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ABSTRACT

Hibler’s dynamic-thermodynamic sea ice model with viscous~plastic rheology is used to simulate the seasonal
cycle of sea ice motion, thickness, compactness, and growth rate in Hudson Bay under monthly climatological
atmospheric forcing and a prescribed ocean surface current field. The sea ice motion over most of the domain
is driven mainly by the wind stress, Wintertime sea ice velocities are only of the order of 1-5 (X10™* m s™!)
due to the nearly solid ice cover and the closed boundary constraint of Hudson Bay. However, the velocities
rise to 0.10-0.20 m s~ during the melting and freezing seasons when there is partial ice cover. The simulated
thickness distribution in mid-April, the time of heaviest ice cover, ranges from 1.3 m in James Bay to 1.7 m in
the northern part of Hudson Bay, which compares favorably with observations. The area-averaged growth rate,
computed from the model is 1.5-0.5 cm day™' from December to March, is negative in May (indicative of
melting) and reaches its minimum value of —4.2 cm day ™! (maximum melting rate) in July. During autumn,
the main freezing season, the growth rate ranges from 1 to 2 cm day ™. In the model, sea ice remains along the
south shore of Hudson Bay in summer, as observed, even though the surface air temperatures are higher there
than in central and northern Hudson Bay. A sensitivity experiment shows that this is mainly due to the pile-
up of ice driven southward by the northwesterly winds. The simulated results for ice cover in other seasons also
compare favorably with the observed climatology and with measurements from satellites. In particular, the
model gives complete sea ice cover in winter and ice-free conditions in late summer. A series of sensitivity
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experiments in which the model parameters and external forcing are varied is also carried out.

1. Intreduction

Numerical studies of the distribution and motion of
sea ice in the Arctic have been carried out by Parkinson
and Washington (1979), Hibler (1979, 1980), Hibler
and Walsh (1982), Holland et al. (1991a,b; 1993),
and many others. Furthermore, coupled ice-ocean
models have been quite successful in studying large-
scale sea ice characteristics (Hibler and Bryan 1987,
Semtner 1987; Lemke et al. 1990; Fleming and
Semtner 1991; Hikkinen and Mellor 1990; Piacsek et
al. 1991; Riedlinger and Preller 1991; Cheng and Preller
1992). Also, to understand the ice motion in the Lab-
rador Sea marginal ice zone (MIZ) and in the Bering
Sea, two- and three-dimensional coupled ice~ocean
models have been developed by Ikeda (1985, 1988,
1991a,b), Yao and Ikeda (1990), Tang (1991), Tang
and Fissel (1991), and Overland and Pease (1988).
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One- and two-dimensional coupled ice~ocean models
have been developed by Mellor and Kantha (1989)
and Kantha and Melior (1989) to study the sea ice
dynamics in the MIZ of the Bering Sea. More recently,
the three-dimensional simulation of deep water con-
vection in the Greenland Sea has been carried out by
Hikkinen et al. (1992).

Although sea ice modeling has been done for many
regions, as described above, no detailed numerical
study of sea ice cover in Hudson Bay has yet been
carried out. The main purpose of this paper is to present
the results of such a study. The probable reasons for
the lack of previous modeling efforts on this topic in-
clude the following: 1) There is complete ice cover
during winter, but during late summer Hudson Bay is
ice free, which differs from the situation in the central
Arctic and therefore presents new modeling challenges;
2) sea ice breaks up and melts during spring and forms
during autumn, similar to the situation in other MIZs,
which have proved difficult to model accurately in the
past; and 3) due to its isolation, and hence limited field
studies, the ocean circulation in Hudson Bay is poorly
known and therefore there is little knowledge of the
ocean forcing that is required for models of the ice
motion.

Danielson (1969, 1971) investigated the seasonal
variations of sea ice, surface heat budgets, and the at-
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mospheric conditions in Hudson Bay. Walsh and
Johnson (1979a,b), Parkinson and Cavalieri (1989),
Mysak and Manak (1989), and Parkinson (1991)
studied the temporal and spatial variability of sea ice
in the Arctic regions, including Hudson Bay. Wang
(1993) and Wang et al. (1994a) analyzed monthly data
of sea level pressure, sea ice concentration, surface air
temperature, runoff, and sea ice thickness in Hudson
Bay, Baffin Bay, and the Labrador Sea for the period
of 1953-87 to determine the climatology and seasonal
cycle of sea ice cover. Wang et al. also found that the
interannual variability of sea ice cover in the study
region is associated with both the Southern Oscillation
and the North Atlantic Oscillation. The seasonal cycle
of ice cover and the distribution of late winter/early
spring ice thickness as determined from the data
(Markham 1981; Prinsenberg 1988) will be compared
with the simulation results presented in this paper.

