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What is sea ice?
A mechanically-complex material
Why is this important? 

How do we model it?
Past approaches
Recent approach
Validations

What impact on the climatic system?
(ongoing) coupling to the ocean
(ongoing) coupling to the atmosphere

Discussion?

OUTLINE



What is sea ice?

100 m 10 km 100 km 1000 km1 km

From: NASA Global Climate Change
https://www.youtube.com/watch?v=I0f9HjFqD6I
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Deformation rate, from RGPS data (day-1)
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Fig. 1. (a) SPOT satellite grey-scale image of the sea ice cover taken the 6 April 1996, centred around N80◦11′, W108◦33′ and covering
59 × 59 km2 with a resolution of 14.4 m/pixel. (b) Grey-scale histogram of the image plotted on (a). The dotted line represents the average
value ⟨v⟩ = 176. (c) Binary version of (a), using a threshold vth = 160. (d) Binary version of (a), using a threshold vth = 140.

Mean values of deformation, either in space or time, contain therefore very little information on the actual process that controls
the evolution of the ice cover. In this respect, sea ice is similar to the Earth’s crust that is also characterized by a strongly
localized (faults) and intermittent (earthquakes) deformation. As explained below, this heterogeneity is observed over a very
large scale range from the scale of the ice cover’s thickness (m) to the scale of the Arctic basin (106 m), whereas intermittency
is observed at least within the time scale 1 hour–1 year (Lewis and Richter-Menge [14]). Within those scale intervals, the
deformation is observed not to favor any privileged scale that would mark a transition between different physical mechanisms
acting in a scale-dependent way. (Note, however, that an opposite view can be found in McNutt and Overland [15]; Overland
et al. [16].) Consequently, an essential, and still mainly open question in sea ice mechanics and modelling is to establish the
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Fig. 1. (a) SPOT satellite grey-scale image of the sea ice cover taken the 6 April 1996, centred around N80◦11′, W108◦33′ and covering
59 × 59 km2 with a resolution of 14.4 m/pixel. (b) Grey-scale histogram of the image plotted on (a). The dotted line represents the average
value ⟨v⟩ = 176. (c) Binary version of (a), using a threshold vth = 160. (d) Binary version of (a), using a threshold vth = 140.

Mean values of deformation, either in space or time, contain therefore very little information on the actual process that controls
the evolution of the ice cover. In this respect, sea ice is similar to the Earth’s crust that is also characterized by a strongly
localized (faults) and intermittent (earthquakes) deformation. As explained below, this heterogeneity is observed over a very
large scale range from the scale of the ice cover’s thickness (m) to the scale of the Arctic basin (106 m), whereas intermittency
is observed at least within the time scale 1 hour–1 year (Lewis and Richter-Menge [14]). Within those scale intervals, the
deformation is observed not to favor any privileged scale that would mark a transition between different physical mechanisms
acting in a scale-dependent way. (Note, however, that an opposite view can be found in McNutt and Overland [15]; Overland
et al. [16].) Consequently, an essential, and still mainly open question in sea ice mechanics and modelling is to establish the
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Fig. 1. (a) SPOT satellite grey-scale image of the sea ice cover taken the 6 April 1996, centred around N80◦11′, W108◦33′ and covering
59 × 59 km2 with a resolution of 14.4 m/pixel. (b) Grey-scale histogram of the image plotted on (a). The dotted line represents the average
value ⟨v⟩ = 176. (c) Binary version of (a), using a threshold vth = 160. (d) Binary version of (a), using a threshold vth = 140.

Mean values of deformation, either in space or time, contain therefore very little information on the actual process that controls
the evolution of the ice cover. In this respect, sea ice is similar to the Earth’s crust that is also characterized by a strongly
localized (faults) and intermittent (earthquakes) deformation. As explained below, this heterogeneity is observed over a very
large scale range from the scale of the ice cover’s thickness (m) to the scale of the Arctic basin (106 m), whereas intermittency
is observed at least within the time scale 1 hour–1 year (Lewis and Richter-Menge [14]). Within those scale intervals, the
deformation is observed not to favor any privileged scale that would mark a transition between different physical mechanisms
acting in a scale-dependent way. (Note, however, that an opposite view can be found in McNutt and Overland [15]; Overland
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Fig. 1. (a) SPOT satellite grey-scale image of the sea ice cover taken the 6 April 1996, centred around N80◦11′, W108◦33′ and covering
59 × 59 km2 with a resolution of 14.4 m/pixel. (b) Grey-scale histogram of the image plotted on (a). The dotted line represents the average
value ⟨v⟩ = 176. (c) Binary version of (a), using a threshold vth = 160. (d) Binary version of (a), using a threshold vth = 140.

