Coordinated changes of sea ice over the Beaufort and
Chukchi seas: regional and seasonal perspectives
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One outstanding feature of the recent Arctic climate is the contrast of the
changes of sea ice concentration and thickness between the Beaufort Sea
and the Chukchi Sea. Since the Arctic Oscillation (AO) plays a critical
role in driving Arctic sea ice changes and the Beaufort and Chukchi seas
have been hypothesized as a region in which sea ice anomalies originate,
we employed a coupled sea ice—ocean model and carried out simulations
forced by the AO signal to examine sea ice changes in these regions,
focusing on seasonality. With the AO phase transition from negative to
positive, anticyclonic windstress weakens broadly in both winter and
summer; however, the surface air temperature response shows remark-
able seasonal dependence. Positive temperature anomalies spread over
the entire domain in winter, while negative anomalies occur in the shelf
seas in summer, although positive anomalies remain in the deep-water
portion. The simulated sea ice concentration resembles the observed
concentration. The strong seasonality of sea ice concentration changes
suggests that accumulation of sea ice concentration in the Beaufort Sea and
reduction in the Chukchi Sea are mainly produced in summer. Changes
of ice thickness are robust through the seasonal cycle. Generally, sea ice
dynamics play a critical role in creating the anomalous sea ice pattern and
sea ice thermodynamics partially compensate the dynamically-driven

changes. However, considerable seasonal differences occur.
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Dramatic changes have been recently detected in
the Arctic climate. The change in the atmosphere
is characterized by the weakening of the Beaufort
High (Walsh et al. 1996) as part of the pronounced
fluctuation of the Arctic or the North Atlantic
Oscillation (AO, NAO) (Thompson & Wallace
1998; Hurrell 1995). Analyses of SMMR and
SSM/I data during the period of 1978—1998 have
shown a reduction of about 3 % per decade in total
sea ice area (Johannessen et al. 1999; Parkinson et
al. 1999). Rothrock et al. (1999) reported a mean
decrease of 1.3 m in sea ice thickness (SIT) at the
end of the melt season in the deep-water portion
between 1958-1976 and the 1990s, which could
be due to an atmospherically induced shift in the
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relatively thick central Arctic ice toward northern
Canada (Holloway & Sou 2001).

An outstanding feature of these changes is the
contrast of sea ice variations between the Beau-
fort Sea and the Chukchi Sea. Sea ice concentra-
tion (SIC) has decreased tremendously in the
Chukchi Sea but it has increased remarkably
in the Beaufort Sea, as shown in the SIC and
sea surface temperature data set HadISSTI.1
(Parker et al. 1995; X. Zhang et al. 2003). Sev-
eral modelling studies (e.g. J. Zhang et al. 2000;
X. Zhang et al. 2003) have addressed variability
of annual mean SIC and SIT on the Arctic basin-
scale. Mysak et al. (1990) hypothesized that the
Beaufort and Chukchi seas are the origin of sea
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ice anomalies travelling to the Greenland Sea.
However, the changes of SIC and SIT over the
Beaufort and Chukchi seas are apparently exag-
gerated (relative to observations) in J. Zhang et
al. (2000). Arfeuille et al. (2000) found indica-
tions of movement of sea ice volume anomalies
in the Arctic Ocean in their modelling but they
did not find exchanges between the Beaufort Sea
and the Chukchi Sea. In this paper, we focus on
the Beaufort and Chukchi seas by evaluating sea
ice changes and their seasonality and exploring
underlying dynamic and thermodynamic mecha-
nisms in the context of the AO.

