-
servations (Johannessen et al., 1999). In winter, the
ice covers all of the Arctic Ocean, the Kara Sea, and
the western part of the Barents Sea (Fig. 7a). The
maximum sea ice thickness occurs north of Greenland
and the Canadian Archipelago, and is in agreement
with other studies (e.g., Kreyscher et al., 2000). The

sea ice velocity shows a clockwise circulation over the
Canadian Basin, and the Transpolar Drift is evident
over the Eurasian Basin (Fig. 7b). There is also a
drift towards northwestern Greenland and the Cana-
dian Archipelago, leading to the accumulation of ice
there.
The exchange of water masses between the Arctic
Ocean and the North Atlantic in the model takes place
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the start of CTRL. The annual mean northward (N) and
southward (S) volume transports are also shown.

through three passages: the Canadian Archipelago,
the Fram Strait, and the Barents Sea Opening. The
model, as adapted for this study, ignores the inflow
of mass and momentum from the Bering Strait, which
amounts to about 0.8 Sv based on observations (Roach
et al., 1995). The Pacific water carried northwards
through this passage is important, since this water
ventilates the Arctic Ocean halocline (Roach et al.,
1995), with potential consequences for the circulation
and sea ice cover in the Arctic Ocean. However, relax-
ation towards observed annual mean salinity results in
realistic sea surface salinity fields for the Bering Strait.

In the model, there is a southward transport of
about 1.2 Sv through the Canadian Archipelago and
about 1.6 Sv through the Fram Strait (Fig. 8). These
fluxes are compensated by a net inflow through the
Barents Opening of about 2.8 Sv, yielding a balance of
mass for the Arctic Ocean. The obtained water fluxes
are in general agreement with observational-based es-
timates (Simonsen and Haugan, 1996). Some seasonal
variation can be seen in the transports through the
Fram Strait and the Barents Opening, but not so much
in the outflow through the Canadian Archipelago.

4.2 The Nordic Seas and the northern North
Atlantic

The model reproduces the major current systems
in the Nordic Seas and the North Atlantic Ocean (Fig.
5). In the Nordic Seas, two major currents character-
ize the circulation. These are the Norwegian Atlantic
Current in the east, and the East Greenland Current
(EGC) in the west, both of which are captured by the
model. In addition, a zonal, eastward flow between the
EGC and the Norwegian Atlantic Current can be seen
northeast of Iceland. All of these currents describe a
large cyclonic circulation pattern in the Nordic Seas.

OTTERA AND DRANGE 791

Fig. 9. Mixed layer properties for the Nordic Seas and the
northern North Atlantic at the start of CTRL. (a) Annual
mean sea surface temperature (°C), (b) annual mean sea
surface salinity (psu), and (c¢) winter mixed layer thickness
(m). Contour intervals are (a) 0.5°C, (b) 0.1 psu for con-
tour values >34, and (c¢) 100 m. In (b) the 32 and 33 psu
contour levels are also shown.

In the Labrador Sea, a relatively strong Labrador Cur-
rent can be seen to flow southward towards Newfound-
land. In the Irminger Basin, a branch of the NAD,
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the Irminger Current, flows north towards the Den-
mark Strait where most of it is captured by the strong
EGC, thus forming a cyclonic circulation pattern in
this area.

Warm and saline Atlantic water (temperature of
~9-10°C and salinity of about ~35.1 psu) can be seen
to enter the Nordic Seas north of Scotland through
the Faroe Shetland Channel (Figs. 9a, b). On its way
northwards, the water cools, yielding relatively deep
mixed layers in the Greenland, Irminger, and Labrador
Seas in winter (Fig. 9¢). The model is therefore at least
qualitatively able to reproduce the formation of sub-
surface water masses in these regions. However, in the
Labrador Sea, the model seems to underestimate the
mixed layer thickness (only about 600 m).

