
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 95, NO. C6, PAGES 9527-9538, JUNE 15, 1990 

Sensitivity Studies With a Sea Ice-Mixed Layer-Pycnocline 
Model in the Weddell Sea 

W. B. OWENS 

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 

P. LEMKE 1 

Max-Planck-lnstitut fiir Meteorologie, Hamburg, Federal Republic of Germany 

The sensitivity of a dynamic-thermodynamic sea ice model coupled to a one-dimensional mixed 
layer-pycnocline model to variations of dynamic and thermodynamic model parameters is investi- 
gated. Furthermore, the modifications of the model results due to the inclusion of a prognostic snow 
cover and the implementation of simplified sea ice rheologies are investigated. In these comparisons 
special emphasis is placed upon the ice-ocean boundary conditions (buoyancy fluxes) and the mixed 
layer properties. 

1. REVIEW AND INTRODUCTION 

Sea ice covers a substantial part of the polar oceans. The 
average winter sea ice extent amounts to approximately 13 
million km2 in the Arctic and 18 million km 2 in the Antarc- 
tic. The configuration of sea ice and open water in polar 
regions and the seasonal production of sea ice significantly 
influence variations of the atmospheric and oceanic circula- 
tion patterns on all climatic time scales. Sea ice effectively 
modifies the radiation budget and the exchange of heat and 
momentum between ocean and atmosphere because of its 
high albedo and insulating behavior. This modification 
strongly affects the mixed layer dynamics. In those regions 
of the ocean where the stratification is rather weak, the 
cooling and the brine rejection during the sea ice formation 
lead to deep and bottom water formation, which influences 
the deep ocean circulation. 

Because of the action of surface waves and tides the sea 

ice is broken into separate floes of variable size, with small 
floes (several meters) close to the ice edge and large floes 
(tens of kilometers) in the interior pack ice. These floes move 
under the influence of winds and ocean currents, thereby 
modifying the amount of open water between them. 

The fraction of the ocean covered by sea ice (i.e., the sea 
ice compactness or concentration) and the sea ice thickness 
are determined by two kinds of processes: thermodynamic 
processes (freezing and melting) and dynamic processes (sea 
ice drift). Freezing and melting are affected by radiation and 
heat exchange with the atmosphere and the ocean, whereas 
the sea ice motion is dominated by air and water stress, 
Coriolis force, ocean tilt, and internal ice stress. The latter 
describes the response of the sea ice to deformation (rafting 
and ridging). Sea ice models therefore consist of balance 
equations for sea ice mass, compactness, and momentum. 

Earlier simple sea ice models accounted only for the 
thermodynamic processes and neglected sea ice drift, as- 
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suming that advective effects are small on climatic temporal 
and spatial scales. The most sophisticated thermodynamic 
sea ice model was developed by Maykut and Untersteiner 
[1971]. In this model the heat conduction equation is numer- 
ically solved for a two-layer (snow and ice) system. The 
great complexity of this approach lies in the fact that the ice 
density, specific heat, and thermal conductivity are all 
functions of the sea ice salinity and temperature. These 
dependencies are caused by salt trapped in brine pockets 
that are in phase equilibrium with the surrounding ice. 
Because of this great complexity the model is difficult to use 
for climate purposes. A simplified version that retains the 
most essential components of this model was proposed by 
$emtner [1976]. An even simpler model was also proposed 
by $emtner [1976], in which a linear equilibrium temperature 
profile is assumed in both the ice and snow. The vertical heat 
conduction is uniform in both layers, and is proportional to 
the temperature gradient given by the temperature difference 
between the surface and the bottom of the ice and the 

thickness of both layers. The bottom temperature of the ice 
is specified by the freezing point of seawater (•-2øC). The 
surface temperature is determined from a surface energy 
balance which includes latent and sensible heat fluxes, 
incoming solar and long-wave radiation, outgoing long-wave 
radiation, and heat conduction through the ice. If the surface 
temperature derived from this energy balance is above the 
melting point, the surface melting is determined from recom- 
puting the energy balance with a surface temperature of 0øC. 
The net energy available is then used to melt snow or ice. If 
the surface temperature is determined to be below freezing, 
the sea ice growth rate is given by the heat conduction 
through the ice reduced by the oceanic heat flux penetrating 
the bottom of the ice. This oceanic heat flux is usually taken 
to be constant and ranges between 2 and 20 W/m 2. This 
simple thermodynamic sea ice model is the one most com- 
monly used in climate studies. 