Wang (1993) and Wang et al. (1994b) employed
the Blumberg—Mellor three-dimensional, multilevel,
baroclinic numerical ocean model (Blumberg and
Mellor 1983, 1987) to simulate the winter and summer
ocean general circulation in Hudson Bay. The ocean
model outputs include surface circulation and eleva-
tion, which have been used to provide the oceanic
forcing underneath the sea ice model used in this paper.
We use the two-level sea ice model of Hibler (1979)
to simulate the seasonal cycle of sea ice motion, thick-
ness, concentration, and melting and freezing under
the prescribed monthly climatological atmospheric and
wintertime oceanic forcing. While there is no explicit
snow cover on top of the ice, the effect (albedo) of
snow cover is implicitly included in the calculation of
the solar radiation during winter (Danielson 1969).

We describe briefly the sea ice model in section 2
and discuss the external (atmospheric and oceanic)
forcing and model parameters in section 3. The sim-
ulation results for the seasonal cycle of sea ice cover
are given in section 4, and we carry out a sensitivity
study in section 5. We also present in section 5 the ice
anomalies due to typical negative air temperature
anomalies that are associated with the Southern Os-
cillation and the North Atlantic Oscillation (Wang et
al. 1994a). The summary and conclustons are given
in section 6.

2. Description of the model

The sea ice model we use has been described in Hib-
ler (1979, 1980). We briefly present the governing
equations and discuss some important details of the
model below. _

The two-dimensional momentum equation for sea
ice motion in Cartesian coordinates takes the form -

D
—D—l;+mkau—F=1a+1'w——mgV£, (1)

m
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where m is the ice mass per unit area, D/Dt = d/0t
+ ud/adx + vad/ady, uis the horizontal ice velocity vec-
tor, fis the Coriolis parameter, k is the vertical normal
unit vector, and F is the internal ice stress. The three
terms on the right-hand side of Eq. (1) are the external
forcing terms, consisting of 7, and 7,,, the air and water
stresses, and the gradient force due to the sloping sea
surface.
The air and water stresses are defined as

74 = paCal Ua| (U, cosg + k X U, sing),  (2)
Tw = prw'(Uw - u)l
X [U, cosf + k X (U, —u) sinf], (3)

where U, is the surface wind, U, is the surface ocean
current, C, and C,, are the air and water drag coeffi-
cients, p, and p,, are the air and water densities, and ¢
and 0 are the air and water turning angles, which are
both set to zero because the correction in direction and
magnitude has been made in the calculation of the
surface wind using the scheme of Ramming and Ko-
walik (1980), and the surface ocean current is used
rather than the geostrophic current. o
The viscous—plastic constitutive law has been de-
scribed by Hibler (1979). The internal stresses are
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where ¢ and 75, the normal and shear viscosities, are

given by :

P ¢ P
"7 2087

§= = (6)

2A° e
where P is the ice pressure and
a={1(24 + (&)1 + 4

dx dy e?

4 (du Gv\? du dv 1y)'?

+t5l—+—|+2——(1-5 7

e’ (ay 8x) dx dy ( ez)} 7)
in which e = 2 is the ratio of principal axes of the
ellipse. It is noted that besides the divergence term
$(0u/dx + dv/dy) and pure pressure term P/2 in the
square brackets of Egs. (4) and (5), there are two other
terms, n(du/dx — dv/dy) (stretching) and n(du/dy
+ dv/3dx) (compression ), which uniquely characterize

the sea ice internal stresses in the viscous—plastic man-
ner. This constitutive law relates internal ice stress to
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ice deformation and ice strength. This rheology allows
ice to flow plastically for normal strain rates and to
deform in a linear viscous manner for small strain rates.
The nonlinear normal and shear viscosities used in the
ice rheology are set to have the maximum values {ax
= (2.5 X 10%)P and 9max = {max/€’. These limiting
values are used to avoid numerical instability when ice
strain rates are very small.

To couple the ice strength to the ice thickness char-
acteristics, the ice pressure P takes the form

P = P*h exp[—-C(1 — A)], (8)

where P* (ice strength) and C (ice strength decay con-
stant) are empirical constants and A is the compactness
(ice concentration). This formulation makes the
strength strongly dependent on the amount of thin ice
(characterized by 1 — A4), while it also allows the ice
to strengthen as it becomes thicker, as measured by
the thickness 4.