Mean values of deformation, either in space or time, contain therefore very little information on the actual process that controls
the evolution of the ice cover. In this respect, sea ice is similar to the Earth’s crust that is also characterized by a strongly
localized (faults) and intermittent (earthquakes) deformation. As explained below, this heterogeneity is observed over a very
large scale range from the scale of the ice cover’s thickness (m) to the scale of the Arctic basin (106 m), whereas intermittency
is observed at least within the time scale 1 hour–1 year (Lewis and Richter-Menge [14]). Within those scale intervals, the
deformation is observed not to favor any privileged scale that would mark a transition between different physical mechanisms
acting in a scale-dependent way. (Note, however, that an opposite view can be found in McNutt and Overland [15]; Overland
et al. [16].) Consequently, an essential, and still mainly open question in sea ice mechanics and modelling is to establish the
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898 MEYLAN AND SQUIRE: RESPONSE OF ICE FLOES TO OCEAN WAVES 

Figure 11. Aerial photograph of Greenland Sea MIZ sea ice, with the 50-m-long ship Polarbj•rn near the center. 
The photograph was taken during the 1983 Marginal Ice Zone Experiment. 

Two FLOES 

Complete Theory 

The method of solution for one floe may be generalized 
for two or more floes. Here we only generalize to two floes, 
although the n-floe case follows straightforwardly. Consider 
two adjacent floes, scaling so that the first lies between 0 < 
x < 1 and the second lies between d < x < d+l. (Clearly 
we must have 1 < d.) The integral equation for the two floes 
will then be 

•(x o) R • •+T _• 2 2 

+ G(•, o; •, o) [•(•, o) - •(•, o)] a• 
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As before we substitute for R and T to obtain 
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so that the integral equation becomes 
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February 2013 : storm event in the Beaufort Sea
NASA/GSFC MODIS Rapid Response

https://earthobservatory.nasa.gov/
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Why is this mechanical behavior important?

February 2013 : storm event in the Beaufort Sea
NASA/GSFC MODIS Rapid Response

https://earthobservatory.nasa.gov/BRITTLE SOLID  →  GRANULAR MEDIA  →  FLUID



Why is this mechanical behavior important?

February 2013 : storm event in the Beaufort Sea
NASA/GSFC MODIS Rapid Response

https://earthobservatory.nasa.gov/

Deformation

Thermodynamics
+melting+

Dynamics
+export+

Mechanics
+fracturing+

BRITTLE SOLID  →  GRANULAR MEDIA  →  FLUID



February 2013 : storm event in the Beaufort Sea
NASA/GSFC MODIS Rapid Response

https://earthobservatory.nasa.gov/

Source: apl.washington.edu 
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Fig. 1. (a) SPOT satellite grey-scale image of the sea ice cover taken the 6 April 1996, centred around N80◦11′, W108◦33′ and covering
59 × 59 km2 with a resolution of 14.4 m/pixel. (b) Grey-scale histogram of the image plotted on (a). The dotted line represents the average
value ⟨v⟩ = 176. (c) Binary version of (a), using a threshold vth = 160. (d) Binary version of (a), using a threshold vth = 140.

Mean values of deformation, either in space or time, contain therefore very little information on the actual process that controls
the evolution of the ice cover. In this respect, sea ice is similar to the Earth’s crust that is also characterized by a strongly
localized (faults) and intermittent (earthquakes) deformation. As explained below, this heterogeneity is observed over a very
large scale range from the scale of the ice cover’s thickness (m) to the scale of the Arctic basin (106 m), whereas intermittency
is observed at least within the time scale 1 hour–1 year (Lewis and Richter-Menge [14]). Within those scale intervals, the
deformation is observed not to favor any privileged scale that would mark a transition between different physical mechanisms
acting in a scale-dependent way. (Note, however, that an opposite view can be found in McNutt and Overland [15]; Overland
et al. [16].) Consequently, an essential, and still mainly open question in sea ice mechanics and modelling is to establish the
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Fig. 1. (a) SPOT satellite grey-scale image of the sea ice cover taken the 6 April 1996, centred around N80◦11′, W108◦33′ and covering
59 × 59 km2 with a resolution of 14.4 m/pixel. (b) Grey-scale histogram of the image plotted on (a). The dotted line represents the average
value ⟨v⟩ = 176. (c) Binary version of (a), using a threshold vth = 160. (d) Binary version of (a), using a threshold vth = 140.

