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Abstract An Arctic sea ice-ocean model is run with three uniform horizontal resolutions (6, 4, and
2 km) and identical sea ice and ocean model parameterizations, including an isotropic viscous-plastic
sea ice rheology, a mechanical ice strength parameterization, and an ice ridging parameterization.
Driven by the same atmospheric forcing, the three model versions all produce similar spatial patterns
and temporal variations of ice thickness and motion fields, resulting in almost identical magnitude and
seasonal evolution of total ice volume and mean ice concentration, ice speed, and fractions of ice of
various thickness categories over the Arctic Ocean. Increasing model resolution from 6 to 2 km does not
significantly improve model performance when compared to NASA IceBridge ice thickness observations.
This suggests that the large-scale sea ice properties of the model are insensitive to varying high resolutions
within the multifloe scale (2–10 km), and it may be unnecessary to adjust model parameters constantly
with increasingly high resolutions. This is also true with models within the aggregate scale (10–75 km),
indicating that model parameters used at coarse resolution may be used at high or multiscale resolution.
However, even though the three versions all yield similar mean state of sea ice, they differ in representing
anisotropic properties of sea ice. While they produce a basic pattern of major sea ice leads similar to
satellite observations, their leads are distributed differently in space and time. Without changing model
parameters and sea ice spatiotemporal variability, the 2-km resolution model tends to capture more leads
than the other two models.
Plain Language Summary

As the decline of Arctic sea ice encourages more economic
activities in the Arctic region, there is growing interest in high-resolution predictions of sea ice. This study
investigates sea ice properties in three different Arctic sea ice-ocean models with three different high
horizontal resolutions (6, 4, and 2 km) and identical sea ice and ocean model parameterizations. Realistic
numerical experiments are conducted using these high-resolution models forced by the same atmospheric
forcing interpolated to their individual model grids. These three high-resolution models all produce
similar sea ice thickness fields that are in reasonably good agreement with NASA IceBridge observations
of ice thickness. They also produce similar spatial and temporal variations of ice velocity and similar
magnitude and seasonal evolution of total ice volume and mean ice concentration over the Arctic Ocean.
This suggests that when we develop numerical sea ice models with increasingly high resolutions, we can
use the same model parameters without a need to change. However, while the above-mentioned largescale sea ice properties from these three models are similar, major sea ice leads simulated by the models
are different in space and time. The 2-km resolution model captures more narrow leads, reflected in ice
thickness and deformation fields.

1. Introduction
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Sea ice is an important component of the Earth’s climate system. The sea ice cover is highly heterogeneous
and discontinuous. In the marginal ice zone, there are low concentration, low thickness floes of varying
sizes and shapes (Rothrock & Thorndike, 1984). In the ice pack interior, a region with generally thicker and
more compact ice, the ice cover behaves more as an anisotropic continuum with oriented leads and pressure ridges interspersed (Wadhams, 1981). This manifests in observations of oriented failure zones across
all spatial scales (Rampal et al., 2008; Stern & Lindsay, 2009; Weiss, 2003). These relatively long and narrow
failure zones are usually associated with high ice deformation rates and often referred to as linear kinematic
features (LKFs) based on analyses of synthetic aperture radar (SAR) satellite images (Kwok, 2003).