To simulate both dynamic and thermodynamic ef-
fects, two ice categories, thick and thin, are used with
a cutoff thickness of o = 0.5 m for the thin ice. The
goal is to have the open water represented approxi-
mately by the combined fraction of both open water
and thin ice up to the cutoff thickness /4. This ice-
thickness mode! (Hibler 1980, Appendix B), with both
dynamics and thermodynamics considered, is similar
to the “zero-layer” thermodynamic ice model of
Semtner (1976). In this study, the snow cover is ne-
glected due to lack of any detailed data. The ice com-
pactness A4 is defined as the fractional area within a
grid cell covered by thick ice, while (1 — A) is the
fractional area covered by the thin ice and open water.
The continuity equations for thickness and compact-
ness are given by

%:—v-(uh)+pw-+ Sh, (9)
a4
5, = ~V(uA) + Dy + S, (10)

where 4 < 1, S, and S, are the thermodynamic forcing
or source terms, and Dy is the horizontal diffusion
term, which is essential for numerical stability. Dz (4,
AY= D, V?(h, A) + D,;V*(h, A), where V? is the hor-
izontal Laplacian operator, and D, and D, are constants
given in Table 1 (Hibler 1979).

The thermodynamic source term S), for ice melt and
growth is taken to be a linear combination of the frac-
tion (1 — A4) of thin ice and the fraction 4 of thick ice:

(1 B A)Qair + AQice + Qsea
piceLs

Sy = , (1)
where Q.; is the net incoming atmospheric heat flux
at the surface of the open water or leads due to short-
wave solar radiation, longwave radiation, sensible and
latent heat fluxes; Q. is the conductive heat flux
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TABLE 1. Model parameters used in the control run.

Parameter Value
Air drag coefficient C, =0.0012
Water drag coefficient C, = 0.0055
Decay constant C=10.0
Melting coefficient Cn=20
Water specific heat Cow =3930 J kg ' K™!
Yield curve eccentricity e=2
Coriolis parameter f=2Qsings™!
Cutoff ice thickness ho=0.5m
Mixed layer depth h,=25m
Ice conductivity ki=2Wm' K™
Latent heat fusion L;=334X10°T kg™
Air density pa=13kgm3
Ice density pi=910kg m™>
Water density pw = 1025 kg m™>
Ice strength P*=27X10°Nm™?
Grid spacing Ax = Ay = 55 km
Time step At = 12 hours

Max nonlinear normal viscosity of
ice

Max nonlinear shear viscosity of ice

Wind and current turning angles

Harmonic and biharmonic diffusion

Smax = (P/4) X 10° kg s~

Nmax = g‘max/e2
¢=6=0
D] = 0.004A_x, 02 = D]sz

through the ice into the ocean; Q.. is the oceanic heat
flux transported into the oceanic mixed layer from the
deep ocean or the heat flux due to the heat content of
the basin; L, is the latent heat of fusion of sea water;
and p;. is the ice density. Sea ice tends to grow (melt)
when S, > 0 (<0), since the ice loses {gains) heat.

The surface heat budget has been described in detail
by Hibler (1980, Appendix B), following Parkinson
and Washington (1979) and Manabe et al. (1979).
The source term S, for compactness is given by

-h—(l - A), if S,>0 (growth)
Sy = OS (12)
sz—;’lA, if S,<0 (melt),

where 4 1s the cutoff thickness between the thick and
thin ice, C,, is the melting coefficient (the rate of con-
version of ice-covered ocean to open water). In the
Arctic sea ice simulation, Hibler (1979) used C,,, = 1,
because sea ice exists year long, Usually, open water
rapidly forms (i.e., sea ice melts) in summer in Hudson
Bay, giving completely open water in late summer,
Thus, we choose C,, = 2 in the control run, a value
that gives model results in good agreement with the
observations. In practice, the freezing and melting
terms in Eq. (12) are equally important in Hudson
Bay, which differs from the Arctic Ocean where the
melting term is of less importance and accounts for
only a few percent of the open water formed in summer
(Hibler 1979).

We include the oceanic mixed layer temperature T’
in the ice model and calculate it prognostically. When
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FIG. 1. NOAA satellite images of sea ice cover on 3 Jan
(a: top) and 5 July (b: bottom) 1986.
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FIG. 2. Maximum sea ice thicknesses (cm) for eastern Canada
(from Markham 1981; Prinsenberg 1988).

ice exists, 7'is set to the freezing temperature (—1.8°C);
when there is no ice, it is calculated from

g — Qair + Qsea
a  pwChuhy ’

where p,, is the water density, C, ,, is the specific heat
of sea water, and 4, is the mixed layer thickness, which
is set to 25 m everywhere in Hudson Bay (cf. Wang et
al. 1994b). The salt flux is neglected when sea ice melts
or grows. The modeling of the mixed layer temperature
is essential for the simulation of the seasonal cycle in
Hudson Bay, since there are ice-free conditions in Au-
gust and September. When sea ice in any grid cell melts
to zero concentration, we use Eq. (13) to calculate the
mixed layer temperature at the grid cell. During the
freezing season, the sea ice starts to form only after the
modeled mixed layer temperature has dropped to the
freezing point at the grid cell.

