Tellus (2003), 55A, 181-191
Printed in UK. All rights reserved

Copyright © Blackwell Munksgaard, 2003

TELLUS
ISSN 0280-6495

Spatial hierarchy in Arctic sea ice dynamics

By S.LYN MCNUTT! and JAMES E. OVERLAND?*, ! Geophysical Institute, University of Alaska, Fairbanks,

Alaska, USA; ?Pacific Marine Environmental Laboratory, NOAA, Seattle, Washington, USA

(Manuscript received 11 October 2001; in final form 14 May 2002)

ABSTRACT

We define a new classification for Arctic sea ice dynamics based on a spatial and temporal scale:
floe, multifloe, aggregate, coherent, sub-basin and seasonal. The classification is supported by remote
sensing and in situ observations of ice motions at scales of 1-700 km, as found in the existing scientific
literature. The first significant change in sea ice behavior appears as an “emergent” property of the sea
ice at the transition from the multifloe scale (2-10 km/<1 d) to the aggregate scale (10-75 km/1-3 d).
This emergent behavior establishes a statistical mechanical length where sea ice can be considered a
plastic continuum. A second important, or coherent scale occurs at 75-300 km and 3-7 d, where the
spatial/temporal processes of sea ice dynamics best match the scales of the wind forcing, i.e., winds of
this duration and fetch are necessary to fully load the internal stress field. At scales smaller than the
coherent scale, the spatial dimension is important because the sea ice motions on the coherent scale
provide non-local forcing to the aggregate scale. At dimensions larger than the coherent scale, including
the sub-basin and seasonal scales, spatial and temporal averaging occurs, which smooths discontinuities.
To understand and model sea ice dynamics at each of these scales requires an understanding of the
detail at the next smallest level. Proper understanding and representation of sea ice dynamics at all

scales is critical to devising a sound strategy for data assimilation into sea ice models.

1. Introduction

Sea ice often appears self-similar across a range of
geophysical scales. Low-altitude aerial photographs
of Arctic sea ice are visually similar to high-altitude
photographs and satellite imagery. Yet, there are dis-
continuities in sea ice dynamics due to both the in-
ternal structure of the ice pack and external forcing.
Sea ice strength appears to decrease by three orders of
magnitude as the scale increases from 1 m to 500 km
(Sanderson, 1988). This suggests that different physics
may be operating at different scales, or that some scale-
dependent, self-similarity property is present. To un-
derstand and model sea ice dynamics, it is also im-
portant to know at what scales internal ice dynamics
couple strongly with the predominant spatial and tem-
poral scales of the external forcing, i.e., the windstress
field.
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Our purpose is to note a spatial hierarchy of sea
ice dynamics based on recent evidence from remote
sensing and in situ observations. Here we undertake
an examination of sea ice dynamics based on recent
literature, rather than through the introduction of new
data. Improvements to present generation climate and
regional sea ice models include higher spatial reso-
Iution, thereby necessitating a better, understanding
definition, and incorporation of sea ice physics
throughout a range of scales. Hierarchy theory itself
is a useful method to classify sea ice dynamics (Over-
land et al., 1995; Goldenfeld and Kadanoff, 1999).
Two concepts from hierarchy theory are important in
establishing spatial and temporal length scales and in-
teractions critical to understanding sea ice dynamics:
emergent properties and coherent levels.

Our analysis also has implications for sampling
strategies for observational data to initialize and
validate sea ice models. We realize that internal
stress data do not currently exist to fully test our
classification and that many of our conclusions
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are inferred from ice motion data. However, we
believe our synthesis provides a starting point for fur-
ther discussions of real-world sea ice dynamics, mod-
eling and data assimilation.

The first important concept from hierarchy theory
is the notion of an emergent property (O’Neill et al.,
1986). This property represents a scale discontinuity
where the whole is greater than the sum of its parts. In
biology, this is typically described as cells composing
organs, or organs composing organisms. Here we ar-
gue for an emergent property of Arctic sea ice at the
transition from the multifloe scale (2-10 km) to the
aggregate scale (10-75 km). The emergent property
of sea ice dynamics near 10 km represents a transition
from within floe behavior to forces acting between
floes.