Mean values of deformation, either in space or time, contain therefore very little information on the actual process that controls
the evolution of the ice cover. In this respect, sea ice is similar to the Earth’s crust that is also characterized by a strongly
localized (faults) and intermittent (earthquakes) deformation. As explained below, this heterogeneity is observed over a very
large scale range from the scale of the ice cover’s thickness (m) to the scale of the Arctic basin (106 m), whereas intermittency
is observed at least within the time scale 1 hour–1 year (Lewis and Richter-Menge [14]). Within those scale intervals, the
deformation is observed not to favor any privileged scale that would mark a transition between different physical mechanisms
acting in a scale-dependent way. (Note, however, that an opposite view can be found in McNutt and Overland [15]; Overland
et al. [16].) Consequently, an essential, and still mainly open question in sea ice mechanics and modelling is to establish the
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Fig. 1. (a) SPOT satellite grey-scale image of the sea ice cover taken the 6 April 1996, centred around N80◦11′, W108◦33′ and covering
59 × 59 km2 with a resolution of 14.4 m/pixel. (b) Grey-scale histogram of the image plotted on (a). The dotted line represents the average
value ⟨v⟩ = 176. (c) Binary version of (a), using a threshold vth = 160. (d) Binary version of (a), using a threshold vth = 140.

Mean values of deformation, either in space or time, contain therefore very little information on the actual process that controls
the evolution of the ice cover. In this respect, sea ice is similar to the Earth’s crust that is also characterized by a strongly
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rheology : links the internal stress, 𝞼,  to the resulting deformation, 𝜺 
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“Visco-Plastic” rheology (Hibler, 1977 - present)

How do we model sea ice deformation?

https://www.amazon.se/-/en/Glass-Container-Dispenser-Storing-Approx/
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“Visco-Plastic” rheology (Hibler, 1977 - present)

solid-like fluid-like
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“Visco-Plastic” rheology (Hibler, 1977 - present)
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“Visco-Plastic” rheology (Hibler, 1977 - present)

‘’IPCC climate models do not capture Arctic sea ice drift acceleration: Consequences in terms of projected 
sea ice thinning and decline’’ Rampal et al., 2011

[14] Considering now the normalized sea ice speed trends
(in %) over the period 1979–2007, we obtained a large
dispersion of values among models, as well as, for a given
model, among the different runs (Figure 3 and Table 2).
Some trends are negative, i.e., a deceleration, whereas two
models, FGOALS‐g1.0 and GISS er (run #5), show positive
trends similar to the observations, with however unrealistic
thicknesses and/or much larger uncertainty. The ensemble
mean trend show a positive, but statistically insignificant
value of 1.6 ± 1.9% per decade (1.4 ± 2.0% with the
FGOALS‐g1.0 simulation excluded). This means that IPCC
AR4models do not capture, or at least strongly underestimate,
the acceleration of sea ice drift in recent decades. This defi-
ciency unlikely results from resolution limitations, as we found
no correlation between the model resolutions and the associ-
ated speed trends (R = 0.08). However, this would require
confirmation from single model test at different resolutions.

4. Discussion

4.1. Coupling Between Ice State and Kinematics
[15] According to the smaller‐than‐observed (but never-

theless significant) simulated trends in sea ice extent
[Stroeve et al., 2007] and thickness (this study) over the

period, and considering the coupling between the ice state
(thickness and concentration) and kinematics that theoreti-
cally exists in the rheological models, one may have expect
a clearer evolution for sea ice drift.
[16] Considering the projected speed trends over the

period 2020–2050, which corresponds to summer minimum
extents and negative extent trends similar to current
observations, we obtained an ensemble mean of 1.6(±1.7)%
per decade, i.e., a similar (and still insignificant) value to that
of the period 1979–2007. This shows that the delay of models
in reproducing an ice cover with a mean thickness close to the
current observations cannot explain the incapacity of models
to reproduce the associated ice speed trend. This reinforces
the fact that the coupling between ice state and ice kinematics
in current climate models is very weak. This is confirmed by
(1) an absence of correlation between the sophistication of the
rheological model and the simulated speed trend and (2) a
lack of correlation between simulated thickness and speed
trends (R = 0.003), i.e., models that thin faster do not nec-
essarily accelerate more.
[17] A further confirmation is given by the analysis of the

speed annual cycle. A very clear seasonal cycle with a min-
imum speed in March and a maximum speed in September
was obtained from buoy drift data [Rampal et al., 2009],

