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A different kind of satellite

MITgcm at <1km grid spacing, Simulation: D. Menemenlis (JPL)





this talk

• are these new high-res simulations with old 
VP-rheology useful? realistic? (Hutter et al. 
2018) 

• explore properties of high-res VP dynamics: 
example land-fast ice



Why sea ice at high resolution?

Climate Modeling: 
• Sea ice acts as an insulator 

between ocean and 
atmosphere  

• Leads cover 5% of area but 
accommodate 50% of heat 
loss

Economic interest:  
• exploration/exploitation of 

natural resources  
• intensified shipping in the 

Arctic 
• LKF forecast?

Motivation
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ocean and atmosphere
I Leads enable direct contact
I Leads cover 5% of area but

accommodate 50% of heat loss

Albedo
change

Heat loss
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Ice growth
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Sea Ice Deformation

• RADARSAT sequence in the Beaufort Sea 
with focus on SHEBA camp (1997/1998)



Sea Ice DeformationSea Ice Deformation
Introduction

Linear Kinematic Features (LKFs):

⇠ 170 km ⇠ 170 km ⇠ 2000 km

What induces the stress in the ice cover?

Wind
Tides, Swell &

Ocean
Circulation

N. Hutter - Viscous Plastic Sea Ice Models at Very High Resolution 6



Sea ice as a quasi-continuous fluid 
with Viscous-Plastic (VP) rheology
2D momentum equations for sea ice (Hibler 1979):

requires relation between internal stress tensor and 
velocity vector ⇒ Rheology

Material properties of sea ice: 
• weak in tension (divergence) 
• strongest in compression (convergence) 
• strong in shear

Collection of plastic ice floes leads to on average 
viscous behavior (Hibler, 1977)
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principle stress plane
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Increasing the resolution

Sea ice thickness (color) and sea ice concentration (contour 
lines) from a sea ice model (Losch et al., 2014)

Motivation

(a) resolution: 27 km (b) resolution: 4.5 km

Figure: Sea ice thickness (color) and sea ice concentration (contour lines) from sea ice
model (Losch et al., 2014)

I Increasing resolution resolves those linear features
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1km-model snapshots on Sep21, 2011

All three approaches lead to a power-law scaling of sea ice deformation with regard to spatial and temporal
scales. The higher spatial scaling exponents of the Lagrangian approach compared to the Eulerian approach
can be explained by the overestimation of deformation rates due to the use of line integrals, and by the
spurious shear lines due to the integration of composite velocity fields. Bouillon and Rampal (2015b) found
that the Lagrangian method may overestimate the spatial scaling coefficient by up to 60%; we observe
57%. Due to the reduction of mean deformation rates, the spatial scaling exponent determined with LSE
underestimates the Eulerian scaling exponent by 55%. The temporal scaling exponents of LSE underesti-
mate the exponents of the Lagrangian analysis by 47%.

With this we can relate the scaling exponents of the LSE analysis to the results of other RGPS and buoy stud-
ies performed on a Lagrangian and an Eulerian grid. Although the underestimation of scaling exponents of
LSE compared to the Lagrangian method complicates the comparison to previous results, we believe it is
the appropriate method to analyze the Eulerian data in this study, because it avoids spurious overestima-
tion of deformation rates and reduces the effect of varying mean drift within one time step of the EGPS
composite.

4. Results

At first glance, the very high-resolution VP simulation is very different from model results with coarser reso-
lution: the deformation rates ((b) divergence and (c) shear in Figure 4) concentrate along failure lines in the
ice pack. These failure lines are characterized by low sea ice concentration (Figure 4a). We do not observe
smooth variations of deformation rates over large areas as presented in Girard et al. (2009). In addition, the
Probability Density Functions (PDF) of simulated deformation rates show power-law tails (see supporting
information Figure S3). Compared to results of VP models with 4.5 km resolution (Losch et al., 2014; Spreen
et al., 2016), there is a clear increase in the amount of detail with resolution.

