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Improving the simulation of landfast ice by combining tensile
strength and a parameterization for grounded ridges

Jean-Francois Lemieux?, Frédéric Dupont?, Philippe Blain3, Francois Roy’, Gregory C. Smith?, and
Gregory M. Flato?

"Recherche en Prévision Numérique Environnementale, Environnement et Changement Climatique Canada, Dorval,
Québec, Canada, *Service Météorologique Canadien, Environnement et Changement Climatique Canada, Dorval, Québec,
Canada, *Département de Génie Physique, Ecole Polytechnique de Montréal, Montréal, Québec, Canada, *Canadian
Center for Climate Modeling and Analysis, Environment and Climate Change Canada, University of Victoria, Victoria,
British Columbia, Canada

Abstract in some coastal regions of the Arctic Ocean, grounded ice ridges contribute to stabilizing and
maintaining a landfast ice cover. Recently, a grounding scheme representing this effect on sea ice dynamics
was introduced and tested in a viscous-plastic sea ice model. This grounding scheme, based on a basal
stress parameterization, improves the simulation of landfast ice in many regions such as in the East Siberian
Sea, the Laptev Sea, and along the coast of Alaska. Nevertheless, in some regions like the Kara Sea, the area
of landfast ice is systematically underestimated. This indicates that another mechanism such as ice arching
is at play for maintaining the ice cover fast. To address this problem, the combination of the basal stress
parameterization and tensile strength is investigated using a 0.25° Pan-Arctic CICE-NEMO configuration.
Both uniaxial and isotropic tensile strengths notably improve the simulation of landfast ice in the Kara Sea
but also in the Laptev Sea. However, the simulated landfast ice season for the Kara Sea is too short com-
pared to observations. This is especially obvious for the onset of the landfast ice season which systematical-
ly occurs later in the model and with a slower build up. This suggests that improvements to the sea ice
thermodynamics could reduce these discrepancies with the data.

1. Introduction

Landfast ice is sea ice that is immobile or almost immobile near a coast for a certain period of time. It is
found in many coastal regions of the Arctic and its peripheral seas. There are a few mechanisms that are
thought to play a role in the formation and stabilization of a landfast ice cover. In fall, sea ice formation is
fostered in coastal regions because the water is shallow and a warmer subsurface layer is usually absent.
Onshore winds can then play a role in the initial stages of landfast ice formation by consolidating and thick-
ening the ice near the shore. In some coastal areas such as in the Beaufort and Laptev Seas, grounded ice
ridges might then act as anchor points to stabilize and maintain a landfast ice cover [Haas et al.,, 2005;
Mahoney et al., 2007, 2014].

Landfast ice is important for atmosphere-ice-ocean interactions. As it is immobile, it decreases the transfer
of heat, moisture, and momentum between the atmosphere and underlying ocean. Moreover, as the ice is
not deforming inside the landfast ice cover, the growth is purely thermodynamically driven [Johnson et al.,
2012; Itkin et al., 2015]. Finally, it has been shown that landfast ice impacts the formation of the Arctic cold
halocline layer [Itkin et al., 2015].

Despite these important processes, large-scale sea ice models such as CICE [Hunke and Lipscomb, 2008] and
LIM [Vancoppenolle et al., 2012] do not include some important mechanisms responsible for landfast ice for-
mation and stabilization. To address this issue, we have recently developed a parameterization representing
the effect of subgrid-scale grounded ridges on sea ice dynamics. This parameterization, described in
Lemieux et al. [2015], estimates the largest ridge(s) in a grid cell based on two prognostic model variables:
sea ice concentration and mean thickness in a grid cell. When the mean thickness is larger than a critical val-
ue that depends on the water depth, the parameterization assumes that a ridge is deep enough to reach
the seafloor. A basal stress term is then added to the momentum equation. The maximum basal stress that
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can be sustained by the grounded ridge depends on the weight of the ridge in excess of hydrostatic bal-
ance. This parameterization is simple and easy to implement in both two-thickness category and multithick-
ness category models. Pan-Arctic experiments have shown that adding the parameterization leads to more
realistic simulated landfast ice covers in regions such as the East Siberian Sea, the Laptev Sea, and along the
coast of Alaska. However, in some regions such as the Kara Sea, Lemieux et al. [2015] have shown that the
model systematically underestimates the area of landfast ice (even with the basal stress parameterization).
As the Kara Sea is overall deeper than coastal regions of the East Siberian and Laptev Seas, the grounding
scheme is less active as most parameterized ridges are not able to reach the seafloor. This indicates that
another mechanism is involved to maintain the ice fast in this region.

In a recent study, Olason [2016] suggested that ice arching is the main mechanism responsible for maintain-
ing a landfast ice cover in the Kara Sea. He argues that the arches take footing on chains of islands located
offshore. This is consistent with the observations of Divine et al. [2005] indicating that a series of archipela-
gos contribute to the stabilization of the Kara Sea landfast ice cover. Ice arches at the offshore landfast ice
edge have also been observed elsewhere such as in the Bay of Bothnia [Goldstein et al., 2004].