Figure 1. Simulated sea icemean thicknesses from 1950 to 2050: comparison with observations. Thin col-
ored lines, 12 month running mean of simulated sea ice thicknesses spatially averaged over the polygonal
region (so‐called SCICEX box) detailed by Rothrock et al. [2008]. The FGOALS‐g1.0 simulation, which
gives unrealistically large thicknesses, is not represented. Only one simulation per model is shown for
clarity. Black solid line, ensemble mean. Dashed black lines, ensemble mean ± one standard deviation.
Thick red solid line, annually averaged thickness estimated from submarine data, over the SCICEX box
region [from Rothrock et al., 2008, equation 9] from 1975 to 2000. Red line + circles, annually averaged
thickness estimated from ICESat data over the SCICEX box region for the years 2003 to 2008, and cal-
culated as the mean of winter and summer values reported by Kwok and Rothrock [2009]. Light red error
bars show residuals in the regression of Rothrock et al. [2008] data and quality of ICESat data.

RAMPAL ET AL.: SEA ICE THINNING AND KINEMATICS TRENDS C00D07C00D07
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✓Good treatment of the brittle solid behavior
➡Treats ONLY the brittle solid behavior

�

“Visco-Plastic” rheology (Hibler, 1977 - present) Elasto-Brittle rheology (Girard et al., 2011)

➡Questionable treatment of the brittle solid behavior
✓Compatible with treatment of the atmosphere+ocean 
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(a) (b)

(c) (d)

Fig. 1. (a) SPOT satellite grey-scale image of the sea ice cover taken the 6 April 1996, centred around N80◦11′, W108◦33′ and covering
59 × 59 km2 with a resolution of 14.4 m/pixel. (b) Grey-scale histogram of the image plotted on (a). The dotted line represents the average
value ⟨v⟩ = 176. (c) Binary version of (a), using a threshold vth = 160. (d) Binary version of (a), using a threshold vth = 140.

Mean values of deformation, either in space or time, contain therefore very little information on the actual process that controls
the evolution of the ice cover. In this respect, sea ice is similar to the Earth’s crust that is also characterized by a strongly
localized (faults) and intermittent (earthquakes) deformation. As explained below, this heterogeneity is observed over a very
large scale range from the scale of the ice cover’s thickness (m) to the scale of the Arctic basin (106 m), whereas intermittency
is observed at least within the time scale 1 hour–1 year (Lewis and Richter-Menge [14]). Within those scale intervals, the
deformation is observed not to favor any privileged scale that would mark a transition between different physical mechanisms
acting in a scale-dependent way. (Note, however, that an opposite view can be found in McNutt and Overland [15]; Overland
et al. [16].) Consequently, an essential, and still mainly open question in sea ice mechanics and modelling is to establish the
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J. Phys. D: Appl. Phys. 42 (2009) 214017 J Weiss and E M Schulson

(a)

(b)

Figure 12. Strain-rate fields of the Arctic sea ice cover over a 3-day
period in winter (13–16 January 1997), obtained at a scale of
∼10 km from successive SAR satellite images
(http://www-radar.jpl.nasa.gov/rgps/radarsat.html). (a) Shear
strain-rate (in 1 day−1): the 10 × 10 km2 cells with a shear strain-rate
larger than 0.065 day−1 are indicated, revealing linear faults where
deformation is concentrated. Although these cells represent only
7.2% of the area covered by the data, they concentrate 54% of the
total shear. Other cells, with a shear strain-rate below this threshold,
are plotted in grey. (b) Divergence rate (in 1 day−1): the 10 × 10 km2

cells with a divergence rate larger than 0.02 day−1 are indicated,
revealing the same faults observed in (a). Although these cells
represent only 7.2% of the area covered by the data, they concentrate
74% of the total divergence. Other cells are plotted in uniform grey.

value increases with decreasing scale of measurement (see
Marsan et al (2004), Rampal et al (2008)) and section 3.3).
This confirms that the conditions for Coulombic faulting are
fulfilled for the sea ice cover.

