Numerical modelling of the Storfjorden (Svalbard) polynya
development due to wind stress: role of the sea ice rheology

and damping forces
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Remote sensing of the ice cover in Storfjorden (Svalbard) revealed the
persistence and evolution of latent heat polynyas during the winter of
1997/98. Latent heat polynyas open mechanically under wind stress or
ocean currents that transport the ice cover away. In the present work we
used mathematical modelling to simulate the Storfjorden polynya size
and geometry caused by wind stress, measured at the meteorological
station on the island of Hopen in winter 1997/98. The dependence of
the polynya outlines on the wind velocity is presented. Two approaches
were used: quasi-static and dynamic. Quasi-static simulations are based
on a time-independent, linear ice stress—strain relationship valid for the
low strain rates only. Time dependence of the ice cover fracture is joined
with stress—strain nonlinearity caused by ice delayed-elastic recovery and
viscosity. Results are compared to satellite observations from the syn-
thetic aperture radar (SAR) of ERS-2. The simulation results show that a
northern wind opens a larger polynya (ca. 30 %) than does a north-eastern
wind with the same speed. The results also indicate that the bathymetry
and geometry of the fjord might have a stronger influence on the poly-
nya opening and development than the location of individual islands and

reefs.
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In the last ten years, sea ice dynamics challeng-
es have been considered by means of discrete
element models (DEM) (Hopkins 1993; Leset
1994; Hansen & Laset 1999a, 1999b) on differ-
ent scales. The newly created DEM algorithms
simulate sea ice ridging, ice destruction and ice
drift in a dynamic approach based on complex
underlying physics. Significantly increased com-
puter performance makes the calculations easier
and faster to execute. This paper continues the
discrete element approach and demonstrates the
simulation of the mesoscale sea ice cover destruc-
tion process.
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The area of investigation was Storfjorden, a
large fjord situated in the south-east of the Sval-
bard Archipelago between the islands of of Spits-
bergen, Barentseya and Edgeoya (Fig. 1). Syn-
thetic aperture radar (SAR) from the European
earth remote sensing satellite ERS-2 demonstrat-
ed the persistence of latent heat polynyas in this
region. Haarpaintner (1999) described the evo-
lution of a flaw polynya (between fast and pack
ice) during the winter 1997/98 in Storfjorden and
segmented the observed ice cover in the satel-
lite images into fast ice, pack ice and polynyas.
North-easterly winds were stated as the main
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Fig. 1. Storfjorden is located in

78°30"

78°00"

77°30"]

77°00"

76°30"]

76°00"

south-east Svalbard, between
Spitsbergen, Barentsoya and
Edgeoya.

100| Kilometres

reason for the existence of the latent heat polyn-
ya, but water currents and especially strong tidal
currents through the two narrow sounds, Heley-
sundet and Freemansundet, in the north-east part
of the fjord, may also play an important role in
defining the polynya geometry. At its largest
extent, the Storfjorden polynya reached an area
of up to 6000 km?2. Covering on average only one
sixth of Storfjorden, the polynyas were responsi-
ble for approximately two-thirds of the total 40
km? annual ice production in Storfjorden (Haar-
paintner et al. 2001).

Since larger heat fluxes take place in polynyas
and leads (Smith et al. 1990) than in Arctic pack
ice, it is important to understand under which cir-
cumstances they develop. Latent heat polynyas
open mechanically under wind stress or ocean
currents that transport the ice cover away and
when the advection of ice is blocked by land,
reefs, fast ice or grounded ice on shallow shelves
(Willmot et al. 1997). Important ice production
takes place and under constant atmospheric con-
ditions the polynya will reach an equilibrium size
when ice export is balanced by ice production
(Pease 1987).