It is well known that to develop stable arches, a material (in our case sea ice) needs to be able to sustain
tensile stresses [e.g.,, Dumont et al., 2009]. The most common representation of rheology in current sea ice
models is based on a viscous-plastic formulation with an elliptical yield curve [Hibler, 1979]. Ip [1993] dem-
onstrated that the viscous-plastic rheology can simulate ice arches, provided that it has tensile strength.
With the standard ellipse parameters, simulated sea ice cannot support isotropic tensile stresses but has,
however, some resistance to uniaxial tension. Dumont et al. [2009] were able to simulate the North Water
polynya ice bridge by increasing the amount of uniaxial tensile strength of the elliptical yield curve.

The main objective of this paper is to investigate how simulations of landfast ice can be improved by com-
bining a yield curve with tensile strength and a grounding scheme for pressure ridges. The impact of both
isotropic and uniaxial tensile strengths is investigated by conducting Pan-Arctic simulations. Following
Konig Beatty and Holland [2010], we modify the viscous-plastic rheology with an elliptical yield curve to
include isotropic tensile strength. Moreover, as Dumont et al. [2009], we decrease the ellipse aspect ratio to
increase the uniaxial tensile strength. We assess the quality of the simulated landfast ice over many regions
with a special focus on the Kara Sea where ice arching is thought to be important [Olason, 2016].

The contributions of this paper are: a description of the implementation of isotropic tensile strength in the
CICE model (including the replacement pressure), a description of the implementation of the Lemieux et al.
[2015] grounding scheme on a B-grid (CICE), and a thorough investigation of the simulated landfast ice cov-
er in Pan-Arctic experiments when combining tensile strength and the grounding scheme.

This paper is structured as follows. Section 2 describes the sea ice momentum equation with the basal stress
parameterization and the modified rheology. A description of the numerical implementation is given in sec-
tion 3. Information about the ice-ocean model and the forcing used for the experiments is provided in sec-
tion 4. The results of the numerical experiments are presented in section 5. Broader implications are
considered in section 6. The conclusion and a description of future work are provided in section 7.

2. Modified Sea Ice Momentum Equation

For the numerical experiments, we use the CICEv4.0 sea ice model [Hunke and Lipscomb, 2008] coupled to
the NEMO ocean model [Megann et al., 2014]. Here is a description of the modified sea ice momentum
equation that includes isotropic tensile strength and the grounding scheme.

The two-dimensional sea ice momentum equation is given by

D
mﬁl:=—k><mfu+ta+rw+tb+V~c—mgVHo, (1)

where m is the combined mass of ice and snow per unit area, % is the total derivative, t is the time, f is the

Coriolis parameter, u=ui+vj is the horizontal sea ice velocity vector, i, j, and k are unit vectors aligned with
the x, y, and z axis of the coordinate system, Tq=14i+17qj is the wind stress, 1, =T,xi+1y,j is the water
stress, T, =Tpxi+Tpyj is a basal stress term due to grounded ridges, ¢ is the internal ice stress tensor with com-
ponents g11 =0, 022=0yy, and a1, =0y, g is the gravitational acceleration, and H, the sea surface height.
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In CICE, the advection of momentum is neglected. In our implementation, the stresses t, and t,, are formu-
lated as in Roy et al. [2015]. Following Lemieux et al. [2015], the basal stress 1, is given by

0 if h < he,
b= —u )]
ky [ ——— ) (h—hc)exp ~ 24 ifh > h,

() - ;
where h is the mean thickness in a grid cell (or volume per unit area), h. the critical mean thickness, k; a
free parameter that determines the maximum basal stress, A the ice concentration, |u|=v/'u?+Vv2, uy a small
velocity parameter, and o, the basal stress ice concentration parameter. The critical thickness h. is equal to
Ahy, /ki where k; is the critical thickness parameter and h,, is the bathymetry defined as positive downward.
The 1, formulation in equation (2) indicates that the basal stress is zero when h < h, or in other words that
the parameterized ridge is not deep enough to reach the seafloor.