The model produces an inflow of Atlantic water
over the Iceland-Faroe Ridge of about 2.6 Sv (Fig. 8).
This is in good agreement with an estimate of 2.9
Sv for the Faroe Current based on current measure-
ments (Hansen et al., 1998), but 1.1 Sv below an esti-
mate reported for the Iceland-Faroe Ridge in Hansen
and @sterhus (2000). Estimates of the deep overflow
through the Faroe Shetland Channel vary between 1.1
and 1.9 Sv in the literature (Simonsen and Haugan,
1996). The model obtains an intermediate and deep
overflow of about 1.8 Sv, which is inside this range.
The model obtains a total inflow to the Norwegian Sea
across the Faroe Shetland Channel of about 2.2 Sv in
the surface and intermediate layers (Fig. 8), which is
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somewhat lower than expected from the most recent
observations (Hansen and @sterhus, 2000).

In the Denmark Strait, there is a total southward
volume transport of about 2.1 Sv (Fig. 8). Of this,
about 0.9 Sv is due to transport in the intermediate
and deep layers, while the export with the EGC in the
surface is about 1.2 Sv. These estimates are lower than
expected from the literature where transport estimates
of 3 Sv are found for both the EGC and the deep over-
flow (Hopkins, 1991). A too coarse grid resolution may
be one of the reasons for this.

Despite the commented model deficiencies, CTRL
reproduces most of the major features of the modern
ocean circulation in the North Atlantic, the Nordic
Seas, and the Arctic Ocean, and should therefore pro-
vide a fairly realistic framework for the perturbation
experiments.

5. The perturbed simulations
5.1 The Arctic Ocean

In the Arctic, the major differences in SSS in the
freshwater simulations are found downstream of the
river discharge areas in Canada, Siberia, and Russia,
and after 50 years all of the Arctic Ocean is influenced
(Fig. 10). Off the Siberian coast, a clear freshwater
belt follows the Transpolar Drift towards Greenland.
A large part of this flow enters the Canadian Basin,
where it accumulates in the Beaufort Gyre.

Fig. 10. Difference in annual mean sea surface salinity compared to CTRL in year 50. (a) PX2,
and (b) PX5. Dotted lines represent negative anomalies. Contour interval is 1 psu. In addition, the
contour lines from —0.5 to 0.5 psu are shown in contour intervals of 0.1 psu.
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Fig. 11. Difference in the mixed layer density (in oo-units) between CTRL and the perturbed
simulations. (a) PX2 and (b) PX5. Contour interval is 0.2 between —1 and 1, and 1 elsewhere.
Negative values indicate reduced density.

Fig. 12. Difference in sea surface height (cm) between CTRL and the perturbed simulations. (a)
PX2 and (b) PX5. Contour interval is 2 cm between —10 to 10, and 10 cm elsewhere.
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(a) PX2 and (b) PX5.

Because of the increased freshwater input, a strong
density gradient is set up along the periphery of the
central Arctic Ocean (Fig. 11). This in turn influences
the horizontal pressure gradients, and hence the mixed
layer current. Over the Canadian Basin, the sea sur-
face height increases by 40 cm and 60 cm in PX2 and
PX5, respectively (Fig. 12).

This in turn induces a relatively strong increase in
the geostrophic currents (about 5 cm s~! in the PX5
simulation) in the Beaufort Gyre, leading to an in-
tensified drift towards the Canadian Archipelago (Fig.
13). The changes in the Eurasian Basin are smaller,
with the only significant change being an increased
drift towards the Laptev Sea in the northern part of
the Eurasian Basin.

Furthermore, the artificially reduced sea ice thick-
ness of 1.5-2 m in the central Arctic Ocean also has
an impact on the sea ice velocity field (Fig. 14). An
increase of about 3-5 cm s™! is found in the Beaufort
Gyre. This change is partly attributed to the inten-
sified geostrophic flow (Fig. 13), and partly to the in-
creased momentum transfer through the thinner sea
ice.

The simulated change in the sea surface flow field
is given in Fig. 15. In PX5, an increase in excess of
6 cm s~ ! is found in the Beaufort Gyre. A consequence
of the changes in the circulation in the Arctic is a grad-
ual increase in the net southward transport through
the Canadian Archipelago throughout the whole inte-
gration period, reaching almost 0.3 Sv and 0.5 Sv year
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(Mt) for PX2 (c) and PX5 (d). Negative values indicate reduced transport.