4.1. Model-Observation Comparison
In the first part of our analysis, we compare the model results directly to the EGPS data set. The comparison
is confined to the region where the EGPS data set provides drift data for at least 14 consecutive days, that
is, the Central Arctic North of Greenland (green-shaded area in Figure 1). In analogy to other scaling com-
parisons between model and observations (Girard et al., 2009; Rampal et al., 2016), our scaling analysis is
limited to the winter months January, February, and March when the Arctic is fully ice covered with a dense
ice pack. For April and May, satellite data are not available. We use the LSE scaling analysis on virtual buoy
trajectories for this comparison, which are initialized every 7 days on the EGPS grid and last 14 days.

Broadly speaking, model results and observations agree on the order of magnitude of the deformation, but
the observed deformation rates are slightly higher (Figure 5). The spatial scaling exponent of the EGPS data
ranges from 0.09 (s51 day) to 0.06 (s514 days). For the same temporal scales, the scaling exponents of
the model data are around 0.06 and show no clear dependence on the temporal scale. Although the model

Figure 4. (a) Sea ice concentration, (b) divergence rate, and (c) shear rate of the LLC4320 run for 21 September 2011, 2 pm. The deformation rates concentrate
along the leads seen in the sea ice concentration and mark Linear Kinematic Features (LKF).
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Spacial Scaling of Sea Ice DeformationSpacial Scaling of Sea Ice Deformation
Results

(a) 170 km (b) 85 km (c) 42.5 km (d) 21.25 km

I Multi fractal characteristics
I Spatial scaling laws (Marsan et

al., 2004):

hėLi ⇠ L�H (3)
with H = 0.20±0.01

N. Hutter - Viscous Plastic Sea Ice Models at Very High Resolution 16

Spacial Scaling of Sea Ice Deformation
Results

(a) 170 km (b) 85 km (c) 42.5 km (d) 21.25 km

Figure: LANDSAT 8 false color image showing sea ice in the Beaufort Sea in spring (U.S.
Geological Survey)
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in comparison to EGPS data

reproduces the spatial scaling characteristics observed from EGPS for large temporal scales, there is no cou-
pling of spatial and temporal scales in the modeled sea ice deformation.

With the power-law scaling of the moments (equation (1)), we assess the multifractal characteristics of the
modeled and observed sea ice deformation. For the temporal scale of s51 day, moments of the order
q50:5; 1; 1:5; 2; 2:5; and 3 are computed (Figure 6). The structure function b qð Þ is determined by a power-law

Figure 5. Spatial-temporal scaling properties of model output compared to EGPS data. The comparison is confined to the
area of the EGPS composite for each day and to the period of 1 January 2012 to 31 March 2012.

Figure 6. Left plot (a): Spatial scaling analysis for different moments j!q
L j # L2b qð Þ for model output and EGPS data. Right

plot (b): Structure function b qð Þ computed from linear fits to left plot. The fit to a quadratic function is given in dashed
(EGPS) and solid (model) lines. Comparison is limited to the area of the EGPS data set.
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Hutter et al. (2018)

• heterogeneity OK for large (10day) time scales 
• low intermittency               (Hutter et al., 2018)

grid with a temporal and spatial sampling of 1 day and 10 km on a
Polar stereographic projection with a reference latitude of 70!N. For
each composite day, all data sets that overlap at least in part with the
given day of the composite are identified. Strain rates are computed
from velocities by finite difference for all those drift data sets and
averaged with a weight corresponding to the size of the temporal
overlap with the composite day. Because the EGPS data are provided
on a regular grid with constant grid spacing within the polar stereo-
graphic projection, metric effects can be neglected in the computa-
tion of the velocity gradients. The start time and the time span of
individual drift data sets can vary, so that one data set can contribute
to more than 1 day in the obtained composite. Similarly, the drift data
within 1 day composite is not necessarily recorded at exact the same
time, which leads to slight differences in the mean drift within the
velocity fields of the composite.