This emergent property of sea ice dynamics can
be observed on various types of imagery and within
small-scale models (Hopkins, 1998). On aerial recon-
naissance over sea ice camps, such as the Sea Ice Me-
chanics Initiative (SIMI) and Surface Heat Budget of
the Arctic (SHEBA) Experiments, we noted many big
floes (500 m to 2 km) (WMO, 1985), with interstitial
ice (Overland et al., 1998). Each floe is strong and
a large amount of external energy would be required
to crush, buckle or crack an individual floe. From the
theory of granular media, however, a scale of approxi-
mately 10 grain widths can generally be modeled with-
out resolving each individual element (Savage, 1998).
Thus, at approximately the 10 km length scale for the
central Arctic Ocean, where each floe represents an in-
dividual “grain” of ~1 km, sea ice dynamics are con-
trolled primarily by the forces between floes rather
than through the strength of individual floes. There-
fore, we consider this length scale as a transition level
where the details of individual floes become secondary
to an emergent scale of regional ice dynamics. An ana-
log can be made to the macroscopic behavior of wet
sand.

At scales larger than 10 km, a continuum approxi-
mation of the sea ice cover becomes a valid approach
to model sea ice as a granular plastic material (Over-
land et al., 1998). This continuum approximation does
not necessarily mean that the ice dynamics representa-
tion is smooth or differentiable. The equations can be
hyperbolic (Prichard, 1988), allowing for discontinu-
ous behavior of the motion field, represented mathe-
matically as a discontinuity in the velocity field, often
called sliplines (Overland et al., 1998) or linear kine-
matic features (Kwok, 2001). Physically, this discon-
tinuity might represent a 5-10 km wide damage zone
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where shear actually takes place. This discontinuity
can also be interpreted as a slipline on Synthetic Aper-
ture Radar (SAR) derived ice motion vectors, which
directly resolve observed discontinuities at 5—10 km
(Moritz and Stern, 2001; Richter-Menge et al., 2002).

A second concept from hierarchy theory is “coher-
ent scale”. A coherent scale is a spatiotemporal scale
of particular importance to the functioning of a sys-
tem. A major external forcing of Arctic sea ice re-
sults from wind stress. While there is some coupling
of the atmospheric forcing and sea ice deformation at
all scales, the 75-300 km/3-7 d spatial and temporal
scale is of particular importance, and can be consid-
ered a coherent scale for sea ice due to the close match
of the ice dynamics features to the length and time
scales of the atmospheric wind field (Walter and Over-
land, 1993). Sea ice deformation generally occurs on a
mesoscales (10-300 km) and slow time scales (3—7 d),
while atmospheric forcing occurs at a larger spatial
scale (~600 km) and a faster temporal scale (3 d). It
is only where the spatial and temporal scales overlap
that significant energy can be transferred from the at-
mosphere to the sea ice. Figure 1 illustrates this type of
coherent connection, using data taken during the win-
ter of 1992 in the Beaufort Sea during the LEADEX
Experiment (Overland et al., 1995). Figure 1 shows the
spectrum of the windspeed shear as red, i.e. with little
variance at time scales faster than 3 d, while the corre-
sponding spectrum of the sea ice motion is more white,
indicating much more variance at shorter timescales
for sea ice than for the wind field. There is a strong
connection between atmospheric forcing and sea ice
deformation primarily at 3—7 d, as seen in the coher-
ence spectrum at the bottom of Fig. 1.

