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Abstract A thermodynamic-dynamic sea-ice model
based on a granular material rheology developed by
Tremblay and Mysak is used to study the interannual
variability of the Arctic sea-ice cover during the 41-year
period 1958-98. Monthly wind stress forcing derived
from the National Centers for Environmental Prediction
(NCEP) Reanalysis data is used to produce the year-to-
year variations in the sea-ice circulation and thickness.
We focus on analyzing the variability of the sea-ice
volume in the Arctic Basin and the subsequent changes
in sea-ice export into the Greenland Sea via Fram Strait.
The relative contributions of the Fram Strait sea-ice
thickness and velocity anomalies to the sea-ice export
anomalies are first investigated, and the former is shown
to be particularly important during several large export
events. The sea-ice export anomalies for these events are
next linked to prior sea-ice volume anomalies in the
Arctic Basin. The origin and evolution of the sea-ice
volume anomalies are then related to the sea-ice circu-
lation and atmospheric forcing patterns in the Arctic.
Large sea-ice export anomalies are generally preceded by
large volume anomalies formed along the East Siberian
coast due to anomalous winds which occur when the
Arctic High is centered closer than usual to this coastal
area. When the center of this High relocates over the
Beaufort Sea and the Icelandic Low extends far into the
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Arctic Basin, the ice volume anomalies are transported
to the Fram Strait region via the Transpolar Drift
Stream. Finally, the link between the sea-ice export and
the North Atlantic Oscillation (NAO) index is briefly
discussed. The overall results from this study show that
the Arctic Basin and its ice volume anomalies must be
considered in order to fully understand the export
through Fram Strait.

1 Introduction

In the Arctic region, the presence of the pack ice sig-
nificantly affects air-sea interactions and influences high-
latitude weather and climate. The sea-ice cover reflects a
large part of the incoming solar radiation and restricts
exchanges of heat, moisture and momentum between the
ocean and the atmosphere. In addition, the atmospheric
energy budget is highly dependent on the latent heat
released during ice formation and the heat absorbed
during the melting of ice at high latitudes. Also, salt
rejection during ice formation can lead to overturning
motions in the ocean and hence affect the ocean ther-
mohaline circulation. In these ways, sea-ice has strong
effects on the dynamics and thermodynamics of the at-
mosphere and ocean, which in turn feed back on the sea-
ice and affect its variability on seasonal, interannual and
longer time-scales. The main causes of the interannual
variability of the sea-ice cover in the Arctic, the main
subject of this study, are the year-to-year variations
in the atmospheric fields of wind and temperature
(Tremblay and Mysak 1998).

Because of the high sensitivity of the Arctic sea-ice
cover to atmospheric forcing, this medium can be
a good indicator of climate change associated with
global warming, which is expected to be amplified
in the polar regions (Houghton et al. 1996). In view
of this, it is important to understand the dynamic and
thermodynamic causes of sea-ice natural variability, in
order to separate it out from anthropogenically forced
changes.
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Our main objective is to obtain a thorough under-
standing of the role of wind stress forcing in producing
anomalous sea-ice export from, and interannual sea-ice
cover changes in the Arctic. To achieve this objective, we
integrate a thermodynamic-dynamic sea-ice model based
on a granular rheology (Tremblay and Mysak 1997) for
the (nearly) 41-year period extending from January 1958
to June 1998, and determine the interannual fluctuations
in the Arctic sea-ice cover that are solely due to changes
in the wind field. Hence, the observed monthly mean
wind stresses for the 41-year period are used; all the
other atmospheric and oceanic forcings are set to their
climatological values.

Another motivation lies in the belief that the recent
ocean climate (fresh water) events in the northern North
Atlantic known as the 1960s/1970s Great Salinity
Anomaly (GSA, Dickson et al. 1988) and the GSAs of
the 1980s and 1990s (Belkin et al. 1998) can be due to or
influenced by anomalous sea-ice exports from the Arctic
Basin into the Greenland Sea via Fram Strait (Mysak
et al. 1990; Walsh and Chapman 1990). Since the upper
ocean fresh water anomalies can reduce deep water
formation in certain regions of the northern North At-
lantic (e.g., Labrador Sea), it is important to better un-
derstand the strength and frequency of the sea-ice export
anomalies through Fram Strait.

This paper build on earlier modelling studies of the
interannual variability of the sea-ice cover in the Arctic
Basin and its export through Fram Strait. A seminal
study in this field is that of Walsh et al. (1985), who
pointed out the dominance of thermodynamic processes
in producing the annual cycle in the Arctic sea-ice cover,
and the dominance of dynamic processes for the inter-
annual fluctuations. Other more recent studies tend to
confirm this conclusion. For example, Maslanik and
Dunn (1997) showed that the interannual variability in
mean ice extent and ice volume is primarily due to the
variations in the wind-driven sea-ice transport in the
Arctic Basin. These results motivated us to use wind
stress forcing as the only year-to-year varying forcing.

Using a coupled sea-ice-ocean model, Hikkinen
(1993) established the importance of large-scale wind
anomalies over the Arctic Basin in generating ice
anomalies. This hypothesis was proposed by Walsh and
Chapman (1990) and recently discussed in Mysak and
Venegas (1998). Using a cross correlation analysis,
Mysak and Power (1992) showed that ice concentration
anomalies formed in the Beaufort Sea can propagate
into the Greenland Sea in about two to three years. This
result is also consistent with the model results obtained
by Tremblay and Mysak (1998), who showed that sea-
ice thickness anomalies formed in Beaufort-Chukchi Sea
can be advected anticyclonally around the Arctic Basin
and then exported out of the Arctic through Fram
Strait.