Washington et al. [1976] have applied Semtner's simple 
model to both polar regions using climatological atmospheric 
data and an oceanic heat flux of 2 W/m 2. The model results 
show that the Arctic sea ice extent is only slightly overesti- 
mated in winter and slightly underestimated in summer. The 
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Antarctic results, however, are in poor agreement with 
observations. Ice extent and thickness are much too large. 
Washington et al. [ 1976] find that the inclusion of leads (open 
water within the pack ice) and an increase of the oceanic 
heat flux to 12 W/m 2 improve the model results. Although 
the magnitudes of the simulated sea ice thickness and extent 
for both polar regions are reasonable using the modified 
model, the geographical thickness pattern is not in good 
agreement with observations, especially in the Arctic. Ther- 
modynamic models obtain the largest ice thickness near the 
pole, whereas observations show a greater buildup of ice 
near the Canadian Archipelago. The reason for this discrep- 
ancy is the omission of the sea ice motion in the ice mass 
balance. 

Generally, growth and drift are equally important in the 
sea ice mass balance, and they are intrinsically related. The 
freezing rates in winter depend on the ice thickness, which in 
turn depends on the ice velocity pattern. The sea ice 
velocity, on the other hand, is modified by the distribution of 
thin and thick ice, because thin ice resists compression less 
than thick ice does. 

Although the ice cover consists of a large number of 
separate floes of varying size, sea ice can be described to a 
good approximation as a two-dimensional continuum. The 
ice drift is then determined from a momentum balance, 
which consists of the acceleration term, the Coriolis force, 
the ocean tilt, the forces due to air and water stresses, and, 
finally, the internal ice force given by the divergence of the 
internal ice stress tensor [Rothrock, 1975a; Hibler, 1980a, 
1986]. Existing sea ice models which include ice transport, 
differ mainly in the way the internal ice stress is treated. This 
includes modifications to both the parameters and form of 
the constitutive law relating the ice stress to ice deformation. 

Drift models (no thermodynamics) have applied free drift 
(neglecting internal ice stress and acceleration, [Felzen- 
baum, 1958], or treated the sea ice as a viscous material 
[Campbell, 1965; Campbell and Rasmussen, 1972] or as an 
incompressible fluid [Rotbrock, 1975b]. 

Seasonal transport models (including thermodynamics) 
which can be used for long-term climate simulations have 
been applied in three different ways. Bryan et al. [1975] have 
coupled a simple one-layer thermodynamic model to an 
atmospheric and oceanic circulation model. The snow cover 
in this model is incorporated as part of the ice. The sea ice 
motion is described by allowing the ice to drift with the 
upper layer of the ocean until it reaches a fixed cutoff 
thickness (4 m). At this thickness the sea ice motion is 
completely stopped. 

Parkinson and Washington [ 1979] use the thermodynamic 
sea ice model of Washington et al. [1976] with climatologi- 
cally averaged data, and include an ice transport based on a 
free drift momentum balance until the fraction of open water 
reaches a minimum value. Then the divergence rate is 
iteratively corrected to maintain a fixed minimum fraction of 
leads. The resulting sea ice drift is rather small compared to 
observations, and the resulting thickness distribution differs 
little from those obtained from purely thermodynamic mod- 
els, with thicker ice near the poles. 

The most sophisticated sea ice model is the one proposed 
by Hibler [1979]. This model includes a representation of 
thermodynamic Rrocesses similar to those of Parkinson and 
Washington [1979], and applies the momentum balance 
including the divergence of an internal ice stress tensor, in 

which the sea ice is treated as a viscous-plastic material. To 
allow the ice interaction to become stronger in regions of ice 
convergence and weaker in regions of ice divergence, the 
plastic yield strength in this model was taken to be propor- 
tional to the ice thickness and exponentially dependent on 
the fraction of open water. The ice mass and the ice 
concentration evolve according to continuity equations. In 
contrast to Parkinson and Washington [1979], ice conver- 
gence is allowed even for high concentrations. Convergence 
thickens the ice making it stronger and more resistant to 
further compression. The resulting fields of ice velocity and 
thickness demonstrate the improvement obtained with the 
viscous-plastic sea ice rheology. The agreement with obser- 
vations is clearly better than in other models, especially the 
simulated ice buildup along the Canadian Archipelago, and 
the thinning of ice along the Siberian coast. This model was 
also applied to the Weddell Sea [tIibler and Ackley, 1983; 
Hibler, 1984; Lemke et al., this issue]. An extension of this 
two-level model to a multilevel version was given by Hibler 
[1980b]. 

