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X-2 UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL

Key Points.
© An ice thickness distribution (ITD) model can significantly improve the
fit to satellite observations
© The simple ice strength parameterization of Hibler [1979] leads to smaller
model errors than the one of Rothrock [1975]
© The ice strength following Rothrock [1975] strongly depends on the num-

ber of thickness classes
Abstract.  The impact of a subgrid-scale ice thickness distribution (ITD)

and two standard ice strength formulations on simulated Arctic sea ice cli-
mate is investigated. To this end different model configurations with and with-
out an I'TD were tuned by minimizing the weighted mean error between the
simulated and observed sea ice concentration, thickness and drift speed with
an semi-automatic parameter optimization routine. The standard ITD and

ice strength parameterization lead to larger errors when compared to the sim-
ple single-category model with an ice strength parameterization based on the
mean ice thickness. Interestingly, the simpler ice strength formulation, which
depends linearly on the mean ice thickness, also reduces the model-observation
error when using an I'TD. For the ice strength parameterization that makes
use of the I'TD, the effective ice strength depends strongly on the number

of thickness categories, so that introducing more categories can lead to over-

all thicker ice that is more easily deformed.
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UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL X-3

1. Introduction

Reliable sea ice models are an essential ingredient of climate models, but also of accurate
sea ice forecasts that are required by the increasing shipping activities in the Arctic.
The requirement of accuracy, together with advances in computing power, has led to an
increase in sea ice model complexity over the last decades. With the rising amount of
available observational data of Arctic sea ice, many new physical processes have been
included in additional model parameterizations [Hunke et al., 2011]. For the development
of future model systems a thorough scrutiny of each component of a sea ice model as well
as its interaction with other components seems necessary [e.g. Hunke, 2014].

One of the most commonly used parameterizations in current sea ice models employs a
subgrid-scale ice thickness distribution (ITD) to describe the ice thickness in each grid cell.
Most implementations today are based on Thorndike et al. [1975]. There are two main
reasons that motivated this parameterization: First, the conductive heat flux through sea
ice is dominated by the contributions of thin ice and open water, even if they cover only a
small fraction of the total area. Second, most of the ice deformation processes, especially
of a thicker and stronger pack, are ridging of the thinner ice fraction and shearing along
leads (also characterized by thin or no ice). Hence, an ITD is used in many sea ice
models and many new parameterizations — such as an ice enthalpy distribution [Zhang
and Rothrock, 2001] or an anisotropic rheology of discrete failure regimes [Wilchinsky
and Feltham, 2012] — are based on an ITD model. Although ITD models seem to be
well established, many questions about the exact mechanics of the involved processes and

about the I'TD’s impact on model simulations remain.
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X-4 UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL

Already when the I'TD parameterization originally was developed, two main problems
were identified that are still the biggest sources of uncertainty today: (1) the redistribution
of ice between different ice thickness categories by ridging processes [ Thorndike et al., 1975]
and (2) the assumption that the deformation energy is either lost to friction or converted
to potential energy as ice floes ridge and raft [ Rothrock, 1975]. Both Thorndike et al. [1975]
and Rothrock [1975] make assumptions about the mechanical processes that govern sea ice
ridge formation, but Pritchard [1981] already showed that they were missing important
parts of the energy balance. At the time there were only a few observations of thickness and
ridge profiles available [see e.g. Parmerter and Coon, 1972, and references therein]|, and
dynamical modeling studies provided the most reliable understanding of ridging processes
[Parmerter and Coon, 1973]. The amount of available data has increased since. After
discrete element models of the ridging process [Hopkins, 1998], laboratory experiments
of ridging [Tuhkuri, 2002], and in-situ measurements of stresses in ice floes [Tucker and
Perovich, 1992; Richter-Menge and FElder, 1998|, the analysis of ridging properties is
still an important field of ongoing research. Methods range from evaluating airborne
observations [Herzfeld et al., 2015] and basin-wide process-oriented model simulations
[Hopkins and Thorndike, 2006] to the analysis of conceptual models [Godlovitch et al.,
2011]. A common notion is that the details of the physical processes during ridging and
their large-scale statistical properties, that is, the key features in shaping an ITD and
determining the amount of energy necessary for deformation, are still not sufficiently well
understood.

To evaluate an I'TD model in view of uncertain theory, one of the first approaches

was to compare the results to observed ice thickness. Such assessments are impeded by
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UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL X-5

the sparsity of observational data for ice thickness. Still, Thorndike et al. [1975] could
successfully simulate thickness distributions with a column I'TD model that were similar
to upward looking sonar measurements from submarines sailing under the Arctic sea ice.
Bitz et al. [2001] reproduced this result in their global coupled model against a much larger
set of similar upward looking sonar data. In spite of this partial success, high uncertainties
remain in ice thickness data both from models and observations [Schweiger et al., 2011].
Schweiger et al. [2011] also emphasize the importance of model parameterizations such
as an I'TD or the ice strength and the difficulty in evaluating their impact. One way
forward is to combine different datasets. For example, Lindsay and Schweiger [2015]
used ice thickness observations from different sources to reduce the uncertainty in Arctic-
wide trends; Stroeve et al. [2014] compared models of the Climate Model Intercomparison
Project Phase 5 (CMIP5) with a similar collection of thickness data and showed that these
models still cannot accurately reproduce statistics, regional distributions and trends of
ice thickness; Chevallier et al. [2016] reported that observed concentrations are modelled
accurately in global ocean reanalysis products, but that errors with respect to observed
drift speeds remain and that there were large differences between the models in the regional
ice thickness fields with no product standing out.

With the availability of data being a limiting factor, a common method to assess the
impact of an I'TD parameterization on sea ice models is to compare model configurations
with and without this parameterization. Bitz et al. [2001] found in a coupled global climate
model that including an ITD increases the mean ice thickness. This increase improved the
fit to upward-looking sonar observations for mainly thick, ridged ice in the central Arctic,

but deteriorated the fit in the peripheral seas. In addition, the interannual variability
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X-6 UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL

of both the sea ice export through Fram Strait and the ocean meridional overturning
circulation increased with an ITD model. Feedback mechanisms were found to have a
stronger effect on the sea ice in climate simulations with an ITD model [Holland et al.,
2006]). Komuro and Suzuki [2013] show the positive impact of this parameterization on
the reproduction of realistic heat fluxes through the pack ice. Maslowski and Lipscomb
[2003] compared two successive versions of a sea ice model and found that the later version
improved the reproduction of sea ice observations significantly for which they stated the
inclusion of an I'TD parameterization into the model as the main reason. Massonnet et al.
[2011] compared NEMO-LIM2 and NEMO-LIM3 model output to a much more exhaustive
set of observations, but arrived at the same conclusions that the inclusion of an ITD
parameterization into the model is one of the main reasons for a much improved model
performance. All studies clearly show the positive impact of including an ITD model, but
all evaluations are either limited by the lack of reliable observational data (again) or the
simultaneous change of multiple model components confounds the conclusions.