(13)

3. Observations, external forcing and model
parameters

Figure 1 shows NOAA images of sea ice cover in
Hudson Bay in January and July 1986. There is almost
complete sea ice cover in January; near the northwest
coast some leads exist due to strong northwesterly

winds. Complete ice cover generally exists from Feb-
ruary to April (not shown), with an average thickness
of 1.5 m (Prinsenberg 1988). The sea ice starts to break
up in James Bay and along the Hudson Bay coast in
May. It piles up along the south shore of Hudson Bay
from early July (Fig. 1b) to early August. From Fig.
1b, we observe that some ice is advected to the north-
eastern corner of the bay. In late August and Septem-
ber, there are ice-free conditions. In October and No-
vember, sea ice forms from north to south with some
leads existing along the northwest coast. The spatial
distribution of maximum sea ice thickness in Hudson
Bay, which occurs in late winter/early spring, is shown
in Fig. 2.

Figure 3 shows the net total surface heat budget
in January, April, July, and October (after Danielson
1969). In January and April, the negative values in-
dicate heat loss from the ice-ocean system to the
atmosphere. The relatively small values indicate the
insulating effect due to sea ice cover. From May to
September (May, June, August, and September not
shown), the heat flux is positive with a maximum
in July (Fig. 3). From October to December (No-
vember and December not shown), the heat flux is
again negative, indicating a heat loss from the ocean
to the atmosphere. According to Markham (1981)
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FI1G. 3. The monthly climatology of surface heat budgets for each season (after Danielson 1969).
Contour interval is 5 W m™2 The positive (negative) values denote that the surface gains (loses)

heat.

and Prinsenberg (1988), the freezing season starts
in October.

Figure 4 shows the surface wind fields in January,
April, July, and October, which were calculated from
the monthly sea level pressure dataset of J. Walsh
(Walsh and Chapman 1990; Wang et al. 1994a). A
correction in magnitude and direction has been made
using the scheme of Ramming and Kowalik (1980,
chapter 1). In January, northwesterly winds prevail
over the entire region, with a typical magnitude of 5-
7 m s~!. In April, the wind is mainly from the north.
In summer, the northerly wind dominates in the
northern portion of the domain, while a westerly wind

prevails in the southern portion and in James Bay. The
magnitude is typically 3-5 m s~'. In October, the wind
field is similar to that of summer. The magnitude grad-
ually increases from October to December (not
shown).

Figure 5 shows the typical surface winter current
and elevation, which were derived by Wang (1993)
from a three-dimensional ocean model (Blumberg and
Mellor 1983, 1987). The model used 15 levels in the
vertical and the same climatological atmospheric forc-
ing as shown in Figs. 3 and 4 except for winter: De-
cember-February. A specified oceanic inflow (0.2 Sv)
and outflow (0.3 Sv) (Sv = 10° m? s7!) together with
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F1G. 4. The monthly climatology of surface wind fields for each season, which were calculated
from the NCAR sea level pressure of the J. Walsh dataset (Walsh and Chapman 1990).

an appropriate radiation boundary condition were ap-
plied to the open boundaries (Wang 1993; Wang et al.
1994b). We note that the circulation is cyclonic in the
surface layer, with an inflow from Roes Welcome
Sound (in the northwest corner) and an outflow into
Hudson Strait. The simulation results are in general
agreement with the observations of Prinsenberg (1986).
The central depression in the surface elevation is con-
sistent with the cyclonic pattern of the surface circu-
lation. The summer circulation obtained by Wang
(1993) is stronger and also cyclonic, but it would have
little effect on the ice flow because there are mainly
ice-free conditions in summer. The circulation in spring

and autumn cannot be simulated by an ocean-only
model because there are no observed climatological
surface temperature and salinity distributions, which
are needed to force the model.

Monthly atmospheric forcing, part of which was
shown in Figs. 3 and 4, was used to drive the ice model
over a seasonal cycle. However, to simplify the cal-
culations and since Hudson Bay is ice covered for over
half the year (Nov-Jun), the surface ocean current
and elevation fields were fixed throughout the year to
those shown in Fig. 5 (typical of the wintertime cir-
culation). The upward ocean heat flux into the mixed
layer is believed to be small, due to the small heat con-
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F1G. S. The January (winter) surface circulation (left) and elevation (right), as derived
from the output of the Blumberg—-Mellor three-dimensional numerical model.

tent of the water in Hudson Bay during winter (Dan-
ielson 1969). Thus, we set the ocean heat flux to 2
W m~2 everywhere for all seasons. However, the mixed
layer temperature is calculated by Eq. (13). The freez-
ing temperature is assumed to be —1.8°C rather than
specified as a function of salinity, because there are
almost no surface salinity observations in winter,
spring, and autumn. The monthly surface air temper-
ature, solar radiation, longwave radiation, and latent
and sensible heat fluxes were taken from a 1944-66
climatology documented by Danielson (1969). During
winter and spring, the values of these quantities im-
plicitly account for snow cover on the ice. The monthly
air relative humidity data were taken from a 1951-60
climatology obtained by Titus (1967). These data were
derived from station records, ship reports, and other
sources (for details, see Danielson 1969).

