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Abstract

The influence of sea ice on wind-driven sea level variations is examined. A coupled ice-ocean model
is used to simulate the evolution of the sea level elevation in different ice conditions in the Baltic Sea; a
simple analytical model is utilized to aid the interpretation. Ice cover highly modifies the air-sea kinetic
energy transfer. Water piling-up is decreased as a result of internal friction within the ice cover: in
ice-covered cases the sea surface slope may be as low as one-third of the ice-free value in similar wind
conditions. The results fairly well agree with observations. Besides reducing the changes in the sea level,
the ice cover also affects the current field. For severe ice conditions the current field magnitude dropped to
20 % from the ice-free case.
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1. Introduction

In freezing seas the wind-driven circulation of water is highly affected by the extent
and strength of the ice pack. By transmitting the wind forcing to the sea water, the ice may
increase or decrease the kinetic energy input into the sea. The increase is true for free
drifting rough ice which normally has a higher wind drag coefficient than ice-free water;
on the other hand, no energy gets through the ice when the ice cover is stationary because
of its high internal friction. As a consequence of the circulation the water level variations
become modified by the ice.

In the Baltic Sea, wind stress is the principal force for the circulation and piling-up
of water. Tides are very small, the amplitude being less than 1 cm. Ice occurs annually in
the region. The ice cover is dynamic; strong winds break the ice, opening up leads and
building up ridges in the pack. The mobility of the ice in any of the Baltic basins rapidly
decreases as the basin becomes totally ice-covered and the ice gets thicker.

The reducing influence of ice on the wind-driven water piling-up in the Baltic Sea
winter was first reported by Lisitzin (1957). She examined the Kemi-Vaasa water level
difference in the Gulf of Bothnia and found that this difference became damped down to
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1/3 from ice-free cases in severe ice seasons (Figs. 1-2). This damping is due to internal
friction which uses much of the wind energy input in the ice deformation (Leppdranta,
1981). Omstedt and Nyberg (1991) further examined sea level statistics and obtained a
maximum ice damping factor of 1/2 for the water level slope.

The role of sea ice in winter time circulation and water piling-up is examined in this
work using a coupled ice-ocean dynamics model. The raw results have been given in Zhang
and Leppdranta (1992) and are further analysed here. The area of study is the Bay of
Bothnia, the northern basin of the Gulf of Bothnia (Fig. 1). A simple analytic analysis is
first performed. With the full model selected cases with different ice conditions are
simulated and the results are compared with the observed data. In addition, the possibility
of using this coupled model for predicting water level in winter months is tested.

* “Numerical
* model
. boundary

Fig. 1. The Gulf of Bothnia, divided (at about the Vaasa level) into the Bay of Bothnia and the Sea of Bothnia.

2. Analytic analysis

Consider a long channel aligned with the x-axis and closed at x = L. Assume also
that the wind is constant and blows in the positive x-direction. The steady state balance
between the wind stress and pressure gradient gives the sea surface slope (e.g. Lisitzin,
1957):
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b = T,./(pgd) @

where T, is the wind stress on the water, p is the water density, g is the acceleration of
the gravity, and d is the water depth. The wind stress law is parametrized as

tE.\V = pacaw IUaan > (2)

where p, is air density, C,,, is air-water drag coefficient, and U, is wind velocity. For
neutral stratification, the drag coefficient was given by Garratt (1977) as C,, = (0.75 +
0.067 U,) x 107,

Now add an ice cover with compactness A and mean thickness  to the system. The
wind stress on ice is T; = P,C, 1U,IU, where Cy is the air-ice drag coefficient; for the
Baltic Sea C,; = 1.8 X 10 (Joffie, 1984; Leppdiranta and Omstedt, 1990). The wind stresses
over ice and water then become equal at U, = 15.7 m/s. The ice-water stress is given by

tw = PGy lu-Ul(u-U), 3)

where C;, is the ice-water drag coefficient and u and U are the ice and water velocities. A
representative value for the drag coefficient is Gy, =3.5 107 in the Baltic Sea (Leppdranta
and Omstedt, 1990). Finally the stress driving the water circulation becomes

ty = ATiw + (I'A)taw . (4)

For the channel flow, a one-dimensional ice dynamics description can be easily
obtained from Hibler’s (1979) model:

1;h (Qu/ot + u Juldx) = AT, -AT;, + 00/0x (5a)
A/t = — d(An)/ox , 0<A<I (5b)
Aot = - d(hu)/ox (5¢)

where p; is the ice density, and o is the internal ice stress given here by the plastic law

»n
|

= -P.h exp{-C(1-A)}, ou/ox <0 6)
s =0, Juldx 20

with P« and C being ice strength constants. The sea surface slope term for the ice drift is
small, even in the water piling-up cases, and has been neglected in this study (slope term
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=pih gP~10*-1-10-10° N/m® = 10% N/m*<< 1,). The boundary conditions are such
that at the ice edge the ice stress is zero and at x = L the ice velocity is zero.

In the present case the only steady-state solution of Egs. (5) is # = 0 which leads to
U = 0 (no forcing) and consequently to 8 = 0. The time scale for the full adjustment is
however long (Leppdranta and Hibler, 1985), much longer than the wind set-up time scale
of one day or so. We may however consider the quasi-steady case of Egs. (5) where the
left-hand sides are equal to zero. This case is valid for the one-day time scale solution. The
solution must be interpreted as a representative "mean" field (u, A, k) during the wind
set-up process.

In this quasi-steady case the momentum equation gives us AT;, =AT,;+ d0/dx. Now
using Eq. (4) for the surface stress on the water surface, the sea surface slope becomes

b = [At,; +do/ox + (1-A)T,,)/(pgd) @)

Integrating this formula from a point (within the ice pack) x=L, to the solid boundary x=L

gives the water level difference AH between these points:
DH = B(L-Lo) = [L-L)ATy + (L-L)(1-AYty, + O(L)-0(Lo)V(pgd) )

where the overbar stands for spatial averaging. If the wind is strong enough the ice moves
and the ice stress equals the yield stress; otherwise the ice is motionless the ice stress
balancing the wind forcing. Now take the strong wind case, and assume for simplicity that
the ice field gets well packed so that A ~ 1 and choose L, to be the ice edge; then o(L) =
-P.h(L) and o(L,) = 0. The sea level difference between x=L and x=L, is

DH = [(L"Lo)pacaianan 'P*h(L)]/(pgd) - (9)
For comparison, the ice free case gives
DH = (L"Lo)pacﬂw! Ual Ua/(pgd) (1 0)

This result differs qualitatively from Lisirzin (1957) in that the ice case does not go to zero
parabolically but is cut to zero at about wind speed 14 m/s due to the ice strength. The
comparison is shown in Fig. 2, assuming that C,,, = C,;. The zero cut point gives us an

estimate for the ice strength P+ ~ 10° N/m” in severe ice conditions.
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Fig. 2. The sea surface difference between Kemi and Vaasa, Gulf of Bothnia. 'Ice free time" and "Ice:
Lisitzin" are fits to observed data for wind speeds greater than 14 m/s by Lisitzin (1957); "Ice: plastic system"'
is an analytic model result fitted to Lisitzin’s ice cases.

3. Numerical model

3.1 Model equations

A more complete treatment of the ice cover influence on sea level variations is
obtained using a coupled ice-ocean dynamics numerical model. In the ice model the
momentum equation is in the steady state form and a three level description is used for the
ice thickness. The ocean model part is a two-dimensional one-layer model (Zhang and Wi,
1990b).

The ice model equations are

V-o+ At - ATy - PinfEKxu =10 (11a)
00t (A, hy, hy) = -u - V(A, hy, By) + (Wa, Wy, Wg) , 0SA <1 (11b)

where f is the Coriolis parameter, K is unit vector vertically upward, &, and hy are the
thicknesses of undeformed and deformed ice, respectively (A[h, + hgl = k), and (Wa, Wy,
) is the mechanical thickness redistributor. The ice stress is given by the Hibler (1979)
viscous-plastic law. The ocean model equations are
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oUlot + UVU +fkx U =
-8 VC - VPa/P + [(1 'A)‘Ca\v'i' A’ciw+’cb]/p(d+C) (12&)
ot/ot + V-[(d+OU] = 0 (12b)

where { is the elevation of free surface, p, is the air pressure at the sea surface, and T, is
the bottom friction stress. Note that U is now the vertically integrated average current
velocity.