Here we attempt a systematic investigation of the impact of an ITD parameterization
on the reproduction of different large-scale observations of sea ice. We are supported by
the ever increasing amount of available observational data. Our approach to systematic
comparisons contains three steps: (1) We construct a cost function with error-weighted
satellite data for sea ice concentration, thickness and drift as a robust measure of model
performance; (2) We use this cost function to systematically tune different model config-
urations with and without an I'TD model separately; that is, we explicitly do not use the
same model parameters when using an ITD or a single-category model to avoid biases

introduced by different parameterizations as much as possible. (3) We distinguish clearly
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UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL X-7

between the effects of changing the ice thickness representation and the effects of changing
the ice strength formulation.

The remainder of the paper is structured as follows: First we describe how we evaluate
the different model configurations in section 2. This section contains an overview over the
cost function, the optimization technique, the most important model equations, and the
approach to tuning the different model configurations. The results of these comparisons
are presented in section 3. The results are discussed in section 4 and the most important

conclusions can be found in section 5.

2. Method

2.1. Cost Function

To evaluate our model results quantitatively we construct a cost function from satellite
observations as a measure for model quality. We follow Kauker et al. [2015] and use four
different datasets: (1) the reprocessed concentration dataset and error estimates from
OSISAF [EUMETSAT Ocean and Sea Ice Satellite Application Facility, 2011] (1979 -
2009); (2) the ICESat-JPL thickness product [Kwok and Cunningham, 2008] with a local
error estimated as in Kauker et al. [2015] yet with an upper limit of 1m for the uncertainty
(March and October/November, 2003 - 2008); (3) the OSISAF sea ice drift [ Lavergne et al.,
2010] (October to April, 2002 - 2006) and (4) the sea ice drift of Kimura et al. [2013] (May
to July, 2003 - 2007). All of the drift data are derived from passive-microwave satellite
data, with error estimates provided by Sumata et al. [2014, 2015].

The cost function F' is defined as

_ a (v —iEi)Q
h= 221: Na(yi)&; @
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X-8 UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL

where y; is an observational data point with measurement uncertainty &;, x; the simulated
value of the corresponding model variable, Ny(y;) the number of data points in each of the
four datasets, and N the total number of observations. In equation (1) each data point y;
is weighted by 1/Ny in order to give equal weight to all four datasets. For instance, if the
error for each data point (x; — y;) was exactly equal to the measurement uncertainty &;,
the cost function for each dataset would be equal to one, summing up to a total value of
F' = 4. Note that the cost function is an average misfit of all included points, so that even
for cost function values of less than four there can (and indeed do) exist regions where

further improvement is still possible without overfitting.

2.2. Green’s Function Approach

For a meaningful comparison of two model configurations, both configurations are tuned
individually to minimize the differences between simulated and observed concentration,
thickness and drift fields from 1979 to 2009. We use an semi-automatic optimization
approach for a set of parameters with large impact on the I'TD. The adjoint capabilities
of the MITgem [e.g. Heimbach et al., 2010] cannot be used to optimally estimate the
parameters, because our experiments span multiple decades. Instead we use Green’s
functions to linearize the problem and obtain a maximum likelihood estimate for a set
of optimal parameters. A detailed mathematical background for the Green’s function
approach can be found in textbooks [e.g. Menke, 2012], while the short description below
follows Menemenlis et al. [2005].

The relationship between the vector of observational data y and the model can be

expressed as

y=M@)+e¢ (2)
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UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL X-9

where the operator M combines the integration of the model and the sampling of the
output at the specific locations. The model depends on a set of control parameters, for
which v is a vector of perturbations around a reference vy. ¢ is the remaining error due
to non-perfect parameter choices and systematic errors in the model. To get an optimal

estimate of the control parameters vy + v, a cost function
F=¢'R 'y (3)

is minimized that measures a least-squares error weighted by a symmetric matrix R™!. For
the special cost function (1) in section 2.1, the error is the model-data misfit ¢; = y; — z;
and R is diagonal with elements R;;' = ( Ny(v;)€2)~L. Equation (3) is minimized after
linearizing operator M with a matrix M. M is constructed by writing the Green’s function
for each of the control parameters into a new column. This first order approximation allows
to write equation (2) as

Ay =y —-M(0) = Mv+¢ (4)

with the model data misfit Ay. In this notation, M(0) is the sampled output of a
model integration with the reference set of control parameters v, that is, the vector of
perturbations is 0. Differentiating (3) with respect to the control vector v and equating

the resulting gradient to zero, we obtain

F
w = -M"R'2(Ay — Mygpt) = 0. (5)
Solving for the perturbation
Vopt = (MTR™'M) "' M"R™'Ay (6)

gives a set of optimal control parameters vg + vopi. As a criterion for a successful opti-
mization, the linearization error by this approach should be much smaller than the vector
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X-10 UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL

& consisting of the measurement uncertainties §;
[ M (Vopt) — Mugp || < [[€]]- (7)

Because each of the Green’s functions is calculated by one sensitivity experiment, the total

computational effort necessary to construct M limits the number of control parameters.

2.3. Model Equations

2.3.1. Momentum Equations and Thermodynamics
For the dynamic part of the model we assume a viscous-plastic rheology with an elliptical
yield curve and a normal flow rule [Hibler, 1979]. The ice velocities are calculated from

the momentum balance:

ma_u
ot

=mfckxu+7T,+ 7T, —mjAyg+V -0, (8)
where m = p;h is the ice mass per unit area, h is the ice thickness, p; is the ice density,
u is the sea ice velocity vector, fo is the Coriolis parameter, k is a unit vector pointing

vertically upward, Ay is the sea surface tilt, g is the gravitational acceleration and o is

the internal ice stress. The surface stress 7, and the water drag 7, can be written as

Tqg = paCa’ua - ulRa(ua - Ll) (9)

To = poCo|uo - u|]-:{'o<uo - u) (10)

where u,,u, are the surface velocities, p,, p, are the reference densities, C,, C, are the
drag coefficients, and R,, R, are rotation matrices for atmosphere (subscript a) and ocean
(subscript o) [McPhee, 1975]. Following Zhang and Hibler [1997], the momentum balance
(8) neglects the advection of momentum. The resulting discretized equations are solved

using a line successive relaxation method [Zhang and Hibler, 1997].
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UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL X-11