In this paper the sensitivity of the sea ice-mixed layer- 
pycnocline model described in detail by Lemke et al. [this 
issue] (hereinafter LOH) to the inclusion of a snow layer, to 
modifications of thermodynamic and dynamic parameters, 
and to the application of simplified sea ice rheologies will be 
investigated. The discussion includes variations of sea ice 
and mixed layer properties. 
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Fig. 1. Seasonal cycle of the integrated ice-covered area (upper 
panel), ice volume (middle panel), and snow volume (lower panel) 
for the experiment with (dashed lines) and without (solid lines) 
prognostic snow cover. Shown also is the observed integrated ice 
area (dotted line). 
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Fig. 2. Simulated mean September sea ice velocities, sea ice thickness and mixed layer depth on October 6, and 
annual net ice production in the Weddell Sea from the experiment with the prognostic snow cover. 

In the next section, a short description of the coupled 
model is given. In the following section a series of model 
simulations demonstrates the sensitivity of the results to sea 
ice dynamics and snow cover. 

2. MODEL DESCRIPTION 

In this study a version of the two-layer dynamic- 
thermodynamic sea ice model of the Weddell Sea [Hibler, 
1984] is coupled to a one-dimensional, prognostic mixed 
layer similar to LOH. In addition, the thermodynamics of 
the sea ice has been modified to include a snow layer as 
formulated by $emtner [1976] (see also Walsh et al. [1985]). 
Basically, the sea ice model consists of a momentum balance 
coupled to ice and snow thickness and compactness (fraction 
of area covered by sea ice) equations. In the latter equations 
the oceanic heat flux is determined by the mixed layer 
dynamics which also describes the depth, temperature, and 
salinity of the mixed layer and the pycnocline. Below we will 
give a brief description of the model to show the differences 
compared to LOH due to the inclusion of a snow layer. 

For this study the momentum equation is unchanged from 
that in LOH: 

mDu/Dt = -mfk x u + 'C a + 'r w -- mgVH + F (1) 

which includes inertial terms, Coriolis force, wind and water 
stresses, surface tilt, and internal ice interactions. 

The internal ice forces can be written in terms of the 

divergence of the two-dimensional stress tensor, F = V ß •r. 
Following Hibler [1979], the ice is considered to have a 
nonlinear viscous-plastic constitutive law 

o' O' = 2*l(kij, P)kij + [(•(•i/, P) - *l(kij, P))kkk -- P/2]•ij 
(2) 

where k ij is the strain rate tensor, P/2 is a pressure term 
related to the ice thickness, k kk = k• + k22 is the ice 
divergence, and; and ,/are the nonlinear bulk and shear 
viscosities, respectively. The viscous-plastic constitutive 
law [Hibler, 1979] prescribes 

• = P/2A ,/= •/e 2 (3) 

where 

2 122/e 2 A = [(1• 121 q- k22)(1 + 1/e 2) + 4k + 2k 11k22(1- l/e2)] 1/2 
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Fig. 3. Seasonal cycle of the integrated ice-covered area (upper 
panel) and ice volume (lower panel) for the thermodynamics-only 
experiment with (dashed lines) and without (solid lines) prognostic 
snow cover. 

where A < 1. The first term on the right-hand sides repre- 
sents the flux divergences into each grid cell. The ice 
velocities, calculated from the momentum equations, can be 
convergent due to either low ice strength (thin ice or small 
compactness) or pressure ridging when the ice deformations 
are large. As a result, one can obtain substantial flux 
divergences in regions with large gradients of ice thickness, 
compactness, or snow thickness. The diffusion terms are 

small and introduced solely for numerical purposes. Sop is a 
term representing the creation of open water by shear 
deformation [Hibler, 1984]. Sn, SA, and Ss are thermody- 
namic growth terms given by 

where 

6 

S h = Af(hi*/A)O + (1 - A)f(O) - Qo/(piL) (9) 

S A -- (1 -- A)f(O)/ho + x f(O) > 0 

S A -- 0 -[- x f(O) < 0 
(10) 

and e is the ratio of the principal axes (eccentricity) of the 
elliptical yield curve. The viscosities are confined to finite 
values as the strain rates become small by limiting their 
values to be less than 

•'max- (2.5 x 108s)p */max = •'max/e2 (4) 

The ice strength is coupled to ice thickness characteristics 1 
according to 

0 

P = P'hi exp l-C(1 - A)] (5) 12 

where h i is the areal average ice thickness and A is the ice 10 
compactness or fraction of the area covered by ice. 