50 in PX2 and PX5, respectively (Figs. 16a, b). The
increase in the southward transport is compensated
further east through the Fram Strait where the net
southward transport is reduced and through the Bar-
ents Opening where an increase in the net northward
transport is obtained during the last part of the inte-
gration (not shown).

5.2 The Nordic Seas and the northern North
Atlantic

The net northward transport of Atlantic water
across the Greenland-Ireland section (see Fig. 1) in-
creases gradually, reaching about 0.3 Sv and 0.5 Sv
for PX2 and PX5, respectively (Figs. 16¢, d). The
increased northward transport thus compensates for
the increased southward transport of mass through the
Canadian Archipelago.

Most of the change in the northward transport of
Atlantic water entering the Nordic Seas takes place in
the Faroe Shetland Channel, where increases in the
net northward mass transport reach 0.2 Sv and 0.4 Sv
in PX2 and PX5, respectively (Figs. 16¢c, d). As a con-
sequence of this, there is an increase in the supply of
both heat and salt to the Nordic Seas through this pas-
sage (Fig. 17). The changes in the transports across
the Iceland-Faroe Ridge are similar, but smaller than
those in the Faroe Shetland Channel. In the Denmark
Strait, only minor changes are found in the net vol-
ume transport in PX2, while an increased southward
transport in excess of 0.2 Sv is seen in PX5.

The simulated mixed layer thickness is the best
measure of the formation of sub-surface and abyssal
waters in the model. The strongest response to the
enhanced freshwater input is found in the Labrador
Sea (Fig. 18). The initial response is a rapid decrease
in the mixed layer thickness of 110 m and 180 m in PX2
and PX5, respectively (Fig. 18a). However, from year
10 and onwards, a gradual recovery can be seen, lead-
ing to an almost complete recovery of the mixed layer
in year 50. In the Irminger Sea, the response is much
weaker, with a maximum reduction around year 30 of
about 40 m and 60 m in PX2 and PX5, respectively,
and a slight increase in the mixed layer thickness at
the end of the integration (Fig. 18b). In the Greenland
Sea, a rapid reduction in the mixed layer thickness of
about 30 m and 70 m can be seen between years 10—
20 in PX2 and PX5, respectively (Fig. 18¢c). However,
for the rest of the period the mixed layer thickness
remains relatively stable.

The reason for the recovery and stabilization of the
mixed layer thickness in the Labrador and Greenland
Seas is the increased northward transport of Atlantic
water with the NAD (Figs. 15 and 16¢, d). As a result
of the intensified NAD, more salt is transported into
these regions (Figs. 17¢, d), increasing the density, and
by that, compensating for the enhanced freshwater in-
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put from the Arctic.
6. Discussion

The obtained model response indicates that the
combined effect of increased freshwater supply to the
Arctic Ocean and reduced sea ice thickness tend to
have a near stabilizing effect on the NAD. The two
feedback mechanisms associated with the response of
the NAD to changes in the Arctic river runoff and Arc-
tic sea ice thickness are given in Fig. 19. Firstly, the
increased freshwater released in the Arctic Ocean leads
to a stabilization of the water column in the Atlantic
sub-polar gyre and in the Nordic Seas, resulting in a
weakened NAD. Secondly, intensified geostrophic cur-
rents due to increased density gradients in the central
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Arctic Ocean and more efficient transfer of momen-
tum through the thinner sea ice lead to an intensified
Beaufort Gyre. The change in the geostrophical cur-
rents in the central Arctic is estimated to contribute
about 80% of the increased Beaufort Gyre (Fig. 13).
The remaining part of the change is caused by the re-
duced sea ice thickness and the subsequent increase in
sea ice velocities in the Beaufort Gyre (Fig. 14). A con-
sequence of these changes is that the southward trans-
port of mass through the Canadian Archipelago in-
creases. Since the Arctic Ocean, the Barents Sea, and
the Nordic Seas constitute a closed system (assuming
that the flow through the Bering Strait remains fairly
constant), this loss of water has to be replaced. In
the model, this is accomplished through an intensified
NAD, resulting in an ocean state found in CTRL.