The coupling between ice and ocean is described by the tangential stress on the
ice/water interface which in the two-dimensional case is

tyy = PCiy I -Ul{cos8 (u -U) + sind kx(u -U)} (13)

where C;,, is the ice-water drag coefficient, and 0 is the turning angle in the water (17°:
Leppdranta and Omstedt, 1990). Note that 1;,, drives the sea while -1;,, drives the ice. The
air-sea and air-ice stresses generalize directly to two dimensions from the one-dimensional
forms in section 2. The bottom stress is given by

ty = -pyg CIUU (14)

where C is the Chezy coefficient C = 1/n (d+() 6 with n = 0.02 s m™ the Manning
coefficient (see, e.g., Li and Lam, 1964).

The air pressure term was neglected in Eq. (12a); this term is not so relevant for the
present wind setup study as the ice cover adjusts passively to hydrostatic sea level changes.

The open sea boundary is fixed along the 58°N latitude (see Fig. 1). At both open
water and land boundaries the ice velocity and mass are zero. The numerical solution is
obtained using a finite-difference technique. When integrating the oceanic part, the ice
variables are kept fixed and vice versa.

In the ice model the spatial discretization is made in an Arakawa "B’ type grid; the
grid size is 10 nautical miles and the time-step is 6 hours. The details of numerical methods
in the ice model are found in Hibler (1979) and Leppdranta and Zhang (1992). The solution
of the ocean model is obtained by the ADI numerical integration procedure (Peaceman
and Rachford, 1955). The grid configuration is an Arakawa 'C’ type grid. The grid size is
the same as in the ice model and the time step-is half an hour.

In the ice model there is an internal moving horizontal ice/water boundary (ice edge);
there the internal ice stress is assumed to be zero. The velocity of fast ice is taken as zero
and its concentration is one. In the ocean model, on the coast the normal velocity is zero.
Due to the lack of information of the sea level elevation in the open boundary, a clamped
boundary condition is used, i.e. the elevation of the free surface is assumed to be equal to
zero. This boundary condition allows fluid flux across the boundary but does not permit



Modeling the Influence of Ice on Sea Level Variations ... 37

the adjustment of the free surface. The assumption is reasonable for a deep region. In
addition, because the analysis of results is mainly focused on the northern basin of the Gulf
of Bothnia (see Fig. 1), the effect of the open boundary is relatively unnoticeable in a short
time-scale.

In the ADI procedure, the solution is obtained through a two-step process in one
timestep (Zhang and Wu, 1990a). In the first half-timestep, the continuity equation and the
U-component momentum equation are solved simultaneously with implicit spatial differ-
ences for the first x-derivative. Then we obtain the linear equations for U and C at the time
1+ AH2:

aUj; + by Ci+llz,j+C1Ui+l,j =d, (15a)

ay Z;i+1/2,j +b, Uy j+ ¢y Ci+l,j =d, (15b)

Here a;, by, ¢;, and d; are known quantities which depend on the variables U,V and C at the
previous time steps #-Af and 7. For a fixed index j, the coefficient matrix of the Egs. (15)
is fridiagonal, and it can be solved using a simple Gaussian elimination procedure. The
velocity component V is calculated by explicitly integrating the V-component momentum
equation. In the second half-timestep, the continuity equation and V-component momen-
tum equation are simultaneously solved with implicit differences for the first y-derivative.
Then a similar procedure as in the first half-timestep is performed.

3.2 Cases

The initial ice data consisted of compactness and thickness obtained from the ice
maps of the Finnish Institute of Marine Research (FIMR, 1982, 1984, 1990). The initial
velocities and the sea level elevation are zero. The wind fields were available four times
per day (00, 06, 12 and 18 GMT) based on estimates of regional surface wind (10 regions
in the Baltic Sea) given by the Finnish Meteorological Institute (FMI); they were linearly
interpolated into every hour for the ocean model. The sea level data are hourly values from
the FIMR stations at Kemi and Vaasa, shown in graphical form in Zhang and Leppdranta
(1992). The wind and sea level data have been archived by FIMR.