In this formulation there are three model parameters that .-. 8 
must be specified a priori, the ratio of principal axes, e, and % 
the yield strength parameters P* and C. For this study the -• 

• 6 
standard experiment (described in LOH) uses the same • 
values as Hibler and Ackley [1983], e = 2, P* = 2.75 x 104 
N/m 2 and C = 20. The sensitivity of the model results to õ • 
variations of these three parameters will be investigated in > 
section 3. 2 

Local changes in ice thickness, compactness, and snow 
thickness, hs, are computed from continuity equations for 0 

X--0 Sh>O 

x = (A/2hi)Sh S h < 0 

these variables' 

h i -- --•7. (uhi) q- S h q- diffusion (6) 

• = - V. (uA) + SA + diffusion + Sop (7) 

h• = -V. (uh•) + Ss + diffusion (8) 

t h0 
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Fig. 4. Seasonal cycle of the integrated ice-covered area (upper 
panel) and ice volume (lower panel) for simulations with different 
values of the lead closing parameter (dashed lines, h0 = 1.0; dotted 
lines, h0 = 0.3). The standard experiment (solid lines) employs h0 = 
0.5. 
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where 

S s = APwP w/P s + y Ta -< 0øC 

Ss=0+ y Ta -> 0øC 

y = Af(hi*/A)pi/Ps f(hi*/A) < O, hs > 0 

(11) 

y = 0 otherwise 

with 

0 = 0 f(h?/A) < O, h s > 0 

O = 1 otherwise 
(12) 

where f(h) is the growth rate for ice of thickness h. The 
growth rates are determined from conductive heat fluxes 
through the ice which arise from conservation of energy at 
the upper surface of the snow/ice system [Serntner, 1976; 
Parkinson and Washington, 1979]. The Sh term is the sum of 
the ice growth over both open water and that part of the grid 
cell covered by ice. Since the growth rate, f(h), is a highly 
nonlinear function of ice thickness and, in reality, each cell 
is covered by a distribution of ice thicknesses which give the 
average thickness, hi, we have followed the procedure of 
Hibler [1984] and estimated the growth rates f(h) from an 
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Fig. 5. Seasonal cycle of the integrated ice-covered area (upper 
panel) and ice volume (lower panel) for simulations with different 
values of the strength parameter P* (dashed lines, weak ice' P* = 
5 x 103 N/m2; dotted lines, strong ice: P* = 105 N/m2). The 
standard experiment (solid lines) uses P* = 2.75 x 10 4 N/m 2. 

equal, seven-level distribution between zero and twice the 
average thickness. 

The inclusion of a snow layer modifies the calculation of 
the growth rates of ice, f(h). Following Semtner [ 1976] and 
Parkinson and Washington [1979] we assume linear temper- 
ature gradients through the snow and ice layers and no 
internal heat sinks in either layer. In this case the conductive 
heat fluxes through the two layers must be the same, Qi = 
Qs, and one can obtain the following: 

Qi = Qs = Ki(Tf- Ts)/[hi + (Ki/Ks)hs] (13) 

where K i and K s are the thermal conductivities of ice and 
snow, respectively, and Ts and Tf are the temperatures at the 
top of the snow or ice layer and at the interface between the 
ice and water, respectively. It can be seen in this equation 
that in computing the ice growth rate one need only replace 
the ice thickness, hi, with h,*. = h i + (Ki/Ks)h s and substitute 
a higher surface albedo (0.85 compared to 0.75 for frozen ice 
and 0.66 for melting ice) if a snow layer is present. Under 
atmospheric melting conditions, it is assumed that the snow 
is completely melted before any melting of ice begins. This is 
taken care of by 19 in (9). Qo in (9) denotes the vertical 
oceanic (entrainment) heat flux which is determined from the 
mixed layer model, and P i and L are the density of sea ice 
and the latent heat of fusion, respectively. 

The S A term characterizes how the growth rates of thick 
and thin ice affect the areal fraction of ice coverage. The first 
term in (10) parameterizes the closing of leads and open 
water under freezing conditions. It is assumed that the open 
water is not instantly covered by ice, but rather that the 
fraction of open water decays exponentially at a rate of 
ho/f(O). For example, in the Antarctic, frazil ice formation, 
followed by strong wind events redeposits thin ice under the 
ice floes [Ackley et al., 1980] which tends to slow the closing 
of open water. Nevertheless, although h0 has a physical 
basis, and we estimate that this decay rate is of the order of 
5 days, the exact value of h 0 is not known and is an 
important model parameter. For this study a standard value 
of 0.5 m has been used. Sensitivity experiments with dif- 
ferent values will be presented in section 3. 