CICE is based on a viscous-plastic (VP) rheology with an elliptical yield curve [Hibler, 1979]. The momentum
equation is solved with the elastic-VP (EVP) approach [Hunke, 2001]. With this method, the stresses are sub-
cycled between two time levels following

60'1 a1 p é’
—t—+-—=—==D 3
ot 2Ty 2Tg Ty o ®

80’2 620'2 _

{
ot 2Ty T_dDT7 @
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2, 2 _ ¢
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where 61=011+02, 62=011—022, Dp=%4+ g—‘y’, Dr= 9t~ g—‘;, Ds= g—;’ +9, pis a pressure-like term, T, is the
damping time scale for elastic waves, ( is the bulk viscous coefficient, and e is the ratio of the major and
minor axes of the elliptical yield curve, sometimes referred to as the ellipse aspect ratio. Note that ¢; and g,
should not be confused with the principal stresses which are denoted by ¢,; and g, in this article. The prin-
cipal stresses are the components of the stress tensor when the coordinate system is rotated in such a way
that the shear stress vanishes. The principal stresses, which correspond to the maximum and minimum nor-

mal stresses, are given by

011102 011022\ 2
2 ( 2 )”%2' (©)

Op1,0p2=
Based on Konig Beatty and Holland [2010], isotropic tensile strength is introduced by letting (=P, (1+k;)/2A"
and p=(1—k)P in equations (3-5) where P, is the compressive ice strength parameterized following Lips-
comb et al. [2007], A*=max (A, Amin) with A=[D}+e 2 (D?+D?)]? and where A, is a small deformation to
prevent a singularity on { when A tends toward zero, k, is a parameter that characterizes the amount of ten-
sile strength (herein T) as a function of the ice strength in compression (T=k:P,), and P=P,A/A" is a replace-
ment pressure to ensure the internal stresses are zero when the strain rates are zero.

To visualize the impact of e and k; on the elliptical yield curve, three different yield curves (normalized by
the ice strength) are plotted in principal stress space in Figure 1. Tensile stresses are by convention positive.
The standard yield curve (e =2 and k; =0, black curve) only exhibits small uniaxial tensile strength (only
one principal stress can be positive). Larger uniaxial tensile stresses can be sustained by the ice by decreas-
ing the value of e (magenta curve). Only the ellipse with k; > 0 allows both ¢,; and o, to be positive, i.e,
the ice has isotropic tensile strength.

3. Numerical Implementation

We wish to solve the momentum equation at time levels At, 2At, 3At, ... where n=1,2,3, ... identifies the
time level and At is referred to as the advective time step. With the EVP method, the momentum equation is
integrated explicitly from n - 1 to n. Ny, subcycles are performed such that Ny ,At.=At where At, is the EVP
subcycling time step. The elastic damping time scale and A,,,;, are set to the default values in CICE (e, T;= 036 At
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‘ ‘ ‘ and Anin=10""" s7"). At subcycle s,
04l e=2, k=0 i .
0md k0.2 the internal stresses ¢, 65, and a4, are
e first advanced in time by solving
0.21 e=1.5, k‘=0 1 .. . .
explicitly the following equations
of =o', 0%, PO—k) _P(1+k) .,
At, 2Ty 2Ty 2A T, P
O_Q' -0.2f b 7)
= 1 2
S 04 1 ﬂ+ﬁ:MDS*1 @)
© At, 2T, 2A-IT, T
-0.6] R _
05,03, +e20§2 _Pp(T+ke) 4
08 Ate 2T4 4A*S_1Td s
' 9)
-1r ] The u and v components of velocity
are then advanced in time by solving
-1.2[, ‘ ‘ ‘ ‘ ‘ ‘ L] explicitly the equations
-12 -1 -08 -06 -04 -02 0 0.2 0.4
usfusf1
c./P w-v) )+Cbu5—mfv‘=
pt- p Ate
OH,  0d3, , 003,
Figure 1. Elliptical yield curves with parameters e = 2, k, = 0 (in black), e = 2, Tax tTux —Mg Ox + W + 67)/ )

ke = 0.2 (in blue), and e = 1.5, k, = 0 (in magenta).
(10)
(Vs_vsf1)
mi

OH, n a3, 4 0d%,
At,

dy Oy ox’

+CoV* +mfu’ =1g,+1,, —Mg (11
where C, is the basal stress coefficient. More details on the treatment of ,, t,, and the ocean tilt term can
be found in Hunke and Lipscomb [2008].

When the ridge is too small to reach the seafloor, the basal stress should be zero. In this case C, = 0. Howev-
er, when the mean thickness is larger than the critical one, the basal stress coefficient is given by

Co= ks (hu—he,)exp ﬂzb(]iAu)v (12)

(us )2+ (v 1)’ +up

with the subscript u indicating that h,, A, and hg,=Ayhw/k: are defined at the u (and v) location. As CICE is
based on an Arakawa B-grid, the mean thickness (h), concentration (A), and bathymetry (h,,) are defined at the
tracer point (center of the cell) while u and v are defined at the nodes (corners). Instead of a simple bilinear inter-
polation to get h, A, and h,, these quantities are given by h,=max [hy, hji1,hisaji1, hity], Ay=max
[Aj, Aji1, A1, Arerj] and By =min [Ayg, Aiie 1, hwis 11, Bwirj] - Lemieux et al. [2015] argued that this way of
calculating h,, A, and h,,, leads to a more stable and more realistic landfast ice cover than a bilinear interpolation.

This approach is easy to implement numerically as the basal stress term is similar to the water stress term
(see Hunke and Lipscomb [2008] for details). Note that to avoid unnecessary calculations where there is little
ice, the Cp, are computed only where A, > 0.01.