The simulation domain is identical to that used in
the ocean model (Wang 1993) and consists of a region
divided into 24 X 27 grids, giving a coarse resolution
of 55 km X 55 km. The integration time step is 12
hours. The ice model parameters for the control run
are given in Table 1.

An initial thickness of 1 m was assumed everywhere
on January 1, which is similar to the winter climatological
value (Prinsenberg 1986); the compactness was set equal
to 1. The initial ice velocities were (u, v) = (0.01, —0.01)
m s~ '. The ocean mixed layer temperature was set equal
to the freezing point. The normal zero gradient boundary
condition (i.e., extrapolation of the value next to the open
boundary to the open boundary grid) is applied to all
-variables. This condition was also used by Yao and Ikeda
(1990) in their simulation of the MIZ in the Labrador
Sea. This type of boundary condition has been widely
used in ocean modeling. The model was integrated for

four years under the same climatological monthly at-
mospheric forcing and ocean forcing shown in Fig. 5.
From Fig. 6, we see that the cycles of ice thickness and
ice cover are repeated regularly each year. There are ice-
free conditions in summer and a complete ice cover in
winter and spring. The second-year output is used for
the discussion below.

4. Results of the simulation

In this section, we discuss the seasonal variations of
sea ice flow, areal cover, thickness, and growth rate
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FIG. 6. The 4-year time series of the areal (gridpoint) sum of sea
ice thickness and ice cover area for the control run.
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from the control run. The sensitivity experiments will
be given in the next section.

a. Seasonal cycle

Figure 7 (panels a, b, ¢, and e) shows the seasonal
cycle of the area-averaged mixed layer temperature,
sea ice kinetic energy per unit mass, thickness, and
growth rate and, in panel d, the areal ice cover for the
control run. The oceanic mixed layer temperature is
at the freezing point from January to mid-June due to
the presence of the ice cover and starts to rise to its
maximum (about 4°C) by the end of August. In Sep-
tember, the area-averaged mixed layer temperature re-
mains constant because the area-averaged surface heat
budget is near zero. Starting in October, the mixed
layer temperature starts to fall and drops to the freezing
point at the end of December. At this latter time, sea
ice covers most of Hudson Bay.

The kinetic energy of the sea ice (second panel) is
relatively large only in the melting (spring) and freezing
(autumn ) seasons, with higher values occurring in au-
tumn because of stronger winds. These results are not
typical of the Arctic or the Greenland Sea MIZ, where
the largest kinetic energies occur during wintertime
(e.g., Holland et al. 1993).

The sea ice reaches its maximum thickness (1.6 m)
in April and begins to break up in May (see third
panel). During August and September, Hudson Bay
is ice free. Sea ice starts to form in October, and there
is almost complete ice cover by December. The sim-
ulated sea ice area (solid curve in fourth panel) com-
pares favorably with the observations (dashed curve).
The sea ice area is constant from January to April due
to the boundary constraint (Parkinson and Cavalieri
1989; Wang et al. 1994a). This boundary constraint,
which is absent in the Labrador Sea, Greenland Sea,
and the Arctic Ocean, occurs because of the almost-
closed coastline around Hudson Bay. Thus, once Hud-
son Bay is frozen over (in January), the sea ice area
remains constant until May; however, the sea ice
thickness keeps increasing, as shown in Fig. 7 (cf. panels
c and d).

From January to April, the area-averaged growth
rate decreases from 1.5 to 0 cm day ™! (panel e in Fig.
7). From May to mid-July, the negative values indicate
ice melting, with a maximum melting rate of 4.2 cm
day ' in the middle of July. From August to early Oc-
tober, the growth rate is zero, since during this time
there is no ice in Hudson Bay. From late October to
December, the average growth rate is about 1-2
cm day .