The second term (x) in (10) accounts for the decrease in 
the fraction of the area covered by ice due to the melting of 
thick ice, assuming its thickness is distributed between 0 and 
twice hi/A and all the ice melts at the same rate. 

For the S• term in (11) we have assumed a uniform 
precipitation rate of Pw = 0.35 m of water per year. When 
the atmospheric temperature, Ta, is below freezing, this 
precipitation is in the form of snow (weighted with the ice 
concentration A); otherwise it is rain which we assume runs 
off through the leads and enters the oceanic mixed layer. The 
second term (y) in (11) accounts for the melting of snow, and 
Pw and p• denote the densities of seawater and snow, 
respectively. 

Most aspects of the one-dimensional mixed layer- 
pycnocline model are taken from LOH except for the 
freshwater flux, F, in (25) of LOH which is now determined 
by the precipitation Pw and the melting of snow: 

F = Pw(1 - A) + z Ta < 0 

F = Pw + Z Ta > O 
(14) 

where 
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Fig. 6. Simulated mean September sea ice velocities and sea ice thicknesses on October 6 for the experiments with 
the smaller (upper panels) and the larger (lower panels) ice strength. 

z: Af(h?/A)pi/Pw f(hi*/A) < 0 hs > 0 

z = 0 otherwise 

The model domain and integration procedure are the same as 
in LOH. 

3. MODEL EXPERIMENTS 

A set of simulations has been performed to investigate the 
sensitivity of the ice-ocean model to the inclusion of a snow 
layer, to variations of thermodynamic and dynamic model 
parameters, and to different simplified rheologies. We will 
focus on the changes of ice extent, ice volume, net freezing 
rate, vertical oceanic heat flux, and other mixed layer 
variables. These model experiments will all be compared 
with the standard run described in detail in LOH, which 
includes a prognostic mixed layer but no snow cover. 

3.1. Influence of Snow Cover 

A snow layer modifies the freezing rate of sea ice in two 
competing ways; it insulates the ice because of its low heat 
conductivity which reduces the heat loss to the atmosphere 
in winter, and its high albedo decreases the absorbed solar 

radiation. The first process decreases and the second in- 
creases the freezing rate of sea ice. 

The seasonal response of the dynamic sea ice model with 
(dashed lines) and without (solid lines) a snow layer is 
presented in Figure 1. The seasonal phases of extent (upper 
panel) and volume (middle panel) are not modified by the 
snow cover. The extent is reduced slightly in winter and 
substantially in summer as compared to the standard run and 
to observations (dotted line). This can be explained by the 
strong reduction of the ice volume which amounts to 25% in 
winter and 50% in summer. Due to its good insulation the 
snow cover affects the ice thickness (volume) more than the 
extent. From this experiment it is obvious that the insulation 
effect on the freezing rates dominates the influence of the 
albedo. The snow volume is also shown in Figure 1 (lower 
panel). 

The strong modification of our model results due to the 
prognostic snow cover is in contrast to conclusions from 
Maykut and Untersteiner [1971]. This discrepancy can be 
explained by the fact that Maykut and Untersteiner [1971] 
investigated snow on thick, multiyear ice where h,*. is only 
slightly larger than hi, i.e., the snow thickness is relatively 
small compared to the ice thickness. For seasonal (thin) ice 
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the snow thickness is comparable to the ice thickness and 
hence h,*. is substantially larger than h i. This leads to the 
pronounced decrease of the freezing rate. 

It should also be noted that the parameters of the sea ice 
model were tuned to fit the model results to observations 

without using prognostic models for the oceanic mixed layer 
and the snow cover [Hibler and Ackley, 1983]. These param- 
eter values (also used in our standard and snow experiments) 
are not necessarily the optimal ones for the extended snow- 
sea ice-mixed layer-pycnocline model. Although a modifi- 
cation of the model parameters would improve the results of 
the snow experiment, we think that the parameter adjust- 
ment should be carried out with an enclosed ocean circula- 

tion model. This will be the topic of a subsequent paper. 
Figure 2 displays the geographical distributions of the 