In the following section we analyse the mete-

orological observations during the winter 1997/
98 to determine the dominant wind direction and
speed. The numerical modelling is outlined in
subsequent sections. We consider two approach-
es: the quasi-static simulation, characterized by
time independence, and the dynamic approach
based on complex nonlinear sea ice rheology. The
last section presents the simulation results and
gives the quantitative assessments of the polyn-
ya size and geometry depending on wind stress,
which are briefly compared to a manual segmen-
tation of the ice cover in satellite observations.
The sensitivity to possible wind force variations
and different model parameters is discussed in
Appendix 1.

Meteorological observations

As input wind stress data we use the averaged
data from a station of the Norwegian Meteoro-
logical Institute on the island of Hopen (Fig. 1),
since no in situ wind measurements were avail-
able from Storfjorden itself. The measurements
were taken four times per day during the winter
1997/98. Figure 2 shows the daily averaged wind
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Fig. 2. (a) Daily averaged wind 144
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speed fluctuations and a wind rose for this time
period. Although the wind conditions in Stor-
fjorden might be locally influenced by the sur-
rounding topography, simple ice drift modelling
compared to ERS-2 SAR imagery showed that
there is a strong correlation between the wind
data measured on Hopen and the sea ice drift
inside the fjord (Haarpaintner 1999). Observa-
tions showed that a first opening of the ice cover
of ca. 2000 km? occurred at the end of January
1998 after three weeks of northerly winds of
about 4-6 m/s. It closed again under the influence
of southerly winds in the middle of February. We
therefore assume that the overall wind conditions
in this area are similar to the ones measured on
Hopen. The maximum gusts measured during the
winter 1997/98 were ca. 20.6 m/s. The average
wind speed during winter was 6.1 m/s, where-
as the dominant wind directions lie in the sector
0°N-90°E (Fig. 2b).

The wind stress acting on the sea ice cover is
calculated by:

(M

where Cj, is the surface drag coefficient, p, is the
air density and u represents the wind velocity.
The air drag coefficient measured in the Arctic
basin ranges from 1x 107 to 3x103 (Banke &
Smith 1973; Overland 1985, 1994). Omstedt et al.
(1996) derived a drag coefficient of ca. 2.5x 1073
from theoretical explorations of wind force influ-
encing the drifting ice. Thus, the wind speed of
4-6 m/s produces wind stress acting on the ice
sheet in the range (2 - 14) x 10* Nkm™. These esti-
mates are used to calibrate the following numeri-
cal simulation. We will assume that the beginning
of the sea ice cover destruction is directly corre-
lated with the estimated wind stress magnitude.
As we do not have any reliable information about

T= CD. px.uzs
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the water currents inside Storfjorden, we neglect
their possible influence on the polynya opening
and limit our study on the wind drag.

Disk-shaped rubble simulation

Our geomechanical model is based on the Particle
Flow Code developed and supported by ITASCA
Co. that is widely used in mining, environmen-
tal studies, the petroleum industry, the study of
contaminants, waste elimination processes etc.
The code deals with disk-shaped rubble particles,
which can be bonded together to simulate solids
and continuum media. This approach continues
the DEM applied by several authors to the model-
ling of round ice floe movements and their inter-
action (Hopkins & Hibler 1991; Savage 1992;
Loset 1994; Sayed et al. 1995; Hansen & Loset
1999a, 1999b), whereas Hopkins (Hopkins et
al. 1991; Hopkins 1996) used irregularly shaped
ice floes. The background theory for the DEM is
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Fig. 3. (a) Package of the disk-shaped pieces. Every two coupled particles are bonded to each other by a finite element represented
with a small solid rectangular. (b) Their spring analogy: a chart of background nonlinearity caused by delayed elastic recovery.
Kn and Ks denote the disk instantaneous normal and shear stiffnesses, respectively, F,;. denotes the force of non-viscous fric-

tion.

based on viscous—plastic rheology where stress is
linearly proportional to the strain for very slow
strain rates.

