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The possible effects of including ridge-related roughness in

air—ice drag parameterization: a sensitivity study

L.-B. TrEmBLAY, L. A. MysaAK
Department of Atmospheric and Oceanic Sciences and Centre for Climate and Global Change Research, McGull University,
803 Sherbrooke Street West, Montréal, Quebec H3A 2106, Canada

ABSTRACT. The effects on ice-thickness distribution of including ridge-related
roughness in the drag parameterization is investigated using a sea-ice dynamic and
thermodynamic model. A long-term integration of the sea-ice model forced by a 5 day
running mean of daily geostrophic winds and steady but spatially varying ocean currents
was performed to construct climatological thickness fields. Compared to a constant drag
coeflicient model, results that include roughness have a significantly different spatial dis-
tribution with much thicker ice in the western Arctic. These results match observations
better than those where ice roughness was omitted.

INTRODUCTION

The presence of sea ice in the polar regions has a substantial
influence on global climate. In particular, sea ice acts as an
insulator, reducing the amount of ocean heat lost to the
atmosphere. In turn, the ability of ice to insulate is a func-
tion of its thickness. Since ice-thickness distribution can be
altered by the opening of leads in regions of divergence or
ridging, in regions of convergence ice dynamics should be
properly included in climate-model studies of the Arctic.

Of the terms in the ice-momentum equation, most of the
uncertainty lics in the formulation of the internal ice-stress
terms and in the wind and ocean forcing on the pack ice.
Much attention has been placed (and stll is) on the proper
modelling of internal ice stress (rheology), which involves
the derivation of constitutive relations that try to capture
the important features of sea-ice deformation under applied
load (Hibler, 1979; Flato and Hibler, 1992; Tremblay and My-
sak, in press). In this paper, however, we will concentrate on
wind- and ocean-forcing terms. In most previous studies
(Hibler, 1979; Fleming and Semtner, 1991; Flato and Hibler,
1992; Holland and others, 1993), a square drag law with a
constant drag coefficient is used to model air—ice and ice—
water stresses. However, more recent measurements have
demonstrated that wind drag coefficient can vary widely
depending on ice surface roughness and, presumably, also
on atmospheric stratification (Smith, 1990). Anderson
(1987) also found considerable variation in the measured
drag coefficient in the ice-edge region that was dependent
on ice concentration. In the present study, the impact of
including ridging-related surface roughness in air—ice and
water-ice drag parameterization is presented.

In the following section, a brief deseription of the model
used for this simulation is given, and then supporting evi-
dence for using a variable drag coeflicient for modelling
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studies in the Arctic is presented. In the penultimate section,
the sea-ice thickness winter climatology obtained from a 10
year integration for both constant- and roughness-depen-
dent drag coefficients are compared with submarine sonar
data. The main conclusions drawn from the simulation
results are summarized in the final section.

MODEL DESCRIPTION

The sea-ice model is forced with prescribed atmospheric
temperatures, winds and ocean currents. In the ice-momen-
tum cquation, the acceleration term is neglected (i.e., the
ice is assumed to be in balance with the external forcing).
For this reason, a 5 day running mean of daily varying
winds is used. The constitutive relations used in this model
are derived by assuming that the ice behaves as a large-scale
granular material with no cohesion (Tremblay and Mysak,
in press). In particular, ice is considered to have no resis-
tance o tensile forces, a fixed resistance to a compressive
load that is a function of ice thickness, and a shear resistance
proportional to the local internal ice pressure. A single-layer
thermodynamic model with a linear internal-temperature
profile is used for the sea ice. The surface energy flux bet-
ween the ice—ocean surface and the atmosphere includes
latent and sensible heat components, as well as shortwave
and longwave radiation. In the present model, the occan is
allowed to warm up, even though ice is present in a grid cell.
The transfer of heat between the ocean and the ice is
achieved through sensible heating in a similar manner as
between the ice and the atmosphere. A more detailed des-
cription of the model is given in Tremblay and Mysak (in
press).