model variables from the snow experiment. The sea ice velocity is not modified by the presence of the snow cover as 
compared to the standard run. The ice thickness, on the 
other hand, is reduced by 25%. The simulated ice thick- 
nesses in the eastern Weddell Sea are in better agreement 
with the observations taken by Wadhams et al. [1987] than 
those obtained from the standard run. The mixed layer depth 
differs only slightly from the standard experiment. The 
average oceanic heat flux under the ice is reduced from 3.26 
W/m 2 to 2.84 W/m 2 (not shown). The amplitude of the net 
freezing rate decreased by 0.8 m/yr (25%). Since the net 
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Fig. 7. Seasonal cycle of the integrated ice-covered area (upper 
panel) and ice volume (lower panel) for simulations with different 
values of the ratio of bulk to shear viscosity (dashed lines: e = 1.5; 
dotted lines: e = 3; dashed-dotted lines: e = 10). The standard 
experiment (solid lines) employs e = 2. 
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Fig. 8. Sea ice thickness and mixed layer depth on October 6 for 
the thermodynamic sea ice model (no advection). 

freezing rate controls the mixed layer salt content, the 
salinity gradients are similarly reduced, while retaining the 
same pattern as the standard run. 

In order to investigate the sensitivity of the dynamic sea 
ice model to snow cover effects relative to a thermodynamic 
model, in our next experiment the velocity of the ice-snow 
model was set to zero. The results of this run together with 
the results of a thermodynamic only experiment without 
snow cover (see LOH and section 3.3) are displayed in 
Figure 3. The snow reduces the summer ice extent consid- 
erably, whereas the winter extent remains similar. The sea 
ice volume is reduced drastically (more than 50%). Compar- 
ing these results with Figure 1 it is obvious that the snow 
cover affects the thermodynamic sea ice model more than 
the dynamic model. Similar to the results of the LOH paper 
the dynamic sea ice model shows a reduced sensitivity 
compared to a simple thermodynamic model. 

This feature can be explained by the specific interaction 
between the dynamics and the thermodynamics of the sea 
ice model. In regions where the thermodynamics reduces the 
ice thickness, the ice gets weaker and the dynamics (under 
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favorable conditions, i.e., convergence) can readily increase 
the ice thickness (by importing ice into the region). In 
regions where the dynamics reduces the ice thickness (di- 
vergence), the thermodynamics (under favorable conditions, 
i.e., cooling) can easily increase the sea ice thickness. These 
interactions produce a negative, i.e., stabilizing feedback. 

3.2. Sensitivity to Model Parameters 

The remaining experiments discussed in this paper use the 
model version without the snow cover description. 

3.2.1. The lead closing rate parameter ho. The results of 
two experiments performed to investigate the sensitivity of 
the model to changes of h0 are presented in Figure 4. From 
(10), h0 is a model parameter which determines the time 
scale of the closing of leads and open water under freezing 
conditions. The standard run (solid line) used a value of h0 = 
0.5 m and the sensitivity experiments employed h0 = 1.0 m 
and h0 = 0.3 m. The seasonal cycles indicate only a slight 
increase of the extent for larger h0 (slower closing rate) and 
a slight decrease for smaller h0 (larger closing rate). The 
volume, on the other hand, shows a pronounced (20%) 
enhancement for h0 = 1.0 m, and a decrease (10%) for h0 = 
0.3m. 

The sea ice velocity shows only minor differences between 
the three experiments. The ice thickness is increased by 0.25 
m for h0 = 1.0 m and is reduced slightly for h0 = 0.3 m, 
whereas the patterns remain similar. The mixed layer depth 
is slightly deeper for larger h0 and slightly shallower for 
smaller h0. The average oceanic heat flux under the ice 
varies from 3.54 W/m 2 (h0 = 1.0 m) to 3.15 W/m 2 (h0 = 0.3 
m). The standard value was 3.26 W/m 2 (h0 = 0.5 m). The net 
freezing rate increases for h0 = 1.0 m by 0.5 m/yr and the 
salinity gradients are accordingly enhanced. For h0 = 0.3 m 
the opposite is true; the net freezing rate decreases by 0.5 
m/yr. These experiments indicate that h0 is an excellent 
parameter to tune the ice thickness. 

3.2.2. The ice strength parameters P* and C. An impor- 
tant rheology parameter is P* which characterizes the ice 
strength (equation (5)). The value used in the standard 
experiment was 2.75 x 104 N/m 2. The results of two 
sensitivity experiments with P* = 5 x 103 N/m 2 and P* = 
105 N/m 2 are displayed in Figure 5 together with the 
standard run (solid line). The seasonal cycle indicates a small 
reduction of the ice extent for weaker ice (P* = 5 x 103 
N/m 2, dashed line) and a slight increase for stronger ice 
(P* = 105 N/m 2, dotted line). The volume, on the other 
hand, is significantly affected. Figure 5 shows a pronounced 
increase of 2 x 103 km 3 for weaker ice and a decrease of 103 
km3 for stronger ice. It is obvious that P* affects the volume 
far more than the extent, since it decides on the degree to 
which the ice can be compressed. 