1 of 15

Journal of Geophysical Research: Oceans

10.1029/2020JC016686

Large-scale sea ice models of varying complexity are used to simulate the evolution of sea ice. The thickness distribution sea ice models with multiple subgrid-scale ice thickness categories, based on Thorndike
et al. (1975) (also see Hibler, 1980), have wide use (e.g., Hunke & Lipscomb, 2008; Zhang & Rothrock, 2003)
because they represent well sea ice of various thicknesses and simulate explicitly the ice ridging process
linked closely to ice motion and deformation. These and other sea ice models often treat the sea ice cover
as a two-dimensional continuum obeying a certain constitutive law, or rheology. Ice rheology describes the
relationship among ice internal stress, deformation, and mechanical strength and is a key component of the
momentum balance that governs the dynamic properties of sea ice.
Perhaps the most widely used rheology in large-scale sea ice models so far is the isotropic viscous-plastic
(VP) rheology (Hibler, 1979) and its numerical approximation, the elastic-viscous-plastic (EVP) method
(Hunke & Dukowicz, 1997). This is because of their relative ease in numerical implementation and general
success in simulating ice motion and thickness. However, the isotropic VP rheology or EVP method are unable to adequately simulate narrow failure zones of large ice deformation rates when employed in relatively
coarse-resolution (coaser than ∼10 km) sea ice models. This is reflected in the general underestimation of
the number and magnitude of narrow LKFs (e.g., Kwok et al., 2008), an indication of their deficiency in
representing the anisotropic properties of sea ice in coarse-resolution models.
As computers become more powerful, there is growing interest in high-resolution modeling and prediction
of sea ice evolution. An increasing number of sea ice models of high horizontal resolution (defined here
as < 10 km) have been incorporated into climate or operational forecast models (e.g., Madsen et al., 2015;
Posey et al., 2015; Roberts et al., 2015). In particular, the US Navy’s Global Ocean Forecat System (GOFS 3.1)
has ∼4-km horizontal resolution for the Arctic Basin and uses the EVP method to approximate the isotropic
VP rheology (Posey et al., 2015).
As model resolutions become ever higher, researchers have studied whether the isotropic VP rheology,
developed based on continuum mechanics, is applicable to models of high horizontal resolution. For example, McNutt and Overland (2003) report that sea ice behavior changes from the multifloe scale (defined
as 2–10 km) to the aggregate scale (10–75 km). Coon et al. (2007) show that aggregating sea ice as a continuous isotropic material at resolutions higher than ∼10 km cannot be justified, thus casting doubt on
the applicability of the isotropic VP rheology in high-resolution models. Recently, however, an increasing
number of studies report that sea ice models with an isotropic VP rheology are able to simulate major LKFs
similar to those observed by satellites as model resolutions become sufficiently high (e.g., Hutter et al., 2018;
Losch et al., 2014; Spreen et al., 2017; K. Wang & Wang, 2009; Q. Wang et al., 2016). In particular, Hutter
et al. (2018), through a scaling analysis, show that sea ice models with an isotropic VP rheology and small
horizontal grid spacing (1 km) can resolve sea ice leads and deformation rates localized along LKFs. Thus
these recent studies appear to establish the applicability of the VP rheology for sea ice modeling over multiple spatial scales, from the aggregate to multifloe, and possibly beyond.
Given the applicability of an isotropic VP rheology across various scales and its use in high-resolution sea
ice models afforded by increasing computer capabilities, there is a growing interest in investigating sea
ice properties in models of varying high resolutions. Are key sea ice properties, such as thickness, concentration, and velocity as well as oriented failure zones (LKFs) sensitive to model resolutions within the
multifloe scale? Are these sea ice properties sensitive to parameterizations in models of increasingly high
resolutions? These questions have not yet been addressed fully. For example, the mechanical ice strength
is an important parameter of the VP rheology that governs when ice fails and enters a state of plastic flow.
Thus, it has an important role in determining the speed of ice drift and rate of ice deformation (Hibler, 1979;
Rothrock, 1975; Steele et al., 1997). Some studies report that the mechanical ice strength is dependent on
model resolution (e.g., Bouchat & Tremblay, 2014; Hutter, 2015; Overland & Pease, 1988; Williams & Tremblay, 2018). And while Bouchat and Tremblay (2014) and Williams and Tremblay (2018) suggest a higher
ice strength value for higher model resolution, Overland and Pease (1988) and Hutter (2015) suggest the
opposite. These contrasting reports indicate a necessity for further investigation.
This study aims to investigate sea ice properties in models of increasingly high resolutions. By investigating
sea ice properties, this study also aims to examine whether and to what degree sea ice model parameters are
resolution dependent in models of varying high resolutions within the multifloe scale. Note that mechanical
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ice strength is just one of many parameters used to model sea ice; others
include a range of parameters that control the ridging process in thickness
distribution sea ice models (Flato & Hibler, 1995; Hibler, 1980). Instead
Parameters
Value
of assessing the effect of individual parameters one by one, the focus is
Sea ice strength parameter P*
27,500 N m–1
on what happens if parameters commonly used in coarse-resolution sea
Frictional dissipation coefficient in ridging
17
ice models are used similarly in high-resolution models. How do sea ice
properties (e.g., thickness, concentration, velocity, and LKFs) behave in
Ridge participation constant
0.15
models with varying high resolutions but the same model parameters and
Shear ridging parameter
0.5
atmospheric forcing? This question addresses the relationship between
Abbreviation: HIOMAS, High-resolution Ice-Ocean Modeling and
sea ice properties and model resolutions and whether model parameteriAssimilation System.
zations must be adjusted constantly when using increasingly higher resolutions. This will help to guide our development of high-resolution sea
ice models and therefore enhance our ability to predict sea ice evolution.
To this end, numerical experiments were designed and conducted using the pan-arctic High-resolution
Ice-Ocean Modeling and Assimilation System (HIOMAS), which is constructed with high horizontal resolutions ranging from 6 to 2 km.
Table 1
Some Sea Ice Parameters Used in the Different HIOMAS Model Versions