The sea-ice model is briefly described in Sect. 2. The
forcing data used for the simulations are described in
Sect. 3, and a description of the experiments run is given
in Sect. 4. In order to validate the results of the 41-year
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run, the Fram Strait sea-ice export results are first
compared with model results from another numerical
study (Hédkkinen 1995) for the 1960-85 period (in
Sect. 5); the model results are also compared with
measured sea-ice export in the Fram Strait region during
the 1990-96 period (Vinje et al. 1998). In Sect. 6, we
analyze the structure of the interannual variability of the
sea-ice export through Fram Strait, with a particular
focus on the sea-ice thickness and velocity contributions
to the year-to-year variations. The relation between the
sea-ice export through Fram Strait and the origin of the
GSA of the 1960s/1970s is investigated in order to
quantify the Arctic sea-ice contribution to the fresh
water outflow in the northern North Atlantic. In Sect. 7
the outflow is related to events in the Arctic basin itself,
especially to sea-ice volume anomalies in the Arctic ba-
sin for the 41-year period 1958-98. The origin of these
sea-ice volume anomalies and their space time evolution
in the Arctic Basin are then described and related to the
atmospheric forcing field. In Sect. § the relation between
the sea-ice export and the North Atlantic Oscillation is
briefly explored. A summary of the results is given in
Sect. 9.

2 Sea-ice model

The domain over which the sea-ice model is integrated in the
present work includes the Arctic Ocean and surrounding seas (see
Tremblay and Mysak 1998). The sea-ice in the model is assumed to
behave as a granular material in slow continuous deformation
under the action of the winds and ocean currents. This is motivated
by observations of the Arctic sea-ice cover which show a distinct
lead pattern at various scales that is typical for that type of material
(Erlingsson 1988). This type of model has also been successfully
applied to the deformation of other materials showing similar de-
formation patterns as in sea-ice (e.g. sand, land slides, etc.). The
present approach differs from the standard Hibler model (Hibler
1979) in the way the internal ice pressure is calculated, and in the
choice of the yield curve and flow rule. A formal comparison be-
tween these two models is under way (L.-B. Tremblay, personal
communication). In the present model, the resistance of sea-ice to
compressive load is considered to be a function of its thickness and
concentration, and its shear resistance is proportional to the in-
ternal ice pressure at a point. In divergent motion, the ice offers no
resistance and the floes drift freely. The boundary conditions for
the ice dynamic equations are zero normal and tangential velocity
at a solid boundary and free outflow at an open boundary. The sea-
ice model is coupled thermodynamically with a mixed layer ocean
model, in which the temperature and salinity at open boundaries
are specified from monthly climatologies extracted from Levitus
(1994). At continental boundaries, the ocean heat flux is considered
to be zero (a continent is regarded as a perfect insulator). A detailed
description of the dynamic and thermodynamic components of the
ice model can be found in Tremblay and Mysak (1997).

3 Atmospheric and oceanic forcing data

The model was forced with monthly mean wind stresses obtained
from over 40 years (January 1958 to June 1998) NCEP Reanalysis
daily averaged sea level pressure (SLP), and climatological monthly
mean air temperatures obtained from the NCEP Reanalysis daily
2-m air temperature. The SLP includes the International Arctic
Buoy Program (IABP) drifting buoy data since the time they have
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been available. The NCEP Reanalysis data are produced in col-
laboration with the National Center for Atmospheric Research
(NCAR). For more information on the NCEP data, see Kalnay
et al. (1996). For the ocean, the temperatures at the southern part
of the Greenland Sea were specified from monthly climatologies
extracted from Levitus (1994). The ocean currents were spatially
varying but steady (annual mean values, since the goal of this study
is to focus on the effects of the wind); they were obtained using a
single-layer reduced gravity model appropriate for large-scale flow
(Tremblay and Mysak 1997). Levitus sea surface elevation data
were used to specify the inflow/outflow velocity field in the north-
ern North Atlantic; the latter was scaled in such a way as to obtain
no accumulation of water in the Arctic domain (Tremblay and
Mysak 1997). The normal component of the velocity in Bering
Strait was chosen so as to obtain a constant inflow of 1 Sv into the
Arctic Ocean.

The values of the physical parameters used in this study are
comparable to those used in other ice modelling studies (e.g., Hi-
bler 1979). They were chosen to obtain consistency with the esti-
mated mean ice thickness over the Arctic domain (Aagaard and
Carmack 1989), and with the observed mean ice velocity and
thickness in the Fram Strait region (Vinje et al. 1998). The resulting
mean sea-ice export, however, is somewhat larger than observed
since in the model the full width of Fram Strait is covered by sea-ice
(in reality, the West Spitsbergen Current keeps the eastern part of
the channel free of ice).

4 Spin-up and simulation

The initial conditions for this study were obtained from a 20-year
run forced with climatological data in order to reach a stable pe-
riodic seasonal cycle, followed by a four-year run forced with
monthly varying NMC data extending from 1954-57. The latter
allowed us to start the 41-year run (i.e., January 1958 to June 1998)
with more appropriate initial conditions. The NCEP Reanalysis
data set was used to compute the climatological monthly mean
temperature, using data from the 40-year period 1958-97. The
simulations were performed with a one-day time step. The monthly
mean forcing fields are considered to represent mid-month values.
The daily values of the forcing fields were obtained by the weighted
average of the two closest mid-month values. Since only the wind
stress forcing varies from year to year in the 41-year run, the
simulated sea-ice interannual variability presented in the next
sections is mainly due to dynamic processes.

5 Comparison of Fram Strait sea-ice export
with other model results and observations

The sea-ice transport out of the Arctic Basin is an
important quantity to consider. Most of this transport
is through Fram Strait. Acording to Alekseev et al.
(1997), less than 5% of the total passes through the
Canadian Arctic Archipelago and less than 1% exits
via the Barents Sea. However, recently Melling (1999)
estimated that up to 20% of this transport could be
through the Archipelago. Mauritzen and Hékkinen
(1997), using a fully prognostic coupled ocean-ice
model, showed the significant role played by the sea-ice
export through Fram Strait in determining the strength
of the thermohaline circulation in the North Atlantic
Ocean.