2.2. Model Description
The simulation we analyze is one of a series of so-called global
Latitude-Longitude-polar-Cap (LLC; Forget et al., 2015) simulations car-
ried out with the Massachusetts Institute of Technology general circu-
lation model (MITgcm, Marshall et al., 1997; MITgcm Group, 2017). A
1

12
! LLC simulation is initialized on 1 January 2010 from a data con-

strained 1
6
! simulation provided by the Estimating the Circulation and

Climate of the Ocean, Phase II (ECCO2) project (Menemenlis et al.,
2008). The 1

12
! simulation is integrated for 1 year with ERA-Interim

(Dee et al., 2011) surface boundary conditions. On 1 January 2011, sur-
face boundary conditions are switched to the 0.148 ECMWF atmo-
spheric operational model analysis starting in 2011 (European Centre

for Medium-Range Weather Forecasts, 2011). All atmospheric fields are provided at 6 hourly intervals and
converted to surface fluxes using bulk formulae (Large & Yeager, 2004) and a dynamic-thermodynamic sea
ice model (Losch et al., 2010). Starting on 1 January 2011, surface boundary conditions also include tidal
forcing for the 16 most significant components, applied as additional atmospheric pressure forcing as in
Ponte et al. (2015). A 1

24
! LLC simulation is initialized on 17 January 2011 from the 1

12
! simulation and a 1

48
! LLC

simulation is initialized on 10 September 2011 from the 1
24
! simulation. In this study, we use model output

from the 1
48
! LLC simulation, hereinafter labeled as LLC4320, where 4320 refers to the dimension of the polar

cap. The LLC4320 simulation is integrated with 25 s time step and prognostic model variables are saved at
hourly intervals. At the time of this study, output was available for the period 13 September 2011 to 8 October
2012.

Published model-data comparisons for the LLC4320 simulation to date are limited to a Drake Passage study
(Rocha et al., 2016a), which compared along-track wavenumber spectra of kinetic energy to Acoustic Dopp-
ler Current Profiler data, and a Kuroshio Extension study (Rocha et al., 2016b), which established that the
upper ocean stratification and variability in that region is well captured by the LLC4320 simulation. This
study is the first to examine the LLC4320 model output in the Arctic Ocean, where horizontal grid spacing is
a little below 1 km. Bathymetry is from the International Bathymetric Chart of the Arctic Ocean (IBCAO) Ver-
sion 2.23 (Jakobsson et al., 2008). The sea ice model uses both dynamics and thermodynamics (Losch et al.,
2010). Ocean and sea ice parameterizations and parameters are from Nguyen et al. (2011) with the follow-
ing modifications: (1) the salt-plume parameterization of Nguyen et al. (2009) is turned off; (2) the nonlocal
transport term in the K-Profile Parameterization (KPP) of Large et al. (1994) is turned off; (3) barotropic time
stepping uses Crank-Nicolson instead of Adams-Bashforth; (4) no slip condition is applied at lateral bound-
ary conditions; (5) lead closing parameter H0 is 0.05 m instead of 0.61 m; and (6) sea ice strength P" is
27.5 kN m21 instead of 22.6 kN m21. Note that the LLC4320 model parameters have not yet been optimized
in any way to fit observations; the above changes relative to Nguyen et al. (2011) were primarily applied in
order to make the LLC4320 integration numerically stable.

Figure 1. Model domain, region of EGPS data, and the coastline filter. The
analysis regions are shaded (blue for model-only analysis and green for
model-observation comparison).
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Pan-Arctic model data

fit to each moment. The structure function is quadratic b qð Þ5aq21bq1c with a positive curvature of a 5 0.06
for the satellite observations and a 5 0.08 for the model, so that bðqÞ is convex, indicating multifractal character-
istics for both data sets.

The good agreement of the spatial scaling characteristics between model and satellite data does not carry
over to the Eulerian temporal scaling: for the EGPS data, the temporal scaling exponents range from
0.17 (L510 km) to 0.13 (L5185 km), but the temporal scaling exponents of the model are lower with
0.9 (for both L510 km and L5185 km) and again show no dependence on the spatial scale (Figure 5). The
low scaling exponents imply that the model does not fully represent the intermittent character of sea ice
deformation. This corresponds to our observation that leads develop slowly in the model in contrast to
spontaneous failure observed from satellite, and once formed persist too long in the ice cover (see support-
ing information Figure S6). We note, however, that the comparison is limited to one winter and a small
region North of Greenland. This region contains fast ice at the coast and high drift velocity in the export
regions through Fram Strait and the comparison may be biased by the representation of these very specific
sea ice states in the model.