Figure 8 shows the spatial pattern of sea ice velocity
in mid-January (day 15), mid-April (day 105), mid-
July (day 195), and mid-November (day 315). We
note that in most of Hudson Bay, the sea ice motion
follows the northwesterly winds (see Fig. 4) in mid-
January and mid-April; however, in the northeastern
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part of the domain, the sea ice is exported out of the
bay because of the ocean circulation (see Fig. 5). Max-
imum velocities are 5 X 10™* m s™! in mid-January
and 1 X 10™* m s~! in mid-April, since sea ice becomes
thicker in spring. By mid-July (day 195), sea ice ac-
cumulates mainly along the south and east coasts. The
presence of ice in the latter region during July is not
in accord with observations, which show this to be an
ice-free region (Fig. 1b). The maximum velocity in
July is 0.16 m s~!'. In mid-November (day 315), the
sea ice follows the wind and current directions in the
northern part of the bay; the maximum velocity is 0.20

m s~ !. The velocities during the melting and freezing
seasons are comparable to those observed over the shelf
off Labrador and Newfoundland (about 0.20 m s™')
(Prinsenberg and Peterson 1992).

Figure 9 shows the seasonal cycle of the horizontal
distribution of the control-run thickness. The sea ice
is 1 m thick in mid-January, increasing to 1.3-1.7 m
in mid-April, with a well-defined south-north gradient,
which is quantitatively consistent with the observations
shown in Fig. 2. By mid-July (day 195), the ice thick-
ness decreases to less than 0.9 m. The relatively heavy
ice conditions along the south coast are presumably
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F1G. 9. As in Fig. 8 except for thickness. Contour interval is 0.1 m.

due to the ice being pushed southward by the north-
westerly winds. However, according to observations
there should be no heavy ice along the eastern shore
in mid-July. This discrepancy will be discussed later.
In mid-November (day 315), the thickest ice is located
in the northern part of the domain. Along the north-
western coast, the small ice thickness in November in-
dicates the presence of leads, created by the strong
northwesterly winds in this season.

The compactness distributions in mid-July and mid-
November will be discussed in section 4b. But we
mention here that during winter and spring, there is
complete ice cover. Figure 10 shows the spatial distri-
butions of growth rate in mid-July and mid-November.
The decay rate reaches its maximum in mid-July (left

panel), with the area-averaged value being about 4
cm day~!. During the freezing season (day 315), the
growth rate is around 2-3 cm day ! (right panel). In
mid-January and mid-April, the growth rates (not
shown) are about 1.5 and 0.5 cm day ™!, respectively.

In summary, the model reproduces seasonal cycles
of sea ice cover and thickness that compare favorably
with observations. Although there are no observations
of ice velocity, the modeled results seem reasonable.
However, one discrepancy we note is that in mid-July
(day 195), the sea ice does not melt along the east
coast (see Figs. 8-10). The observations (Fig. 1b) show
ice-free conditions there. This may be because the
ocean heat flux is fixed everywhere, whereas in reality
it varies spatially. Prinsenberg ( 1984) also showed that
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a coastal current along the east coast transports heat
northward from James Bay, and this feature was not
simulated in the ocean model.

b. Melting and freezing processes

Figure 11 shows in more detail the spatial evolution
of the modeled sea ice compactness (concentration ) dur-
ing the melting season. The sea ice breaks up first in
James Bay (see day 165, 15 June). Ten days later (25
June), James Bay is nearly ice free, but by contrast the
sea ice is just starting to melt in the northwest and is still
fairly solid along the south shore of Hudson Bay. This
apparent melting in the north only is hypothesized to be
due to the strong northwesterly winds that drive ice to
the south, where it piles up at a rate greater than the rate
of ice reduction due to local heating. On day 185 (5
July), the concentration decreases further in the north-
west portion of Hudson Bay and in the northern part of
James Bay. On day 195 (mid-July), James Bay is entirely
ice free as is the northwest part of Hudson Bay. Sea ice
also appears to be advected to the northeast opening by
the surface current (see days 185 and 195).

Figure 12 shows a more detailed spatial evolution
of the modeled ice compactness in late autumn and
early winter—the freezing season. From day 315 (mid-
November) to day 335 (5 December), sea ice forms
from north to south; however, some open water “leads”
occur in the northwest corner. Ten days later (day 345,
15 December), James Bay is still largely ice free, but
there is complete ice cover in the northeast part of
Hudson Bay. By 25 December (day 355), sea ice has
now formed in the eastern half of James Bay. The ex-
istence of compactness values less than 9/ 10 in western

"James Bay and in the northwestern corner is presum-

ably due to the northwesterly winds that push the lo-
cally produced ice offshore. These results are consistent
with the observations by Markham (1986 ) and the sat-
ellite measurements by Parkinson (1991). We note that
there are well-defined ice edges to the north and south
of the ice cover in July (day 195, Fig. 11); there also
exists a well-defined ice edge across the middle of Hud-
son Bay in November (day 315, Fig. 12).