Model and forcing data

The Arctic coupled ocean—sea ice model used
here was developed for climate studies by
Zhang & Zhang (2001). The ocean component
is based on GFDL MOM?2.0 (Pacanowski 1995)
and includes the flux-corrected-transport (FCT)
algorithm (Gerdes et al. 1991). The sea ice model
is based on dynamics presented by Hibler (1979)
and thermodynamics by Parkinson & Washington
(1979), with modifications of snow treatments in
accordance with Fichefet & Maqueda (1997).
Zhang & Zhang (2001) developed a syn-
chronous coupling scheme between ocean and
sea ice to help heat and salt conservation. A
simple parameterization of brine rejection and
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more sophisticated parameterizations of heat
and freshwater fluxes are implemented, includ-
ing stability-dependent sensible and latent heat
fluxes and Arctic-specific parameterizations of
downwelling shortwave and longwave radiation
(Key et al. 1996). Penetration of shortwave radi-
ation through bare sea ice is included. Freshwater
fluxes result from sea ice growth/melt, snowmelt,
precipitation and river run-off.

The model domain extends from Norway and
Fram Strait to the Bering Strait with a horizontal
resolution of 55 km by 55 km. Oceanic inflows
at the open boundaries in the Bering Strait, Baf-
fin Bay and the Greenland—Iceland—Norwegian
(GIN) seas are specified as 0.85 Sv, —1.70 Sv and
0.85 Sv, respectively, allowing water exchang-
es between the Arctic and the North Pacific and
the North Atlantic. In this study, we focus on the
Beaufort and Chukchi seas (Fig. 1).

The forcing data, constructed from NCEP/
NCAR reanalysis from 1958 to 1998 (Kalnay et
al. 1996), includes surface windstress, 2 m air
temperature, 2 m specific humidity and surface
pressure. Climatological precipitation and river
run-off are taken from observations (Legates &
Willmott 1990; Becker 1995; data also supplied
by the National Snow and Ice Data Center). To
isolate sea ice changes driven by the AO mode,
forcing anomalies regressed onto the monthly AO
index are added to and subtracted from the cli-
matic monthly mean from 1958 through 1998,
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Fig. 2. Winter 2 m air temperature and windstress in the (a) positive and (b) negative phases of the AO, and (c) their difference.
Summer 2 m air temperature and windstress in the (d) positive, (e) negative phase of the AO, and (f) their difference. The unit of

air temperature scaled by the colour bars is °C.

respectively, to produce the monthly data corre-
sponding to the positive and negative phases of
the AO (X. Zhang et al. 2003).

The model was first integrated without ini-
tial sea ice for 120 years forced by 41-year mean
climate monthly data described above from ini-
tial temperature and salinity from Levitus (1982).
After about 100 years, an approximate equilib-
rium state was reached by the sea ice and upper
ocean properties (Zhang & Zhang 2001). Two
additional 10-year simulations were then carried
out with the forcing data corresponding to the
positive and negative phase of the AO, respective-
ly. Output from the last year of each simulation
has been analysed. Because the maximum sea ice
extent occurs in March and the minimum in Sep-
tember, we choose these two months to represent
winter and summer, respectively.

Results

Changes of atmospheric forcing

The winter and summer 2 m air temperature and
windstress in the positive and negative phases of
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the AO, and their differences, are shown in Fig.
2. During winter, cold air spreads over the entire
domain. The average surface air temperature is
around —20°C to —30°C over most of the Beau-
fort and the Chukchi seas in both phases. During
summer, surface air temperature increases to
above freezing point over the Bering Strait, while
temperatures vary between 0°C and —10°C over
the Beaufort and Chukchi seas. The prevailing
windstress is from the Beaufort toward the Chuk-
chi Sea in the negative phases of the AO from
winter through summer; this prevailing wind-
stress is actually a part of the Beaufort High.
However, a portion of windstress directed from
the Chukchi Plateau towards the northern Amer-
ican coast occurs in the positive phase in winter.
In particular, an anticyclonic cell appears over the
Chukchi Plateau, reflecting the contraction of the
Beaufort High.