The stress tensor o is related to the deformation rate tensor &€ = 1 [Vu + (Vu)”] by

the constitutive relation

. . P
o =2né + ((C —n)Er — 7) I (11)
where P, is the replacement pressure, I is the Identity Matrix, n and ( are the shear and
bulk viscosities, and £; = €11 + €99 is the first strain rate invariant (i.e. divergence). The

bulk viscosity ¢ = P/(2A:) and the shear viscosity 7 = (/e in turn can be calculated

from the ice strength P, the axis ratio e of the elliptical yield curve, and the deformation

measure A; = \/m, where ;7 = \/(5'11 — €99)% + 42, is the second strain rate
invariant (or maximum shear at a point). The replacement pressure P, = 2A.( is calcu-
lated after regularizing ¢ with the smooth formulation of Lemieuz and Tremblay [2009]
to avoid spurious creep [Hibler and Ip, 1995].

The single-category model is based on the two continuity equations

HA
S =~V (ud)+5, (12)
%—Ij — -V (uH)+ Sy (13)

for the prognostic variables ice concentration A and ice volume per grid cell area H = Ah.
The variables change with time according to advection by the horizontal velocity u and the
respective source terms S4 and Sy. The thermodynamic fluxes are calculated using a 0-
layer model [Semtner, 1976]. Note that Bitz et al. [2001] analyzed the impact such simple
thermodynamics have on an ITD model compared to more complex thermodynamics.
They found that ice concentration is almost indistinguishable from the one simulated
with more complex thermodynamics but there are non-negligible changes in ice thickness
and growth rates, which should be kept in mind for the interpretation of the results

presented below.
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2.3.2. Ice Thickness Distribution
One main focus of our investigation is the subgrid-scale ice thickness distribution
g(h,x,t) [Thorndike et al., 1975], a probability density function for thickness A following

the evolution equation

99 _
ot

V- (ag) — 5 (f9) + V. (14
where f is the thermodynamic growth rate and ¥ a function describing the mechanical
redistribution of sea ice during ridging or lead opening.

The mechanical redistribution function ¥ creates open water when the sea ice flow is
divergent and ridges when the sea ice flow is convergent. The function ¥ depends on the
total strain rate and the ratio between shear and divergent strain. In convergent motion,

the ridging mode

(15)

gives the effective change of ice volume for thickness between h and h+ dh as the normal-
ized difference between the ice n(h) generated by ridging and the ice a(h) participating in
ridging. Following Lipscomb et al. [2007], the participation function is a(h) = b(h)g(h),

and the relative amount of ice of thickness h is weighted by an exponential function
b(h) = by exp[—G(h)/a’], (16)

where G(h) = foh g(h)dh is the cumulative thickness distribution function, by is a normal-
ization factor, and a* determines the relative amount of thicker and thinner ice that take
part in ridging. The ice generated by ridging (from an original thickness h; to a new ice

thickness h) is calculated as

n(h) = /0 " alha)y(h, h)dha, (17)

DRAFT January 21, 2017, 8:14pm DRAFT



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261
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where the density function 7 (hy, h) can be written as:

ﬁ exp [%] h > h,,.

(18)
0 h<h,,.

Y(hi,h) = {

In this parameterization, the normalization factor k = hh—f)\7 the e-folding scale \ = ,uh}/ 2

and the minimum ridge thickness h,,, = min(2hy, h; + h,.;,) all depend on the original
thickness hy. The maximal ice thickness allowed to raft is constant h,., = 1m and p is a
tunable parameter.

In the numerical implementation these equations are discretized into a set of thickness
categories using the delta function scheme proposed by Bitz et al. [2001]. A smoother
linear remapping scheme [Lipscomb, 2001] is available but not used. Its effect will be
discussed in section 4.1. For each thickness category in an I'TD configuration, the volume
conservation law equation (13) is evaluated as in the single-category model, but with the
net surface ice-atmosphere heat flux calculated from the values for ice and snow thickness
in the current category. There are no conceptual differences in the thermodynamics be-
tween the single-category and I'TD configurations. The only difference is that in the ITD
configuration, new ice of thickness Hj is created only in the thinnest category; all other
categories are limited to basal growth. The conservation of ice area (12) is replaced by
the discretized evolution equation for the ITD (14). The thickness category limits of the
discretization in space are given in Table 1. The total ice concentration and volume can
then be calculated by summing up the values for each category.

In the single-category model ridge formation is treated implicitly by limiting the ice
concentration to a maximum of one [Hibler, 1979]. In this simple case (A = 1), the
concentration can no longer increase and convergence leads then to an increase in ice

thickness (i.e. a “ridge”).
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2.3.3. Ice Strength Parameterizations

Rothrock [1975] derived a parameterization for the ice strength P
P=cc, / B2, (h)dh (19)
0

from considerations of the amount of potential energy gained and frictional energy dis-
sipated during ridging. The physical constant C, = p;(pw — pi)d/(2pw) is a combination
of the gravitational acceleration g and the densities p;, p,, of ice and water, and Cy is a
scaling factor relating the work against gravity to the work against friction during ridging.

Hibler [1979] proposed a simpler ice strength parameterization for a single-category
model that is still widely used today. In this model the ice strength P is parameterized
as

P =P Ahe 074 (20)

where P depends only on average ice concentration and thickness per grid cell, the com-
pressive ice strength parameter P* and the ice concentration parameter C*. In the fol-
lowing we will refer to the ice strength parameterization of Hibler [1979] as H79 and that
of Rothrock [1975] as R75.

Note that the parameterization R75 is a function of the I'TD in each grid cell, while H79
is applicable both for ITD and single-category models. In contrast to H79, which builds
on the plausible assumption that thick and compact ice has more strength than thin and
loosely drifting ice, the R75 parameterization clearly contains more physical assumptions
about energy conservation. For that reason R75 is often considered to be more physically

realistic than H79.

2.4. Optimization Approach
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2.4.1. Optimized Parameters

We define three groups of control parameters for our optimization that we think are
most important for adjusting the modeled sea ice to observations. Group 1 contains
parameters that are not directly related to the choice of ITD parameterizations: the
albedo of cold and melting snow and ice, the air and water drag coefficients, the aspect
ratio e of the elliptical yield curve, and the thickness of newly formed ice Hy. Group 2
contains parameters only relevant to the H79 ice strength formulation: the ice compressive
strength parameter P* and the ice concentration constant C*. Finally group 3 contains
parameters of the R75 strength formulation: the ice strength parameter C'y, and the ice
redistribution coefficients 1 and a*.

