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Sea-ice role in Earth-system models 

Coastal polyniaalong the Canadian Arctic Archipelago
Courtesy: VéroniqueDansereau



Point Barrow

In this example: Large breaking event in Beaufort Sea , February-March 2013

1000 km

Why modeling sea ice is a real challenge?



ά²Ƙŀǘ Earth system processes are needed, and what level of 
complexity is required to further extend atmospheric predictive skillΚέ

άΧ9ŀǊǘƘ system modellingand assimilationas the way to improve further skill 
in the 1-day to 1-year forecastrange covered by the ECMWF forecastsΦέ

άΧŎƭƛƳŀǘŜ prediction at the model resolutions and levels of complexity considered essential
for the most advanced and reliable representations of the climate system that technology and 
our scientific understanding of the problemcan ŘŜƭƛǾŜǊΧέ

άLŦ a model cannot simulate a phenomena, it cannot predict that phenomenaΦέ

ά{ŜŀƳƭŜǎǎ ǇǊŜŘƛŎǘƛƻƴέΚ



Á Intense oceanic heat fluxes occur where sea ice is deforming.

McPhee et al, GRL (32) 2005 

Example from observation



Ice thickness [m] (March 12
th

2008)

Example from simulation

Á Intense atmospheric heat fluxes occur where sea ice opens.



Mechanical opening

Ice thickness [m] (March 12
th

2008)

Example from simulation



Thermodynamical closing

Ice thickness [m] (March 12
th

2008)

Example from simulation

Increased heat flux



Mechanical closing

Ice thickness [m] (March 12
th

2008)

Example from simulation

Ice keel profile from 
upward looking sonar
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Physical processes : 
Sea ice drift and deformation

1. Observationsfrom SAR-derived drift 
2. Simulationsfrom the neXtSIM sea ice model
3. Assimilationfor operational forecasts



50 km

Divergence              

Shear              
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Observationsfrom SAR-derived drift



Kwok, 2001

Divergence rate (/day)              

Vorticity (/day)              

Shear rate (/day)              

Velocity (km/day)              

3000 km
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Level 1 product:
Drift

Level 2 product:
Deformation
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Observationsfrom SAR-derived drift

Shear rate (/day)



Lead opening/closing (a few hours)

Ridging (a few hours)
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ά¢ƘŜ sea ice thickness distributionis controlled 
by localized deformation eventsέ 

(Hutchings and Hibler, 2008)



Leads or fractures (from 1 m to 50 km)
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Willmes, S. and Heinemann, G. (2015)
άtŀƴ-Arctic lead detection from MODIS 
thermal infrared ƛƳŀƎŜǊȅέ

άa change of the lead fraction by 1% could
cause a near-surface air temperature signal of up to оΦрYέ

(Lüpkeset al., 2008b)



A simple approaché
Mechanical modeling framework inherited from solid mechanics

Intact material External forces Progressive 

damage
Brittle behavior

Concept:

Inspired from Amitranoet al. (1999)

What is neXtSIM ?
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Ice άǇƭŀǘŜǎέ ŘȅƴŀƳƛŎǎ 
(>100km)

Ice pack dynamics 
(fractures/cracks)

Marginal Ice Zone dynamics
(ensemble of floes)

Sea ice vorticity (/day)

é to produce complex behaviors
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neXtSIMat a glance

Á Dynamics: EB rheology 
localize the deformation
simulate ice failure

Á Finite element method

h, A, d

u, vP1

P0

ÁUnstructured grid

Tfreeze

Tsurf

Qocean

Qatm

.

hsnow

hice

Á Thermodynamics:
2 ice categories, zero layer thermodynamics
(3 categories also available)

Á Adaptive mesh
local re-meshingu, v

ÁFully Lagrangian

t

ǘҌҟǘ

Physics

Numerics
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Conservation after the mesh adaptation

Á Examples of mesh adaptation with BAMG
Adaptation are limited to small cavities
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Conservation after the mesh adaptation

Á Numerical diffusion is limited
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Simulating cracks/leads in the FramStrait 
(with local remeshing)

concentration 



stand-alone simulation
Jan 1st ςApr 15th 2008

Boundary conditions:
No slip at coasts
open at straits

External forcing:
ASR winds (30km, 3-hourly)
TOPAZ ocean currents at 30m (10km, daily)

Initial conditions:
Combined AMSR-E ice concentration and lead fraction
TOPAZ ice thickness (modulated)

Undamaged ice cover!

1 year simulation Č 2dayswith a 2.7GHz Intel quad core i7 processor
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Resolution: 7km

pan-Arctic configuration
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In neXtSIMΣ ǘƘŜ ƛŎŜ Ƴƻǘƛƻƴ ƭƻƻƪǎ ƭƛƪŜ ǘƘƛǎΧ 

km/day
ice speed

άthe ice cover concentrates gradientsin the forcing
wind field into narrow bands of intense shearέ όaŀŎ Pheeet al., 2005)
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ice thicknessice concentration 

m

Sea ice concentration and thickness simulated by neXtSIM
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Sea ice drift and deformation simulated by neXtSIM



SAR (ENVISAT & RADARSAT) neXtSIM
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SAR (ENVISAT & RADARSAT) neXtSIM

Slope = - 0.20 Slope = - 0.14
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q=1.0

q=2.0

q=3.0

q=2.5

q=1.5

q=0.5

q=1.0

q=2.0

q=3.0

q=2.5

q=1.5

q=0.5
q=1.0

q=2.0

q=3.0

q=2.5

q=1.5

q=0.5

Curvature = 0.09 
Curvature = 0.13

Bouillon and Rampal(2015, Ocean modelling)
Rampalet al (2016, The Cryosphere)
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SAR (ENVISAT & RADARSAT) neXtSIM



Simulated vs. observed drift

Å High correlation between simulated and observed drift
Å Holds for comparison done over the entire model domain, not just free 

drift cases.
Å No bias
Å RMSE 2.4 km/day for ASR and 3.6 km/day for ERA-Interim
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