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An initial numerical investigation of the extent
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ABSTRACT. A two-level, viscous-plastic, sea-ice model is modified to allow
ridged and unridged ice to be treated separately. This is accomplished by intro-
ducing a third continuity equation with additional terms to transform level ice into
ridged ice during deformation. The standard model is run for three years using
observed forcing from 1981-83, along with three sensitivity runs, to investigate
the role of strength parameterization and energetically consistent deformation on
ridge production. As expected, most of the ridging occurs near the coast, with
the highest ridged-ice fraction produced off the Canadian archipelago and north-
ern Greenland coast. The sensitivity studies indicate that, although the ridged-ice
fraction is very sensitive to the strength parameterization, the lead fraction and
total ice volume are much less affected. Requiring the deformation to be energeti-
cally consistent with the assumed yield curve almost doubles the amount of ridged

ice produced.

INTRODUCTION

The formation of leads and pressure ridges in polar
pack ice provides the mechanism by which large-scale
sea-ice dynamics interacts with smaller-scale mechani-
cal processes to affect the local thickness distribution.
In essence, large-scale deformation, driven by winds and
currents, manifests itself locally as either ridge forma-
tion (as ice floes are pressed one against another) or lead
opening (as ice floes separate). Typically, the central
pack ice has between 10 and 40% of its area covered by
ridged ice with this fraction rising to near 100% in active
shear zones near the coast. It is through these small-
scale processes that the mechanical properties of ice are
related to the large-scale mechanical properties of the ice
pack. Ridging and lead opening also provide the mecha-
nism for feedback between dynamic and thermodynamic
evolution of the ice cover. In this case, ridging causes
an increase in the average ice thickness, and a concomi-
tant decrease in thermodynamic growth, whereas lead
opening promotes enhanced thermodynamic growth and
decay by exposing arcas of open water to the atmosphere.
Numerical models of the polar sea-ice cover have typ-
ically been compared to observations based on mean ice
thickness; however, observations of the polar ice pack
generally distinguish between ridged ice and level ice
ridged ice having been mechanically deformed to attain
its thickness, and level ice having been formed by ther-
modynamic processes only. Observations of this type
have been made while crossing the ice on dog sled (e.g.
Koerner, 1973), from airborne laser profilometry (e.g.
Hibler and others, 1974), and from submarine sonar tran-
sects (e.g. McLaren, 1989). Numerical models have gen-
erally not made this distinction and, therefore, compar-
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isons of ridged-ice versus level-ice fractions cannot be
made. Although small-scale, short-term simulations with
a four-level model have been done (personal communi-
cation from R. Pritchard), the work described in this
paper represents a first attempt to separate ridged and
unridged ice in a large-scale sea-ice model, and so provide
some insight to guide later, more complete studies.

NUMERICAL MODELING APPROACH

The essential features of a numerical sea-ice model are a
dynamic portion, which involves a solution of the mo-
mentum equation to find the ice-velocity field, and a
thermodynamic portion which calculates the growth or
decay of the ice cover based on a surface heat budget.
These two components are linked by a continuity equa-
tion which describes the evolution of the thickness field
by advection and growth. In the present study, the dy-
namic portion of the model is the viscous-plastic formu-
lation of Hibler (1979), with the thermodynamic portion
described by Hibler (1980).

Following Hibler (1979), the momentum equation for
sca ice is given in vector form by

o

m% =—-mfkxu+7,+7, — mgVH +F, (1)

where the non-linear momentum advection term has
been neglected and m is the mass of ice per unit arca, u
is the ice velocity, t is time, f is the Coriolis frequency,
k is the upward unit normal, 7, and T, are forces (per
unit area) due to air and water drag, respectively, g is
the acceleration due to gravity, H is the sea surface dy-
namic height, and F is the force (per unit area) due to
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variations in internal ice stress. Note that here and in
the remainder of the paper, bold-face characters repre-
sent vector quantities. The internal ice force is defined
as the divergence of the internal ice-stress tensor, which
is in turn obtained by treating the ice cover as a viscous-
plastic continuum with an elliptical yield curve (see Hi-
bler, 1979, for details). The yield curve specifies the
maximum stresses that can be supported before plastic
flow ensues and is defined by the ice-pack compressive
strength, Pmax.