Another qualitative example of the scale coupling
of the wind field to ice deformation is found in field
observations of internal ice stress taken during SIMI
(Richter-Menge and Elder, 1998). The spatial scales
of small storms, such as polar lows, and wind shifts at
frontal passages are too small, and these atmospheric
features move too quickly for the sea ice to develop
large-scale stresses. In these cases, individual floes
tend to respond simply with internal oscillations, or
floe—floe bumping. A shift of an air mass is gener-
ally required to create large, internal ice stress, such
as strong winds blowing from a nearly constant di-
rection for several days with a large fetch, greater than
~300 km (Overland et al., 1998; Richter-Menge et al.,
2002).

Thus, based on the definition of scales for energy
transfer between atmospheric forcing and sea ice
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Fig. 1. Top: Spectrum of shearing deformation of the wind
field for the central Beaufort Sea from 24 March to 24 May
1992. Units are s~2. Data are based on anemometers moun-
ted on buoys separated by 130 km during the Arctic Leads
Experiment (LEADEX). The spectrum is red, i.e. decreases
with frequency, which is typical for wind time series. Mid-
dle: Spectrum of shearing deformation in the ice field. There
is much high-frequency deformation in the ice field, which
is not present in the wind field. Bottom: Coherence plot be-
tween shearing deformation in the wind field and ice motion.
Coherence is significant for wind forcing events longer than
3 days (after Overland et al., 1995).
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deformation, we derive two important scales for
Arctic sea ice: (1) an emergent property at the transi-
tion to the aggregate scale of 10-75 km and 1-3 d, and;
(2) a coherent scale at 75-300 km and 3-7 d. At the
coherent scale, both the spatial and temporal aspects
of the atmospheric forcing and the sea ice response
combine to play important roles. At scales smaller
than 10 km (the multifloe and floe scales), the internal
structure of the individual floes becomes important.
At the aggregate (10-75 km) and coherent (75-300
km) scales, we expect considerable internal ice stress
activity based on the spectrum of ice shear (Fig. 1b) in
terms of hours to days. At these scales the spatial size
of the sea ice aggregates plays the important role. At
scales larger than the coherent scale, the time scales
used to average the data are longer than those asso-
ciated with direct wind forcing of sea ice dynamics,
and thus we are simply temporally averaging features.
Because of this averaging, we call this larger spatial
and temporal domain the climatology scale, which in-
cludes two sub-divisions: the sub-basin and seasonal
scales. In the remainder of the paper we further refine
these scale definitions within a consistent hierarchy
for sea ice dynamics.

2. Scale Hierarchy

Figure 2 and Table 1 illustrate and describe the clas-
sification of sea ice dynamics as defined in this study.
This classification is further expanded below in terms
of a hierarchical structure for sea ice dynamics based
on the spatial and temporal aspects of internal and ex-
ternal forcing of the sea ice and the resulting deforma-
tion. Our conceptual model is not at odds with ideas of
scale invariance or fractal scaling for sea ice at regional
scales (Vasiliev, 1996; Korsnes, 1998). We suggest a
self-similarity over the range of spatial scales larger
than 10 km, based on the plastic behavior of the sea
ice. We note, however, the importance of two scales for
the Arctic in particular: the coherent scale, the scale of
primary energy input from the atmosphere to the sea
ice dynamics, and the aggregate scale, the domain of
regional granular behavior of the sea ice which takes
place at the transition to scales larger than the multifloe
scale at ~10 km.

2.1. Floe scale

As sea water freezes it becomes a solid. This initial
freezing occurs at the subfloe, or ~1 m scale. At the
floe scale (<1 km) the dynamics are primarily due to
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Hierarchical Scales for Sea lce Classification
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Fig. 2. A schematic representation of the hierarchical scales described in this article.

cracking, and take place within a floe on a timescale
of less than 1 d (Demsey, 2000). Cracking relates to
thermal stresses or convergence and shearing.

Figure 3 illustrates the floe scale as seen in a photo

experiment. The image represents an area of approx-
imately 10 km on a side. While this is a late spring

image, there are still big floes (>1 km) in the region.

mosaic for 17 May 1998 taken during the SHEBA  part of the image.

Table 1.