2. Model Description and Numerical Experiments
HIOMAS was adapted from the Pan-arctic Ice-Ocean Modeling and Assimilation System (PIOMAS). It
consists of a thickness and enthalpy distribution sea ice model (Zhang & Rothrock, 2003) coupled with
the Parallel Ocean Program ocean model (Smith et al., 1992). The sea ice model has eight subgrid-scale ice
thickness categories centered at 0, 0.38, 1.30, 3.07, 5.97, 10.24, 16.02, and 23.4 m and upper-bounded by 0.1,
0.66, 1.93, 4.2, 7.74, 12.74, 19.31, and 27.51 m, respectively. The first category represents open water. Ice
motion in HIOMAS is solved following Zhang and Hibler (1997) based on a momentum equation that consists of a VP rheology with a teardrop plastic yield curve (Zhang & Rothrock, 2005). Ice ridging is simulated
following the ridging parameterization of Thorndike et al. (1975) and Hibler (1980). Ice growth or decay is
calculated based on the three-layer thermodynamics of Winton (2000). HIOMAS is capable of assimilating
satellite ice concentration data following Lindsay and Zhang (2006). However, in this study satellite ice
concentration is not assimilated.
To assess whether sea ice properties in high-resolution models are sensitive to changes in model resolution,
three versions of HIOMAS (including both sea ice and ocean model components) were constructed with
three uniform horizontal resolutions of 6, 4, and 2 km (i.e., dx = dy = 6, 4, and 2 km) for the whole Arctic
Ocean (see Figure 1 for model domain). Thus, these three versions vary from being eddy-permitting at 6 km
resolution to eddy-resolving at 2 km resolution (e.g., Nurser & Bacon, 2014). They are designed to have
identical sea ice dynamic and thermodynamic parameters, including ice strength and ridging parameters
that are used in PIOMAS, which has coarser resolution. For example, ice strength parameterization is based
on Hibler (1979) with the strength parameter P* set to 27,500 N m–1 following Hibler and Walsh (1982); the
parameters governing the ridging process, such as the frictional dissipation coefficient, the ridge participation constant, and shear ridging parameter, are listed in Table 1 (also see Table 3 in Flato & Hibler, 1995 for
the standard case). Also listed in Table 1 are the ice strength parameter and ice, snow, and open water albedo
values used in the three HIOMAS versions. To ensure that the sea ice model component is subject to similar
oceanic forcing, the three HIOMAS versions all have 40 ocean levels, with identical ocean parameters such
as viscosity and diffusivity, although they differ in their ability to resolve eddies. They are all one-way nested
to a global coupled ice-ocean model (Zhang, 2005) and driven by the same daily NCEP/NCAR reanalysis atmospheric forcing including 10-m surface winds, 2-m surface air temperature, and longwave and shortwave
radiation with a spatial resolution of ∼2.5° × 2.5°, which are interpolated onto the model grids of different
resolutions. Forced by the NCEP/NCAR reanalysis, they are all integrated over the period 2011–2018, initialized with a constant 2-m ice thickness in the areas of surface air temperature at or below 0°C on the first
day of 2011, zero ice and ocean velocity, and ocean temperature and salinity climatology (Levitus, 1982).
To make sure that the three HIOMAS versions, which are subject to the same atmospheric forcing interpolated to their individual model grids, are also subject to similar oceanic forcing, ocean velocity and
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Figure 1. Model domain of the 6-km resolution HIOMAS enclosed by thick black lines. The 4- and 2-km resolution HIOMAS versions have similar model
domains. The red lines represent isobaths of 200, 1,000, and 3600 m. HIOMAS, High-resolution Ice-Ocean Modeling and Assimilation System.