4.2. Pan-Arctic Scaling Properties
After showing that the model at least in part reproduces the scaling characteristics observed in the EGPS
data, we extend the spatiotemporal scaling analysis to the entire LLC4320 simulation. The entire model
domain (blue-shaded area in Figure 1) and all seasons are taken into account to study the influence of dif-
ferent ice conditions and the seasonal cycle of sea ice deformation. In addition, the model-only analysis
includes scales as small as L 5 1 km and s 5 1 h.

A spatiotemporal scaling analysis tests the effect of reproduced leads on the scaling characteristics of sea
ice deformation. We apply the LSE method described in section 3.1 to all data between 1 December 2011
and 30 April 2012 in the entire model domain. To define the LSE boxes, we integrate trajectories of virtual

Figure 7. Spatiotemporal scaling of total deformation of the model output in the period between December and April 2012. Total deformation for different spatial
and temporal scales is indicated by dots. Power-law fits to this data are presented as lines in the left plots (a) and (c). The right plots (b) and (d) show the power-
law exponents of the fit with respect to the spatial scale and the temporal scale, respectively. The error bounds of the scaling exponents are determined by the
minimum and maximum slope between successive points of the power-law fit.
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• coupling of spatial and temporal scaling (Hutter et al., 2018)



Summary so far

• Sea ice deformation localizes along lines in 
high-resolution viscous-plastic sea ice 
models  

• The model reproduces spatial scaling 
properties as observed in satellite data 
(heterogeneity OK)  

• The model underestimates temporal scaling 
compared to satellite data (intermittency of 
deformation events too low)



Land-fast ice at high resolution

Martin Losch (AWI) 
Jean-François Lemieux (EC)

• What is land-fast ice? Why is it important? 
• land-fast ice and models, problems and 

solutions 
• parameterizations and resolution



What is fast ice? Why is it important?

Sketches by Lusilier - Own work, CC BY-SA 3.0,  
https://commons.wikimedia.org/w/index.php?curid=22893504 and 
https://commons.wikimedia.org/w/index.php?curid=29853839

https://commons.wikimedia.org/w/index.php?curid=22893504
https://commons.wikimedia.org/w/index.php?curid=29853839


Arctic Sea ice from space
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Fast ice example

Greenland's east 
coast near 
Zachariae and 79N 
Glaciers  
(Source: Arctic Sea 
ice blog)



False Polynyas
ASAR satellite image  
(30 April 2008), 
south-eastern Laptev Sea  

(from Rozman et al. 2011)



It matters: example fluxes

Photo: Christof Lüpkes, AWI



False Polynyas matter
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Figure 2. Arctic Ocean vertical stratification and winter processes maintaining the

Arctic halocline.

Figure 3. The e↵ect of the landfast ice parametrization on the mean April (2000-2010)

sea ice concentration
:::::::
motion

:
(a,b) and motion

::::::::::::::
concentration

:
(c,d). a,c - CTRL, b,d - LF.

Speed 1 mm/s is contoured by blue line. Mean April landfast edge from the AARI dataset

(1997-2006) is depicted by gray dash line.
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Itkin et al. (2015): position of false polynya in Laptev Sea has 
an effect on the water mass distribution in the central Arctic



mechanisms

• grounding (in shallow shelf seas) 
• static arching (pinned between coastlines 

and islands or shallows?) 

• how much of this is in standard visco-
plastic models (Hibler 1979)? 

• (usually models don’t get it right)



Observations and model

NIC observations

http://nsidc.org/data/docs/noaa/g02172_nic_charts_climo_grid/ 



Observations and model

Frequency of occurrence of land-fast ice for 
January-May for the years 2005, 2006 and 
2007, reproducing Lemieux et al. (2016).

numerical model (MITgcm) 
36km grid spacing

NIC observations

http://nsidc.org/data/docs/noaa/g02172_nic_charts_climo_grid/ 



Sea ice as a quasi-continuous fluid 
with Visous-Plastic (VP) rheology
2D momentum equations for sea ice (Hibler 1979): 

requires relation between internal stress tensor and 
velocity vector ⇒ Rheology 

Material properties of sea ice:  
• weak in tension (divergence)  
• strongest in compression (convergence)  
• strong in shear 

Collection of plastic ice floes leads to on average 
viscous behavior (Hibler, 1977)
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• tensile strength (Dumont 
et al. 2007, Itkin et al 
2015, Olason 2016) 
- uniaxial (param e) 
- isotropic (param kt)