In our study we assume that all disks in the
system are regular, identical in size and with a
unit thickness. The disks are glued together and
uniformly fill out the Storfjorden area. Figure
3a shows the package of the disks covering Stor-
fjorden and joined finite elements between them.
In the quasi-static approach the length of every
bond finite element is equal to 0.2R, where R is
the disk radius. The dynamic approach is based
on a nonlinear strain—stress relationship applied
in normal tension only. To achieve the compact
package of the disks we applied a cellular con-
struction algorithm of a uniform “honeycomb”
grid when the density coefficient is equal to the
ratio of the area occupied by disk-shaped rubbles
to the total area:

B 23-n
23+m
Every internal disk has six neighbours locat-

ed in the vertexes of a regular hexagon. In fact,

the shown density coefficient gives a theoretical
estimation, which can never be achieved in mes-
oscale models, and approximately 5-6% of the
investigated area remains disk-free. Bonds can
transmit normal/shear stress, as well as the rota-

d=1 =095 1)
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tional moment preventing their relative sliding.
Figure 3b illustrates the spring analogy of the
system where the disk’s normal and shear stiff-
nesses are denoted as k, and &, respectively. We
neglected viscous interaction between the disks
in the quasi-static approach.

In the dynamic approach discussed below there
is a damping force calculated by the formula:

.
i

where u denotes the dimensionless damping
coefficient, Fy is a total force acting on element 1
and V, is the i-disk velocity. The damping coeffi-
cient can, for example, simulate a possible influ-
ence of a shallow sea floor when acting as an
anchor for the ice cover. When the stress exceeds
the normal/shear strength, the bond breaks. It
leads to ice sheet destruction and causes ice drift.
The linear strain—stress relationship is accept-
able in the cases of slow strain rates and works
well in the quasi-static approach but may become
inapplicable in dynamic simulations. Labora-
tory experiments with columnar grained S2 ice
samples distinctly indicate the nonlinear stress—
strain relationship caused by the ice delayed-
elastic strain and viscosity. The axial strain can
be superimposed into three terms in accordance

Fpii=—H1 | ﬁ):,i
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with Sinha (1988) as follows:
e=e,te,te,, 3)

where e, (23 %) is an instantaneous elastic strain,
e, (28%) is a delayed elastic recovery and e,
(49%) is a permanent or viscous strain. Sinha
has proposed a strain—stress relationship for the
columnar-grained S2 ice in the form:

d o S b 3 n
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The physical parameters used are given in Table
1. Sinha’s proposed nonlinear sea ice rheology
was applied to a series of simulations (Zyryanov
& Korsnes 2002) and calibrated to fit well the lab
experiments.

The initial model configuration is shown in
Fig. 4a. Wind stress is assumed to be the external
drag force acting on the modelled ice sheet. In the
beginning of the simulation there is no drag force
and the system is in a static equilibrium.

Running the DEM sea ice destruction
model

The quasi-static approach

Wind stress starts to increase slowly and uni-
formly in the selected direction. At every load-
increasing step an equilibrium state is achieved
characterized by the absence of all resultant
forces acting on every disk in the system. In the
code, the equilibrium is reached when the average
ratio of all unbalanced forces to their maximum
is less than e=1x1073. Thus, there is no explicit
time dependence and the simulation can be treat-
ed as a quasi-static process. Single disks or plates

consisting of single disks can be separated from
the main ice sheet by wind stress (i.e. destruction
occurred) and drift away. In this case, the disks
are simply deleted. Since this approach describes
a time-independent process we allow the ice floes
to stick together again, when two or more pieces
touch in the process of simulation. From a phys-
ical point of view, such behaviour can be treat-
ed as the freezing together of isolated ice floes. A
series of numerical experiments were performed
with disk-shaped ice floes. The initial parameters
and their values are shown in Table 2.