Typical climate model responses to global warm-
ing scenarios are increased evaporation at low latitudes
and increased precipitation, runoff, and glacial melting
at high latitudes (Manabe and Stouffer, 1994; Latif et
al., 2000; Raisénen, 2001). Some of these models show
a substantial reduction in AMOC with possible cli-
matic impacts in northern Europe (e.g., Manabe and
Stouffer, 1994; Schiller et al., 1997; Cubasch et al.,
2001; Velinga and Wood, 2002). However, in Latif et
al. (2000), a different model response is found. Here,
large-scale air-sea interactions in the Tropics lead to
anomalously high salinities in the Tropical Atlantic.
These anomalies are then advected northward into the
sinking regions, thereby increasing the surface density
and compensating for the effects of the local warming
and freshening. An alternative mechanism for main-
taining the NAD is operating in the highly idealized
model experiments presented here.

The obtained model results further highlight the
potential importance of the Canadian Archipelago in
controlling the freshwater budget of the Arctic and
Atlantic Oceans, and thereby supporting the findings
of Goosse et al. (1997). Coarse resolution ice-ocean
and climate models are usually set up with a closed
Canadian Archipelago (e.g., Prange and Gerdes, 1999;
Rahmstorf, 1999). However, several studies (e.g.,
Agaard and Carmack, 1989; Steele et al., 1996) sug-
gest that the freshwater flux through this passage is
larger than the one associated with the freshwater ex-
port through the Fram Strait. A closed Canadian
Archipelago will force the freshwater to escape through
the Fram Strait, and possibly trigger a different ocean
response to freshwater scenarios and/or reduced sea
ice thickness than the one found in the present study.
This underlines the need for representing this passage
in global models used in climate studies.

An important limitation of this study is that it
has been conducted under prescribed atmospheric con-
ditions, which prevents any feedback mechanisms be-
tween the ice-ocean system and the atmosphere. For
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Fig. 19. Schematics of two feedback mechanisms with changes in the NAD in re-
sponse to changes in the Arctic freshwater budget and sea ice thickness. The signs
attached to the arrows indicate the correlation between changes in the quantity of the
outgoing box with that of the ingoing box, e.g., increased SSS leads to stronger deep-
water formation. The resulting correlations of a loop are circled and they indicate
whether a process is self-reinforced (positive sign) or damped (negative sign).

instance, one can expect that a modification of
the NAD will affect air temperature and evapora-
tion/precipitation in the Nordic Seas, which in turn
may influence the atmosphere-ice-ocean system.

Another limitation of the study is the use of a
closed Bering Strait in the model. Since the flow
through the Bering Strait is governed by the differ-
ence in the sea level height across the strait, it is ex-
pected that the flow of Pacific water into the Arctic
Ocean will decrease as a consequence of the change in
sea level height in the freshwater experiments. There-
fore, an open Bering Strait with reduced poleward vol-
ume flow will also tend to strengthen the NAD. In
fact, in a 150-year twin experiment with the Bergen
Climate Model (a fully coupled atmosphere-sea ice-
ocean climate model; Furevik et al., 2003), the pole-
ward flow of Pacific water through the Bering Strait
decreased, whereas the southward flow through the
Canadian Archipelago and the poleward flow through
the Faroe-Shetland Channel increased, in response to
a three-fold increase in freshwater to the Nordic Seas
and the Arctic Ocean (Ottera et al., 2003). These find-
ings support the results presented here.

The present study, although highly idealized and
without any form of active atmospheric feedback
mechanisms, indicates that increased freshwater sup-

ply to the Arctic—also in combination with reduced
sea ice thickness in the Arctic—does not necessarily
have a one-way negative feedback on the NAD, at least
on multi-decadal timescales.

7. Summary

A 3-D isopycnic coordinate OGCM coupled to dy-
namic and thermodynamic sea ice modules has been
used to examine the combined effect of increased fresh-
water flux to, and reduced sea ice thickness within,
the Arctic Ocean. Two 50-year perturbation simula-
tions are examined—one with a doubling of the mod-
ern Arctic river runoff, and a second, more extreme
case, where the river runoff is five times the modern
value. It has been assumed that the additional sup-
ply of freshwater follows from a warmer climate. The
heat associated with this warming has been applied to
the model system by reducing the simulated sea ice
thickness.