The changes of surface air temperature and
windstress are shown in Fig. 2c¢ and f. From the
negative to the positive phase of the AO, changes
of surface air temperature show considerable
seasonality. The temperature increases over the
entire domain in winter, with the largest increase
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Fig. 3. Winter sea ice concentration and velocity in the (a) positive, (b) negative phase of the AO, and (c) their difference. Summer
sea ice concentration and velocity in the (d) positive, (e) negative phase of the AO, and (f) their difference. The unit of sea ice

concentration scaled by the colour bars is X 100 %.

occurring over the areas from the Chukchi Sea
to the Alaska shelf seas and near the Canadian
Archipelago, while it decreases in the shelf seas
in summer, although it remains an increase in
the deep-water portion. In both seasons, the
anomalous windstress in the positive AO phase
is directed from the Chukchi toward the Beaufort
Sea, opposite to the prevailing windstress in both
phases of the AO. This implies that windstress
from the Beaufort Sea to the Chukchi Sea
weakens in the positive phase compared with the
negative phase.

Changes of sea ice

Sea ice covers almost the entire domain from
the Chukchi to the Beaufort Sea during winter
in both the positive and negative phases (Fig.
3a, b). However, sea ice concentration decreases
noticeably during summer and open water occurs
in part of the Chukchi and Beaufort seas (Fig.
3d, e). Sea ice covers the deep-water portion
and extends to the Alaska coast. Sea ice moves
broadly from the Beaufort toward the Chukchi
Sea during both seasons in the both phases of the
AOQ, which is consistent with windstress. The sea-

ice motion from the Beaufort toward the Chukchi
Sea is a part of the Beaufort Gyre. Specifically, an
anticyclonic gyre is well organized in summer.

The observed and simulated annual mean
SIC shows an increase in the Beaufort Sea and
a decrease in the Chukchi Sea (X. Zhang et al.
2003) during the positive AO phase. Neverthe-
less, with the phase transition of the AO mode
from the negative to positive, SIC shows consid-
erable changes in summer but little in winter (Fig.
3c, ), suggesting a strong seasonal preference. In
summer, a large decrease of SIC occurs in the
Chukchi Sea during the positive phase; converse-
ly, a large increase of SIC appears in the Beaufort
Sea. In winter, SIC does not change markedly;
there is only a minor increase along the Canadian
coast (Fig. 3¢). This is because surface air tem-
perature still drops below freezing point to result
in sea ice growth, although it is much increased
in the positive phase of the AO. The results imply
that the anomalous SIC pattern is mainly pro-
duced in summer.

Anomalous sea ice motion from the Chukchi
Sea toward the Beaufort Sea occurs when the AO
is positive, consistent with changes of windstress.
In particular, the well organized Beaufort Gyre
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Fig. 4. Winter sea ice thickness in the (a) positive, (b) negative phase of the AO, and (c) their difference. Summer sea ice thickness
in the (d) positive, (¢) negative phase of the AO, and (f) their difference. The unit of sea ice thickness scaled by the colour bars
is metres.

in the negative phase in summer (Fig. 3e) is sub-
stantially weakened and deformed in the positive
phase (Fig. 3d). A resulting anomalous cyclonic
circulation occurs.

The SIT, plotted in Fig. 4, shows considerable
and robust changes with the phase shift of the AO
from the negative to the positive in both winter
and summer. SIT represents sea ice volume per
square unit and is an effective integrator of sea
ice changes. As shown in Fig. 4c-f, SIT decreases
substantially in the Chukchi Sea when the AO is
positive. By contrast, SIT increases substantial-
ly in the Beaufort Sea. The maximum increase of
SIT reaches over 2.0 m.

Thermodynamics and dynamics of sea ice
changes

Associated with the phase transition of the AO
mode are changes of heat and momentum fluxes,
which are reflected in the surface air temperature
and windstress changes shown in Fig. 2. These
changes affect both the sea ice thermodynam-
ics and dynamics. Because dynamic and thermo-
dynamic processes are inherently coupled in sea
ice, sea ice redistribution is determined by inter-
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actions of dynamic and thermodynamic proces-
ses. In the positive phase of the AO, the gener-
ally warmer air will intuitively tend to reduce
sea ice area and volume. However, sea ice trans-
port, convergence and divergence resulting from
dynamics modify and even dominate the thermo-
dynamic consequence for interannual sea ice
fluctuation (Walsh et al. 1985).