The velocity pattern looks similar for all experiments, 
except for the region near the southwestern coastline, where 
the velocity for weaker ice is directed more toward the 
coast, i.e., the ice is more compressed, and the ice thickness 
is accordingly strongly increased in this region (Figure 6). 
Stronger ice (larger P*) has the opposite effect and the ice 
thickness is accordingly reduced in the southwestern Wed- 
dell Sea. The mixed layer depth remains similar, and the 
average oceanic heat flux under the ice is only slightly 
modified by 0.2 W/m 2 (larger for P* = 105 N/m 2 and smaller 
for P* = 5 x 103 N/m). The net freezing rate and the salinity 
differ only little for the different experiments. 

Another rheology parameter is C which exponentially 
relates the ice strength to the ice compactness (equation (5)). 
Two experiments were performed with C = 10 and C = 30. 
The results are similar to the P* experiments. The ice extent 
was relatively insensitive to this parameter. Increasing C had 
the same pronounced effect on ice volume as decreasing P*, 
and vice versa (see equation (5)). 

3.2.3. The ratio of bulk to shear viscosity e (eccentric- 
ity). Variations of the eccentricity, e, from 1.5 to 10 have 
only a minor influence on the model results (Figure 7). 
Again, the volume seems to be modified more than the 
extent. Larger e (smaller shear viscosity) allows slip at the 
coast and therefore smaller volume. The results of an 

experiment using only a bulk viscosity (•/= 0 or e --• o•) are 
practically identical to the experiment with e = 10, and, 
therefore, differ only little from the standard run. Also the 
geographical distribution of the sea ice and mixed layer- 
pycnocline variables is very close to that of the standard 
experiment. This indicates that a dynamic-thermodynamic 
sea ice model using only a bulk viscosity may be sufficient 
for climate applications. A sea ice model with •/ - 0 was 
coupled by Serotrier [1987] to an ocean general circulation 
model (GCM) and applied to the Arctic Basin. 

3.3. Sensitivity to Different Rheologies 

3.3.1. No advection (thermodynamics only). The ther- 
modynamics-only experiment which neglects ice advection 
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Fig. 9. Seasonal cycle of the integrated ice-covered area (upper 
panel) and ice volume (lower panel) for the standard run (thick solid 
lines), the free drift simulation (dashed lines), and the experiments 
with the first (dotted lines) and second (thin solid lines) modification 
of the free drift assumption. 
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Fig. 10. Simulated mean September sea ice velocities, sea ice thickness and mixed layer depth on October 6, and 

annual net ice production in the Weddell Sea from the free drift simulation. 

and snow cover resulted in a larger ice thickness (Figure 8) 
compared to the standard run. The ice thickness contours 
are more or less zonal and reflect the pattern of the surface 
air temperature. Since the seasonal cycle is strongly reduced 
(too much ice in summer, see Figure 11 in LOH), the ice 
thickness is relatively high throughout the year, and there- 
fore the freezing rates are smaller than in the standard run. 
Accordingly the mixed layer depth is drastically reduced in 
the southern Weddell Sea and reaches a maximum of only 80 
m (Figure 8). 

3.3.2. Free drift. The seasonal cycles of the ice extent 
and volume for the free drift experiment (F = 0 in (1)) are 
shown in Figure 9 (dashed lines). Although the extent is only 
slightly different, the ice volume is substantially increased 
compared to the standard experiment (solid lines). 

The reason for this large increase of the total ice volume is 
that due to the strongly modified ice velocity field (Figure 10) 
the ice thickness is drastically increased in the southwestern 
Weddell Sea. At the eastern edge of this thick pack ice there 
is a small band of thin ice. In this region the mixed layer 
depth has its largest values. Under the heavy ice cover in the 
southwestern corner of the grid the mixed layer is rather 

shallow due to the smaller freezing rates. The pattern of the 
net freezing rate is strongly modified in this region. The 
overall amplitude of net freezing and net melting is similar to 
the standard run. 