DRAG-LAW PARAMETERIZATION

The drag coeflicients can be calculated from direct-stress
measurements or from wind measurements assuming a spe-
cific structure of the planetary boundary layer. Air-ice and
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ocean-ice stresses are usually modelled as a quadratic law
with a constant turning angle (McPhee, 1975) as follows:

Ta = PaCla|t®a|(ufs cos @y + k x ub, sind,) ,

Tw =P“-de|?-!i - “-:’\\'I

(i — uBy) cos by + k x (w — uby)sinfly],

in which p, and p,, are the air and water densities, Cyj, and
Clyw the air- and water-drag coeflicients, u®, and u®, the
geostrophic wind and ocean current, u; the ice velocity, €,
and f, the wind and water turning angles, and k a unit
vector normal to the surface. Typical values for Cy, and
Ciwarel2 x 10 *and 55 x 10°*, respectively. In the above
equation for the wind-shear stress, the ice speed is consid-
ered small compared to the wind speed and is therefore
omitted,

For the atmospheric case, various measurements made
over the last 30 years yield drag coefficients ranging {rom 1
to 6 x 10 7, with more recent measurements being higher
(Fig. 1), However, in most sea-ice modelling studies, a
lower-range Cy, value of 1.2 x 10 * is used instead (Hibler,
1979; I'lato and Hibler, 1992; Holland and others, 1993) . This
choice is based on boundary-laver measurements made
during the Arctic Ice Dynamics Joint Experiment (USA-
Canada-Japan) (AIDJEX) project in 1972 (Fig. 1). The in-
creasing trend with time in the measured drag coeflicients
is duc to the measurements being made over increasingly
rough surfaces and perhaps under increasingly unstable
stratification conditions (Smith, 1990),
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Fig. I Drag coefficients over ice from various experiments,
g g coef 3
reproduced from Smith (1990).

In this study, we attempt to include the effect of surface
roughness in the drag parameterization; however, we ignore
the influence of atmospheric stratification. 1o zeroth-order,
we assume that sea-ice surface roughness is determined by
ridging intensity. Since ridging results in the build-up of
thicker ice, the sea-ice surface roughness is assumed to
depend on ice thickness. Stossel and Claussen (1993) have
also, among other factors, considered a dependence of the
form drag on the ice-plus-snow freeboard. The relation
between ice thickness and ridging intensity in the Arctic
can be seen by comparing the observed ridging-frequency
distribution (Fig. 2) with the measured ice-thickness distri-
bution in the Arctic (Fig. 3¢). For the water—ice drag coefli-
cient, the same dependence on surface roughness is
assumed.
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Fig. 2. Number of ridges (>1.22m) km " in winter, repro-
duced from Tucker and VWesthall (1973).

The lower range of measured drag coefficients (around
I %10 %) commonly used in large-scale sea-ice modelling
studies are assumed characteristic of 1 m thick ice; the larger
range values (around 5 x 10 7) are assumed to apply to 5m
thick ice (see Fig. 1. Inside those bounds, the drag co-
cificients are assumed to vary linearly with ice thickness;
outside those bounds, the drag coeflicients are specified to
have these minimum or maximum values. Mathematically,
this parameterization can be written as follows:
Ilm h <lm
h, lm <h <5 m
5m, h >bim

C:!zm\' — ¥

i
da,w
in which h is the sea-ice thickness, and €', and C} the base
drag coefficients taken as | x 10 * and 5.5 x 10 ”, respectively.
The linear dependence of Ciyy on ice thickness b also allows
the momentum and continuity equations to be written in
terms of the ice flux uih, which permits the use of more cor-
rect boundary conditions (1.c. no normal flux of ice at a solid
boundary).

RESULTS

Results from a 10 year simulation of the sea-ice cover in the
Arctic Ocean and surrounding seas are presented in this
section. A cartesian mesh with a grid resolution of 111 km is
used on a polar stercographic projection of the physical
domain. At high latitudes, the variation of the Coriolis
parameter with latitude is small, and the f-plane approxi-
mation is used. The model is forced with the prescribed
19615 day running mean of the daily geostrophic winds with
its yearly mean replaced by the 195489 annual climatology
obtained from the National Meteorological Center (NMC

sea-level pressure analysis (Flato and Hibler, 1992). This pro-
vides winds representative of climatology with realistic
weekly variability. There is no particular reason for choos-
ing the year 1961, except that it was not an anomalous year
in term of sea-ice circulation (as were 1969 and 1984). Spa-
tially varving, but steady, ocean currents were calculated
[rom a single-layer reduced gravity model, appropriate for
large-scale flows where the acceleration term in the momen-
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Fig. 3. Simulated March ice-thickness distribution with cons-
tant (a) and roughness-dependent (b) drag coefficient, and
observed ice thickness from sonar data (¢ ), inm. In (a) and
{ b ). the ice edge is shown as a broad black line.

tum equation is ignored ([riction is represented using a lin-
car drag law, and the normal velocity component is speci-
fied at open boundaries). In the Bering Strait, the normal
velocity was set to obtain a constant inflow of 1s.v. into the
Arctic. The inflow- and outflow-velocity field in the North
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Atlantic was specified from Levitus sea-surface clevation
data and scaled in such a way as to obtain no accumulation
of water in the Arctic domain. Finally, solar forcing is the
daily average value corrected for an 80% cloud cover (Lac-
vastu, 1960).