The original Hibler (1979) model employed a two-level
thickness formulation wherein the ice cover was consid-
ered to be composed of two fractions: an open-water frac-
tion (actually taken to include ice less than 0.5m thick
in the thermodynamic calculations) and an ice-covered
fraction described by an average thickness. A reasonable
strength parameterization for the two-level model was

proposed by Hibler (1979) as

Pmax = prhexp{—K(1—A)}, (2)

where p* and K are empirical constants taken to be
27.5kNm~2 and 20, respectively, h is the average ice
thickness (in meters) and A is the compactness (or ice-
covered fraction, a number between 0 and 1). The value
for p* was determined by Hibler and Walsh (1982), based
on comparisons with the observed drift of a Soviet ice
station, whereas K is the same value used in previous
studies with this model to reflect the sharp decrease in
pack-ice strength with increasing open-water fraction.
The original Hibler (1979) model required two con-
tinuity equations, one for the ice thickness, h, and the
other for the compactness, A. The present model, which
can be thought of as an extension of the two-level scheme,
scparates the ice cover into two components — ridged
and unridged, with separate continuity equations for
each. Since the average thickness, h, can be thought
of as the average ice volume per unit area, it can be
decomposed as
h=h.+h, (3)

where h, and h; are the ridged and unridged (level) ice
volumes per unit area. The continuity equations can
then be written as

Bt — V- (uh) + Go, + 5+ Qalr,  (4a)
/

% =-V. (Uh]) +- Gh| = Sr = QAhh (4[))
% = V- (ud) + Gy - @, (40)

where Gy, G}, and G are thermodynamic growth rates
for ridged ice, level ice, and open water, respectively. S,
is the rate of volume transfer from level to ridged ice; and
Q4 is the additional rate of open-water creation required
to make the deformation energetically consistent with
the elliptical yield curve. These various source terms
will be discussed more fully below.

The thermodynamic growth terms are the same as
those described by Hibler (1980), with the total ice-
growth rate G, = Gj, + G, based on the total aver-
age thickness, h, and partitioned to the ridged and level
ice fractions in proportion to their volume. The ridging
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transfer term, S,, acts as a sink of level ice and a source
of ridged ice and is defined as
S, = —h(V- -u)exp—K(1— A),
8 =0, Vouz=0;

Y =u <0;
(5)

That is, the rate of ridge production is taken to be pro-
portional to the level-ice volume, the negative divergence
rate (i.e. the convergence rate), and the same exponen-
tial factor as in Equation (2) if there is a net convergence,
and zero if there is a net divergence. The exponential
factor ensures that ridge production is consistent with
the strength parameterization. It is also consistent with
one's intuition, since regions with a large open-water
fraction (small A) should experience less ridging during
convergence, as leads can be closed up.

The open-water production rate, (Ja, was not in-
cluded in the original Hibler (1979) model but is re-
quired to make the ice deformation energetically consis-
tent with the assumed yield curve. Basically, this term is
responsible for the creation of open-water area in Equa-
tion (4c) and ridged-ice volume in Equation (4a) in re-
sponse to deviatoric (shearing) deformation. In other
words, pure shearing deformation, although producing
no net change in area, simultancously creates open wa-
ter and ridged ice as interlocking floes reorient them-
selves. This is required for energetic consistency since
finite shear strength is assumed to result from the en-
ergy sink provided by ridge creation (see Rothrock, 1975,
for a fuller discussion of this point). An expression for
this additional rate of open-water production, consistent
with the elliptical yield curve, was discussed briefly by
Hibler (1984) and is given as

1/2
Qn = O.SKA{ [(éfm +&)1.25 + &, + 1.5¢uéy,

= |éza + F'yy|} ) (6)

where €,;, €,,, and €, are the components of the strain-
rate tensor (Hibler, 1980). The coefficient, Ky, was
taken by Hibler (1984) to be a quadratic function of
compactness; however, to be consistent with Equation
(5), Ka is defined here as

Kp=exp—K(1-A4). (7)