The dynamic approach with damping
of disks movement in shallow areas
based on nonlinear sea ice rheology

Grounded ice ridges on shallow shelves can influ-
ence the ice cover development process (March-
enko 2001). To reveal possible anchoring of the
ice sheet to the sea floor we used in the dynamic
model run a damping force based on the bathym-
etry data in Storfjorden. In shallow areas where
the sea depth is less then 20 m mobile disks
were assigned a damping coefficient (u=0.8)
four times higher than in other areas of Stor-
fjorden (©=0.2). The interaction between the
ice floes is described by a nonlinear rheology
approach investigated with laboratory ice speci-
mens by Sinha (1988). It includes delayed elas-
tic and viscous components of the total strain of
the bond in tension (Fig. 3). The higher the strain
rate, the more pronounced nonlinearity in the
stress—strain relationship was observed (Cole et
al. 1998). The idea behind the dynamic applica-
tion of DEM based on the real sea ice rheology is
to determine the role of nonlinearity in geoscale
simulations of sea ice destruction. However, for

Table 1. The parameter values used in the nonlinear strain—stress dynamic simulation.

Parameter Description Value

k, bond stiffness 5x10° Nm?2
C material constant 9x103

B time exp. for delayed elastic strain 0.34

ar material constant 2.5%10%4s7!
D an average grain diameter I mm

D, grain diameter unit 1 mm

S stress exp. for grain-bound sliding 1

N degree of viscosity power law 3

ey viscous strain rate 1.76x107 57!
normal/shear strength ~ constant strength 1-5%108 Pa

Zyryanov et al. 2003: Polar Research 22(2), 235-245

239



an ice cover failure, it is important to know the
ice strength as well. Experiments with ice under
tension indicate that the ice strength is particular-
ly highly sensitive to the strain rate. An empiri-
cal power ratio is proposed that relates the maxi-
mum stress of the ice specimen in tension (e.g. ice
strength) to its strain rate.

Simulation results compared with ERS-2 SAR
images

Figure 4b - ¢ show the modelled polynya outlines
where the wind direction changes discretely with
a step of 11.25° in the sector from 0°N to 45°N.
Figure 4b represents the equilibrium stages when
the remaining ice sheet is equal to about 85%
of the original, whereas Fig. 4c corresponds to
50% of ice sheet destruction. A fixed area of the
remained ice sheet is achieved with different wind
drag force magnitudes and is dependent upon the
wind azimuth. Figure 5 indicates the develop-
ment of the polynya versus the wind stress mag-
nitude for different wind directions. The bigger
the ice-free area, the more pronounced differ-
ence in applied stress for two extreme wind azi-
muths, 0°N and 45°NE, is observed. Northerly
winds open a polynya area about 30 % larger than
north-easterly winds with the same drag force
magnitude.

Figure 6a shows a typical ERS-2 SAR view
of the Storfjorden ice condition during the
winter 1997/98. The two original SAR scenes of
100x200 km? are low resolution images (LRI).
The LRI format is provided by the Tromse Sat-
ellite Station and has a pixel resolution of 100
m. The presented scenes are dated 12 April
1998, when a large polynya occurred over the
centre of the fjord. Fast ice was present over the
whole shallow northern part of Storfjorden and
along the Spitsbergen coast. A manual segmenta-

Table 2. The parameter values used in the quasi-static model
run.

Parameter Value
Number of disk-shaped

- - 3871
particles in the system
Disk radius 0.7 km
Disk normal stiffness, k,  1-5x10° Nm"!
Disk shear stiffness, k, 1-5%10° Nm'!
Normal/shear strength 1-5%10% Pa

0N, 11.25 NNE, 22.5 NNE,
33.75NE, 45 NE

Wind azimuth, degrees
(sector from N to NE)

Spitsbergen

North

Storfloskjeret .