3.2. In situ failure envelopes, scale-independent friction and
scale-dependent cohesion

The observations summarized in section 3.1 offer strong
support for the argument of scale-independent fracture physics
and for Coulombic faulting as a major deformation mechanism
in sea ice, but remain essentially qualitative. In situ stress
measurements were performed in the Arctic by researchers
from CRREL during several field campaigns (Richter-Menge

(a)

(b)

Figure 13. Stress states recorded during the SHEBA experiment in
the Beaufort sea at one stressmeter, from mid-October, 1997 to end
of June, 1998 (1 measure per hour). (a) plotted in a principal stress
space. The dotted line represents σ1 = qσ2 + σc with q = 5.2 and
σc = 250 kPa; (b) plotted in a τ versus σN graph. The dotted line
represents |τ | = |τ0| + µσN, with |τ0| =40 kPa and µ = 0.7. If one
assumes that the fault orientation (unknown) corresponding to the
stress states along the dotted lines maximizes the Coulomb stress,
the internal friction coefficient is given by relation (4a), µi = 0.9.
(From Weiss et al (2007).)

and Elder 1998, Richter-Menge et al 2002). The stress sensors
determine the stress acting on a point in the horizontal plane of
the ice cover by measuring changes in the radial deformation of
a cylindrical annulus, allowing one to estimate the associated
maximum (σ1) and intermediate (σ2) principal stresses (Cox
and Johnson 1983). Figure 13 shows in principal stress
space the stress states recorded at one sensor from October
1997 to July 1998 (one measure/hour) in the Beaufort sea
during the SHEBA experiment (Richter-Menge et al 2002,
Weiss et al 2007). Data recorded on different sensors or
during different field campaigns give similar results. In
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In-situ stress measurements from stress-meters
Credit: J. Richter-Menge, Weiss and Schulson, 2009
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How do we model sea ice deformation?
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Damage evolution
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How do we model sea ice deformation?
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Damage evolution
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How do we model sea ice deformation?
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Damage evolution
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How do we model sea ice deformation?
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= fracturing + healing

How do we model sea ice deformation?
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How do we model sea ice deformation?



I. Rhéologie in-situ  
(Weiss et al., EPSL, 2007)

Credits: VD
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Dansereau et al., 2016
Weiss and Dansereau, 2017
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A very idealized test case



Credit: S. Bouillon

neXtSIMneXtSIM Bouillon et al., 2015, Rampal et al., 2016, 2019, …

• FEM model, Lagrangian framework + dynamical remeshing

• Includes thermodynamics

• Forced with realistic winds

• Stand-alone or coupled to an ocean component (NEMO)

neXtSIM

A realistic test case
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Against observations of:

✦ ice deformation,

✦ lead fraction,

✦ ice concentration, 
✦ ice thickness.
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Probability Density Function (PDFs)

Martin and Thorndike, 1985
Marsan et al., 2004
Rampal et al., 2008 

Girard et al., 2009, 2010
Spreen et al., 2016 

Bouchat and Tremblay., 2017

lo
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F)

log(deformation rate (/day))

• Indication of scale-invariance
• Low predictability skills, not well described by the mean

Deformation rate invariant

How do we validate models?



Deformation rate invariant

Scaling analyses (“coarse-graining”)

compute the invariants of the strain-rate tensor for each
cell: the divergence and shear rates _D and _S. Henceforth
the term deformation means the quantity _! !

!!!!!!!!!!!!!!!!!!

_D2 " _S2
p

,
also known as the total deformation rate.

The RGPS data provide unprecedented spatial detail of
Arctic sea-ice motion and deformation, but with a com-
plex mix of spatial and temporal information. For this
study we focus on the spatial pattern of deformation at
one point in time: 00:00 UTC on 6 November 1997. We
search the RGPS deformation data for all cell observa-
tions spanning that time, i.e., for which the first SAR
image is before that time and the second is after. There are
43 748 such cells. We then eliminate: (i) cells adjacent to
the coast, which have initial size 25# 25 km2; (ii) cells
for which there are more than seven days separating the
two SAR images; and (iii) cells whose areas have changed
by more than a factor of 2 (i.e., current area <50 km2 or
>200 km2), which makes the calculation of deformation
unreliable. After applying these three criteria we are left
with 42571 cells (Fig. 1).

We wish to compute deformation over a range of spatial
scales. At the smallest scale we have the deformation of
each cell. At larger scales we aggregate cells as follows.
Consider a box of width W centered at a certain location
within the data (a ‘‘seed’’ point). We find all the cell
centers that lie inside the box, and compute the average
velocity gradients where the contribution from each cell
is weighted by its area. From these large-scale gradients
we compute the deformation _!. Assuming horizontal
scaling isotropy, we define the spatial scale L as the
square root of the actual area covered by the cells, which
can never exceed W but is typically close to W. By
changing the size of the box we obtain samples of the
deformation at different scales (denoted _!L). The seed
points are defined on a regular grid with spacing equal to
half the box size. Adjacent boxes overlap, so the samples

are not all independent. If a box is not at least 50%
covered by cells, that sample is discarded.