In order to determine whether the anomalies of the
sea-ice export through Fram Strait are realistic, a com-
parison was first made with earlier model results (Hik-
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kinen 1995). Hékkinen (1995) produced a 26-year Arctic
ice-cover run (1960-85) using daily winds as forcing. For
the overlapping period (1960-85), the sea-ice export
anomaly peaks found in the two studies correspond very
well, and the amplitudes of the departures from the
mean are comparable (see Fig. 1a).

The simulation results were also compared with ob-
served sea-ice export through Fram Strait for the six-
year period from August 1990 to August 1996 (Vinje
et al. 1998). During this six-year period the sea-ice
thickness and velocity in Fram Strait were measured,
and from these the mean ice export was computed to be
2875 km’/y. This value is in agreement with the
2800 km?*/y export estimated by Aagaard and Carmack
(1989). To make the sea-ice export anomaly comparison
between the observations and our results, the model
mean sea-ice export over the 41-year period (just over
5000 km?/y) was subtracted from the model sea-ice ex-
port obtained during this six-year period to obtain the
model anomaly export for this recent period. (It should
be noted that because the simple ocean model used in
this study does not include the West Spitsbergen Cur-
rent, WSC, the simulated sea-ice export through Fram
Strait is larger than observed. The relatively warm
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Fig. 1 a Comparison of anomalies of sea-ice export through Fram
Strait in km®/year: results from our 4l-year run (solid line) versus
those from the Hikkinen (1995) 26-year run (dashed line). b Sea-ice
export anomaly through Fram Strait in km?/y from August 1990 to
August 1996: model results (solid line) versus Vinje et al. (1998)
observations (dashed line). Note: a data point for a given year is the
average of the monthly anomalies from August of the previous year to
July of the given year
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northward WSC is responsible for melting part of the
outflowing sea-ice in the Fram Strait region.) The model
anomaly was compared with the observed sea-ice export
anomaly obtained by substracting the observed mean
sea-ice export over the six-year period (1990-96) from
the observed sea-ice export.

Figure 1b shows that the model and observed de-
partures for the six-year period have the same order of
magnitude. The slope of the increasing export during
the first year of the observations is the same as in the
model results. The largest observed export anomaly
occurs during the period from August 1994 to July
1995 and is well represented in the model results. This
large export anomaly of 1760 km?/y is the second
largest in the simulation during the 4l-year period
1958-98. While the observations show a plateau for the
period from August 1992 to July 1994, the model gives
two compensating peaks giving a mean that corre-
sponds to the observed value. It should be noted that
in the model results for the period from August 1992 to
July 1993, the sea-ice is a little thicker than observed,
and for the period from August 1993 to July 1994 the
sea-ice velocity is a little smaller than observed (not
shown here). However, the results obtained by Kwok
and Rothrock (1999) (not shown here) using satellite
microwave data show a local minima during the period
from August 1993 to July 1994, which confirms our
results.

It is important to recall that in the simulation, the air
temperature does not vary from year to year. Also, the
effects of the variability in the strength of the WSC and
the variability of heat transported by it (Hibler and
Walsh 1982) are not included in the model, and these
have an effect on the width of the ice stream in the Fram
Strait region (and therefore also on the ice export). Also,
the use of monthly mean wind data tends to smooth the
year-to-year fluctuations in the sea-ice export; however,
since the simulated width of the ice stream in Fram
Strait is larger, the resulting amplitude of the ice export
anomalies are of the same order of magnitude as the
observed ones. Therefore, we regard the modelled
sea-ice export anomalies as being representative of the
observed sea-ice export anomalies since the results re-
produce the magnitude and timing of the large observed
sea-ice export anomalies in 1994-95, despite the use of
monthly mean wind stress forcing. Moreover, our
anomaly results correspond well with those obtained
using a model which includes a more complex ocean
(Hékkinen 1995).

6 Analysis of the interannual variability
of the sea-ice export through Fram Strait

6.1 Major export anomaly events
The model sea-ice export time series through Fram

Strait shows five large (> 1000 km?/y) positive anoma-
lies during the 41-year period: 1959, 1967-68, 1981-83,
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1989, and 1995 (Fig. 2). The second, third and fourth
anomalies are preceded by periods of large negative
anomalies. As will be seen in Sect. 7, during these latter
periods there are increases in the sea-ice volume in the
Arctic Basin.

The 1967-68 sea-ice export anomaly is considered to
be the origin of the GSA of the late 1960s/1970s. To
explain the presence of the salt deficit and negative sea
surface temperature anomalies in the Iceland Sea in
1968, Belkin et al. (1998) argued that a positive anomaly
in sea-ice export through Fram Strait should start at
least during the second part of 1967. This is in agreement
with the modelled results which show two large exports
in 1967 and 1968 (see Fig. 2).

The results of the 41-year run show an anomaly of
1353 km® during the second half 1967, another one of
1405 km® during the first half 1968, and very small
contributions during the first half of 1967 and second
half of 1968. When averaged over the two-year period
1967-68, this gives a mean anomaly of just under
1500 km?/year (Fig. 2). For the period from August
1967 to August 1968 the total amount of excess sea-ice
export is 2758 km®. Mauritzen and Hikkinen (1997)
showed that around 40% of the Fram Strait sea-ice
export is transported through Denmark Strait and fur-
ther to the Labrador Sea and the subpolar gyre. In this
simulation, 40% of the total excess of 2758 km? in sea-
ice export yields a value of 1103 km?. This is more than
the half of the 2000 km® of fresh water excess in the
Labrador Sea estimated by Dickson et al. (1988) to ex-
plain the salt deficit there at the beginning of the 1970s.
Also, other significant export anomalies occurring dur-
ing the 1967-68 period but not considered here could
contribute to the fresh water anomaly in Labrador Sea
(e.g., Canadian Arctic Archipelago throughflow, the
outflow from the Arctic Ocean in the mixed layer).
Therefore, the excess of sea-ice export through Fram
Strait during the 1967-68 period can explain a large part
of the negative salinity anomaly in Labrador Sea during
the 1969-70 period and hence could be part of the origin
of the GSA of the 1970s.
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Fig. 2 The sea-ice export anomaly through Fram Strait in km3/y
(solid line) decomposed (to within a constant) into 4’V (dotted line), vV'h
(dashed line), I’V (dash-dotted line), and (hv — hv) (a negligibly small
contribution of O (20 km?/y) not shown here)
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6.2 Contribution of the sea-ice thickness anomalies
to the sea-ice export anomalies