It should be noted that the actual level-ice thickness
(ly divided by the fraction of arca covered by level ice)
should be used in Equations (4a) and (5); however, this
would require an arbitrary specification of the ratio of
ridged- to level-ice thickness, which has not been done.
In this sense, the ridged-ice volume calculated by the
present model is perhaps a lower bound. However, since
the two-level formulation is a rather crude approxima-
tion to begin with, further refinements are probably not
warranted. The idea here is to have an initial look at
the spatial patterns of ridge production and the effect of
strength parameterizations, not to make detailed quan-
titative comparisons with observations.
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Fig. 1. Computational grid used in simu-
lations. Grid cells are 160 km?® with cross-
hatched cells indicating outflow boundaries.

SIMULATION RESULTS

Computational grid and forcing fields
The numerical results described in this section were ob-
tained by applying the model to a 160 km-resolution
Cartesian grid representing the Arctic Ocean, Barents
Sea and parts of the Norwegian and Greenland seas as
shown in Figure 1. The time step is one day. Lateral
boundary conditions are “no-slip” at land boundaries
and free outflow to the North Atlantic, as described by
Hibler (1979), through the cross-hatched grid cells in the
figure. The model results presented make use of forcing
fields for the period January 1981 to December 1983;
however, to ensure a reasonable initial state, the model
was allowed a one year “spin-up” using the 1981 forcing.
The 1981-83 data set uses wind fields from the NCAR
surface pressure analysis and the thermodynamic fields
from the NASA analysis (personal communication from
J. Walsh). The average annual oceanic heat flux and
the geostrophic ocean currents (approximated by the av-
crage annual surface currents) are from the diagnostic
ice-ocean calculation of Hibler and Bryan (1987).

Standard simulation

The standard simulation used the original Hibler (1979)
formulation, with ridges and leads produced only by con-
vergence and divergence, that is with Q4 = 0 in Equa-
tion (4). Figure 2 shows the average thickness, ridged-ice
fraction, and ridged-ice volume per unit area for March
1983, as well as the average annual ridged-ice production
for the three-year simulation period. Ridged-ice fraction
is defined simply as the fraction of total volume com-
posed of deformed ice, h;/h. The thickness field in Fig-
ure 2a exhibits the same gencral pattern as the mean
fields compiled by Bourke and Garret (1987), with rela-
tively thick ice off northern Greenland and the Canadian
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archipelago, thinning gradually across the Arctic Basin
to the Siberian coast. However, the extremely thick ice
off northern Greenland, observed by Bourke and Gar-
ret (1987) in the summer and fall, is not reproduced by
the present model and may be due to limitations of the
two-level formulation. It might be noted here that the
more complete multi-level formulation employed by Hi-
bler (1980) did produce much thicker ice in this region.

The ridged-ice patterns in Figure 2b support both in-
tuition and observation in that the most heavily ridged
ice occurs near the coasts, with relatively less ridging in
the central pack. The volume per unit area, or effective
thickness, of ridged ice for March 1983, shown in Figure
2¢, can be compared to that summarized by Hibler and
others (1974) for 1971 and 1973 when it was found to
vary from 0.4-0.6m in the central Arctic and 0.7-1.4m
near the Canadian archipelago. Since these observations
included only those ridges over 6.1 m thick, whereas the
present calculation includes all deformed ice, one would
expect the calculated values to be larger. The compari-
son of instantaneous ridged-ice volume per unit arca in
Figure 2c to the average annual ridge production (also
expressed as volume per unit area) in Figure 2d, illus-
trates the effect of advection on ridge distribution. As
noted earlier, Figure 2d demonstrates that ridging oc-
curs primarily within a narrow band near the coast; how-
ever, the intense ridge production off the north coasts of
Greenland and Spitsbergen is not reflected in the instan-
taneous ridge intensity. Clearly what is happening is that
ridges are produced as ice is forced through Fram Strait,
and subsequently advected into the Greenland Sea.