To elucidate the thermodynamic and dynamic
roles in sea ice changes over the Chukchi and
Beaufort seas, we present diagnostic results of
sea ice growth/melt and net lateral transports
in Fig. 5. The sea ice growth/melt is governed
by thermodynamic processes, not including
changes of volume resulting directly from defor-
mation, although deformation ultimately affects
the growth/melt rates. The transport is deter-
mined by the sea ice volume and velocity across
boundaries.

Sea ice growth occurs from fall to spring and
sea ice melt occurs during summer over the Beau-
fort and Chukchi seas in both phases of the AO
(Fig. 5a, b). However, changes of sea ice growth/
melt from the negative to the positive phase of
the AO are of opposite sign in the Beaufort and
the Chukchi Sea. During the positive AO, sea ice
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Fig. 5. Annual cycle of sea ice growth/melt rate in (a) the Beaufort Sea and (b) the Chukchi Sea. Annual cycle of net sea ice

transport in (c) the Beaufort Sea and (d) the Chukchi Sea.

growth is considerably weakened over the Beau-
fort Sea while it is intensified over the Chukchi
Sea from fall to spring. A small increase of sea
ice melt occurs in the Beaufort Sea but a tremen-
dous decrease of sea ice melt occurs in the Chuk-
chi Sea during summer in the positive phase. Part
of this decrease may be a consequence of there
being less sea ice to melt in areas of thinner ice
and of decreasing air temperature associated with
the AO mode over the shelf seas. Accordingly,
thermodynamics brings about less sea ice pro-
duction over the Beaufort Sea but more produc-
tion over the Chukchi Sea in the positive phase
of the AO.

These thermodynamic responses seem contra-
ry to the changes of SIC and SIT shown in Fig. 3,
so other factors are evidently responsible for the
sea ice redistribution. The sea ice transports into
and out of the Beaufort and Chukchi seas provide

another perspective. Sea ice transport from the
Beaufort to the Chukchi Sea represents a sink of
sea ice for the former and a source for the latter.
In addition, the Canada Basin is a source of sea
ice to the Beaufort Sea while the Chukchi Sea
loses sea ice to the East Siberian Sea. Exports
of sea ice through the Barrow and Bering straits
usually result in sea ice losses in both the Beau-
fort and the Chukchi Sea. The resultant net sea ice
transports in the Beaufort Sea and the Chukchi
Sea are plotted in Fig. Sc and d. The amplitude of
the seasonal cycle of net transport is suppressed
in the positive phase of the AO. Nevertheless, the
changes with the AO phase transition are consid-
erable and their seasonality is significant. The
Beaufort Sea gains but the Chukchi Sea loses sea
ice volume from fall to spring, while the Beau-
fort Sea loses but the Chukchi Sea gains sea ice
volume in summer with the AO phase from nega-
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tive to positive. In the annual mean, there is a net
gain of sea ice in the Beaufort Sea, around 462.9
km?3/yr but a net loss of sea ice in the Chukchi
Sea, around —910.8 km?/yr, in the positive phase
of the AO.

A detailed diagnosis shows that the sea ice
transport between the Beaufort and the Chuk-
chi Sea plays a dominant role in the net gain or
net loss of sea ice volume in these two regions.
Sea ice transport from the Beaufort to the Chuk-
chi Sea drops dramatically, by about 87%, in
the positive phase of the AO compared with the
negative phase. Although sea ice input from the
Canada Basin decreases, sea ice export through
the Barrow Strait increases and sea ice losses by
the transport toward the East Siberian Sea and
through the Bering Strait decrease, changes of
these transports still cannot offset the changes of
the transport between the Beaufort Sea and the
Chukchi Sea.