The sea-ice export (transport) through Fram Strait is
proportional to the product of the sea-ice thickness and
velocity in the Fram Strait region. It can be expressed in
terms of the mean values and anomalies of the sea-ice
thickness (4 and /') and sea-ice velocity (v and v') in the
Fram Strait region as (to within a constant proportional
to the width of the Fram Strait):

hv=hv+ (hv) =hv+hV+Vh+ V. (1)
From Eq. (1) it follows that the sea-ice export anomaly
can be written as

(hv)' = (hV — hv) + KV +Vh+ V. 2)
Figure 2 shows the three main contributions to the sea-
ice export anomaly. The term in parentheses in Eq. (2) is
negligibly small (less than 1% of the observed mean sea-
ice export) and is not plotted in the figure.

From these results, we first note that the product #'v’
is not a significant component of the export (i.e., #” and
v’ are not correlated: the product 4V’ is sometimes
positive and sometimes negative). Therefore, there is no
direct relation between the sea-ice thickness anomaly
and velocity anomaly in the Fram Strait region. The two
other contributions in this decomposition indicate that
for the large sea-ice export anomalies in 1959, 196768,
and 1989, the positive anomaly in the ice export was
mainly due to thicker than usual sea-ice. This result is in
agreement with that obtained by Hékkinen (1993) for
the 1967-68 event (the other years were not included in
the Hikkinen simulation).

In Fig. 3 we compare the northerly wind stress
anomalies in Fram Strait (normalized by the maximum
value) with the normalized sea-ice export anomaly for the
41-year integration period. From this figure and Fig. 2itis
clear that the northerly wind in Fram Strait is not neces-
sarily the dominant factor in producing anomalies of sea-
ice export. For example, during the 1967-68 large export
period, the northerly wind stress anomaly only became

Normalized Windstress and Ice Export Anomaly

1960 1965 1970 1975 1980 1985 1990 1995

Fig. 3 Normalized northerly wind stress anomaly in Fram Strait
region (dashed line) versus normalized sea-ice export anomaly through
Fram Strait (solid line). The wind stress and ice export anomalies are
normalized by their respective maximum values

larger in 1968, in the second year of this large export pe-
riod, and thus played an important role in the export in
1968 only. This is confirmed by the large contribution of
the v’k term to (hv)’ in 1968 (Fig. 2); the large contribution
of the A’V term in 1967 indicates that, the large export in
that year was due to the thickness anomaly. The domi-
nance of the thickness anomaly is especially true for the
sea-ice export anomaly in 1989, which is the largest
anomaly of the whole 1958-98 period. This large sea-ice
export is due to very thick ice being exported out of the
Arctic Basin (see 4’V curve in Fig. 2).

In contrast, the sea-ice export anomaly in 1995,
(second largest in the 41-year run), is due to an anomaly
in the sea-ice velocity (see v’A curve in Fig. 2). This is
consistent with the observations made by Vinje et al.
(1998) and with the large 1995 peak in the northerly
wind stress (see Fig. 3). Both observations and model
results show that the 1990-96 large export events were
mainly due to the wind anomalies; this led Vinje et al.
(1998) to conclude that the wind anomalies in the Fram
Strait region are the main cause of large sea-ice export
anomalies through Fram Strait. Also, many earlier
studies (Alekseev et al. 1997) considered the northerly
wind in the Fram Strait region to be the main driving
mechanism for the sea-ice export. Generally, the nor-
malized northerly wind anomalies and the normalized
sea-ice export anomalies, while coincident in time, are
not comparable in magnitude. Alekseev et al. (1997) and
Smirnov and Smirnov (1998) used statistical data-based
models to estimate the sea-ice export through Fram
Strait relating the pressure gradient across the Strait to
the sea-ice export by a linear relation. The years covered
by the observations show a very high correlation be-
tween the two quantities, but the observed export data is
quite sparse in time; also, this approach totally neglects
the evolution of the sea-ice in the Arctic.

Anomalous wind patterns over the Arctic Basin can
produce anomalous sea-ice extent and thickness anoma-
lies there. These sea-ice anomalies can be advected all
along the basin (Tremblay and Mysak 1998) and can af-
fect the sea-ice dynamic behavior. This and the preceding
results show the importance of knowing the sea-ice
thickness distribution and circulation pattern inside the
Arctic Basin before it is exported through Fram Strait, a
feature pointed out by Walsh and Chapman (1990). The
relation between the anomalies in sea-ice export through
Fram Strait and the prior volume anomalies in the Arctic
Basin will be discussed in the next section. The link be-
tween the volume anomalies and atmospheric patterns in
the Arctic Basin will then be described.