4, Experimental Setup

Pan-Arctic simulations are conducted with an ice-ocean model. The ocean component is NEMO version 3.1
with minor modifications [Dupont et al., 2015]. As mentioned above, the sea ice model is CICE version 4.0
with some modifications that include the UK Met Office NEMO-CICE interface [Megann et al., 2014]. The
domain, shown in Figure 2, covers the Arctic and the North Atlantic. The regional grid is a subset of the
0.25° global ORCA mesh. This correspond to a spatial resolution of ~12.5 km in the central Arctic. Ice-ocean
simulations are forced by 33 km resolution atmospheric reforecasts from Environment Canada [Smith et al.,
2014].
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L

Figure 2. The domain covered (hatched area) by the 0.25° Pan-Arctic grid used for the simulations. Regions used to calculate landfast ice area
are shown in color. The East Siberian Sea region is in light blue (A), the Laptev Sea region is in yellow (B), and the Kara Sea region is in red (C).

As in Lemieux et al. [2015], we use the National Ice Center (NIC) 25 km gridded landfast ice data [National Ice
Center, 2006]. This Pan-Arctic data set identifies grid cells that are covered by landfast ice. Unfortunately,
the NIC data set ends in 2007. As the Environment Canada forcing data set is only available for the period
2001-2011, we decided to create a spin-up from January 2001 to September 2004 and to analyze a series of
simulations between September 2004 and September 2007.

For the period covered by our simulations, the NIC ice charts were produced biweekly. As mentioned by
Yu et al. [2014], the accuracy of the NIC ice data is affected by the use of a mix of data sources and the
transformation of the charts into gridded products. As the charts are manually produced, the uncertain-
ties also depend on the skill of each ice analyst. By comparing the seaward landfast ice edge in the
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Table 1. Tensile Strength and Basal Stress Parameters for the Beaufort Sea from the NIC ice charts to the
Simulations one obtained from RADARSAT imagery, Yu
Symbol Definition Value et al. [2014] tried to estimate this uncertain-
ty. They found differences between —15 and

e Ellipse aspect ratio 12,14,16,1.8,20

ke Isotropic tensile strength parameter 0.0,0.1,0.2,0.3, 0.4 1.5 km with an overall mean of —6.5 km and
ki Critical thickness parameter 8 a standard deviation of 13.6 km. They never-
ky Maximum basal stress parameter 15Nm > I . .

o Basal stress ice concentration parameter 20 theless concluded that it is difficult if not
Uo Basal stress velocity parameter 5X10 °ms’’ impossible to correctly quantify the uncer-

tainty. To minimize the uncertainty in their
analysis, they focused on large-scale patterns and time averages of landfast ice extents. We also follow
this approach.

The model was initialized with sea ice concentration and thickness fields from the Glorys2v1 ocean reanaly-
sis [Ferry et al.,, 2012]. Initial and boundary conditions for the ocean are taken from the Mercator Océan
ORCA12-T321 simulation (as done by Dupont et al. [2015]). Ocean inflow at Bering Strait is imposed based
on this simulation while for sea ice, Bering Strait is treated as a closed boundary. The spin-up simulation
was conducted without the basal stress parameterization and with the standard elliptical yield curve.

Numerical experiments focus on the aspect ratio e and on the isotropic tensile strength parameter k;, with
the basal stress parameters k; and k, held constant. Lemieux et al. [2015] performed a sensitivity study of
the simulated landfast ice area in different regions as a function of k; and k,. They showed that k; =8 and
k=15 N m 2 lead to quite realistic simulations of landfast ice in the East Siberian, Laptev, and Beaufort
Seas. Despite a different model setup, the same basal stress parameter values are used here. In some figures
of this article, the label “grounding” is used for simulations conducted with the grounding scheme with k; =8
and k;=15 N m~>. Table 1 lists the values of the fixed basal stress parameters and the tensile strength
parameters tested in the simulations. All other CICE physical parameters are set to the default values [Hunke
and Lipscomb, 2008].

The advective time step At is 10 min for all the simulations. Following the work of Konig Beatty and Holland
[2010] and our own experience with the EVP solver, we have increased the number of subcycling iterations
(Ngyup) in order to improve the numerical convergence of the solution. The impact is illustrated in Figure 3
which shows the simulated area of landfast ice in the Kara region as a function of time (only the first year
is shown) for different values of N, Increasing Ny, from 120 to 920 improves the convergence of the
solution and overall enhances the simulated area of landfast ice. It is possible that a larger value of Ny,
would lead to a slightly more extended landfast ice cover. However, to limit the computational cost, the
simulations were conducted with N, = 920.