2.4.2. Optimization Runs

For our comparisons we have three goals in mind: (1) evaluate the differences of model
configurations with and without an I'TD with respect to reproducing observed sea ice fields;
(2) account for the influence of the number of ice thickness categories; (3) account for the
influence of the ice strength parameterization. The quality of each model configuration is
measured by means of a cost function. For an unbiased comparison of model quality, we
first tune each model configuration in order to minimize the total cost function F'.

We use the MIT general circulation model (MITgem), in a coupled ocean / sea-ice
configuration, forced with prescribed atmospheric reanalysis data. In this configuration,
which is a coarser version of Nguyen et al. [2011], we implemented the ITD model in
the MITgem sea ice model [Losch et al., 2010]. The model region is the Arctic face of a
global cubed sphere configuration with an average resolution of 36 km. Similar sea ice

models are currently being used in configurations with horizontal resolutions between 5
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km for regional simulations [Dupont et al., 2015] and around 50 km for global reanalysis
[Chevallier et al., 2016]. Our model is therefore representative of a broad group of medium
resolution models. All model runs start from a 5-year spinup with periodic forcing of the
year 1979. The model is then run from 1979 to 2009.

The initial choice of model parameters follows Nguyen et al. [2011], but we use a more
recent atmospheric forcing data set following the recommendations of Lindsay et al. [2014]:
The NCEP Climate System Forecast Reanalysis [NCEP-CSFR Saha et al., 2010] produced
the best results for our configuration in a comparison of different reanalysis products (i.e.
the smallest model-data misfit prior to the formal optimization, not shown).

Starting from the tuned set of parameters of Nguyen et al. [2011], we adjust the pa-
rameters of group 1 with one optimization step to account for the differences in forcing,
grid resolution and other model details. This setup without I'TD parameterization is re-
ferred to as the “Baseline” hereafter. Next we tune a case with an ITD using five ice
thickness categories, a number recommended by Bitz et al. [2001]. In order to determine
the parameters to be adjusted when switching to an I'TD, we perform three different opti-
mizations with the non I'TD specific parameters of group 1 (“ITD5-g1”), the ITD and R75
specific parameters of group 3 (“ITD5-g3”) or both sets together (“ITD5-g13”). Table
2 lists which parameters are modified in which experiment. The best result (minimum
cost function F') is obtained when only tuning the ITD specific parameters of group 3
(Table 3). Therefore we continued from Baseline by tuning parameters of group 3 for
two different numbers of ice thickness categories (5 and 20) with the R75 ice strength

parameterization to arrive at the configurations "ITD5R“ and "I'TD20R “.
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Tuning the strength-specific parameters of group 2 yields the configuration nolTD with
a single-category thickness representation. In order for those optimizations to satisfy
criterion (7), we require the linearization error to be smaller than 10% of the observation
uncertainty on average. This requirement was satisfied in one step for nolTD and two
steps for each of ITD5R and ITD20R. This optimization approach decreases the cost
function values of the ITD configurations by 25% — 30% (Table 3).

To assess the role of the strength parameterization in the context of an I'TD model, we
evaluated two additional model runs with an ITD and the simpler H79 ice strength pa-
rameterization: "ITD5H* and "ITD20H “. For those runs we assume that the parameters,
which have already been tuned using our cost function, give sufficiently good results in
this new combination. Therefore we forego further optimization for the runs ITD5H and
ITD20H and instead use the parameters from the respective R75 runs with the values P*
and C* from nolTD.

This approach implies that the thickness of newly formed ice is Hy = 0.5649, the value
resulting from the optimization of the Baseline configuration, in all ITD configurations.
Arguably, this high value may prevent the ITD model from representing the behavior
of thin ice realistically, especially since the thinnest category for ITD20 contains only
ice thinner than 16 cm. To investigate the effect of this artifact on our analysis, we
additionally optimize only H, for the two configurations ITD5R and ITD20R. We find
that it is possible to further decrease the model-data misfit by tuning Hy as shown in
Table 3 for runs "ITD5R-HO“ and "I'TD20R-H0*, but that our qualitative results are not
affected. Tuning of Hj also does not reduce the value of Hy to be within the limits of the

thinnest category for ITD20R (see Table 2). We thus conclude that it is not necessary to
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contain newly formed ice in the thinnest thickness category in order to minimize model-

data differences. An overview of the different optimized runs is given in Table 4.

3. Results

Based on the cost function, both combinations of ITD and H79 give best results and
even the configuration nolTD has a smaller cost function value than the two configura-
tions with I'TD and R75. This result is described in more detail in section 3.1. We then
investigate separately the influence of the ITD (section 3.2) and the strength parameter-
ization (section 3.3) on the quality and characteristics of the model results in order to
explain why the configurations with R75 have difficulties fitting the data. Especially for
the ice strength parameterization, we find a strong dependence on the thickness resolution
in the ITD. For this reason, we account for the different number of thickness categories
throughout this section.

The simulated sea ice climate in our experiments is very close to the one described by
Nguyen et al. [2011]. Due to our more specific tuning, we can even improve the fit to sea ice
observations compared to their already very good model state, but still suffer from biases
in thickness and concentration, that are common to many comparable models [Chevallier
et al., 2016]. We therefore assume that our model provides a good representation of Arctic
sea ice and we focus our analysis on the differences in the fit to observations, as expressed

by our cost function, that are caused by changes in the model setup.

3.1. Cost function
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The total error calculated from the cost function F is slightly larger for both ITD5R and
ITD20R when compared to nolTD and significantly larger than both model configurations
ITD5H and ITD20H. An overview of the cost function values can be found in Table 3.

To investigate the individual strengths and weaknesses of the different model configu-
rations in more detail, we split up the total cost function values into four contributions
for each of the individual datasets (Table 3). The difference between the four different
ITD configurations (ITD[5,20][R,H]) and noITD are shown in Figure 1. The ITD config-
urations using R75 improve the fit to some datasets, but this reduction in cost function is
outweighed by increases in differences in others. For instance, ITD5R has a clearly better
fit to concentration data than nolTD and a slightly better fit to thickness, but the fit to
the drift data is much worse than in nolTD. ITD20R, on the other hand, has in total a
comparable and in winter even a slightly better fit to the drift data than noI'TD, but the fit
to thickness and concentration is much worse compared to ITD5R. Part of this behavior
can also be observed for ITD5H and I'TD20H: In this case the fit to thickness and drift
is similar, but the fit to concentration is much better for ITD5H than for ITD20H. These
observations are a first hint of the strong influence of the number of thickness categories
on the simulated sea ice concentration for a general ITD model, but also on all other sea

ice characteristics for the R75 strength parameterization.