5. Sensitivity study

We have performed a’ series of sensitivity experi-
ments that involve deleting certain physical processes
and changing the values of some parameters, similar
to that done by Holland et al. (1991b, 1993). We pre-
sent below only the results of the more important ex-
periments. Generally speaking, our results were quite
consistent with those of Holland et al.

a. Removal of the oceanic forcing

To determine the impact of the ocean circulation
on sea ice motion in the nearly closed Hudson Bay,
we removed the ocean surface circulation and elevation
(as shown in Fig. 5) as a forcing mechanism. In mid-
April (Fig. 13a) and mid-July (Fig. 13b), the ice mo-

_tion is to the south and to the southeast, respectively;

these motions closely follow the wind patterns for April
and July (cf. Fig. 4). In contrast to the observed ice
motion and the control run, however, there is no out-
flow of sea ice in the northeast corner into Hudson
Strait because of the lack of ocean current forcing.

b. Removal of the wind forcing
According to the observations of Danielson (1969,

- 1971), Markham (1986), Parkinson (1991), Wang
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(1993), and Wang et al. (1994a), the sea ice piles up
along the south shore in mid-July. This appears to result
from the strong northerly wind forcing. To test this
hypothesis, we removed the wind forcing in this ex-
periment. On day 195 (mid-July) the sea ice does not
approach the south shore (see Fig. 13d), but remains
in the central part of Hudson Bay, which is quite dif-
ferent from the case in the control run, as shown in
Fig. 8 and from observations. Also, we note that in
both April (Fig. 13¢) and July (Fig. 13d), there is a
large amount of ice exported out of Hudson Bay by
the ocean currents. These two sensitivity experiments
show that sea ice pile-up along the south shore in sum-

mer is mainly due to the northwesterly winds and that
ice transport out of Hudson Bay is due to the ocean
circulation.

¢. Ocean heat flux

Because of the lack of data for the upward sub-
surface ocean heat flux, we assumed a flux of Q.
=2 W m~? everywhere in the model domain, similar
to what had been used earlier in the modeling of sea
ice cover in the Arctic Ocean (Hibler 1979). Thus,
it is natural to ask what happens if this flux is doubled
or halved, with the other model parameters being
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taken to be the same as in the control run. Figure 14
shows the seasonal cycles of the area-averaged ice
thickness and mixed layer temperature for Q.. = 4
W m~2 (upper panels) and for Qg, = 1 W m™? (lower
panels), with the dashed curve being the control run.
We note that doubling (halving) the ocean heat flux
results in an advance (delay) in ice melting (cf. the
left panels), and thus leads to a higher (lower) mixed
layer temperature in summer (right panels). As a
consequence of the latter, sea ice forms more slowly
or more rapidly in the autumn than in the control
run. The difference between the area-averaged thick-

nesses for the two sensitivity runs is only about 0.02
m, however. :

d. Parameters P* and C

We carried out the following parameter sensitivity
tests on ice strength and the ice strength decay constant
[see Eq. (8)]: P* = 10 X 103,55 X 10* Nm™?, and
C = 5, 20. Figure 15 shows that the ice model with
small ice strength (P* = 10 X 10°> N m~2, in which
case sea ice becomes soft) cannot produce reasonable
results in terms of either ice area (Fig. 15a) or thickness
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(Fig. 15b). In particular, the ice is far too thick in east-
ern Hudson Bay and James Bay, and Hudson Bay
never becomes ice free. The maximum winter sea ice
velocity is about 1072 m s™!, one order of magnitude
greater than in the control run (107 m s~', Fig. 8).
For P* = 55 X 103 N m™2, the timing of ice melt is
delayed, but the sea ice area (Fig. 15a) and thickness
distribution (not shown) show little change from the
control case.

Figure 16 shows that when C is halved to 5, there is
little difference from the control run. But for C = 20,

the sea ice melts more slowly than in the control run
and there is sea ice in summer, contradicting the ob-
servations.

Other sensitivity experiments were performed with
respect to the remaining parameters listed in Table 1.
When small changes were made to those parameters,
the results did not change significantly from those in
the control run. Also, the results for an f-plane showed
little difference from the B-plane results presented
above. However, ignoring the Coriolis parameter results
in unrealistic ice velocities.
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e. Sea ice anomalies due to negative anomalies of
surface air temperature

In a data analysis study, Wang et al. (1994a) found
that during the first year of an ENSO event, there were
negative surface air temperature (SAT) anomalies of
about —1°C over Hudson Bay and thus positive
anomalies in sea ice area (see their Figs. 8 and 9).
During a strong westerly event of the North Atlantic
Oscillation, there were negative SAT anomalies of
about ~1.5°C in winter (see their Figs. 6 and 7) and
thus positive anomalies of sea ice area.