temperature in the upper ocean (30 m) and the stress at the ice-ocean interface averaged over the Arctic
Ocean are examined (Figure 2). The ocean velocity in the upper 30 m is lower in the first year of integration
(2011) than most of the other years, due partially to the initial conditions of zero ocean velocity (Figure 2a).
It starts to increase in 2013 and peaks in 2016 before decreasing toward 2018. Thus, the upper ocean velocity
is more or less stabilized over the period 2012–2018, without continuous decrease or increase. The ocean
velocity from the 2-km resolution HIOMAS is generally higher than the other two versions, likely due to
the fact that it is eddy resolving. However, the relative differences among these three versions are small,
within 5%.
Stress at the ice-ocean interface is associated with the upper ocean velocity (Hibler, 1979). It is not surprising that the simulated stress under ice is also in a generally steady state. Like the upper ocean velocity, the
stress has slightly higher values with the 2-km resolution HIOMAS (Figure 2b). The relative differences
among these three versions are also within 5%. In addition, the differences in ocean temperature in the
upper 30 m among the three HIOMAS versions are small as well (Figure 2c). All these indicate that the sea
ice processes in these models of different high resolutions are driven by similar dynamic thermodynamic
oceanic forcing.
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(a)

(b)

(c)

(d)

Figure 2. Simulated annual mean wind stress on the surface of ice and open water (a), stress at the ice-ocean interface
(b), and ocean velocity (c) and temperature (d) in the upper 30 m, averaged over the Arctic Ocean defined as the whole
model domain (see Figure 1), from the three versions of HIOMAS for the period 2011–2018. HIOMAS, High-resolution
Ice-Ocean Modeling and Assimilation System.

3. Results
HIOMAS captures the basic spatial pattern of sea ice thickness in winter and summer (Figure 3). The
simulated thick ice generally stays in the areas near the Canadian Archipelago and northern Greenland
and thinner ice elsewhere, including the Beaufort Sea, where ice is mostly under 2.5 m thick in March
(Figures 3a–3c) and largely melts away in September (Figures 3d–3f). Visually, there are some noticeable
differences in ice thickness near the Canadian Archipelago in March among the three HIOMAS versions.
However, the differences appear to be relatively small in limited areas. On average, all three versions show
similar spatial patterns and temporal variations of ice thickness fields.
The similarity in mean ice thickness fields is also reflected in a comparison with NASA IceBridge sea ice
thickness observations collected during 2013–2015 (Figure 4). The three versions all tend to underestimate
thick ice and overestimate thinner ice (Figure 4, left panels). This is in part because of model bias and in
part because models often create fields that are likely smoother than point or line measurements and therefore unable to reproduce some of the thick or thin ice in observations, even with HIOMAS horizontal resolutions of 6–2 km. All versions overestimate ice thickness in the Beaufort Sea (Figure 4, more red dots than
blue dots), but the overestimation is mostly below half a meter (Figure 4, right panels). Near the Canadian
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Figure 3. Simulated 2013–2018 March (a, b, and c) and September (d, e, and f) mean sea ice thickness from three versions of HIOMAS with horizontal
resolutions of 6, 4, and 2 km. HIOMAS, High-resolution Ice-Ocean Modeling and Assimilation System.

Archipelago, northern Greenland, and Fram Strait, positive and negative thickness differences are nearly
evenly distributed, indicating a relatively low mean model bias in those areas. Overall, all model versions
behave alike when compared to NASA IceBridge ice thickness observations, with a small variation of mean
model bias (0.26–0.36 m) and the same model-observation correlation (0.77) and root-mean-square error
(0.73 m, not listed) (Figure 4, left panels). Increasing model resolution from 6 to 2 km does not significantly
improve the overall model performance compared to IceBridge observations.
The magnitude and seasonal evolution of the total sea ice volume over the period 2012–2018 from the three
HIOMAS versions are almost identical (Figure 5a) after the first integration year 2011. The ice volume from
the 2 km resolution model appears to be slightly higher than the other two models, suggesting a tendency
for ice volume to increase with increasing high model resolutions. However, the increase is small and the
ice volume difference among the three model runs over 2012–2018 is within 2%. This is not surprising, given
that the three different model runs create similar spatiotemporal variability of ice thickness fields over the
Arctic Ocean (Figures 3 and 4). The magnitude and seasonal evolution of mean ice concentration over the
Arctic Ocean are also almost identical over 2012–2018 (Figure 5b), because of similar spatiotemporal variability of ice concentration fields (not shown). In addition, the magnitude and seasonal evolution of the fraction of ice thicker than 1.9 m and thinner than 4.2 m (category 4; Figure 5c), the fraction of ice thicker than
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Figure 4. (a), (c), and (e) Simulated sea ice thickness (m) from three versions of HIOMAS and thickness data from the NASA IceBridge program (Kurtz
et al., 2013) collected during March and/or April of 2013–2015 and available from the Unified Sea Ice Thickness Climate Data Record (Lindsay, 2010). The blue
line indicates equality and the red line represents the best fit to the observations. The number of total observation points, observed and modeled mean values,
model bias (mean model–observation difference), and model–observation correlation (R) are listed. (b), (d), and (f) Point-by-point differences in ice thickness
(m) between model results and observations at the locations of the observations. Red dots indicate that the modeled ice is thicker than the observed and blue
dots thinner. HIOMAS, High-resolution Ice-Ocean Modeling and Assimilation System.
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(a)
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(c)