025 — 5. Results
Kara Sea - z:jﬁg Outputs from our simulations are daily
o2l N,,;5=920 || mean values defined at tracer points.
— From the mean daily ice velocity
NE Ug=ugi+vgj, we calculate the ice
© o5t 1 speed (u§+v§)% at each grid cell. Simi-
s lar to Lemieux et al. [2015], ice at a cer-
% tain grid cell is considered landfast if
:% 01 i its 2 week mean speed is smaller than
g 5%X107* m s~ ' A 2 week window is
- used to define landfast ice as a
005" 1 shorter period could lead to false
assessments for low wind events. The
area of landfast ice for a certain

0 I I I =
10/2004 01/2005 04/2005 07/2005 10/2005 region (regions are shown in Figure
2) is calculated every 2 weeks by
Figure 3. Simulated area of landfast ice in the Kara Sea as a function of time for 120 . h f landf I
(black), 360 (green), 720 (red), and 920 (blue) EVP subcycles. For all these simula- summing the area of landfast cells.
tions, e = 2.0, k:=0.2, and the grounding scheme was used. Simulated landfast ice is compared
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Figure 4. Frequency of occurrence of landfast ice for January-May for the years 2005, 2006, and 2007. NIC observations over the whole
domain (a), zoom of NIC observations in the eastern part of the Kara Sea (b), simulation with grounding over the whole domain (c), and

zoom of the simulation with grounding in the eastern part of the Kara Sea (d).

with the NIC data. To do so, the observations are interpolated to the model grid using a nearest neighbor

approach.

Similar to Yu et al. [2014], we calculate the frequency of occurrence of landfast ice for the data and the simu-
lations for January—May for the years 2005, 2006, and 2007. Figure 4 compares the frequency of occurrence
for the model with the grounding scheme and the standard yield curve and the one from the observations.
As for the model of Lemieux et al. [2015], CICE with the basal stress parameterization leads to quite realistic
simulations of landfast ice in many regions such as the East Siberian, the Beaufort, and to some extent in
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a) T T T — the Laptev Sea. In the Canadian Arctic
Kara Sea g:gﬁgg::g:::ig Archipelago, where the ice is land-
osl grounding. o= 1ol locked, the model simulates the land-
ﬁlrlgundingveﬂ-Z fast ice quite well. However, in the Kara
N’g Sea, the frequency of occurrence for the
zZ 1 simulated landfast ice is clearly lower
8 than what is observed (Figure 4d).
©
cos 1 We now investigate how the simulated
9 landfast ice cover can be improved in
“3; 0.2 E the Kara Sea (and Laptev Sea as will be
3 shown) when increasing uniaxial tensile
o | strength or adding isotropic tensile
"= strength. We also assess how these
modifications to the sea ice rheology
01/2005 T o12006 0172007 affect the simulated landfast ice cover in
other regions. Figure 5a displays the
b) ' ' ' Sandard sensitivity of the simulated landfast ice
Kara Sea ——— grounding, =00 area in the Kara Sea to different values
grounding, k, = 0.1
o5 —grounding, k = 0.2 of the ellipse aspect ratio e. The standard
. e 2:22 simulation was obtained with e=2,
NE oal ——NIC k;=0 and without the basal stress
o parameterization. As in Lemieux et al.
% [2015], the simulated landfast ice area is
% 03 ] systematically underestimated with the
z standard model (gray curve) and when
=t _ using only the grounding scheme (red
S curve). As expected, decreasing e (i.e.,
increasing uniaxial tensile strength)
' 1  enhances the landfast ice area.
To assess what parameter values pro-

01/2005 01/2006 0172007 vide the best fit to the data, we calcu-

lated the mean simulated (a;) and
Figure 5. Impact of uniaxial tensile strength on the simulated area of landfast ice - . (@)
in the Kara Sea as a function of time. The gray curve is for the standard model observed (a,) landfast ice area

(e =2, k=0, no grounding scheme). The red, cyan, magenta, green, and blue between January and May for the

curves are, respectively, for e=2.0,1.8, 1.6, 1.4, and 1.2 (with grounding and three landfast ice seasons. The metric
k= 0). The bold black curve displays the area calculated from the NIC data (a). :

Impact of isotropic tensile strength on the simulated area of landfast ice in the used to evaluate the quality of a simu-
Kara Sea as a function of time. The red, cyan, magenta, green, and blue curves lation is the mean (over the three sea-

are, respectively, for k;=0.0,0.1,0.2,0.3, and 0.4 (with grounding and e = 2) (b). _
P i ! ' (with g 9 ) ) sons) of the absolute error as-a,, that

is 3 ::] |a?—a"| where the super-
script n =1, 2, and 3 refer to the three landfast ice seasons. Using this approach, we conclude that an ellipse
ratio between e = 1.4 and e = 1.2 provides the best fit. Similarly, as seen in Figure 5b, larger values of k; (i.e.,
increasing isotropic tensile strength) lead to a larger landfast ice area, with k;=0.2 providing the best fit to the
data. Values of k; > 0.2 result in a systematic overestimation of the landfast ice extent (late winter and spring).