Figure 1 shows the deformation at the L ! 10 km scale
of individual cells, at which scale the localization along
quasilinear structures is well pronounced. Figure 2 shows
81586 values of _!L vs L computed by our sampling
procedure. Within each range of scales the mean value
of deformation h _!Li is plotted at the mean scale. The
scaling h _!Li$ L%H is observed over two decades in scale.
A standard least squares fit to the mean values (gray line)
gives an exponent of H ! 0:20 with a squared correlation
of 0.97. To estimate the uncertainty in H we used a boot-
strap method, yielding an error standard deviation of 0.01.
The value of H is robust with respect to changes in the
box sizes and the number of bins.

The power-law decrease of h _!Li with L is a signature of
the spatial correlations present in the deformation field.
We verified this by randomly reshuffling the velocity
gradients of the RGPS cells among themselves and re-
peating our analysis procedures. We found a clear depar-
ture from power-law behavior. A simple argument leads
to the prediction that h _!Li% h _!Mi$ L%1 in this case,
where h _!Mi is the large-scale (’1000 km) mean for the
randomly reshuffled distribution.We found this prediction
to be accurate. We therefore conclude that the original
h _!Li$ L%H scaling cannot be attributed to a decay in-
herent in the sampling procedure, but is a result of the
spatial structure in the deformation field.

In addition to the mean deformation, we investigate the
scale dependence of the distribution of _!L. For decreasing
L the distribution is shifted toward large values (hence an
increase in the mean) but also the deviation from the
mean increases more rapidly than the increase in the
mean itself. Equivalently, a systematic change toward
shallower log-log tails of the probability density function
(pdf) of _!L is observed as L decreases (Fig. 3). This
enhancement of anomalously large deformation rates
amounts to the strengthening of the localization at small
scales. Table I shows that as the scale decreases, the
largest 15% of the deformation is accommodated by a
smaller portion of the sea-ice cover, and involves larger
deformation rates.

FIG. 1 (color online). Sea-ice deformation rate on 6
November 1997 from 42571 RGPS cells.

FIG. 2. Total deformation rate _!L as a function of scale L
(81586 samples). Vertical dashes define bins. Gray dots are
means within each bin. Gray solid line is least squares fit to
mean values. A is 13–20 km scale; B is 160–320 km scale.
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Lindsay et al., 2003
Marsan et al., 2004
Rampal et al., 2008,

Hutchings et al. 2011
Oikkonen et al., 2017

And many others…

How do we validate models?

Against observations of:

✦ ice deformation,

✦ lead fraction,

✦ ice concentration, 
✦ ice thickness.



Scaling analyses (“coarse-graining”)
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also known as the total deformation rate.
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for which there are more than seven days separating the
two SAR images; and (iii) cells whose areas have changed
by more than a factor of 2 (i.e., current area <50 km2 or
>200 km2), which makes the calculation of deformation
unreliable. After applying these three criteria we are left
with 42571 cells (Fig. 1).

We wish to compute deformation over a range of spatial
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each cell. At larger scales we aggregate cells as follows.
Consider a box of width W centered at a certain location
within the data (a ‘‘seed’’ point). We find all the cell
centers that lie inside the box, and compute the average
velocity gradients where the contribution from each cell
is weighted by its area. From these large-scale gradients
we compute the deformation _!. Assuming horizontal
scaling isotropy, we define the spatial scale L as the
square root of the actual area covered by the cells, which
can never exceed W but is typically close to W. By
changing the size of the box we obtain samples of the
deformation at different scales (denoted _!L). The seed
points are defined on a regular grid with spacing equal to
half the box size. Adjacent boxes overlap, so the samples

are not all independent. If a box is not at least 50%
covered by cells, that sample is discarded.

Figure 1 shows the deformation at the L ! 10 km scale
of individual cells, at which scale the localization along
quasilinear structures is well pronounced. Figure 2 shows
81586 values of _!L vs L computed by our sampling
procedure. Within each range of scales the mean value
of deformation h _!Li is plotted at the mean scale. The
scaling h _!Li$ L%H is observed over two decades in scale.
A standard least squares fit to the mean values (gray line)
gives an exponent of H ! 0:20 with a squared correlation
of 0.97. To estimate the uncertainty in H we used a boot-
strap method, yielding an error standard deviation of 0.01.
The value of H is robust with respect to changes in the
box sizes and the number of bins.