The houndary conditions for the ice dynamic equations
are zero normal and tangential velocity at a solid boundary,
and free outflow at an open boundary (Hibler, 1979). For the
sca-ice thermodynamic equation, atmospheric temperature
is specified from monthly climatology. The temperature at a
given day is calculated as a weighted average of the mid-
month climatological values. These temperatures were cal-
culated {rom the (NMC) 850 mb height and temperature
fields, assuming a linear temperature profile between the
1013 and 850 mb levels. For the ocean, the temperatures at
open boundaries are specified from monthly climatologies
extracted from the Levitus (1994) data. At continental
boundaries, the ocean heat flux is considered to be zero (a
continent is regarded as a perfect insulator).

The model was integrated for 10 years to reach a stable
seasonal cycle using a 1 day time-step.'Io isolate the effects of
the drag-law parameterization on the simulated thickness-
distribution fields, the same ocean currents and atmos-
pheric temperature fields are used in the simulations. The
results shown are the simulated winter climatological thick-
ness distributions using a constant- and a thickness-depen-
dent drag coeflicient. The model results are compared with
sonar data for ice thickness.

March ice thickness and ice-edge position

Figure 3a shows the simulated winter climatological thick-
ness distributions in the Arctic using a constant drag cocfli-
cient, which can he compared with the sonar measurements
(Fig. 3¢c) reported by Bourke and Garrett (1987). The icc-
edge position, defined as the 5-tenth ice-concentration con-
tour, is also included in these figures. The model contour-
line patterns reproduce the observations reasonably well,
with ice thickness ranging from 1 m near Asia, to 7 m north
ol Greenland. In the Laptev and East Siberian Seas, the
simulated ice thickness (2-3m) is larger than observed
(<1 m). The modelled ice-free region in the North Atlantic
extends over the whole of the Norwegian and Barents seas
due to the advection of warm water by the Norwegian
Current. In the winter, whether the Bering Strait is open or
closed has a strong influence on the ice-thickness distribu-
tion in the Chukchi Sea. When open, the resulting ocean
current pattern produces significantly thicker ice north of
the Bering Strait. However, the temperature of the water
entering the domain is very close to freezing point, and thus
does not have a significant influence on the growth of ice in
this region. In the Barents Sea, the ice margin is very well
reproduced; however, in the Greenland Sea the ice edge is
too far cast. This is due to prescribed ocean currents that
have a weak recirculation of water in the Greenland Sea.
Figure 3b shows the simulated mid-March thickness dis-
tribution in the Arctic using the roughness-dependent drag
coeflicient as described in the previous section. In this
simulation, ice thickness ranges from 1 to 7 m, as before,
However, now the ice-thickness spatial distribution pole-
ward of the northern Canadian islands is significantly
different and is in better agreement with the observations.
In this region, the ridging activity is high and the ice 1s
assumed to he rough; this results not only in a higher wind
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stress, but also in ice drift following the wind more closely
(the ratio of water drag to the Coriolis effect is higher). Both
of these effects contribute 1o a higher ice build-up against
the western part of the northern Canadian coast, as
observed in the thickness field (Fig. 3c¢). In thinner ice
regions the ronghness-dependent drag coefficients approach
the minimum value and little difference in the thickness dis-
tribution is found between the two models.

CONCLUSIONS

In the present study. ice-surface roughness is assumed to
increase with ridging intensity, which in turn is responsible
for ice thickening. Consequently, the drag coeflicients are
considered proportional to ice thickness. The effects of
atmospheric stability on the air-ice momentum transfer,
however, is not considered.

A long-term integration of the sea-ice model with both a
constant- and roughness-dependent drag coellicient yield a
range in ice thickness that is in agreement with ice obser-
vations. However, the ice-thickness spatial distribution in
the Canada Basin for the two simulations is significantly
different. The results using a constant drag coefficient yield
a more uniform thickness build-up against the northern
Canadian islands, whereas the results using the roughness-
dependent drag cocefficient results in an offshore tongue of
thicker ice in the western Arctic; this is in better agreement
with thickness observations. In general, the simulations
show that spatially varving drag coeflicients, within the
range of observed values, have a strong influence on the cal-
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culated ice-thickness distribution, and an attempt to incor-
porate this effect into sea-ice modelling studies is desirable.
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