Selected cases with different ice conditions and strong wind were simulated from
the period 1982-1990. On the basis of the ice conditions these cases can be divided into
three classes: I = the Gulf of Bothnia fully ice-covered, II = the Bay of Bothnia fully ice
covered, and III = ice only in the Bay of Bothnia and coverage less than 50 %. In the
analysis below, one typical case for each ice class is considered (see Fig. 3):
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Fig. 3. The initial ice situations in the Gulf of Bothnia for the three study cases.

Case 1 [Ice class I]
Case 2 [Ice class 11}
Case 3 [Ice class II1]

25 Feb - 2 Mar 1982
12 -17 Jan 1984
12 - 17 Mar 1990

The FIMR routine ice charts and sea level data were used for the validation of the
model calculations. The average wind data from FMI for the Bay of Bothnia are given in
Fig. 4. In case 1 the maximum wind speed was 14 m/s, 18 m/s in case 2, and 15 m/s in
case 3.
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Model runs were performed with the full coupled ice-ocean model and, for compari-
sons, with an "ice-free" model where the ice cover was totally ignored. The difference
between these two kind of model runs gives information about modifications due to the
ice on circulation and sea level changes.
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Fig. 4. Wind speed and direction in the study cases.

3.3 Results from numerical model

The evolution of the sea level elevation (Fig. 5) illustrates the fact that the coupled
model is much closer to the observed data than the ice-free model. Note that the zero
reference sea level is different in the model and observed data because the model
calibration was not necessary here; one should note the changes in the curves and ignore
the absolute level. Besides being weakened the peak of the elevation as a rule is also
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delayed due to the ice. The stronger the wind the more evident is the ice caused damping of
the water level, and the wider the ice cover the more notable is the water level decrease.
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Fig. 5. Time series of the sea level elevation in Kemi.
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The spectra of time series of the sea level elevation were calculated, and the result
for case 1 is shown in Fig. 6. The spectral density peaks at low frequencies; over 95 % of
the total variance is at less than 0.04 cycles per hour (cph) = 1 cycle per day. It can be seen
that the agreement between the coupled model and the observed data is quite good. The
spectral level decreases substantially due to the presence of the ice.
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Fig. 6. The spectra of the sea level elevation in Kemi from 25 February to 2 March 1982 (case 1).

The calculations for the water piling-up between Kemi and Vaasa are shown in Fig.
7. In cases 1 and 2 the coupled model agrees quite well with the observations while the
ice-free model shows considerably different output. The reducing influence of ice on water
is thus seen clearly. The influence is remarkable for strong winds but not noticeable for
weak winds. In case 1 (severe ice situation) the ice-caused slope reduction factor was 0.4,
a bit larger than the Lisitzin’s factor of 1/3. In case 2 this factor was 0.65. Case 3 looks a
bit strange and there may be problems with the wind data. But even here, comparing the
outputs of the two models, the reduction factor appears to be about 0.65.

The influence of sea ice on current fields was pronounced. The model velocity fields
from case 1, averaged for the strong wind period (24 hours), are given in Fig. 8. It is seen
that the speed is decreased by a factor of five when the ice cover is included. Also the
current direction is modified by the ice. The maximum damping in the current is found in
the fast ice areas, while near the ice edge the changes are small.
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4. Conclusions

The influence of sea ice on wind-driven sea level variations has been examined. First
simple analytic studies were performed. Then an advanced coupled ice-ocean model was
used to simulate the evolution of the sea level in various ice situations.

The results show that variations in the sea level elevation and water piling-up in the
Gulf of Bothnia are strongly suppressed in winter due to the presence of ice. The ice cover
reduces the sea level variations particularly at low frequencies (less than 0.04 cph). This
reducing influence is related to the strength of the ice cover, i.e. ice compactness and
thickness. In severe ice situations the sea surface slope may get down to 1/3 of the ice-free
value in similar wind conditions. But even in mild ice conditions the reduction is about
2/3. The results agree with observations fairly well. Besides reducing the sea level changes
the ice cover also affects the current field. In the severe ice case the modelled current speeds
were only 20 percent of the ice free values. Maximum decrease in current velocity was
found in the fast ice areas.

In addition, the possibility to use a coupled ice-ocean model for predicting sea level
changes in winter was successfully tested. However, while the results for the water
piling-up were quite good, the flow details are not well described because a two-dimen-
sional oceanic model was used. A three-dimensional oceanic model would be needed to
further study the under-ice current fields in the Baltic Sea.
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