3.2. ITD
We isolate and assess the effect of the ITD model by first comparing the configuration
nolTD with ITD5H and ITD20H, all of which use the same strength parameterization

H79.
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The more complex I'TD model reduces the misfit for ice concentration especially in the
marginal ice zone for the entire year, see Figure 2 for summer results; winter results are
not shown. All model configurations generally overestimate the concentration especially
in the North Atlantic, where the ice edge extends too far south and south east. While this
overestimation is found in many medium resolution models [Chevallier et al., 2016], the
ITD configurations largely reduce this misfit when compared to nolTD. In contrast, the
summer ice concentration in the central Arctic and in the straits of the Canadian Arctic
Archipelago is higher with an ITD model (Figure 2). This is because most ice in the I'TD
model is in the thicker ice categories and thicker ice takes longer to melt. In the nolTD
model, sea ice melt leads to sea ice concentration changes even for thicker ice because a
linear ice thickness distribution between 0 and 2h is assumed so that there is always thin
ice available for fast melting.

The ice thickness generally increases with number of ice thickness categories, with much
stronger tendencies in the straits of the Canadian Arctic Archipelago. The difference in
ice thickness between ITD5H - nolTD is 0.11 +0.20 m (mean and standard deviation) for
ice thinner than 4 m in I'TD5H, and the comparable difference between ITD20H - nolTD
is 0.17 £ 0.25m. These differences grow to 1.14 + 1.67m for I[ITD5H and 1.45 4+ 1.49m
for ITD20H, if only ice thicker than 4 m in the ITD run is taken into account. Ice of this
thickness is found mainly in the straits of the Canadian Arctic Archipelago and north of
Greenland.

We now explicitly compare the I'TD5 and I'TD20 configurations for both strength pa-
rameterizations R75 and H79 in order to investigate the impact of the number of thickness

categories. For ITD20 we observe generally a larger total ice volume compared to ITDb5:
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First, if there is ice in an I'TD5 configuration with a concentration of less than one, the
concentration is in almost all cases higher in the corresponding I'TD20 run. Second, the
higher thickness observed for an I'TD model compared to nolTD is further increased, with
the differences between ITD20 and ITD5 (Figure 3) showing a similar pattern as the
differences between an I'TD5 configuration and noITD (not shown).

The differences in ice drift are less clear. We find mostly higher drift speeds in the
configurations ITD20R than in ITD5R, while we find the exact opposite for ITD20H and
ITD5H. This ambiguous result can be explained by the effect of ice thickness resolution

on the ice strength parameterization (see subsection 3.3, below).

3.3. Ice Strength

In this section, the effects of the different strength parameterizations on an ITD model
are compared in greater detail. In this context, the role of the number of thickness
categories is emphasized.

We find that the non-linearity in the R75 parameterization leads to higher fluctuations
in the ice strength on the near-grid scale. For both ITD5 and I'TD20, the most prominent
difference between the strength formulations is found in the ice thickness of very thick ice
north of Greenland and the Canadian Archipelago. Ice exceeding four meters in thickness,
which mainly exists in those regions, is on average thicker by more than seventy centime-
ters in the R75 runs when compared to H79; but ice thinner than two meters, especially
common in the peripheral regions of the Arctic, is slightly thinner on average with R75
when compared to H79 (Figure 4). As a possible explanation for these observations, we see
generally larger ice strength gradients with R75 than with H79, with the most prominent

differences north of Greenland and Ellesmere Island (results not shown). The calculation
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of the ice strength following R75 depends non-linearly on the local distribution of ice into
different thickness categories, so that to some degree higher small-scale fluctuations are
expected. But the magnitude of those strength gradients can lead to stronger gradients
in the velocity fields, especially for otherwise immobile ice. Due to this process we find
in the runs using R75 higher convergence rates for ice thicker than 3m (Figure 5). This
increased ridging especially in regions of already thick ice dynamically creates peak ice
thicknesses much higher than observed.

The differences in concentration and drift between R75 and H79 are less clear for all
ITD configurations. The differences in sea ice concentration for ITD5 and ITD20 for a
climatological August are plotted in Figure 6; the patterns are very similar throughout
the year. The ice in the marginal ice zone between Siberia and Svalbard, in winter and
spring even down to Iceland, is less compact for R75 than for H79. At the same time,
the ice concentration is larger for R75 in the other marginal seas, most notably in the
Beaufort and Chukchi Seas and in the Baffin Bay. In the central Arctic, the differences in
concentration depend on the number of thickness categories: in the ITD5 configurations,
the ice is more compact for R75 than H79; but in the ITD20 configurations, the ice in
summer is slightly less compact for R75 compared to H79. The ice drift is slower for R75
in large parts of the central and western Arctic and faster in the outflow of the transpolar
drift and in Fram Strait (not shown). In the remaining Arctic regions we find a similar
ambiguity as in the concentration fields: For R75, the ice tends to be slightly slower in
the ITD5 configurations and slightly faster in the ITD20 configurations when compared
to H79. Those changes can be traced back to similar patterns in the ice strength with the

ice being weaker for R75 where it is faster and vice versa (not shown).
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We explain those differences by the effects of two different mechanisms. On the one
hand, the mean ice state with R75 is characterized over large parts of the central and
western Arctic by larger thicknesses and often also slightly higher concentrations. Physi-
cally, those changes in the mean ice state generally lead to higher ice strength and thereby
slower drift. On the other hand, the ice strength is a non-linear function of thickness dis-
tribution for R75, which makes the differences to the linear H79 formulation not uniform.
To illustrate this we compare the strength values for both R75 and H79 computed from
the ice states of model simulations using R75. For ice with a compressive strength (R75)
higher than 40,000 Nm ™2, the strength values calculated by R75 are higher than those for
H79, and the differences grow linearly with the ice strength over a large range (Figure 7).
In contrast, in the range below 30,000 Nm™?, the ice strength values calculated by R75
are lower than those for H79.