3.3.3. Free drift modifications. In order to improve the 
free drift results another experiment was performed in which 
the sea ice velocity was allowed to follow the free drift as 
long as the sea ice thickness was less than 2 m. For 
thicknesses more than 2 m the ice velocity was set to zero. 
This is analogous to the treatment of sea ice in the global 
coupled atmospheric and oceanic GCM by Bryan et al. 
[1975]. The seasonal cycles of extent and volume are also 
displayed in Figure 9 (dotted lines) and indicate the drastic 
improvement by this modification. 

Because of this modification the sea ice velocity is zero in 
the southern half of the model domain (Figure 11) in strong 
contrast to the standard run, and the sea ice thickness in this 
region is therefore similar to the thermodynamics-only case 
(compare Figure 8). As in the thermodynamics-only experi- 
ment the mixed layer depth is also strongly reduced in this 
area, and there is no pronounced net freezing region which 
we observe in the standard run. 
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Fig. 11. Simulated mean September sea ice velocities, sea ice thickness and mixed layer depth on October 6, and 
annual net ice production in the Weddell Sea from the experiment with the first free drift modification (no motion for 
h i > 2 m). 

To further improve the spatial patterns of the sea ice and 
ocean variables toward the standard experiment, an addi- 
tional modification was imposed. The sea ice velocity was 
set to zero only if the sea ice was thicker than 2 m and if the 
motion was convergent, i.e., the ice was allowed to follow a 
divergent free drift motion even if it was thicker than 2 m. 

Of all free drift modifications the flow field (Figure 12) for 
this experiment best agreed with the standard results. The 
sea ice thickness was improved, and the mixed layer depth 
and the net freezing rate look very similar to the standard 
run. The seasonal cycles of extent and volume (Figure 9, thin 
solid lines) are closer to the standard experiment than the 
first free drift modification (Figure 9, dotted lines). 

In general, the free drift modification, which sets the sea 
ice velocity to zero if the ice is thicker than 2 m and if the 
motion is convergent, yields the best results of all competi- 
tive rheologies tested. Nevertheless, the original Hibler 
rheology shows the most convincing results, but it uses more 
computer time than the free drift modification. 

4. CONCLUSIONS 

The coupled sea ice-ocean model has been shown to be 
sensitive to changes in both its thermodynamics and dynam- 
ics. In particular both the inclusion of a snow layer and 
changes of the lead closing rate parameter h0 reduce the ice 
thickness significantly, while only slightly modifying the 
extent. The ice thickness of the snow experiment agrees 
favorably with observations from the Winter Weddell Sea 
Experiment [Wadhams et al., 1987]. 

Changes of the dynamic model parameters had little effect 
on ice extent. The volume, on the other hand, was modified 
significantly. Varying the parameters P* and C to increase 
the ice strength produced smaller ice volume because of 
stronger resistance of the sea ice to compression. Changes of 
the ratio of bulk to shear viscosity have a smaller effect on 
the model results as compared to modifications of the 
strength parameters. It appears that neglecting the shear 
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Fig. 12. Simulated mean September sea ice velocities, sea ice thickness and mixed layer depth on October 6, and 
annual net ice production in the Weddell Sea from the experiment with the second free drift modification (no motion 
for h i > 2 m and convergent u). 

viscosity has little influence on the performance of the 
ice-mixed layer model. 

On the other hand, ice velocities as well as ice thickness 
are sensitive to these ice rheology parameters (see Figure 6 
as an example). Although we do not see any way in the near 
future to obtain seasonal coverage of ice thicknesses over a 
large region such as the Weddell Sea, one can expect to 
obtain such coverage for the ice velocities estimated by 
tracking features from one satellite synthetic aperture radar 
(SAR) image to the next. When these data are available one 
could consider inverse modeling analyses to better deter- 
mine the ice rheology parameters. 

The application of simplified ad hoc rheologies indicates 
that the free drift simulation can be improved substantially 
by assuming that the free drift motion stops if it is conver- 
gent and if the sea ice thickness exceeds a critical value, 
which in this paper was taken to be 2 m. The simulation 
using this simplified advection scheme has a close resem- 
blance to the standard experiment with the viscous-plastic 
rheology. 

The experiments suggest that further tuning (inverse mod- 

eling) of the model parameters would improve the model 
performance toward observations of ice extent. But at this 
stage (without proper ocean circulation models) this does not 
seem to be appropriate. 

Furthermore, the experiments demonstrate that a proper 
modeling of the sea ice rheology is important, not only to 
realistically describe the sea ice extent, thickness, and 
compactness, but also in order to provide the correct forcing 
fields for the ocean (salt and heat fluxes, net freezing rate), 
which strongly depend on the nature of the applied dynamic 
model. 
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