Quantitative comparisons to observed areal ridge frac-
tion require assumptions about the ratio of ridged- to
unridged-ice thickness and the shape of a typical ridge.
For example, reasonable assumptions regarding ice-ridge
shape and thickness (namely: sail and keel are assumed
to be triangular with side slopes of 26° and 40°, respec-
tively; the keel depth is assumed to be four times the sail
height; and the ridge thickness is taken as four times the
level ice thickness — see, for example, Weeks and others,
1971) yield areal fractions of 13 to 21% on the surface
and 29 to 42% on the underside, for the volume fractions
of 20 to 30% produced by the model in the central Arc-
tic. However, this is somewhat artificial and is probably
not justified given the crudeness of the two-level formu-
lation. Nonetheless, a brief review of some selected ob-
servations will be made here to provide a feel for actual
conditions in the Arctic. It might be noted in passing
that the multi-level thickness-distribution scheme, pro-
posed by Thorndike and others (1975) and implemented
by Hibler (1980), does provide a framework for making
comparisons of both ridged versus unridged area, vol-
ume, and thickness distribution statistics. This approach
is currently being investigated by the authors.

One of the most extensive data sets of observed ice
thickness is that compiled by McLaren (1989), based on
two submarine cruises along identical tracks across the
Arctic in August of 1958 and 1970. McLaren (1989)
analyzed the upward-looking sonar transect in two sec-
tions: one in the Canadian Basin region along 155° W
and one in the North Pole-Eurasian Basin region along
25° E. The transect through the Canadian Basin region
was found to have about 12% ridged ice, as a fraction of
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Fig. 2. Standard model results. (a) Total ice thickness (m) for March 1983. (b) Ridged ice-fraction
(by volume) for March 1983. (¢) Ridged-ice volume per unit area (m) for March 1983. (d) Annual
ridge production averaged over three-year simulation period and expressed as volume per unit area (m).
Note that most of the ridged ice is produced within about 300 km of the coast.

transect distance, in 1970 and about 22% in 1958. The
Eurasian Basin region had 27% ridged ice in 1970 and
39% in 1958. A transect following almost the same route
as the above mentioned submarine transects was made
by dog sled during the British Trans-Arctic Expedition
in 1968-69. Surface observations made during this expe-
dition indicated about 10% newly-ridged ice in both the
Canadian Basin and Eurasian Basin regions, with the
figure rising to 15% in the Canadian Basin if multi-year
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ridges are included (Koerner, 1973). These ridge frac-
tions, although expressed as a fraction of transect dis-
tance, are probably quite close to areal fractions owing
to the linear nature of ridge features. It is apparent, from
even a cursory review such as this, that ridge intensity
exhibits large variability, both spatially and temporally
and, furthermore, that the ridge statistics one obtains
from observations of ice thickness depend strongly on the
definitions one uses to separate ridged from unridged ice.
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Sensitivity studies

Ridge production in the two-level model is controlled
largely by the strength parameterization and the require-
ment for energetic consistency during shear deforma-
tion. To investigate these effects, three sensitivity sim-
ulations were run: the first with half the normal com-
pressive strength, p*; the second with twice the com-
pressive strength; and the third with the standard com-
pressive strength, but with the additional open-water
creation, @4, required for energetic consistency. Note
that the shear strength is proportional to the compres-
sive strength and so the shear and compressive strengths
are equally affected by the strength modifications. Since
the spatial patterns of thickness build-up and ridged-ice
fraction were not dramatically different in these sensi-
tivity runs, only time-series of average quantities will be
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Fig. 3. (a) Time-series of average lead frac-
tion (fraction of total area covered by open
water in regions with non-zero ice thickness)
over entire computational domain for simula-
tion period 1981-83. (b) Time-series of aver-
age ridged-ice fraction (by volume) over entire
computational domain for simulation period
1981-83. The lead fraction (and hence heat
flux to the atmosphere) is relatively insensi-
tive to the strength parameterization, in con-
trast to the ridged-ice fraction, which almost
_doubles with the inclusion of ridge production
during shearing.
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shown here. These time-series also illustrate annual and
interannual variability of the system as a whole.