Finally, the R75 ice strength depends more strongly on the actual distribution of ice
thicknesses than on the averaged characteristics of the sea ice. Figure 8 shows the differ-
ence in ice strength together with the difference in ice thickness between I'TD5 and I'TD20
simulations for both strength parameterizations. The ice thickness is mainly larger for the
ITD20 model for both H79 and R75. As expected following the simple relationship (20)
and the physical understanding that thicker ice is more difficult to deform, H79 calculates
higher ice strength for the thicker ice in I'TD20 over most thickness bins. The impact of
the ice thickness on the ice strength reduces for ice thicker than three meters, most likely
because of the increasing effect of the replacement pressure method [Hibler and Ip, 1995],
which tends to reduce the ice strength of thick, immobile pack ice. In contrast, while for

R75 the mean thickness is also mostly higher in the I'TD20 configuration than in I'TD5,
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the average ice strength is lower. So for this ice strength formulation, finely resolving the
thin ice categories (and thereby weakening the ice pack) has a larger impact on the ice

strength than the physical property that thicker ice should be more difficult to deform.

4. Discussion

The H79 ice strength formulation can be justly criticized because it is not derived from
first principles. Therefore, the option of using the physically motivated R75 formulation
is often thought of as a great advantage of an I'TD model. In contrast to that notion,
our results suggest that simulating realistic drift fields with medium-resolution sea ice
models with R75 strength is difficult. In particular, in our simulations the model per-
formance did not improve over a sufficiently tuned single-category set-up after including
an I'TD parameterization together with the commonly used R75 strength parameteriza-
tion. Somewhat counter-intuitively, the model performance was better for fewer thickness
classes and the model especially improved when the ITD was combined with the H79

strength formulation.

4.1. ITD

Our model overestimates the concentration along the ice edge almost everywhere in the
North Atlantic and most of the time. In both ITD5 runs this overestimation is greatly
reduced. Bitz et al. [2001] described a similar effect and explained it by faster melting of
thin categories in the I'TD, which leads to more open water, that is, lower ice concentration,
especially during the summer season. Somewhat in contrast, we find also higher summer
ice concentrations for the ITD configurations, mostly in the central ice pack. We explain

this also by the same effect of thin ice melting. The single-category approach of Hibler
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[1979] assumes a uniform distribution of thickness between 0 and 2h for the creation of
open water, so that there can be more thin ice available in this configuration than in the
ITD models, which may not have any ice in the thinnest category.

In addition, the effect of an I'TD model on the ice edge depends strongly on the number
of categories. Resolving the ice thickness distribution better (ITD20 vs. ITD5 configura-
tions) leads to higher ice concentrations in the marginal ice zone with the consequence of
a larger ice edge position error than in the nolTD model. We find that the increase in
total ice volume and the associated ice export with more thickness classes is too strong
to be balanced by the increased melting in the marginal ice zone that one would expect
when the thinner categories are better resolved.

The mean ice thickness increases with the number of thickness classes (noITD < ITD5
< ITD20) [see also Holland et al., 2006; Komuro et al., 2012]. This result is consistent
with the physical reasoning that a better resolution of thin ice in the pack allows for
more ice growth, because heat fluxes and deformation (ridging) increase. In contrast,
Massonnet et al. [2011] found in a comparison between model versions a decrease in ice
thickness, which they attributed to the use of an ITD model. We argue, that their analysis
may have been confounded because in comparing different model versions they changed
multiple model components and parameters, including a lower value for the thickness
of new ice Hy in the model version with the ITD, which also changes ice thickness and
concentration fields.

We did not fully address the question of (numerical) convergence of the ITD model
with the number of thickness classes. A fine resolution of the thin ice range was found to

be necessary to reproduce observed heat fluxes [Bitz et al., 2001] and a better resolution
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of the upper thickness range was required to reproduce total ice volume |[Hunke, 2014].
Based on our experiments with 5, the minimum number recommended by Bitz et al.
[2001], and 20 classes, which were chosen to have a simulation with a nearly converged
ITD model [Lipscomb, 2001], we find that the better resolved solution does not lead to the
best model-data fit. More thickness classes increase the ice volume and eventually lead to
an overestimation of thickness, apparently introducing a stronger bias in the solution than
the effects of a coarse thickness resolution. It is unclear in how far these effects can be
moderated by more realistic thermodynamics, as the thermodynamics can have a strong
impact on ice thickness [Bitz et al., 2001; Losch et al., 2010).

The delta function scheme [Bitz et al., 2001], which we use in our simulations, was
criticized to be prone to produce numerical discontinuities in the ITD and to leave many
thickness categories empty, thereby artificially reducing the thickness resolution [Lip-
scomb, 2001]. A linear remapping scheme was implemented to overcome these issues
[Lipscomb, 2001]. We observe the same improvements in test simulations with the linear
remapping scheme (smoother thickness distributions with fewer gaps, not shown), but also
on average slightly thicker ice and higher ice concentration. The main results of our study,
however, remain intact: the quality of the model output, measured by the cost function,
is higher for I'TD configurations with H79 than for nolTD, which in turn is better than
the combinations of ITD and R75; and notably we observe the same dependency of the

ice strength on the number of thickness categories (not shown).

4.2. Ice Strength
Bitz et al. [2001] found that for R75 the ice is weaker if a given thickness distribution

is better resolved. This is probably so because the strength of the ice pack is determined
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mostly by the amount of thin ice and if the thin end of the thickness distribution is better
resolved, thinner ice can lead to smaller ice strength. H79 misses this sensitivity to thin
ice because of linearity. We show that for R75 this effect can be strong enough in a
realistic model set-up to outweigh the opposing effect of thicker ice resulting from more
thickness categories (Figure 8). Although this behavior may be physical and could be seen
as an advantage of R75 over H79, it reduces the ability to reproduce large-scale satellite
observations in our experiments.

The differences in modeled ice drift patterns in our simulations are mostly caused by the
different ice strength formulations, because other drivers such as the wind forcing were the
same for all experiments. Because the number of thickness categories has such a strong
impact on the solutions with R75, we cannot distinguish a clear change of drift patterns
due to an ITD that would be independent of the choice of strength parameterization.
In a comparison of different ocean-sea ice reanalysis products to satellite observations of
ice drift — unfortunately they used a different observational data set, which makes a
direct comparison of their results to ours difficult — Chevallier et al. [2016] identified the
choice of atmospheric forcing and differences in drag coefficients as the most important
model parameters and confirmed the strong role of the wind stress in determining the drift
patterns of sea ice [Hunke et al., 2011]. Our results indicate that when those leading-order
effects are held constant, changing the formulation of ice strength is a powerful way of
affecting the model-data misfit for sea ice drift.

Holland et al. [2006] attributed the increased ice thickness with an ITD model to the
larger ice growth rates generally produced by an I'TD. We can now distinguish the effects

of the strength parameterization from the choice of thickness representation in the model
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to show that while an I'TD leads to a general increase in the overall thickness, the choice
of R75 is mainly responsible for excessively large maximal thicknesses north of Greenland
and Ellesmere Island. These are caused by the strong small-scale gradients in the ice
strength for R75 that allow higher deformation rates in very thick ice, so that already
thick ice can be ridged further, eventually leading to much higher maximal thickness
values than observed.