7 Interannual variability of the sea-ice volume
in the Arctic Basin and its relation
to atmospheric forcing

The results in the previous section show that sea-ice
thickness anomalies are an important contributor to
anomalous sea-ice export through Fram Strait. For this
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reason it is important to consider the evolution of the
sea-ice cover in the Arctic Basin. Walsh and Chapman
(1990) pointed out that the variability in the pressure
difference between southern Greenland and the Arctic-
Asian coast corresponds well with the large sea-ice
export in the 1960s. They concluded that thicker (multi-
year) ice from the Arctic Basin could be advected into
the Fram Strait region and contribute to a larger sea-ice
export. The results of the previous section (see Fig. 2)
confirm this conclusion. Therefore, we first want to
consider ice volume anomalies in the Arctic Basin. Sec-
ondly, by dividing the Basin into nine regions, we can
determine the origin and the propagation of each of the
sea-ice volume anomalies. Lastly, we search for the at-
mospheric patterns which created them and help drive
them through the Arctic Basin toward Fram Strait.

7.1 Sea-ice volume anomalies

The sea-ice volume and extent were computed from the
model results. A mean sea-ice thickness of 3.1 m and a
mean sea-ice extent of 6.7 x 10® km? over the 41-year
period were obtained. These values are in good agree-
ment with the estimates by Aagaard and Carmack
(1989) (3-m mean ice thickness), and by Parkinson et al.
(1987) (6.5 x 10° km? sea-ice extent). Thus, the com-
puted mean ice volume is 2.08 x 10* km® . The annual
mean sea-ice volume anomalies for the Arctic Basin are
computed for the 41-year period and compared with the
sea-ice export anomaly through Fram Strait (see Fig. 4).
The two quantities are comparable in magnitude. In
addition, Fig. 4 suggests that there may be a lag between
the two quantities, with large ice export events following
large volume anomalies by about two years.

In order to analyze the evolution of the Arctic Ocean
sea-ice volume anomalies, the Arctic Basin is divided
into nine regions (see Fig. 5): 1: Beaufort Sea; 2: Chukchi
Sea; 3: East Siberian Sea; 4: eastern Arctic; 5: Laptev
Sea; 6: central Arctic; 7: Canadian Basin; 8: north of
Fram Strait, and 9: Kara and Barents Seas. At first the
basin was divided into four quarters, and then the nine
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Fig. 5 The Arctic Basin divided into nine regions

regions defined were chosen according to the variability
of the sea-ice volume anomalies in these four quarters.
The sea-ice volume anomaly was then computed for
each region (see Fig. 6). It should be noted that the sea-
ice volume anomalies in the Kara and Barent Seas re-
gion are not plotted since the sea-ice volume anomalies
were insignificant there.

The Beaufort Sea has a relatively large ice volume
anomaly in 196465 (in agreement with Tremblay and
Mysak 1998), but only a small part of it is transported
through to the Chukchi Sea (see Fig. 6a, b). However,
a sea-ice volume anomaly later starts to really increase in
the East Siberian Sea in 1965 (Fig. 6¢) and can be found
later in the eastern Arctic (Fig. 6d) (the lag is more ev-
ident for the other periods studied). This anomaly is
believed to be only partly advected from the Chukchi
Sea; it is mainly formed locally in the East Siberian Sea
(see next section). It persists as a smaller anomaly in the
Laptev Sea (Fig. 6e) and then gets stronger and appears
later in the central Arctic (Fig. 6f), and then north of
Fram Strait (Fig. 6h) and in the Canadian Basin region
(Fig. 6g), before being exported through Fram Strait in
1967, which is a year of large export due to thick ice
(Fig. 2). For the late 1960s period, Serreze et al. (1992)
concluded that the multi-year sea-ice could come from
along the northern coasts of Greenland and Ellesmere
Island where the sea-ice is very thick (up to 7 or 8§ m) due
to packing along this coastline. The 1967 sea-ice volume
anomaly in region 7 is 400 km?. To verify whether this
anomaly would contribute to the sea-ice export through
Fram Strait, this region was divided into two bands, one
adjacent to the coast and another to the north of the first
band. It was then found that the anomaly was effectively
transported to north of Fram Strait from the band that
was farther away from the coast, and thus was not
coming from immediately north of Greenland.

In 1973 and 1974, an anomaly starts to grow in the
Beaufort Sea, but a season-by-season analysis of the
results (not shown here) showed that this sea-ice volume
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Fig. 6a-b Sea-ice volume anomalies in km? for eight of the regions (solid lines) and for the whole Arctic Basin (dashed line): a 1-Beaufort Sea, b
2-Chukchi Sea, ¢ 3-East Siberian Sea, d 4-castern Arctic, e 5-Laptev Sea, f 6-central Arctic, g 7-Canadian Basin, and h 8-north of Fram Strait

anomaly remained a local anomaly, and disappeared at
the end of 1975.

A very small sea-ice volume anomaly which formed
during the summer of 1976 in the Beaufort Sea (Fig. 6a)
seems to have been partly transported to the Chukchi
Sea (Fig. 6b), and then to the East Siberian Sea
(Fig. 6¢), where it increases substantially due to the local
wind anomaly in East Siberian Sea. The large sea ice
volume anomaly in the East Siberian Sea (Fig. 6¢) which

appears during the 1978-81 period (2000 km?) was not
completely transported to the whole central Arctic (re-
gions 4 and 6); it seems to have remained a more local
feature since only a little more than two-thirds of the
anomaly can be found in this region (Fig. 6d and f).
However, only a part of the latter anomaly was trans-
ported from the central Arctic to the north of Fram
Strait during the 1978-81 period and then exported
through Fram Strait.
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For the 1984-89 period, the anomalies really start to
form and increase first in the East Siberian Sea and then
in eastern Arctic, where they grow earlier than the cen-
tral Arctic volume anomalies. In the eastern Arctic, the
sea-ice volume anomaly starts to grow in 1984-85 fol-
lowed by an increase in the ice volume anomaly in the
central Arctic (region 6, Fig. 6f) in 1986. The ice volume
anomalies peak up in the Canadian Basin region and
north of Fram Strait (see Fig. 6g, h) during the export
periods, when at the same time, they are decreasing in
the whole central Arctic (Fig. 6d and f). For the peak in
the Canadian Basin region in 1989, the aforementioned
subarea study (two bands) shows that the sea-ice volume
anomaly comes effectively from the coast and does not
appear in the northernmost band; it goes directly to the
north of Fram Strait before it is exported through Fram
Strait. Therefore, multi-year sea-ice formed along the
coast of Greenland and Canadian Archipelago can be

b) 1985-87

advected through Fram Strait, which is the case in 1989,
but this did not seem to be the case during the 196768
period, as proposed by Serreze et al. (1992).