For both simulations, the modelled ocean response
is qualitatively the same: the Arctic and North At-
lantic SSS are reduced, leading to an initial weakening
of the NAD. The freshening of the surface waters in the
Arctic leads to increased density gradients in the cen-
tral Arctic Ocean. This, together with increased mo-
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mentum transfer across the thinner sea ice, leads to an
intensified Beaufort Gyre, which in turn increases the
volume transport through the Canadian Archipelago.
To compensate for this southward transport of mass,
more of the warm and saline Atlantic waters are car-
ried northward with the NAD. The increased trans-
port of salt to the northern North Atlantic and the
Nordic Seas thus counteracts the impact of the in-
creased freshwater runoff to the Arctic, and tends to
stabilize the NAD.

The presented study has focused on the circulation
and the thermodynamics of the North Atlantic-Arctic
climate system. A continuation of the study is planned
with a global coupled atmosphere-ocean model, where
the NAD and the AMOC can be studied on centen-
nial timescales. Such studies will be useful to exam-
ine theories on glacial circulation, to identify the ori-
gin, propagation, and decay of dynamic and thermo-
dynamic anomalies in the Atlantic-Arctic region, and
to further explore the role of the flow of water through
the Canadian Archipelago in climate studies.

Appendix

Artificially reduced sea ice thickness

Freshwater added to seawater changes the thermo-
dynamic properties of seawater in several ways. If one
considers a well mixed surface layer of thickness hp;
(m) with temperature T, (°C) and salinity Sy, (psu),
the mixed layer temperature and salinity will be mod-
ified according to the volumetric expressions

* hml hmlel + 6wa
ml_hm1+5 A1 + 90

upon addition of § (m) freshwater with temperature
Tty (°C) and vanishing salinity. It should be noted
that the freshwater thickness, 4, is just for the theo-
retical analysis presented here, and is not used in any
way in the OGCM experiments described in the text.
In the model, the effect of river runoff is parameterized
as a virtual salt flux, implying that there is no change
in the volume flux at all. Also, for simplicity, the dif-
ferent heat capacities and densities of freshwater and
seawater have been ignored in the expression of T77,.

Through most of the year, Tt, > Ty, in sea ice cov-
ered regions. Therefore, the surface salinity decreases
and the surface temperature increases as freshwater
is added to the system. It is not given how the modi-
fied surface salinity and temperature may influence the
growth rate of sea ice since the freezing temperature
T (°C) depends on salinity (Millero, 1978), and since
the difference between 1%, and T, is one of the factors
that determine the growth rate of sea ice (Drange and
Simonsen, 1996).

Sml ; "

ml —
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The modified freezing point of seawater T can be
approximated by the expression

Ty = 0.066 — 0.0575%,

for salinities in the range 30-36 psu (Drange and Si-
monsen, 1996). Since § < hm, it follows from 057, /06
and OT}%,/00 that
oTyy  Tw — Tiy
0S¥, Sm
In polar regions, the temperature difference Tty — Ty
is typically a few °C, and for a surface salinity in the
range 30-36 psu, we get that
Tz, oTy
oSk, 0S¥,
Therefore, as a first approximation, the supply of
freshwater to ice-covered seawater leads to a change
in the surface temperature that is close to the change
in the freezing temperature (i.e., 0T, ~ 0I}). The
consequences of these considerations are that the sup-
ply of freshwater through S, and T, will not, as a
first approximation and from a purely thermodynamic
point of view, change the growth rate (i.e., thickness)
of sea ice despite Tty > Tinl.

In this study, the warming has been applied to the
model system by making an ad hoc assumption that
the warming corresponds to the change in T}, i.e., to
the change in the mixed layer temperature caused by
the added freshwater (the warming thus scales with
the added freshwater). The heat associated with this
warming is then used to melt sea ice from below, lead-
ing to a reduced sea ice thickness in the central Arctic
as described in Fig. 2.

~ —0.06, = —0.057.
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