The first two time-series, in Figure 3, show the av-
erage lead fraction (that is, the fraction of open-water
area in regions with non-zero ice thickness) and average
ridged-ice fraction over the entire domain for the three
sensitivity runs and the standard simulation. Readily
apparent in Figure 3a is the dramatic seasonal swing in
lead area. The high strength simulation, with double
the normal strength, exhibits somewhat less lead area
and ridged ice since deformation is restricted. The low
strength simulation allows more convergence and, hence,
more ridged-ice and lead-area production. The case in
which lead-area creation and ridging are allowed during
shear deformation produces more lead area, as expected,
with almost the same average lead fraction as the low
strength case. However, the ridged-ice fraction for this
case, in Figure 3b, is considerably larger than the low
strength case. The reason for this is that ridged ice is
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Fig. 4. (a) Time-series of total ice volume
(km?*) for simulation period 1981-83. (b)
Time-series of monthly average ridge produc-
tion (km?d~'). Notice that the ridge pro-
duction reaches a peak in January or Febru-
ary, whereas the ice volume continues to in-
crease, due to thermodynamic growth, wuntil
about May. The reason for this is the sup-
pression of ridge production in late winter as
the pack ice becomes thicker and more compact
and, hence, able to resist deformation.
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created directly during shear and, in addition, some ridg-
ing occurs due to the lower strength associated with a
larger fraction of open water (i.e. lower compactness in
Equation (2)). It is interesting to note that the ridged-
ice fraction in the energetically consistent case is almost
double that of the standard case. It is also noteworthy
that the ridged-ice fraction in 1983 is somewhat higher
than in 1981 and, furthermore, that the seasonal cycle for
each year in Figure 3b is almost identical to the seasonal
cycle one obtains by integrating the model to equilib-
rium, repeating a given year’s forcing over and over.

A final comparison is given in Figure 4, in which time-
series of the total Arctic sea-ice volume and ridged-ice
production for the four simulations are plotted. The
general trend in the ice volume results is similar to
the ridged-ice fraction results. However, the sensitiv-
ity is considerably less. This is primarily due to feed-
back between dynamics and thermodynamics, since en-
hanced dynamic thickness build-up inhibits thermody-
namic growth and vice versa. Comparison of the ridged-
ice production and total ice volume shows that the peak
in ice-ridge production occurs in January or February,
two to three months earlier than the peak in ice vol-
ume. This result illustrates the feedback between pack-
ice strength and ridging in that an increase in strength,
caused by an increase in thickness and compactness,
makes further ridging more difficult.

DISCUSSION AND CONCLUSIONS

The two-level sea-ice model is widely used and is able
to reproduce average ice thicknesses and ice drift rather
well, particularly in the central pack. However, this
model is somewhat limited by the fact that only two
variables, average thickness and compactness, are avail-
able to characterize the ice-pack strength. The details of
the ice-thickness distribution — the relative fractions of
thin, thick, and ridged ice — are thought to play an im-
portant role in determining the overall mechanical prop-
erties of the ice pack. Nonetheless, the simple exten-
sion of the scheme presented here, to allow calculation
of the ridged- and level-ice fractions, shows considerable
promise to provide at least a qualitative picture of the
large-scale ridging process.

The three-year simulations discussed above exhibited
the general pattern of more intense ridging near the
coasts, particularly near the Canadian archipelago and
northern Greenland, observed from aircraft, as well as
the general thickness build-up patterns seen in compila-
tions of submarine ice-thickness measurements. Quan-
titative comparisons to observations are made difficult
both by differing definitions of ridged versus unridged
ice and by the requirement to convert between volumet-
ric ridged-ice fraction, calculated by the model, and the
more usual areal ridged-ice fraction observed. Such com-
parisons are possible with a more complete multi-level
thickness formulation and this approach is currently un-
der investigation by the authors.

The sensitivity studies conducted here illustrated the
dependence of calculated ridged-ice fraction on both
pack-ice strength and the requirement for energetically
consistent deformation. It was found that increasing
strength resulted in less open-water creation and ridge
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production due to overall restriction of the deformation.
The energetically consistent case, while producing con-
siderably more open water and ridged ice during de-
formation, exhibited only a slightly larger open-water
fraction and ice volume on the whole. The reason for
this is the feedback between open-water production and
ice strength — increased open-water area reduces ice
strength, allowing easier convergence and concomitant
lead closing. It was noted that the energetically consis-
tent case yielded almost double the ice-ridge volume of
the standard case.
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