For the large volume anomaly periods (1965-67,
1977-81, and 1985-89) preceding the large export peri-
ods, the anticyclonic circulation of the ice volume
anomalies described can be generally viewed as typical
of the formation of sea-ice volume anomalies in the East
Siberian Sea. An example of this anticlyclonic circula-
tion is shown in Fig. 7 for the 1984-89 period. The
corresponding atmospheric circulation patterns causing
this type of circulation are described in the next section.
It should be noted that the sea-ice volume anomaly
north of Fram Strait is smaller than the export anomaly
for the periods where the large sea-ice export is due to an
anomaly in the sea-ice velocity (see Figs. 2, and 6h). In
this region the circulation increases, and there is no
substantial accumulation of sea-ice north of Fram Strait

Fig. 7 Sea-ice volume anomalies for the 6-year period 1984-89. Thickness scales to the right of each figure are in meters, and each color bar has

a different scale
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(during the 1981-83 period and especially during the
1994-95 period). For the years of large export due to an
anomaly in thickness, the sea-ice volume anomaly is
visible (i.e., in 1967 and 1989). For the large sea-ice ex-
port during 1967-68, when the anomaly was due to the
change in sea-ice velocity (v'2 term) and reached its
maximum value in 1968, there was no more accumula-
tion of sea-ice and the sea-ice volume anomaly decreases
rapidly even though the export still had a large value.

These results describing the anticyclonic circulation
of the anomalies in the Arctic Basin agree with the
model results obtained by Tremblay and Mysak (1998)
who showed that an ice thickness anomaly formed in the
Beaufort Sea could be transported around the basin with
the same anticyclonic circulation and the same time
scale. These results are also consistent with Mysak and
Venegas (1998) who used a combined complex orthog-
onal function analysis to show the anticyclonic propa-
gation of sea-ice concentration anomalies in the Arctic
Basin and their export through Fram Strait into the
Greenland Sea.

7.2 Sea level pressure patterns and their relation
to the sea-ice circulation

A further understanding of the results can be obtained
by examining the sea-level pressure patterns from the
NCEP Reanalysis Data set and the sea-ice velocity fields
obtained from the model for the ice volume change
periods 1964-66, 1978-80, 1985-88, 1991-93 (see
Figs. 811 a, b, and c), and the subsequent large export
periods 1967-68, 1981-83, 1989, and 1994-95 (see
Figs. 8-11d, e, and f).

The mean sea-level pressure (SLP) fields for these
short periods were computed from the monthly data (see
parts a or d in Figs. 8—11). The anomalous mean sea-ice
velocity fields were computed by subtracting the clima-
tological sea-ice velocity field (from the 41-year run)
from the mean sea-ice velocity fields for the same period
to yield anomaly fields (see Figs. 811 b or e). The
anomalies in the SLP fields (see in Figs. 811 c or f) were
also computed for these periods by subtracting the mean
of the 41-year SLP record from the mean SLP over the
corresponding period.

The anomalies in the sea-ice velocity field show that
for the three periods of large and/or increasing sea-ice
volume in the Arctic Basin (1964-66, 1978-80, and
1985-88) which occurred before a large export, the cir-
culation tends to pack the ice along the East Siberian
coast more than usual (see Figs. 8-10 b). Since it is in
this region that the volume anomalies in the Arctic Basin
start to grow (Fig. 6¢), the origin of this increase is the
packing of the ice along the coast of East Siberia. It is
remarkable that during these periods of volume increase,
the high pressure system over the Arctic Basin (the
Arctic High) is centered closer to the Asian continent
with isobars showing a geostrophic wind which pushes
the ice toward the coast (see Figs. 8-10 a). The SLP

anomalies (Figs. 8—10 c) show a higher than usual SLP
along the East Siberian Coast; this is consistent with the
statement regarding the Arctic High center being near
the East Siberian Coast. At this time the Icelandic Low
does not extend as far north in the eastern Arctic (see
Figs. 8-10 a). This also agrees well with the results ob-
tained by Gudkovich (1961) who compared the atmo-
spheric pressure distribution with the observed sea-ice
drift in the Arctic Basin (these results are also reported
in Proshutinsky and Johnson 1997). Gudkovich (1961)
showed that two types of sea-ice circulation exist in the
Arctic Basin: (1) the cyclonic circulation in the eastern
Arctic with a small Arctic High centered over the
Beaufort Sea (years of large export; see later), and (2) a
larger anticyclonic circulation over the whole Basin,
with the Beaufort High closer to the Siberian coast,
which the authors call the Siberian High (northern
extension of the Asian High located over Siberia). In the
latter case, the Transpolar Drift Stream slows down and
shifts toward North America, leading to cyclonic sea-ice
circulation in the East Siberian Sea. Gudkovich (1961)
reports that at such a time the navigation conditions are
favorable in the Kara Sea but especially unfavorable
in the Laptev Sea and East Siberian Sea because these
atmospheric conditions lead to packing of the sea-ice
along the coast there.