The power-law decrease of h _!Li with L is a signature of
the spatial correlations present in the deformation field.
We verified this by randomly reshuffling the velocity
gradients of the RGPS cells among themselves and re-
peating our analysis procedures. We found a clear depar-
ture from power-law behavior. A simple argument leads
to the prediction that h _!Li% h _!Mi$ L%1 in this case,
where h _!Mi is the large-scale (’1000 km) mean for the
randomly reshuffled distribution.We found this prediction
to be accurate. We therefore conclude that the original
h _!Li$ L%H scaling cannot be attributed to a decay in-
herent in the sampling procedure, but is a result of the
spatial structure in the deformation field.

In addition to the mean deformation, we investigate the
scale dependence of the distribution of _!L. For decreasing
L the distribution is shifted toward large values (hence an
increase in the mean) but also the deviation from the
mean increases more rapidly than the increase in the
mean itself. Equivalently, a systematic change toward
shallower log-log tails of the probability density function
(pdf) of _!L is observed as L decreases (Fig. 3). This
enhancement of anomalously large deformation rates
amounts to the strengthening of the localization at small
scales. Table I shows that as the scale decreases, the
largest 15% of the deformation is accommodated by a
smaller portion of the sea-ice cover, and involves larger
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FIG. 1 (color online). Sea-ice deformation rate on 6
November 1997 from 42571 RGPS cells.

FIG. 2. Total deformation rate _!L as a function of scale L
(81586 samples). Vertical dashes define bins. Gray dots are
means within each bin. Gray solid line is least squares fit to
mean values. A is 13–20 km scale; B is 160–320 km scale.
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How do we validate models?

Against observations of:

✦ ice deformation,

✦ lead fraction,

✦ ice concentration, 
✦ ice thickness.



Scaling analyses (“coarse-graining”)

https://iternal.us/what-is-a-fractal/

How do we validate models?

Against observations of:

✦ ice deformation,

✦ lead fraction,

✦ ice concentration, 
✦ ice thickness.
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Multi-fractal scaling analyses

• Indication that the deformation is heterogeneous and intermittent

compute the invariants of the strain-rate tensor for each
cell: the divergence and shear rates _D and _S. Henceforth
the term deformation means the quantity _! !

!!!!!!!!!!!!!!!!!!

_D2 " _S2
p

,
also known as the total deformation rate.

The RGPS data provide unprecedented spatial detail of
Arctic sea-ice motion and deformation, but with a com-
plex mix of spatial and temporal information. For this
study we focus on the spatial pattern of deformation at
one point in time: 00:00 UTC on 6 November 1997. We
search the RGPS deformation data for all cell observa-
tions spanning that time, i.e., for which the first SAR
image is before that time and the second is after. There are
43 748 such cells. We then eliminate: (i) cells adjacent to
the coast, which have initial size 25# 25 km2; (ii) cells
for which there are more than seven days separating the
two SAR images; and (iii) cells whose areas have changed
by more than a factor of 2 (i.e., current area <50 km2 or
>200 km2), which makes the calculation of deformation
unreliable. After applying these three criteria we are left
with 42571 cells (Fig. 1).

We wish to compute deformation over a range of spatial
scales. At the smallest scale we have the deformation of
each cell. At larger scales we aggregate cells as follows.
Consider a box of width W centered at a certain location
within the data (a ‘‘seed’’ point). We find all the cell
centers that lie inside the box, and compute the average
velocity gradients where the contribution from each cell
is weighted by its area. From these large-scale gradients
we compute the deformation _!. Assuming horizontal
scaling isotropy, we define the spatial scale L as the
square root of the actual area covered by the cells, which
can never exceed W but is typically close to W. By
changing the size of the box we obtain samples of the
deformation at different scales (denoted _!L). The seed
points are defined on a regular grid with spacing equal to
half the box size. Adjacent boxes overlap, so the samples

are not all independent. If a box is not at least 50%
covered by cells, that sample is discarded.