Sto’ﬂor de

Storfjordbanken

w

2

Fig. 4. (a) The initial model configuration. Coupled disks uni-
formly fill out the Storfjorden area. (b, c, opposite page): The
statistical variations of the polynya outlines due to the wind
direction variations from 0°N to 45°NE (number of simula-
tion series N = 5). The colour bars show the observed simula-
tions variability: 0 indicates the absence of ice floes, whereas
1 corresponds to their presence in all simulation series. In
(b) approximately 85% of the original number of ice floes
remains. In (c) approximately 50 % of the original number of
ice floes remains.

tion of the ERS-2 SAR image into fast ice, pack
ice and polynya was performed for Fig. 6b with
the help of sequential images to detect tempo-
ral changes (Haarpaintner et al. 2001). The mod-
elled boundaries of 50 % ice sheet break-up (Fig.
4c) agree strongly with the observed boundaries
of the polynya during winter 1997/98. The first
step of each model run has been initialized with
the standard parameters (Table 1) and an average
wind speed of 6 m/s. The ice cover fluctuations
shown in Figs 4b-c correspond to wind speed
variations of 5.72-6.4 m/s and 6.7-10.8 m/s,
respectively, whereas daily averaged meteoro-
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logical data from the Hopen meteorological sta-
tion (Fig. 2a) indicate wind gusts of ca. 10 m/s
at the end of January 1998. As evident in Fig. 4c,
the northern modelled boundary between Agar-
dhbulkta and Freemansundet fits the observa-
tions perfectly. The simulation results also show
that small reefs (e.g. Storfloskjeret, located at
the mouth of the fjord; Fig. 4a) do not appear to
strongly influence the polynya development. At
least in a series of numerical experiments with
truly mechanical features of real sea ice we noted
that separate barriers, anchoring the ice sheet, do
not essentially prevent the ice cover from destruc-
tion. This could indicate that the fjord geometry
combined with the northerly wind stress are dom-
inant parameters in the break-up process of the
polynya compared to the hypothetical influence
of the tidal currents through Freemandsundet.
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Role of the damping of ice floes and
sea ice rheology

Applying a non-uniform damping force of mov-
ing particles in shallow areas and a nonlinear ice
rheology may lead to qualitatively different sim-
ulation results. Figure 7a indicates the dynamic
simulation result when the damping coefficient
is non-uniform with a ratio of 0.2/0.8 in deep/
shallow areas, whereas Fig. 7b represents a uni-
form of 0.2 damping throughout the modelled ice
cover in the quasi-static approach. We considered
arapid ice cover destruction process in dynamics,
when the sum of the delayed elastic and viscous
components dominate the total ice strain by more
than 60 %. Their influence is revealed in smooth-
er free boundaries of the ice sheet. The role of
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Fig. 5. Graph of area occupied by ice floes (km?) versus wind stress magnitude for different wind directions. The wind direction

varies from 0°N to 45°NE.

Fig. 6. (a) The Storfjorden ice conditions on 12 April 1998
observed by ERS-2 SAR (original data © ESA [1998], distrib-
uted by Eurimage [TSS]). (b) A manual segmentation of the
ERS-2 SAR image into fast ice (white), pack ice (gray) and
polynya (black) that includes open water and thin ice.
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damping is best revealed near the western coast of
Edgeoya. It corresponds to the area of pack ice in
Fig. 6b, where the SAR-2 image is manually seg-
mented into fast ice, pack ice and ice-free areas.

Conclusions

The aim of this work was to consider some pos-
sible scenarios of polynya formation due to the
wind drag force in Storfjorden, Svalbard, and an
overall validation of the DEMs for this region.
We focused on the phenomenon of a latent heat
polynya that opened mechanically under wind
stress. In this paper, quasi-static and dynamic
disk-shaped simulations were used to model the
polynya opening and development. The simula-
tion of an ice-free area development began with a
uniform cover consisting of disk-shaped particles
coupled together. A homogeneous (fixed direc-
tion) and uniformly increased external drag force
was applied to the system of bonded ice floes. The
ice cover started to break up and ice-free zones
appeared.