Nevertheless, with these optimal parameters, the model clearly overestimates the extent of landfast ice dur-
ing a short period in 2006. Indeed, on 24 April 2006, the simulated landfast ice cover extends all the way to
Novaya Zemlya while this is not seen in the observations. This is what explains the large peak in Figure 5a
(with e = 1.4 for example). We do think, however, that sea ice at this location should not have been identi-
fied as landfast. Over the 3 year period, it is the only time landfast ice is simulated in this region. Further-
more, based on the NIC data, landfast ice has never been observed there during the same period. This
points to a limitation of our method (and criterion) to determine whether the simulated ice is landfast or
not. In other words, sea ice in this region should have been identified as slow drifting instead of landfast
ice. This indicates that it would be beneficial to develop more sophisticated verification methods for simu-
lated landfast ice.
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a) T T T — Interestingly, for the East Siberian (Fig-
East Siberian Sea g:gﬁ:g::g:::ig ure 6) and Laptev Seas (Figure 7), ten-

osl gowndra-e-161l sile strength has a more limited impact
grounding, e = 1.2 suggesting that grounding is the

dominant mechanism. It is worth not-
ing, however, that tensile strength
improves the simulation of landfast ice
o3 E in the Laptev Sea. Indeed, in the third
year of the simulation, the landfast ice
cover seems to be too weak in the sim-
ulation with grounding and with e = 2
and k= 0. On the other hand, e= 1.6
or k;=0.1 lead to reasonable fits to the
data for this last year and even provide
T — P the best scores over the three landfast

ice seasons when using our metric
defined above (even though there is

Landfast area (10% km?)

0.1

=

Standard . . .
East Siberian Sea — grounding, k=00 an overestimation of the landfast ice
goundn k=011 areq in 2006).
05 ___grounding, k( =02H

grounding, k‘ =03
grounding, k( =04

—nic 6. Broader Implications

I
IS
T

Our results indicate that increasing
either uniaxial or isotropic tensile
strength can improve the simulation of
landfast ice in the Kara Sea and to a
lesser extent in the Laptev Sea while
having less impact in the East Siberian
] Sea. We found that for uniaxial tensile
strength, the ellipse ratio should be
between 1.4 and 1.6. For isotropic ten-
sile strength, k, should be between 0.1
Figure 6. As in Figure 5a for the East Siberian Sea (a). As in Figure 5b for the East and 0.2 to obtain the most realistic
Siberian Sea (b). results. Figure 8 displays the frequen-

cy of occurrence for e= 1.4 (a and b)
and k;=0.2 (c and d). These plots can be compared to the observed frequency of occurrence shown in
Figure 4.

Landfast area (10° km?)

0.1

f
01/2006 01/2007

1
01/2005

As k. and e are the same everywhere on the domain in our experiments, the uniaxial and tensile strengths
at a grid point only depend on the compressive strength which is a function of the ice thickness distribution
[Lipscomb et al., 2007]. However, intuitively, one would think that tensile strength should depend on other
factors such as sea ice salinity, the ice temperature, the history of deformation of sea ice, etc. Near large Rus-
sian river mouths, it is possible that stronger ice is present as it is formed from fresher water. In order to sim-
ulate landfast ice, Itkin et al. [2015] used a k. of 0.5 and doubled the ice strength parameter P* only in
regions shallower than 25 m. This was done by /tkin et al. [2015] to mimic the effect of grounding and to
represent stronger coastal sea ice. As our model includes a grounding scheme and as we consider that the
25 m bathymetry limit is somehow arbitrary, k; and e in our experiments are the same everywhere on the
domain. As this modifies the rheology term, it not only has an impact on simulated landfast ice but also on
the drift of pack ice.

To assess the impact of tensile strength on the drift of pack ice, we compared the simulated sea ice veloci-
ties against data from the International Arctic Buoy Program (IABP) [Rigor and Ortmeyer, 2004]. We want to
focus on regions of drifting ice where the ice interactions (i.e., rheology) are important. To do so, we masked
out regions where the observed frequency of occurrence of landfast ice (see Figure 4a) is larger than 0.01.
We further extended this mask for all locations within 50 km of the initially masked points. Finally, marginal
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a) T T T — Seas (Baffin Bay, Greenland Sea, etc.)
Laptev Sea grounding, e = 2.0 were also masked out in order to focus
grounding, e = 1.8
osl grounding, e = 1.6 on the Arctic Ocean. Buoys in the
. grounding, e = 1.4
grounding, ¢ = 1.2 regions defined by this mask were not
NE considered for the analysis.
< 04t g
S The IABP 12 hourly buoy positions
et have errors between 100 and 300 m
£ 1  depending on the buoy positioning
9 system [Thomas, 1999]. We first
go.z- {1  obtained the monthly drift of IABP
- buoys by using the observed initial
sl | and final positions. We converted this
distance into a monthly mean velocity
JA«/\,\ y (uo). For the simulations, the monthly
O 2006 0172006 0172007 mean velocity (uy) is calculated at the
b midpoint between the initial and final
) Laptev Sea - Standard (=00 F)bserv?d posmon.s of a.glven buoy. It
grounding, k, = 0.1 is obtained by doing a time average of
0.5}F ___grounding, k = 0.2 4 . ape .
T ounding kt:o_s the daily mean velocities ug. For a giv-
«— —_grounding, k = 0.4 en month, N, is the number of
Eoaf e observed buoys used for this analysis.
‘°9_ For each month, we computed the
503 Root-Mean-Square Error (RMSE) =
s Ny
2 N%,Z \ug’—ug|2 and the bias
S 02}k i n=1
S
§ it
:NLZ (Ju?|=[ug]), where the super-
01l g n=1
script n=1,2,...N, refers to the N,
JA«/\,\ observed buoys. The RMSE is a more
0 . .