Consequently, the interaction of sea ice thermo-
dynamics and dynamics critically determines sea
ice production, loss and re-distribution. Dynam-
ics play a dominant role in creating the anomalous
sea ice pattern. Thermodynamics partly serve as
a compensating factor. Both the dynamics and
the thermodynamics exhibit obvious seasonality
in contributing to sea ice changes.

Concluding remarks

The Beaufort and Chukchi seas are hypothe-
sized as an origin of sea ice anomalies (Mysak
et al. 1990). A noticeable contrast of the chang-
es of annual mean SIC has been manifested in
this region in observations (X. Zhang et al. 2003).
However, the sea ice compacting off the Alaskan
and Canadian coasts in the Beaufort Sea is exag-
gerated in the recent modelling by J. Zhang et al.
(2000) and the sea ice anomaly transport from
the Beaufort to the Chukchi Sea was not found
by Arfeuille et al. (2000). We employed our own
coupled ocean—sea ice model and carried out sim-
ulations forced by the AO signal to explore the
formation of sea ice anomalies and their underly-
ing physical mechanisms in this region. Seasonal-
ity of sea ice changes in the Beaufort and Chukchi
seas forced by the AO is the focus of this paper.
With the transition of the AO from negative to
positive phase, anticyclonic windstress weakens,
reflecting the degeneration of the Beaufort
High. Considerable seasonality occurs for the
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surface air temperature. It increases over the
entire domain of the Beaufort and Chukchi seas
in winter but it decreases over the shelf seas in
summer in spite of the fact that the positive air
temperature anomalies remains in the portion of
deep water.

The AO signal coordinates the SIC and SIT
changes in the Beaufort and Chukchi seas.
Changes of SIC show noticeable seasonal vari-
ations with minimum changes in winter because
the heat budget is always negative, enabling
ocean surface temperature to drop to the freezing
point. SIC increases markedly in the Beaufort Sea
and decreases in the Chukchi Sea in summer in
the positive AO. This implies that the observed
annual SIC changes from 1979-1988 to 1989—
1998 in HadISST 1.1 are mainly produced in
summer. Changes of sea ice thickness are robust
through the whole year.

Sea ice dynamics plays a critical role in form-
ing the anomalous sea ice pattern. The changed
sea ice transports during the positive AO phase
result in a net inflow into the Beaufort Sea and
a net outflow out of the Chukchi Sea from fall
to spring, which dominate the net transports of
opposite sign in summer. Thermodynamic con-
sequences only partially offset the dynamics.
From the negative to the positive phase of the
AO relative to the negative phase, sea ice growth
intensifies in the Chukchi Sea and weakens in
the Beaufort Sea from autumn through spring;
sea ice melt decreases in the Chukchi Sea but
increases in the Beaufort Sea during summer,
reflecting a negative feedback on sea ice varia-
bility significantly different from J. Zhang et al.’s
(2000) positive feedback on their east/west Arctic
sea ice changes. A notable substantiation of the
conclusion that dynamics, not thermodynamics,
drive the sea ice variations is that the positive AO
leads to reduced ice coverage in the Chukchi Sea
(Fig. 3f) despite the fact that the summer air tem-
peratures in the forcing from the NCEP reanaly-
sis were actually colder for the positive phase of
the AO (Fig. 2f).

This study has provided a quantitative demon-
stration of the compensating nature of the
dynamic and thermodynamic responses to the
AO in the Beaufort and Chukchi seas in numerical
model simulations, with particular attention to
seasonality and to the relative roles of dynamics
and thermodynamics. With regard to the latter,
our results agree with Rigor et al.’s (2002) recent
observational analysis, which suggested that the
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dynamical response of sea ice to the wintertime
AO provides a “footprint” that persists through
the following spring and summer. It is hoped that
the results of this study will stimulate further
measurements and analyses to confirm the find-
ings.
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