(d)

(e)

Figure 5. (a) Monthly mean total sea ice volume in the Arctic Ocean defined as the whole model domain (see Figure 1)
and (b) ice concentration, (c) fraction of ice thicker than 1.9 m and thinner than 4.2 m (category 4), (d) fraction of ice
thicker than 4.2 m (categories 5–8), and (e) ice speed averaged over the Arctic Ocean, simulated by the three versions of
HIOMAS for the period 2011–2018. HIOMAS, High-resolution Ice-Ocean Modeling and Assimilation System.

4.2 m (categories 5–8; Figure 5d), and the fraction of ice thinner than 1.9 m (categories 1–3; not shown),
averaged over the Arctic Ocean are all nearly identical for the three HIOMAS runs after 2011. In association
with a slightly higher ice volume (Figure 5a), the 2 km resolution model creates a slightly higher fraction of
ice thicker than 4.2 m than the other two models (Figure 5d). However, the difference in the fraction of ice
thicker than 4.2 m among the three models over 2012–2018 is small, within 4%. Thus, the spatiotemporal
variability of the 8-category subgrid ice thickness distribution is about the same among the three versions.
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Figure 6. Simulated 2013–2018 March (a, b, and c) and September (d, e, and f) mean sea ice speed from three versions of HIOMAS. HIOMAS, High-resolution
Ice-Ocean Modeling and Assimilation System.

The insignificant change in the 8-category ice thickness distribution among the three versions is an indication that the ridging parameters used in HIOMAS, following Flato and Hibler (1995), are not a function
of model resolution within the multifloe scale. In other words, changing the model resolution does not significantly change the behavior of the subgrid scale ice thickness distribution. This is because ice thickness
distribution is strongly influenced by the ridging process that transfers thin ice into thick ice categories
through mechanical thickness redistribution (Hibler, 1980; Thorndike et al., 1975). It is also an indication
that within the multifloe scale the VP rheology and the mechanical ice strength parameterization behave
similarly in all resolutions because the ice ridging process is driven by ice motion and deformation, which
are largely controlled by the VP rheology and ice strength in a thickness distribution sea ice model (Hibler, 1980; Thorndike et al., 1975). In fact, the similar spatiotemporal variability of mean ice thickness and
concentration fields and the nearly identical magnitude and seasonal evolution of the total ice volume and
mean ice concentration and fractions of various ice thickness categories suggest that the large-scale sea ice
properties of high-resolution sea ice models, with the same dynamic and thermodynamic parameters and
under similar atmospheric and oceanic forcing, are insensitive to varying model resolutions.
Given that the VP rheology and the ice strength parameter are key in determining ice motion (Hibler, 1979),
their insensitivity to different high model resolutions is also reflected in the simulated mean fields of ice
speed for March and September 2013–2018 (Figure 6). The March mean ice motion pattern has typical
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Figure 7. Simulated sea ice thickness for March 15 (a, b, and c) and November 15 (d, e, and f), 2018 from three versions of HIOMAS. HIOMAS, Highresolution Ice-Ocean Modeling and Assimilation System.