It is interesting to note that the anomalies in the sea-
ice velocity fields (see Figs. 8-11 b and e) follow the
isobars of the SLP anomalies (see Figs. 8-11 c and f) of
the forcing fields. Also, only during the 1964-66 period
is there a piling-up of ice in the Laptev Sea (see Fig. 6e¢).
The sea-ice velocity anomalies (see Fig. 8b) tend to pack
more of the ice than usual in this region. The Laptev Sea
plays a large role in the Arctic as a source of first-year
sea-ice; it is a polynya which does not store the sea-ice
but produces it (Kassens et al. 1997), right at the tail of
the Transpolar Drift Stream. It was mentioned above
that during the 197881 period, the ice volume anomaly
in the Arctic Basin did not propagate as much as the
volume anomalies during the other periods. The sea-ice
velocity anomalies (see Fig. 9b, and e) show that the ice
packing along the coast was quite large, and that during
the export period (1981-83) this anomaly is persistent in
reducing ice export out of the East Siberian Sea by the
Transpolar Drift Stream until 1982.

For the periods of large export anomalies (1967-68,
1981-83, 1989, and 1994-95), the sea-ice anomaly ve-
locity fields (see Figs. 8-11 e) confirm that the circula-
tion tends to transport more ice from the center of the
Arctic Basin (where the bulk of the volume anomalies
are located) to the Fram Strait region. The SLP patterns
show a configuration of the isobars which allows a
strong Transpolar Drift Stream, i.e., isobars going from
the Laptev Sea to the Fram Strait region quite directly,
with in general a strong lateral gradient in Fram Strait
Region (see Figs. 8-11 d). This is in agreement with the
results in the sea-ice velocity fields showing a well-de-
veloped Transpolar Drift Stream for periods of large
export (not shown here). The SLP patterns also show
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Fig. 8a—f Mean sea-level pressure in hPa (relative to 1000 hPa with SLP contours less than 1013 hPa in dashed lines), anomaly in the mean sea-
ice velocity field, and anomaly in the mean sea-level pressure field in hPa for the a—¢ 1964-66 period, and d—f 1967-68 period

that these periods of large export correspond to an
Icelandic Low extending farther than normal into the
Arctic Basin, corresponding well with the retreat of
the Arctic High, to the southern part of the Beaufort
Sea.

The anomalies in the sea-ice velocity field for the
1967-68 period (see Fig. 8¢) show that the export of the
thick ice next to the coast of Greenland and the Cana-
dian Archipelago was not possible since the anomalous

sea-ice circulation (as the climatology) was extremely
weak there. This is due to the presence of the pocket-
shape made by the 1015-hPa isobar north of Ellesmere
Island (Fig. 8d). The situation was different in 1989,
when there was a stronger sea-ice circulation along the
coast, which allows the ice to leave the coast and then go
to the Fram Strait region (see Fig. 10e).

We pointed out earlier that the large export in 1995
was not preceded by a large increase of volume in the
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Fig. 9a—f Mean sea-level pressure in hPa (relative to 1000 hPa with SLP contours less than 1013 hPa in dashed lines), anomaly in the mean sea-
ice velocity field, and anomaly in the mean sea-level pressure field in hPa for the a—¢ 1978-80 period, and d—f 1981-83 period

Arctic Basin (see Fig. 4). This is the second largest ex-
port in the results of the 41-year run, and also agrees
quite well with observations by Vinje et al. (1998). This
large export is due to a strong anomaly in sea-ice
velocity (see Fig. 2). During the 1992-94 period the ex-
port is also quite high. The SLP patterns (see Fig. 11a,
and d) show an anomalous situation for the 1990-93
period; the large extent of the Icelandic Low in the
Arctic stayed that way during a long period (1989-95),

and during the period 1996-97 the Arctic High is still far
east of the Arctic Basin (not shown here), allowing a
well-developed Transpolar Drift Stream and no sea-ice
volume accumulation in the East Siberian Sea.

In the East Siberian Sea, during the 1989-95 period,
the sea-ice conditions were lighter than usual, as
reported by Maslanik et al. (1996). Maslanik et al.
(1996) related these conditions to the large increase in
the number of intense winter cyclone events in the late
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Fig. 10a—f Mean sea-level pressure in hPa (relative to 1000 hPa with SLP contours less than 1013 hPa in dashed lines), anomaly in the mean
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1980s in North Atlantic and North Pacific, as reported
by Lambert (1996). This last result is confirmed by the
large increase in the late 1980s of the winter northerly
wind stress in the Fram Strait region computed from the
NCEP Reanalysis data set (not shown here). This large
increase in the number of intense winter cyclone events
in the late 1980s was preceded by a significant positive
trend for the number of cyclones (Serreze et al. 1993).
Also, during the 1989-95 period, the Arctic Oscillation

(AO) index (Thomson and Wallace 1998) was higher
than usual, a situation corresponding to a deeper Polar
Vortex, which means a more cyclonic atmospheric cir-
culation over the Arctic Basin (more cyclone events).
McPhee et al. (1998) related the observed anomalously
thin sea-ice and freshening near the center of the Beau-
fort Gyre during the SHEBA (Surface Heat Budget of
the Arctic Ocean) experiment to the deepening of the
Polar Vortex and a more cyclonic circulation in the
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Fig. 11a—f Mean sea-level pressure in hPa (relative to 1000 hPa with SLP contours less than 1013 hPa in dashed lines), anomaly in the mean
sea-ice velocity field, and anomaly in the mean sea-level pressure field in hPa for a—c the 1990-93 period, and d—f 1994-95 period

Arctic Basin. These results are in agreement with our
results which show a negative anomaly in the SLP pat-
tern for the 1989-98 period, corresponding to a more
cyclonic atmospheric circulation over the basin; this
drives a more cyclonic sea-ice circulation and also
implies no large sea-ice volume formation in the East
Siberian Sea.