• bottom drag (Lemieux et al 2015)

previous work
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X - 8 LEMIEUX ET AL.: MODELING LANDFAST ICE

where m is the combined mass of ice and snow per unit area, D
Dt is the total derivative, t is107

the time, f is the Coriolis parameter, u = ui+ vj is the horizontal sea ice velocity vector,108

i, j and k are unit vectors aligned with the x, y and z axis of the coordinate system,109

τa = τaxi + τayj is the wind stress, τw = τwxi + τwyj is the water stress, τb = τbxi + τbyj is110

a basal stress term due to grounded ridges, σ is the internal ice stress tensor with com-111

ponents σ11 = σxx, σ22 = σyy and σ12 = σxy, g is the gravity and Ho the sea surface height.112

113

In CICE, the advection of momentum is neglected. In our implementation, the stresses114

τa and τw are formulated as in Roy et al. [2015]. Following Lemieux et al. [2015], the basal115

stress τb is given by116

τb =

{
0 if h ≤ hc,

k2
(

−u
|u|+u0

)
(h− hc) exp−αb(1−A) if h > hc,

(2)

where h is the mean thickness in a grid cell (or volume per unit area), hc the critical117

mean thickness, k2 a free parameter that determines the maximum basal stress, A the118

ice concentration, |u| =
√
u2 + v2, uo a small velocity parameter and αb the basal stress119

ice concentration parameter. The critical thickness hc is equal to Ahw/k1 where k1 is the120

critical thickness parameter and hw is the bathymetry defined as positive downward. The121

τb formulation in equation (2) indicates that the basal stress is zero when h ≤ hc, or in122

other words that the parameterized ridge is not deep enough to reach the sea floor.123

124

CICE is based on a Viscous-Plastic (VP) rheology with an elliptical yield curve [Hibler ,125

1979]. The momentum equation is solved with the Elastic-VP (EVP) approach [Hunke,126

2001]. With this method, the stresses are subcycled between two time levels following127

D R A F T August 22, 2016, 3:43pm D R A F T

• tensile strength (Dumont 
et al. 2007, Itkin et al 
2015, Olason 2016) 
- uniaxial (param e) 
- isotropic (param kt)



Observations and model

NIC observations

http://nsidc.org/data/docs/noaa/g02172_nic_charts_climo_grid/ 



Observations and model

Frequency of occurrence of land-fast ice for 
January-May for the years 2005, 2006 and 
2007, simulation without and with explicit 
parameterization of grounding (Lemieux et al., 
2015), reproducing Lemieux et al. (2016).

numerical model (MITgcm) 
36km grid spacing

NIC observations

http://nsidc.org/data/docs/noaa/g02172_nic_charts_climo_grid/ 



Observations and model

Frequency of occurrence of land-fast ice for 
January-May for the years 2005, 2006 and 
2007, simulation without and with explicit 
parameterization of grounding (Lemieux et al., 
2015), reproducing Lemieux et al. (2016).

numerical model (MITgcm) 
36km grid spacing

NIC observations

http://nsidc.org/data/docs/noaa/g02172_nic_charts_climo_grid/ 



4.5km VP simulations



4.5km VP simulations



Resolution (w/out parameterization)
4.5 km 9 km

18 km

NIC observations

36 km



Resolution (w/out parameterization)
4.5 km 9 km

18 km

NIC observations

36 km



Islands in the Kara Sea



speculative explanation

thickness

shear stress



Conclusions: Fast ice

• Parameterizations can improve land fast ice 
• resolution of VP model also improves the land fast ice 

representation probably because of increased “effective 
shear strength”, and resolved topography (islands) 

• results depend on regions implying different mechanisms 
in different regions: 
- topographic anchors 
‣ bottom (grounding) 
‣ islands (arching) 

- static arching:  
‣ shear strength of sea ice  
‣ general strength of sea ice (changes with 

resolution?)



Conclusions

challenges high resolution sea ice modeling:  
• continuity assumption 
• VP-rheology assumptions (new rheologies) 
• more nonlinearity: solvers don’t converge 
but: 
• simulations more realistic in comparison to 

observations 
• for the right/wrong reasons? 
• …