winter conditions with robust Beaufort Gyre anticyclonic circulation, transpolar drift, and East Greenland
Current (Figures 6a–6c). In September, ice motion is generally weaker than in March (Figures 6d–6f). There
are some differences in ice speed among the three HIOMAS versions, which may be linked to their difference in ability to resolve eddies. However, the differences are limited and the ice speed fields from the three
versions largely resemble each other for both winter and summer. This is why the magnitude and seasonal
evolution of the ice speed averaged over the Arctic Ocean do not differ significantly among the three versions (Figure 5e). The similar spatiotemporal variability of ice motion contributes to the similar spatiotemporal variability of ice thickness and the nearly identical magnitude and seasonal evolution of ice volume,
ice concentration, and area fractions of various ice thickness categories.
A careful examination of daily winter ice thickness fields indicates that the three high-resolution models are
able to simulate some major oriented narrow sea ice leads or failure zones (Figures 7a–7c). This is also reflected in the simulated fields of winter ice deformation rate (

 e11  e22 2   e11  e22 2  4e122  , where eij

is strain rate tensor) localized along LKFs (Figures 8a–8c). These deformation fields show a general spatial
pattern of LKFs qualitatively in agreement with that seen in SAR satellite images (Kwok, 2003), as also
reported by Hutter et al. (2018) via a scaling analysis. However, the simulated spatial distributions of sea
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Figure 8. Simulated sea ice deformation rate for March 15 (a, b, and c) and November 15 (d, e, and f), 2018 from three versions of HIOMAS. HIOMAS, Highresolution Ice-Ocean Modeling and Assimilation System.

ice leads and deformation rates are different among the three model versions. They differ in the number,
location, shape, width, length, and orientation of leads or LKFs. This suggests that, although they create
similar spatial patterns and temporal variations of ice thickness fields, they differ from each other in representing anisotropic properties of sea ice in winter. In areas of thin ice, few narrow failure zones are simulated by these model versions (Figures 7d–7f) because of weaker mechanical ice strength leading to generally
large ice deformation (Figures 8d–8f).
Although a quantitative scaling analysis like that of Hutter et al. (2018) is beyond the scope of this study, it
is apparent visually from both ice thickness and ice deformation fields that the 2-km resolution HIOMAS
tends to create a greater number of oriented failures zones in winter that are often narrower than the other
two versions (Figures 7a–7c and 8a–8c). This is also illustrated in additional ice thickness and deformation
fields for winter and spring conditions (Figures 9 and 10). These results confirm previous studies showing
that high-resolution sea ice models with an isotropic VP rheology capture generally the anisotropic behavior
of sea ice (e.g., Hutter et al., 2018; Losch et al., 2014; Spreen et al., 2017; K. Wang & Wang, 2009; Q. Wang
et al., 2016). They further indicate that sea ice models with increasingly high resolutions are likely to better
resolve the narrow leads or failure zones, which is important to maritime operations.
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Figure 9. Simulated sea ice thickness for January 15 (a, b, and c) and May 15 (d, e, and f), 2018 from three versions of HIOMAS. HIOMAS, High-resolution
Ice-Ocean Modeling and Assimilation System.

4. Discussion and Conclusions
Three versions of HIOMAS with an ice thickness distribution, an isotropic VP rheology, and three different
high resolutions within the multifloe scale (2–10 km; McNutt & Overland, 2003) produce nearly invariant
mean sea ice properties. All three model versions create generally similar spatial patterns and temporal
variations of mean ice thickness, concentration, and motion, three key ice state variables, and nearly identical magnitude and seasonal evolution of the total ice volume and mean ice concentration, ice speed, and
fractions of ice of various thickness categories. In particular, they all compare reasonably well with the
NASA IceBridge observations of ice thickness, with slightly different mean model biases and the same model-observation correlation and root-mean-square error. This means that the large-scale sea ice properties
of HIOMAS are insensitive to changes in resolution within the multifloe scale under similar atmospheric
and oceanic forcing. It is unnecessary to constantly adjust model parameters when models use increasingly
higher resolutions.
Modeling ice dynamic processes, such as ice motion, deformation, and ridging, is thought to be influenced
by changes in model horizontal resolution (e.g., Bouchat & Tremblay, 2014; Hutter, 2015; Overland &
Pease, 1988; Williams & Tremblay, 2018). Yet results from this study show that the ice dynamics parameterizations that control ice dynamic processes, such as those for the VP rheology, mechanical ice strength,
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Figure 10. Simulated sea ice deformation rate for January 15 (a, b, and c) and May 15 (d, e, and f), 2018 from three versions of HIOMAS. HIOMAS, Highresolution Ice-Ocean Modeling and Assimilation System.