There is an extensive linear damage zone in the upper

A hierarchical classification of scales of sea ice dynamics with a description of the spatial and temporal

scales of the sea ice dynamics, the matching of the atmospheric forcing to the sea ice and the associated scale
of the sea ice response

Category Spatial scale Temporal scale Wind coupling Scale of sea ice response
Floe <1 km Hours Too small Within floe
Multi-floe 2-10 km 3h-2d Too small Floe-floe bumping and
redistribution; ridging;
Aggregate 10-75 km 1-3d Too small Differential floe motions;
non-local forcing;
compression wave;
beginning of plastic behavior
Coherent 75-300 km 3-7d Best direct coupling Motion across a field resulting
of atmospheric scales in features such as arched
and sea ice deformation leads, families of sliplines,
and progressional
compression
Sub-Basin 300-700 km 7-30d Matches in space, but Creation of velocity “zones”;
not in time, therefore discontinuities smoothed
have temporal smoothing
of spatial attributes
Seasonal >700 km >30d Both spatial and temporal Thickness fluctuations and

averaging occur

redistribution of ice

Tellus 55A (2003), 2
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Fig. 3. A photomosaic of sea ice conditions near the SHEBA
Ice Camp taken on 17 May 1998. The image represents an
area of approximately 10 km on a side with big floes (>1 km)
in the region, and a linear damage zone in the upper part of
the image. (Courtesy Don Perovich).

2.2. Multifloe scale

At the multifloe scale (<10 km), the behavior of
the sea ice is granular in nature. At this scale, statisti-
cal mechanics can characterize floe dynamics through
the concept of textural and structural information
taken from information theory and damage mechanics
(Kerman, 1998). Direct simulation has also been
completed (Hopkins, 1998). Macroscopic differences
in medium response are noted whether all the
grains are uniform, or have irregular shapes (Scar-
lett et al., 1998). We observe the multifloe scale in
the correspondence between the fibrous network of
cracks and ridges as seen in aircraft imagery, and
under-ice thickness measurements from submarines
(Kerman et al., 1999). These roughness and thick-
ness changes derive from sea ice dynamics oper-
ating at the floe to multifloe scales (Rothrock and
Thorndike, 1981; Melling and Riedel, 1995). At the
multifloe scale, ridge densities and other sea ice
properties can be approximated as various distribu-
tion functions, often a Poisson distribution (Lensu,
2001).

2.3. The aggregate and coherent scales

At the upper range of the multifloe scale sea ice
reaches a limit where the behavior of the medium
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as a whole is more important than the influence of
individual floes. This behavior is an emergent prop-
erty, and we define this next level as the aggregate
scale (10-75 km/1-3 d). At spatial scales greater than
10 km sea ice can be considered a continuum since
it behaves as a plastic material, based on the inter-
actions between floes. For example, Richter-Menge
and Elder (1998) note that measured stresses in sea
ice respond primarily to regional strains on the scale
of 10 km. The aggregate scale includes concepts of
deformation and internal stresses. At the aggregate
scale, there is considerable energy in the ice motion
shear spectrum (Fig. 1, center), but there is little di-
rect atmospheric input. Here, internal stress within
the sea ice has a non-local character; it is dependent
on boundary conditions supplied from the next larger
scale. Understanding sea ice dynamics at this level re-
quires knowledge of the behavior of compression and
shear features propagating through the sea ice, due to
floes acting as a plastic medium (Hibler and Schulson,
2000).

The coherent scale (75-300 km/3-7 d) represents
the next larger level in the classification, and it is key
to understanding sea ice dynamics. At the coherent
scale the spatial and temporal characteristics of the
sea ice dynamics match the important length and time
scales of the atmospheric wind field variability. This
is also the scale where external boundary conditions,
such as coastal geometry, are important. Both the ag-
gregate and coherent scales consider sea ice dynam-
ics as the response of a collection of large and small
floes.