01/2005 “o12006 \ 01/2007 comprehensive metric as it takes into
. o o account the errors/deviation in the
Figure 7. As in Figure 5a for the Laptev Sea (a). As in Figure 5b for the Laptev X X X
Sea (b). drift direction. As a reference, the Polar
Pathfinder Daily 25 km gridded sea ice
velocity product [Fowler et al., 2013] from the National Snow and Ice Data Center (NSIDC) is also evaluated
against the IABP buoys.

Figure 9 shows these metrics as a function of time for the uniaxial tensile strength experiments. These
results are consistent with what should be expected: as the shear strength increases, when the ellipse
aspect ratio is reduced, the ice slows down. Note that a similar result is obtained with k;: increasing the iso-
tropic tensile strength leads to slower drifting ice (not shown). Interestingly, despite a more negative bias
with e =14, it leads to a slightly better RMSE (0.022 m s~ ' over the 36 month period) than the one
obtained with the standard e = 2.0 (0.024 m s~ ') suggesting that the drift direction is improved. A boot-
strap method with replacement (10° iterations) confirms that this result is statistically significant with a con-
fidence level of 99%. The simulated drift could be further improved by adjusting other parameters such as
the ice-ocean drag parameter.

Olason [2016] investigated the use of the standard elliptical yield curve (i.e,, e = 2 and k,; = 0) and of a Cou-
lombic yield curve [Hibler and Schulson, 2000] for simulating landfast ice in the Kara Sea. He has shown that
with both yield curves it is possible to simulate landfast ice provided that they allow for some uniaxial ten-
sile strength (which is the case with e =2). As opposed to Olason [2016], the area of landfast ice in our
experiments is systematically too low with e =2 (and k, = 0). It is difficult to explain these different results.
Is it due to the fact that the momentum equation in our simulations is solved with the EVP scheme as
opposed to the implicit solver used by Olason [2016)? Olason [2016] claims that the numerical solution has
to be sufficiently converged to simulate landfast ice with e = 2. Olason [2016] also argues that A, should
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Figure 8. Frequency of occurrence of landfast ice for January-May for the years 2005, 2006, and 2007. e = 1.4 (a), e = 1.4 zoom in the east-

ern part of the Kara Sea (b), k; = 0.2 (c), k, = 0.2 (d), zoom in the eastern part of the Kara Sea. The grounding scheme was used for these
simulations.

be set to a very low value (5 X 10~ " s™") but this was not explored in our study. Finally, is it possible that

the two-thickness category model of Olason [2016] leads to a stronger ice cover than the one simulated by
the multithickness category CICE model?

Both our and his simulations (see his Figure 6) exhibit a shorter landfast ice season than observed. This is
especially obvious at the onset of the landfast ice season: it happens later in the models than in the obser-
vations. As in the observations, our results and the simulations of Olason [2016] exhibit rapid breakups of
the landfast ice cover at the end of the season, but they tend to happen too early in the simulations. It is
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Figure 9. Ice velocity against the IABP data. The gray curve is for the standard model (e = 2,
k: = 0, no grounding scheme). The red, cyan, magenta, green, and blue curves are for the
grounding scheme, k; = 0 and, respectively, for e = 2.0, 1.8, 1.6, 1.4, and 1.2. The bold black
curve is for NSIDC.

unclear what can cause the
too short simulated landfast
ice  season  (mixed-layer
depth for the initial growth,
forcing, albedo parameteri-
zation, etc.).

Our results also demonstrate
that landfast ice formation is
a very nonlinear process. Fig-
ure 5a provides some evi-
dence of this nonlinearity.
Indeed, for the maximum
landfast extent, the curves
fore=2,e=18ande=16
follow each other while there
is a big increase in the land-
fast ice area when decreas-
ing e to 1.4. This is further
illustrated by Figure 10
which shows the observed
and simulated landfast ice
covers on 23 April 2007. For
e=1.6 (or for larger values),
the simulated landfast ice
cover is very small and does
not match the observations.
However, decreasing e to 1.4
significantly improves the
simulated landfast ice cover.
e = 1.2 provides an even bet-
ter simulated landfast ice
cover for this specific date.
We note that the model
tends to exhibit landfast ice
edges that are aligned with
the grid (see, for example,
Figure 10c). Bouillon et al.
[2013] pointed out that the
standard EVP solver some-
times leads to deformations
that are aligned with the
mesh.