8 Relation between Fram Strait sea-ice export
and the northern North Atlantic Oscillation

An interesting quantity which characterizes the vari-
ability of the winter atmospheric circulation in the
North Atlantic is the North Atlantic Oscillation (NAO)
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Normalized NAO Index and Ice Export Anomaly
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1960 1965

Fig. 12 Normalized NAO index (dashed line) versus normalized sea-
ice export anomaly through Fram Strait (solid line)

index. The sea-ice export through Fram Strait is more in
phase with the NAO index after the mid 1970s (see
Fig. 12) when there was an increase in the number of
intense winter cyclone events in the northern North
Atlantic (Lambert 1996). This would correspond on
average to a deeper Icelandic Low and would confirm
the extended low pressure in the eastern side of the
Arctic Basin. It should be noted that the best agreement
between the NAO index and the sea-ice export is for the
peak in 1989, which is due to an anomaly in sea-ice
thickness (see Fig. 2) and not to a large sea-ice velocity,
which would be a simple conclusion that would nor-
mally be drawn from the Fig. 12. Therefore, it is very
important to consider the atmospheric state in the Arctic
Basin, which is related to the atmospheric states in the
North Pacific and North Atlantic, in order to under-
stand the variability in the Arctic sea-ice cover in the
Arctic Basin and the sea-ice export through Fram Strait.

The question of whether a direct link between the
NAO and sea-ice export through Fram Strait exists
certainly deserves further attention, and this is now
under investigation (L.-B. Tremblay 1999, personal
communication).

9 Conclusions

The interannual variability of the sea-ice conditions in
the Arctic Basin is simulated for the 41-year period
1958-98 using a thermodynamic-dynamic sea-ice model
based on granular material rheology. The NCEP Re-
analysis data set is used to force the model with clima-
tological monthly-mean surface air temperatures and
monthly-mean wind stresses. This approach allows us to
focus on the changes in the ice conditions that result
from variations in the wind field.

The sea-ice export anomaly through Fram Strait is
decomposed into various components; the two main
ones are due to the sea-ice velocity and thickness. It is
shown that some large sea-ice exports through Fram
Strait can be explained by either the thickness anomaly
(e.g., in 1989) or the sea-ice velocity anomaly (e.g., in
1995); other exports, on the other hand, can be ex-
plained by anomalies in both quantities.

Arfeuille et al.: Simulation of the interannual variability of the wind-driven Arctic sea-ice cover during 1958-1998

These results underline the importance of the sea-ice
evolution in the Arctic Basin, and suggest that the sea-
ice export through Fram Strait is not simply dependent
on wind in the Fram Strait region. Thus, the interannual
variability of the sea-ice volume anomaly in the Arctic
Basin is also investigated. The sea-ice export and volume
anomalies show related interannual variabilities. In
general, large sea-ice exports are preceded by large sea-
ice volume anomalies in the Arctic Basin.

The results show that the sea-ice volume anomalies
are generally formed in the East Siberian Sea and
propagate anticyclonically toward the center of the
Arctic Basin, which is consistent with results of Mysak
and Venegas (1998). They are then advected directly to
the Fram Strait region, generally along, but well offshore
from the north Greenland coast, and are subsequently
exported through Fram Strait. The hypothesis of the
export of multi-year sea-ice from immediately north of
the Greenland coast could be supported by the results of
the 1985-89 period; however even in this case, the thick
ice is mainly formed originally in the East Siberian Sea.

The sea-ice velocity anomalies show that during the
sea-ice volume formation periods, the sea-ice is packed
more than usual along the East Siberian coast. The SLP
patterns show that during these periods the Arctic High
is closer to the East Siberian coast. Also, the SLP
anomaly patterns imply that the anomalous winds pack
the sea-ice in the East Siberian Sea.

During the large export periods, the anomalies in the
sea-ice velocity fields show that the sea-ice circulation
tends to advect more sea-ice than usual from the center
of the Arctic Basin to the Fram Strait region, and hence
transports the sea-ice volume anomalies out of the
Arctic Basin through Fram Strait. The SLP patterns
show that at this time the Arctic High is relocated closer
to the Beaufort Sea and the Icelandic Low extends far
into the Arctic Basin, which provides for a well-devel-
oped Transpolar Drift Stream.

However, during the 1990-98 period, the atmospheric
conditions do not allow for the packing of the ice in the
East Siberian Sea. The Arctic High is still centered near
the Alaska coast and the Icelandic Low is still extends
far into the Arctic Basin. In this case, large exports
during this period appear to be due to an anomaly in
sea-ice velocity. This is consistent with the sea-ice export
anomalies results and their decomposition into sea-ice
thickness and velocity anomalies, which show that the
export is still quite large in the 1990s and that the large
export in 1995 (the second largest of the 41-year period)
is due not to an anomaly in sea-ice thickness but to an
anomaly in sea-ice velocity.

This recent period corresponds to a period of very
strong increase in the number of intense winter cyclones
in the northern North Atlantic and Pacific (Lambert
1996). In addition, Smith (1998) shows an increase in the
length of the melt season of perennial Arctic sea-ice over
the same period, and Maslanik et al. (1996) relate these
anomalous atmospheric conditions to recent decreases in
Arctic summer ice cover.



G. Arfeuille et al.: Simulation of the interannual variability of the wind-driven Arctic sea-ice cover during 1958-1998

These results make it even more relevant to consider
the sea-ice transport through areas like the Canadian
Arctic Archipelago (CAA) straits. With the recent de-
crease of sea-ice cover and stronger atmospheric circu-
lations, which could be due to global warming, more
sea-ice could be transported through the CAA straits
into the northern North Atlantic and may thus modify
deep water formation in the Labrador Sea.

The sea-ice export anomalies and the NAO index
seem to vary together, especially after the late 1980s. At
around this time there was an increase in the number of
intense winter cyclone events in northern North Atlantic
and Pacific. Atmospheric conditions in the Arctic Basin
are certainly related to those in the North Atlantic and
the North Pacific via the Arctic Oscillation (Thomson
and Wallace 1998); thus the Arctic region as a whole
should be considered in order to understand the influ-
ence of the atmospheric conditions on the sea-ice cover,
especially those associated with global warming.
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