Figure 4 illustrates the differential motion of floes on
the aggregate scale (inset), and the behavior of the field
at the coherent level. A pair of satellite RADARSAT
SAR images obtained on 5-7 December 1997 covers
an area of roughly 400 km wide along the swath. The
vectors show the motion of the sea ice in the vicinity
of the SHEBA Ice Camp, annotated as a star, south-
ward to the Alaska coastline. These ice motion vectors
derive from a well established technique used to gen-
erate sea ice velocities within sequential SAR images
(Kwok et al., 1990; Hirose et al., 1992). The large
plot represents the translation of the sea ice as a field
at 10 km resolution during northerly winds, and il-
lustrates features such as arched leads and families
of sliplines. Note the discontinuity in the motion (or
slipline) field running north/south just to the east of
the SHEBA Camp. Two other sliplines near the top
of the figure and the top portion of the lower sector
near x = 150 run more parallel to the Alaskan coast.
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Displacement Data for 5—7 December 1997
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Fig. 4. Seaice displacement vectors for 5-7 December 1997
derived from SAR imagery. The region is north of Barrow,
Alaska and centered on the SHEBA ship (star). The reso-
lution is 10 km and three sliplines are visible. The inset
shows displacement anomalies at a 5-km resolution. Note
sliplines.

These data illustrate sea ice dynamics at the coherent
scale.

Figure 4 (inset) shows displacement anomalies
around the SHEBA Camp at 5 km grid spacing, with
the measured translation motion of the camp removed,
leaving the relative motion of the ice. This differen-
tial motion observed in the field represents the ag-
gregate scale. Here we see shearing, convergence and
rotation, all representative of relative motion within
the sea ice. There is considerable slipline behavior
even though there is little atmospheric variability with
such short length scales. The behavior is non-local
in the sense that the motion is conditioned by wind
stress and boundary conditions from larger spatial
scales. This is also seen in the propagation of stress
features within the ice field (Richter-Menge et al.,
2002).
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2.4. The climatological scales: sub-basin
and seasonal

At the climatological scale we consider two sub-
scales: the sub-basin (7-30 d/300-700 km) and
seasonal (>30 d/>700 km). Here the spatial and tem-
poral scales are larger and longer than the those repre-
sented by sea ice dynamics forced directly by the at-
mospheric wind fields, as noted in the coherent scale.
Thus, we associate the spatial and temporal scales
with the climatological record, i.e., statistical repre-
sentations of the ice dynamics processes. At these
climatological scales, the temporal averaging has an
important influence on smoothing the sea ice dynam-
ics. The modeled ice dynamics at this scale will also
be smoothed, suggesting a viscous plastic formulation
(Hibler, 1977; Steele et al., 1997), where discontinu-
ities such as sliplines are smoothed within the field of
motion.

Figure 5 shows sub-basin scale ice dynamics from
two different sets of observations. On the bottom is a
plot of the western Arctic Ocean derived from RGPS
sea ice motion vectors. The bottom right figure depicts
measured convergence (blue) and divergence (red),
and the bottom left figure shows the associated
shear (red) for 15-18 February 1998, a three day
average. Areas of no change appear yellow in both
images. The top figure shows sea ice conditions for
18 February 1998. The image is a Hue Light Satura-
tion (HLS) composite of Thermal Infrared (TIR) data
from the Advanced Very High Resolution Radiome-
ter (AVHRR) combined with a swath of RADARSAT
SAR data in the grey scale. The location of the
SHEBA Camp is annotated in red. The color in the
HLS image relates to surface temperatures of —8 °C
(red) to —40 °C (blue). Compare this with the data
from the RGPS convergence/divergence and shear
for the 3-d period. Note the large shear line east of
Wrangel Island seen at the sub-basin scale. This fea-
ture opened rapidly over hundreds of kilometers, but
resulted from prolonged compaction of the sea ice
against the Siberian coast (Richter-Menge et al., 2002).
These data show a larger regional view of the type of
events described in Fig. 4, but details at the aggregate
scale are not evident.