Figure 1 shows the deformation at the L ! 10 km scale
of individual cells, at which scale the localization along
quasilinear structures is well pronounced. Figure 2 shows
81586 values of _!L vs L computed by our sampling
procedure. Within each range of scales the mean value
of deformation h _!Li is plotted at the mean scale. The
scaling h _!Li$ L%H is observed over two decades in scale.
A standard least squares fit to the mean values (gray line)
gives an exponent of H ! 0:20 with a squared correlation
of 0.97. To estimate the uncertainty in H we used a boot-
strap method, yielding an error standard deviation of 0.01.
The value of H is robust with respect to changes in the
box sizes and the number of bins.

The power-law decrease of h _!Li with L is a signature of
the spatial correlations present in the deformation field.
We verified this by randomly reshuffling the velocity
gradients of the RGPS cells among themselves and re-
peating our analysis procedures. We found a clear depar-
ture from power-law behavior. A simple argument leads
to the prediction that h _!Li% h _!Mi$ L%1 in this case,
where h _!Mi is the large-scale (’1000 km) mean for the
randomly reshuffled distribution.We found this prediction
to be accurate. We therefore conclude that the original
h _!Li$ L%H scaling cannot be attributed to a decay in-
herent in the sampling procedure, but is a result of the
spatial structure in the deformation field.

In addition to the mean deformation, we investigate the
scale dependence of the distribution of _!L. For decreasing
L the distribution is shifted toward large values (hence an
increase in the mean) but also the deviation from the
mean increases more rapidly than the increase in the
mean itself. Equivalently, a systematic change toward
shallower log-log tails of the probability density function
(pdf) of _!L is observed as L decreases (Fig. 3). This
enhancement of anomalously large deformation rates
amounts to the strengthening of the localization at small
scales. Table I shows that as the scale decreases, the
largest 15% of the deformation is accommodated by a
smaller portion of the sea-ice cover, and involves larger
deformation rates.

FIG. 1 (color online). Sea-ice deformation rate on 6
November 1997 from 42571 RGPS cells.

FIG. 2. Total deformation rate _!L as a function of scale L
(81586 samples). Vertical dashes define bins. Gray dots are
means within each bin. Gray solid line is least squares fit to
mean values. A is 13–20 km scale; B is 160–320 km scale.
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How do we validate models?

Against observations of:

✦ ice deformation,

✦ lead fraction,

✦ ice concentration, 
✦ ice thickness.
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How do we use models?
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How do we use models?

Deformation

Thermodynamics
+melting+

Dynamics
+export+

Mechanics
+fracturing+

ATMOSPHERE?

OCEAN?



How do we use models?
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The Scale-Aware Sea Ice Project

‣ 6 Co-investigators
‣ 60 participants (12 institutions, 7 countries)
‣ 2021-2027

P. Rampal E. Olason V. Dansereau C. Horvat A. Carassi R. Msadek

“An international collaborative project to better 
understand the impact of amplified warming in polar 

regions, through the development of a new 
(COUPLED) sea ice modelling paradigm,

neXtSIM-DG’’

https://sasip-climate.github.io/

https://sasip-climate.github.io/
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L. BrodeauS. Leroux
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A taste of the challenge 

Brodeau, L., Rampal, P., Òlason, E., and Dansereau, V.: Implementation of a brittle sea-ice rheology in an Eulerian, finite-difference, C-grid modeling framework: Impact 
on the simulated deformation of sea-ice in the Arctic, Geosci. Model Dev. Discuss. [preprint], https://doi.org/10.5194/gmd-2023-231, in review, 2024.



Sea ice deformation in a coupled sea ice-ocean model 
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A few words on NEMO-SI3

How do we use models?

Credit: P. Rampal, L. Brodeau
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Sea ice deformation in a coupled sea ice-ocean model 
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Sea ice deformation in a coupled sea ice-ocean model 
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Sea ice deformation in a coupled sea ice-ABL model 

How do we use models?

Available in NEMO-SI3:
1D-column ABL model (Lemarié et al., 2021)



Credit: Stéphanie Leroux

Sea ice deformation in a coupled sea ice-ABL model 
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Conclusions 

On propose/développe un modèle dynamique 
plus intuitif pour le comportement mécanique 
solide-fluide-granulaire de la banquise.

Le modèle simule bien la déformation de la 
banquise, du point de vue statistique.

Couplage ocean-banquise-atmosphère en cours.

Le modèle dynamique a un impact
• sur les flux de chaleur océan → atmosphère,
• sur la hauteur de l’ABL,
• sur les vents simulés.

Questions ouvertes:

• Quelle rétro-action sur la banquise?
• Est-ce que ce nouveau modèle dynamique 

améliore nos prédictions climatiques?     



Many thanks!

Questions?
1
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