Lemieux et al. [2015] mentioned that the landfast ice cover in the East Siberian Sea is characterized by
modes: a small u-shaped mode following the shelf break and a larger mode extending into deeper water.
Looking at the first landfast ice season in Figure 6 (2004-2005), one can see that the observations indicate
that the small mode is present at the beginning of the season and that the large mode suddenly builds up
and remains until the break up. The model (with e = 1.6, for example) correctly simulates this large mode

but it occurs too early compared to observations.

At this stage, it is not clear if it is better to adjust the uniaxial or the isotropic tensile strength. In fact, it is
possible that a combination of both would provide the best simulation of landfast ice but also of sea ice
dynamics in general. More specific experiments and comparisons with observations should be performed in
order to estimate the correct values for e and k.. For example, if a landfast ice cover is observed along a flat
coast with no islands nor anchor points offshore, isotropic tensile strength is required to maintain the ice in
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Figure 10. Landfast ice (in blue) in the eastern part of the Kara Sea on 23 April 2007. NIC observations (a), simulation with e = 1.6 (b), simu-
lation with e = 1.4 (c), and simulation with e = 1.2 (d). For all these simulations, k, = 0 and the grounding scheme was used.

place in the presence of an offshore wind. The value of k; could then be estimated. This is beyond the scope
of this paper. It is worth noting, however, that some authors argue that isotropic tensile strength is around
1/20th of the compressive strength [e.g., Hibler and Schulson, 2000], which implies a k; of 0.05 with the ellip-
tical yield curve.

Miller et al. [2005] suggested that the simulated geophysical distribution of ice volume could be improved
by increasing shear strength (they decreased the value of e). Our results and the ones of Miller et al. [2005]
indicate that increasing tensile strength (and therefore shear strength) has the potential to improve the sim-
ulation of landfast ice, sea ice drift and sea ice thickness. This would, however, require further investigation.

This discussion should be further extended to what should be the most realistic yield curve for modeling
sea ice and whether the VP rheological framework is appropriate for modeling landfast ice and sea ice
dynamics in general. Although most sea ice models nowadays are based on a VP formulation with an
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elliptical yield curve, other yield curves, inspired by other fields [e.g., Ip et al., 1991], derived from laboratory
experiments [Hibler and Schulson, 2000] and remote sensing observations [Wang, 2007], have been pro-
posed. Other rheology frameworks based on elastic formulations have also been presented [Schreyer et al.,
2006; Girard et al., 2011]. How rheology should be represented in a sea ice model remains the subject of
intense research and debate.

7. Concluding Remarks

Lemieux et al. [2015] recently introduced a parameterization to represent the effect of grounded ridges on
sea ice dynamics. Used with a VP sea ice model, the parameterization clearly improves the simulation of
landfast ice in regions such as the East Siberian Sea, the Laptev Sea and along the coast of Alaska. However,
in some regions such as the Kara Sea, the area of landfast ice is systematically underestimated. This is
explained by the fact that, compared to the Laptev Sea, for example, the Kara Sea is overall too deep for
ridges to reach the seafloor. Olason [2016] argues that ice arching is the main mechanism responsible for
the Kara Sea landfast ice cover. In order to promote ice arching, we have modified the uniaxial or the isotro-
pic tensile strength of the VP elliptical yield curve. Both uniaxial and isotropic tensile strengths improve the
simulation of landfast ice in the Kara Sea (with also a smaller improvement in the Laptev Sea). Nevertheless,
our numerical experiments lead to a landfast ice season for the Kara Sea that is too short when compared
to observations. This is especially obvious at the onset of the landfast ice season: it systematically occurs lat-
er in the model and the simulated area of landfast ice exhibits a slower build up than the observed one.
This indicates that processes related to sea ice thermodynamics should also be considered in order to
improve our simulation of landfast ice.

In this paper, we mostly discussed the simulation of landfast ice along the Siberian coast. Our results dem-
onstrated that the simulation of landfast ice can be improved by using a grounding scheme and adjusting
the tensile strength. However, there are regions where the model simulates too much landfast ice with any
of the parameters tested (see, for example, Figure 4c). This is the case for example in Prince Regent Inlet,
the Gulf of Boothia and Foxe Basin. As these regions are characterized by strong tidal signals, we speculate
that including tides would decrease the simulated area of landfast ice for these zones. To investigate this,
we are currently developing a high-resolution (1/12°) ice-ocean model with tides. As future work, we also
plan to develop a more sophisticated grounding scheme based on the ice thickness distribution.
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