Observations of seaice dynamic behavior at the sub-
basin scale involve statistical averaging, and the ice
is often characterized in terms of its velocity zones
(Maslanik et al., 1997; Miles and Barry, 1998), large-
scale domains (Agnew et al., 1997) and the relation-
ship between the Seasonal Ice Zone (SIZ) and the

Tellus 55A (2003), 2
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Fig. 5. HLS composite (left) of AVHRR TIR data (color) co-registered with a RADARSAT SAR image for February 1998.
The SHEBA Camp is indicated by a red cross. Note the large deformation feature reaching from Wrangel Island near the
Siberian Coast to the SHEBA Camp. The HLS composite (top) shows ice conditions for 18 February 1998. The bottom
shows RGPS SAR-derived sea ice behavior averaged over the period 15-18 February 1998, at the sub-basin scale. Note the
deformation features in the convergence/divergence (bottom, right) and shear (bottom, left). Also note that the bottom figures
are oriented with a 90° rotation relative to the top figure.
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Fig. 6. An HLS composite of AVHRR TIR data (color) co-registered with a SAR image for 17 January 1998. Barrow, Alaska
is to the south and the position of the SHEBA Ice Camp is indicated by a red cross. Note the structural differences between
first year ice noted as the Seasonal Ice Zone (SIZ), the Perennial Ice Zone (PIZ), and a Transition Zone.

Perennial Ice Zone (PIZ) (Kwok et al., 1999). At the
seasonal scale, variance of the combined mean obser-
vations over several years provides insight into key
climatological variables, such as the interaction of
the PIZ and SIZ. Figure 6 illustrates the difference
in the sea ice found in the SIZ, PIZ, and a transition
zone of mixed ice types. In this HLS image, taken on
17 January 1998, the multiyear ice of the PIZ ap-
pears colder (blue) than the first-year ice in the SIZ
(green). The SAR texture of the SIZ in the bottom
of the screen is also smoother, indicating less de-
formed, thinner, firstyear ice. Since we did not perform
a cloud removal of any kind on the AVHRR imagery,
some warmer, green areas appear in the boundary be-
tween the PIZ and the SIZ, likely due to ice smoke.
The SHEBA Ice Camp is denoted by a red “+” on
the image, near the PIZ boundary. The deformed na-
ture of the sea ice in the Transition Zone (~200 km
wide) indicates that it is the location of a “breccia”
containing new ice within a multiyear ice matrix. In-

spection of many SAR motion plots indicates that this
region is highly active both dynamically and thermo-
dynamically.

The seasonal scale (>30 d/>700 km) represents av-
eraged sea ice characteristics based on fluctuations,
extents and variability (Parkinson et al., 1999). These
can include observations such as monthly averaged
mean motions for a single year, or combined statis-
tics over several years or decades. Here the temporal
sampling of the data is especially important. For ex-
ample, the PIZ and SIZ occur annually, but their actual
extent and location vary based on different climatolog-
ical conditions. Figure 7 shows the variance in sea ice
motions for the month of February from seven sea-
sons of AVHRR data and International Arctic Buoy
Observations (source: J. Maslanik, University of Col-
orado). Note that the transition between the PIZ and
SIZ off the Alaska coast appears as a discontinuity, and
that the PIZ itself seems to have a rotational compo-
nent of motion different from the SIZ. This rotational

Tellus 55A (2003), 2
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Fig. 7. Major and minor axes of monthly ice velocity
variability for seven Februaries, 1988-1994, derived from
AVHRR data. The region is the Chukchi and Beaufort Seas
north of Alaska. The spacing between data points is approx-
imately 60 km. Note the discontinuity associated with the
boundary between the SIZ and PIZ. This multiyear, averaged
data set represents the seasonal scale. (Figure provided by J.
Maslanik, University of Colorado/CCAR.)

component of motion also appears in SAR-derived
winter seasonal averages for the SHEBA period in
RGPS data (Kwok, 2001).