A series of numerical experiments were per-
formed to establish the dependence of the size of
the ice-free area on the wind stress. These exper-

Numerical modelling of the Stofjorden polynya due to wind stress
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Spitsbergen

North

Fig. 7. (a) The simulation results of the dynamic run of the model with heterogeneous damping coefficients based on a nonlinear
stress—strain relationship and a constant ice strength. In shallow areas (depth less then 20 m—black zones in the illustration) the
damping coefficient is equal to 0.8; for the rest of Storfjorden the damping coefficient is equal to 0.2. The wind stress is constant
of 6.4 m/s directed from the north. The simulation time is equal to 18.3 s. (b) The simulation results of quasi-static run of the
model with homogeneous damping coefficients based on linear theory and a constant ice strength: the damping coefficient is
equal to 0.2 throughout the modelled ice sheet. The wind stress is constant of 6.4 m/s directed from the north.

iments show that for the larger ice-free areas in
Storfjorden (>40%) the wind stress magnitude,
which leads to such configurations, nonlinearly
increases with the increase of the wind stress azi-
muth (see Fig. 5).

Finally, we compared visually the simula-
tion results with the satellite observation of the
Storfjorden polynya opening on 12 April 1998
derived by ERS-2 SAR. The comparison shows
that the geometry of Storfjorden as well as its
shallow areas generally play a significant role
in the geometry of the polynya boundaries. This
approach could potentially be applied to estima-
tions of the size of ice-free areas in Storfjorden
and the polynya outline based on the meteoro-
logical data in subsequent years. However, more
remote sensing observations are necessary for a
reliable model validation during different mete-
orological conditions.
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barrier for further model development and veri-
fication.

To reveal the sensitivity of the system to the
parameter variations, we changed the elastic
properties of the ice floes as well as the normal/
shear strength values (Table 3) in a wide range.
Variations of ice floe stiffness (k,,) from 1.0 to
5.0x10° Nm'' produced no significant changes
in the results, indicating only a slight decrease of
the wind stress needed for the polynya to exist for
lower values of k.

The disk stiffnesses variations as well as
the different model normal/shear strengths are
shown in Table 3. The results of the simulation
show that variations of ice floe stiffness have no
significant effect on the ice-free area other than a
small diminution of this area for the lower values.
When the normal/shear strength increases, wind
drag force leading to the ice sheet destruction
increases as well.
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Table 3. Sensitivity of the model to the wind direction and parameter variations.

Wind stress Wind direction Normal/shear Area occupied by ice floes (km?)

X X . -1 b
m(?\fgl?tl:;lz(;e (;;glrelel;})] K, (Nm™) K, (Nm™) strength (Pa) S =<#of disks>(N3+7 ) r?
1.0x10° 0°N 5x10° 5x10° 1x108 2.2x %03 (36 %)
1.0x10° 11.25°N 5%10° 5x%10° 1x108 4.84x103
1.0x10° 22.5°N-NE 5x10° 5x10° 1x108 4.76x10°
1.0x10° 33.75°N-NE 5x10° 5x10° 1x108 5.05x10°
LOx10° 45°N-NE 5x10° 5x10° 1x108 5.23x10°
0.8x10° 0°N 1%10° 1x10° 1x108 2.38x10% (38%)
0.8x10° 11.25°N 1x10° 1x10° 1x108 4.76x10°
0.8x10° 22.5°N-NE 1x10° 1x10° 1x108 4.87x103
0.8x10° 33.75°N-NE 1x10° 1x10° 1x108 5.13x103
0.8x10° 45°N-NE 1x10° 1x10° 1x108 5.06x103
1,03 108 0°N 5x10° 5%10° 5x108 2.43%10° (39%)
1.03x10° 11.25°N 5x10° 5x10° 5x108 4.71x10°
1.03x10° 22.5°N-NE 5x10° 5x%10° 5%108 4.76 x 103
1.03x10° 33.75°N-NE 5%10° 5x10° 5%108 5.05x10°
1.03x10° 45°N-NE 5x10° 5x10° 5x108 5.18x10°
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