Although the derivation of R75 is arguably more physical than that of H79, it leads to a
poorer model-data misfit. In the following we speculate about the reasons for this counter-
intuitive result: Rothrock [1975] already mentioned two issues with known energy sinks in
his derivation of the work necessary for ridge formation: (1) fracturing of ice was neglected
following an argument of Parmerter and Coon [1973] and (2) frictional loss in shearing
was neglected and assumed to be at most of the order of frictional losses in compression
based on the notion of a Coulomb friction model. To estimate the work against friction
in compression, Rothrock [1975] made strong assumptions about complicated processes
of ice interaction without having enough data available to constrain them. He arrived
at approximately similar contributions by gravitational and frictional work. This lead
to a scaling factor Cy = 2, but later Flato and Hibler [1995] estimated this factor to
be Cy = 17 based on a model comparison to observed buoy drift patterns. This large
difference in Cy between estimates by theory and numerical model comparisons together
with a re-evaluation of energy dissipation in shear [Pritchard, 1981] suggest to us that
important physical effects are not properly included in the approach of R75.

Fundamental questions about the form of a new ice strength parameterization are un-

clear. For example, Hopkins [1998] found in model simulations of ridging processes that
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pressure ridge formation leads to a scaling of the ice strength proportional to h3/2. Hibler
[1980] also supports a scaling with h3/2 by physical reasoning, but in the absence of suffi-
cient observational data his theory is based in important parts on physical intuition. Note,
however, that Hopkins [1998] considers only ice breaking in flexure, not in crushing. The
load that ice can withstand before it is crushed grows linear in h [Rothrock, 1975]. Further,
ice strength scaling with h? was found in numerical simulation of ridge formation with
a different experimental set-up [Hopkins et al., 1991]. The R75 ice strength scales with
h3/2, while the ice strength after H79 is linear in the mean thickness h [Lipscomb et al.,
2007], but neither appear to cover all observational evidence. We emphasize that there
still exists great uncertainty in the exact nature of such a scaling. Our results indicate
that the linear relationship [Hibler, 1979] might be better suited to represent Arctic-wide

averages.

4.3. Qualitative Assessment of Our Results

Measuring the quality of our model results with the cost function (1) allows us to assess
the overall performance of a given configuration in a detailed and quantifiable way. To this
end, we evaluate the reproduction of large-scale sea ice features, such as sea ice extent,
thickness and drift — as opposed to the details of the ocean state. Three of the four data
products (thickness and both drift products) are limited to certain seasons in a few years,
and two of them (thickness and drift from Kimura et al. [2013]) are also limited to the
central Arctic. Still the combination of the four products allows a year-round coverage of
the whole Arctic in those years. In our analysis, we implicitly assume that large errors in
one sea ice property (e.g. thickness) would affect other sea ice properties (e.g. drift and

concentration) in a detectable manner. Additionally, the availability of the concentration
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data for the entire thirty-year simulation period provides some measure against overfitting
the model to the short period 2002 - 2008 covered by the other satellite products.

Are the results presented in section 3 sensitive to the exact choice of observations in-
cluded in the cost function? We tested this by evaluating the cost function for any
combination of three (out of four) sets of observations and found that the main conclu-
sion of the paper is robust to the exact choice of observations. In all cases, the ITD
configurations together with the strength parameterization H79 lead to a better fit to the
observations than the single-category configuration nolTD with the strength parameter-
ization H79. The nolTD case in turn leads to a better fit than the ITD with the ice
strength parameterization R75 (Table 3).

Our modeling approach is based on a simple single-category ice model (in fact, it is a
two-category model: ice and no-ice [Hibler, 1979]) without internal heat capacity (linear
internal temperature profile) and without considering a brine parameterization |Bitz and
Lipscomb, 1999]. Both of these omissions will lead to a larger seasonal amplitude in ice
thickness and to the absence of a lag between the net surface heat fluxes and the seasonal
cycle of ice thickness. When we minimize the cost function (1), the biases in ice thickness
will be compensated by adjustments in the optimal choice of surface albedo for sea ice and
snow. While it is true that we are compensating for a winter bias in ice growth (induced
by the lack of thermal inertia) by including another bias in summer melt (via the albedo),
the fact that we are mainly interested in the ice strength parameterization — something
that is important only during one season (mid to late winter) when the ice interactions are
significant [Steele et al., 1997; Richter-Menge, 1997] — suggests that our conclusions are

not sensitive to the presence or absence of sea ice thermal inertia. Moreover, the absence
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of a lag between surface atmospheric forcing and sea ice thickness will only be important
for a few weeks near the onset of the melt season (the delayed ice growth in fall occurs
at a time when the ice interactions are small, [Richter-Menge, 1997]); this will therefore
result in second order changes in the cost function over the full winter season. For these
reasons, we believe that the simpler treatment of thermodynamic will not impact the main
conclusions.

The choice of forcing data generally has a large impact on model results [Lindsay et al.,
2014]. Prior to optimization, we chose the best forcing data set based on our cost function.
A different forcing data set may change the magnitude of ice thickness or the regional dis-
tribution of ice and it will guide the optimization to a different set of optimized parameter
values, but the internal mechanics of the model that are responsible for the differences

between the parameterizations are not affected.

5. Conclusions

A rigorous model-data comparison for an ITD model and two different strength param-
eterizations leads us to the following conclusions: Sea ice models with an I'TD parame-
terization can outperform single-category models in reproducing observed concentration,
thickness, and drift fields. Somewhat unexpectedly, the best fit to observations is achieved
with an ITD model following Thorndike et al. [1975] combined with a simple ice strength
parameterization [Hibler, 1979]. The more sophisticated ice strength parameterization
by Rothrock [1975] leads to the poorest agreement to observations, even compared to the
single-category model: Problems associated with this parameterization over-compensate

the positive effect of an ITD model on the overall model.
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It is not obvious why the Arctic-wide behavior of sea ice is reproduced with the least
accuracy for the ice strength parameterization after Rothrock [1975] in our simulations.
We found the modeled physics to produce implausibly large peak ice thicknesses, probably
due to very high deformation of already thick ice and also a very strong dependence of
the modeled ice strength on the number of thickness categories. This points to potential
issues in both the physical assumptions in the formulation and the numerical discretization
procedure. A short term improvement may be achieved by using the I'TD parameterization
together with the H79 strength formulation for medium resolution models. But because
of the lack of physical justification for this parameterization, this short-term solution may
turn out to be insufficient for sea ice simulations in climate change scenarios.