To find the model response to a simulated ENSO
event, we took the prescribed SAT field as climatology
less 1°C everywhere in the domain from February to
November in the second year in the model run (the
other forcing functions remained the same). Figure 17
shows the resulting anomalies (deviations from the
control run) of area-averaged ice thickness and ice
cover. The occurrence of positive anomalies in summer
and autumn in the model are qualitatively consistent
with the observations [see Fig. 8 of Wang et al.
(1994a)]. :

Similarly, to determine the model response to a
strong North Atlantic Oscillation event, we took the
prescribed SAT as climatology less 2°C everywhere in
the domain from first-year December to second-year
February (the winter season ). Figure 18 shows the sec-
ond-year anomalies of area-averaged ice thickness and
ice cover. We note that the sea ice becomes thicker
during winter and remains so until summer. After this,
ice conditions return to normal until November. The
ice cover area, however, shows little change in the win-

ter due to the boundary constraint (see section 4a); in
summer there is a small positive areal anomaly because
the thicker ice formed in the previous winter melts
more slowly. As a consequence, the mixed layer tem-
perature has a negative anomaly in summer, which
results in the earlier formation of ice in the autumn
freezing season. This is why in Fig. 18 there are the
positive anomalies of both ice thickness and ice area
from October to December.

6. Summary and conclusions

We applied Hibler’s (1979, 1980) sea ice model to
simulate the seasonal cycle of ice cover in Hudson Bay
under prescribed realistic climatological monthly at-
mospheric and winter oceanic forcing. The model is
capable of simulating the complete sea ice cover in
winter and the ice melting and freezing processes in
summer and autumn, respectively. The following con-
clusions can be drawn:

1) The seasonal cycle of sea ice velocity, compact-
ness, and thickness and growth rate in Hudson Bay
appear to be reasonably well reproduced, although a
comparison with data is only possible for ice cover and
thickness. The complete ice cover in winter and the
occurrence of ice-free water in summer are well sim-
ulated. Due to the boundary constraint, the sea ice

_velocity from January to April has.a typical magnitude

of only 1-5 X 10™* m s™' (unfortunately, there are no
available measurements to confirm this magnitude).
However, during the melting and freezing seasons, the
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ice velocity can reach up to 0.15 ms™!, which is a

typical speed for the ice motion in the Greenland Sea.

2) The melting and freezing processes have been
well simulated. Sea ice breaks up in the early spring in
James Bay and continues to melt along the coast.
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F1G. 16. The seasonal cycle of ice area for the cases of C = 5 and
20. The dashed curve denotes the control run for C = 10 (Fig. 7).
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However, sea ice melts slowly on the south shore, due
to the continuous southward motion of sea ice driven
by the wind. In July, sea ice piles up along the south
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shore because of the northwesterly winds, a phenom-
enon which has been observed. Sea ice forms from
north to south during autumn and early winter (De-
cember ), consistent with observations. The timing for
both melting and freezing seasons are well simulated.
The area-averaged growth rate derived from the model
is 1.5-0.5 cm day ! from December to March, negative
in May, and reaches its minimum value of about —4
cm day ! (maximum melting rate) in July. During
autumn, (the main freezing season) the growth rate
ranges from 1 to 2 cm day .

3) A sensitivity study shows that the effect of the
ocean circulation on the sea ice flow is important in
the northeastern part of the bay. In the rest of the do-
main, realistic wind forcing is the most important ex-
ternal forcing in the simulation.

4) Sea ice anomalies resulting from the imposed
negative anomalies of surface air temperature asso-
ciated with the Southern Oscillation and the North At-
lantic Oscillation are found to be qualitatively consis-
tent with the previous observational study of Wang et
al. (1994a).

We should emphasize that this simulation was car-
ried out using a sea ice model that was not interactive
with the ocean circulation model. Nevertheless, the sea

ice simulation results are generally consistent with most

of the available observations. But there are some short-
comings of the model and the simulations. We recall
that the ocean heat flux for all seasons was fixed equal
to 2 W m™2 everywhere in the domain. In reality, this
heat flux varies spatially and seasonally, but there are
no observations of this quantity to check the range of
these variations. In addition, the mixed layer depth
was fixed to be 25 m. Thus, not surprisingly, there were
some discrepancies between the simulated results and
observations. For instance, the sea ice in the model
does not melt off the east coast of Hudson Bay in mid-
July. In addition to the model limitations described
above, this particular discrepancy may be partly due
to the absence in the model of river runoff during spring
and summer. Because the runoff water temperature is
normally higher than those of the ice temperature and
offshore waters along the east coast of Hudson Bay,
such river runoff would enhance ice melt. Furthermore,
heat advection by the coastal current along the eastern
shore, which is neglected in the simulation, may be
important in the melting season, according to Hibler
and Bryan (1987). The above, and other discrepancies,
would probably be further minimized with the use of
a fully coupled ice-ocean model that has warm river
runoff and advection of heat northward along the east-
ern shore during the melting season.
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