and ice ridging, are largely independent of model resolution likely because they do not use any grid spacing
information. This applies with models of high horizontal resolutions (<10 km) within the multifloe scale.
It also applies with models of coarser resolutions (>10 km) outside of the multifloe scale. This is reflected
in an additional numerical experiment conducted using a fourth HIOMAS version with 12 km resolution.
From 2 to 12 km, the range of spatial resolution among the four model versions has been expanded by a
factor of 6. Results from the 12 km resolution model, including sea ice motion, concentration, thickness,
and volume, are close to those from the other three cases (not shown). In fact, the VP rheology and the parameterizations of ice strength and ridging in all four HIOMAS versions are the same as PIOMAS, a model
with coarser horizontal resolutions (∼15–∼70 km), which is within the aggregate scale (10–75 km) defined
by McNutt and Overland (2003). Thus, the isotropic VP rheology and the parameterizations of ice strength
and ridging are applicable for both multifloe and aggregate scales in simulating large-scale or climate-scale
sea ice properties. In other words, the VP rheology and the parameterizations used at coarse resolution may
be used at high resolution because the three high-resolution models give plausible results. In particular,
for those multiscale modern sea ice models with varying spatial resolutions from the multifloe scale to the
aggregate scale, there is probably no need to implement spatially varying VP rheology and ice strength and
ridging parameters.
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Although increasing model resolution changes the mean state of sea ice little, it improves, on a daily time
scale, the simulation of relatively long and narrow sea ice leads or failure zones that are ubiquitous in the
Arctic sea ice cover in winter and spring. To a varying degree, the three HIOMAS versions with horizontal
resolutions of 6, 4, and 2 km all create some of the major leads and LKFs with characteristics similar to
SAR observations (Kwok, 2003). While a detailed scaling analysis is not intended in this study, the 2-km
resolution HIOMAS better resolves leads than the other two versions, creating generally a greater number
of failures zones that are often narrower. This is reflected in daily ice thickness and ice deformation fields
throughout winter and spring. The ability to resolve more leads or failure zones may stimulate ice growth
under freezing conditions, contributing to slight increases in the fraction of thick ice and hence ice volume
(Figure 5). Sea ice prediction from higher-resolution models is likely to be of greater use for Arctic operators
such as sailors, oil and gas workers, and fishers who are interested in lead distribution information.
The isotropic VP rheology and its associated ice strength parameterization assume that the ice cover is a
two-dimensional continuum. In this study, the realistic simulation of sea ice thickness in agreement with
the NASA IceBridge observations and ice deformation localized along failure zones in qualitative agreement with SAR observations demonstrate the usefulness of the VP rheology in representing anisotropic
properties of sea ice in models with resolutions up to 2 km. Hutter et al. (2018) report its usefulness in
creating realistic LKFs in a model with 1-km resolution, although no ice thickness results were presented
and compared with observations. Would the VP rheology fail in models with resolution even higher than
1 km (tens to hundreds of meters) because of a potential breakdown of the assumed continuum mechanics
as the model resolution becomes smaller than the size of many individual ice floes? The answer appears to
be no, based on recent studies such as Heorton et al. (2018) and Ringeisen et al. (2019) who were able to
simulate even narrower LKFs using idealized models with resolution significantly higher than 1 km. However, how would key sea ice properties, such as ice motion, deformation, thickness, and volume, behave in
realistic models at such high resolution (<1 km)? Also, would realistic models at such high resolution need
to adjust model parameterizations when there is a change in model resolution? These questions warrant
further studies.
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ZHANG

The numerical experiments presented here only involve sea ice-ocean models that are driven by fixed atmospheric forcing interpolated to the individual model grids. They do not involve fully coupled models with
an atmospheric model component. Thus, it is not clear whether and to what degree sea ice and ocean model components at an increasingly high resolution may impact the atmosphere model component through
air–ice–sea interactions, which may, in turn, affect sea ice motion, concentration, and thickness. Can a fully
coupled air-ice-sea model better resolve ice leads at a high resolution? Do we need to adjust sea ice or other
model parameterizations constantly with increasing resolution of a fully coupled model? These questions
also warrant further studies.
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