3. Implications for modeling

A precursor to discussing and modeling sea ice be-
havior is to specify the scale of interest, and thus
the processes and elements of importance. We have
noted a hierarchical system of: floe, multifloe, aggre-
gate, coherent, sub-basin and seasonal scales. Effec-
tive understanding at any particular scale (level n) in-
volves defining the mechanistic behavior of the ele-
ments at the next smaller scale (level n — 1) and con-
sidering the boundary conditions from the next larger
scale (level n + 1). Incorporating physics from the
n — 1 level usually involves parameterization, i.e., the
net implication of averaging over a number of sub-
scale events. We propose that the coherent level (75—
300 km/3-7 d) constitutes the most important scale
for modeling sea ice dynamics. This means that in-
formation from the aggregate scale is necessary to re-
solve sea ice dynamics at the coherent scale, which

Tellus 55A (2003), 2
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in turn provides the basis for calculation of the sub-
basin scale. This also applies to strategies used to
obtain observational data for model initialization and
validation.

It is not clear that the simulation of plastic flow
in isotropic viscous plastic models fully resolves the
sea ice physics at the aggregate scale. It should be
noted that viscous plastic models with isotropic sea ice
formulations can generate long, linear features when
the model is run at a high resolution (Ax ~ 20 km)
(see figure from Zhang in Overland and Ukita, 2000).
These features are also present with the Naval Post-
graduate School model (Maslowski, personal commu-
nication). This type of long, linear feature results from
the plastic nature of the model formulation, when the
sea ice interacts with boundary conditions and ex-
ternal forcing. Though such models generate large-
scale linear features, they do not seem to resolve the
smaller-scale features as seen in the RGPS plots in
Figs. 4 and 5. Also, the magnitudes of the modeled
discontinuities appear smaller and have a larger spa-
tial scale than those observed directly by SAR data.
Perhaps the viscous formulation is a limitation, or sea
ice feature orientation may play a role at the aggregate
scale.

At this time of writing it is clear that the spatial
resolution of sea ice models is reaching the appro-
priate aggregate scale, but it is unclear whether the
internal ice stress term currently employed implies
too much smoothing of the plastic character of sea
ice at this scale. Using a Coulomb rather than an el-
lipse failure criterion, and resolving the thickness dis-
tribution may be important steps to applying plastic
models to the aggregate scale (Overland and Ukita,
2000).

For modeling at the sub-basin scale, it is important
to resolve the coherent scale. At the sub-basin scale
the current generation of viscous plastic models ap-
pears appropriate (Hibler, 1979; Holland et al., 2001).
However, it is important to note that increasing the res-
olution of the spatial and temporal calculations used in
these models may not necessarily create detail consis-
tent with observational data obtained at the aggregate
scale.

4. Conclusions

A new classification of sea ice dynamics shows the
importance of changes in sea ice dynamics from the
multifloe (2-10km) to the aggregate scale (10-75 km).
The 10 km scale is important in sea ice dynamics,
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as this is the point at which the ice exhibits emergent
behavior, providing the link between the dynamics as-
sociated with individual floes and the plastic contin-
uum of motion based on statistical mechanics. The
aggregate and coherent (75-300 km) scales both show
velocity discontinuities and propagation of stress fea-
tures through the ice field, demonstrating the plastic
behavior of the ice cover. The coherent scale is impor-
tant for modeling and observing sea ice because this is
the spatiotemporal scale where ice dynamics couples
most strongly with the wind forcing.

Integrity of sea ice models at all scales requires that
both the model resolution and the parameterization of
the sea ice physics be appropriate to the model scale.
Based on SAR data and in situ observations we con-
clude that modeling and validating regional ice dy-
namics is most important at the coherent scale, which
requires resolution on the aggregate scale. Modeling
on the sub-basin scale must include parameterization
on the coherent level, which is adequately achieved in
current generation viscous plastic models. Initializa-

S. L. MCNUTT AND J. E. OVERLAND

tion, data assimilation and validation of sea ice models
requires data that correspond to the appropriate model
scale, or be derived from observations taken at the next
smaller scale.
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