The increasing availability of satellite data make possible detailed, quantitative analyses
of model parameterizations. These can be further enhanced by additional data sources
such as EM-Bird thickness measurements [Haas et al., 2009] or ice age [Hunke, 2014]. We
argue that in order to realistically reproduce Arctic sea ice it is necessary to re-evaluate

the ice strength formulation as a major link between ice volume and ice drift.
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The source code for the model used in this study, the MITgcm, is freely available at
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o http://mitgem.org. The model output evaluated in this paper is archived in PANGAEA
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& and available at https://doi.org/10.1594/PANGAEA.865445
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Table 1. Bin limits for I'TD configurations

# of categories

bin limits in m

5

20

DRAFT

0.0 0.64 1.39 247 4.57
0.0 0.16 0.33 0.50 0.67 0.86 1.06 1.28 1.52 1.79

2.10 246 2.89 3.42 4.06 4.85 582 7.01 8.46 10.2
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Table 2. Optimized parameters ®

Parameter starting values Baseline nolTD ITD5R ITD20R
albedo dry ice 1072 0.7000 0.71 - - -
albedo wet ice QLo 0.7060 0.7119 - - -
albedo dry snow gy 0.8652 0.8556 - - -
albedo wet snow QS 0.8085 0.7903 - - -

air drag Cd.a 1.14e-3 1.657e-3 - - -
water drag Cd.w 5.563e-3 6.647¢e-3 - - -
axis ratio e 2.0 1.523 - - -
lead opening H, 0.5 0.5649 - (0.3546) (0.3292)
ice strength (H79)  P* 2.264 - 2.299 - -

ice strength (H79)  C* 20.0 - 15.92 - -

ice strength (R75)  CY 14.0 - - 13.926  14.07
ridging participation a* 0.04 - - 0.04058 0.04249
ridge shape I 4.5 - - 3.029 3.104

2 72 means no change from the last column, values in bracket are from additional

optimizations for Hy
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Table 3. Cost function values P

ICE STRENGTH IN AN ITD MODEL

Concentration Thickness Winter Summer Total
Drift Drift
Baseline 1.71 0.75 0.52 1.06 4.04
nolTD 1.69 0.75 0.50 1.03 3.97
ITD5 no tuning 1.84 0.81 1.20 2.00 5.84
ITD5-g1 1.79 0.85 1.06 1.74 5.44
ITD5-g3 1.62 0.75 0.69 1.23 4.28
ITD5-g13 1.67 0.78 0.81 1.39 4.66
ITD5R 1.57 0.72 0.56 1.20 4.05
ITD5R-HO 1.49 0.79 0.54 1.22 4.03
ITD20 no tuning 1.91 1.17 0.88 1.56 5.53
ITD20R 1.71 0.90 0.45 1.09 4.15
ITD20R-HO 1.63 0.87 0.42 1.11 4.04
ITD5H 1.57 0.63 0.45 0.95 3.59
ITD20H 1.77 0.61 0.46 0.91 3.76
b Experiment names as defined in Table 4
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Table 4. Optimized Runs

DRAFT

initiated from

optimized parameters

Baseline [Nguyen et al., 2011]
ITD5-g1 Baseline
ITD5-g3 Baseline
ITD5-g13  Baseline
nolTD Baseline
ITD5R Baseline

ITD20R Baseline

ITD5H ITD5R

ITD20H ITD20R

ITD5R-HO ITD5R

ITD20R-HO ITD20R

group 1

group 1

group 3

group 143

group 2

group 3

group 3

group 2 taken from nolTD
group 2 taken from nolTD
Hy

Hy
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ITD5R ITD20R ITD5H ITD20H

ITD+H79 - nolTD ]

0.2 I ITD+R75 - nolTD

difference in cost function

-0.2 | _
27 Concentration
—0.3 HE=3 Thickness -
Drift (Winter)
=71 Drift (Summer)
04w Total i
Figure 1. Difference in cost function values (ITD configuration - nolTD) between

different model configurations with an I'TD and nolTD. Shown are contributions of single

datasets and total values.
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Figure 2.  Mean difference in ice concentration (ITD5H - nolTD) between an ITD
configuration using 5 thickness categories and nolTD, both with the H79 strength formu-

lation, in Summer (July to September)
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Figure 3. Mean difference in ice thickness H (ITD20H - ITD5H) between ITD config-

urations with 20 and 5 thickness categories, both using the H79 strength formulation, in

Winter (December to May)
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ice thickness h(R75) in m

Figure 4. Mean difference in ice thickness (h(R75) - h(HT79)) between ITD configu-
rations using R75 and H79 with the same number of thickness categories. The data is
binned for ice thickness in the R75 configurations. Purple for ITD5, green for I'TD20 with

shaded range between 25th and 75th percentile.
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normalized absolute convergence rates for h>3.0m
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Figure 5. Frequency distribution of absolute convergence rates for configurations

ITD5R, ITD20R, ITD5H, ITD20H, nolTD; only accounting for ice thicker than 3m.
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ITD5

ITD20

ICE STRENGTH IN AN ITD MODEL

(a)

(b)

Figure 6.

30
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=20

-30

concentration difference in %

Mean change in August ice concentration (A(H79) - A(R75)) between ITD

configurations using H79 and R75 for (a) 5 thickness categories and (b) 20 thickness

categories
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|
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Figure 7.  Mean difference in ice strength between R75 and H79 calculated for the
same ITD. Differences are evaluated for 5 (magenta) and 20 (green) thickness categories,
results are binned for ice strength after R75 with the shaded area between the 25th and

75th percentile.

DRAFT January 21, 2017, 8:14pm DRAFT



X -52 UNGERMANN ET AL.: ICE STRENGTH IN AN ITD MODEL

1.0 ,

m— H79
= R75

o
ol
|

solid: avg thickness difference (ITD20-ITD5) in m
©
o
J
1

©
w1
|

—
(=}

o
N
I
(@)}

ice thickness (ITD5) in m

-10

dashed: avg strength difference (ITD20-ITD5) in (kN / m)

Figure 8. Average difference (ITD20 - ITD5) in ice strength (dashed) and ice thickness

(solid) between ITD configurations using 20 and 5 thickness categories evaluated for H79

(cyan) and R75 (red). Differences are evaluated for different ice thicknesses, binned into

thickness bins of the ITD5 simulations, as described in section 3.3
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