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Main features of Arctic sea ice drift
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Arctic Sea Ice Thickness
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Sea ice dynamics

e Strongly impact the local and geophysical distributions of sea
ice thickness.

* |t is not only velocity that matters but its spatial derivatives
(i.e. deformations)

* The formulation of rheology is crucial to properly simulate sea
iIce dynamics.
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What is rheology?

Rheology is the relationship between applied stresses,

material properties and the resulting deformations.
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Processes/features related to sea ice rheology:
deformations

Alaska Siberia
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RGPS observations, 24-30 Mar. 2007, ~10km scale, Source: Nasa JPL, Ron Kwok
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Processes/features related to sea ice rheology:
leads




Processes/features related to sea ice rheology:
pressure ridges




Processes/features related to sea ice rheology:

ice pressure
Intern pressure and Wind speed field_2018031800_000
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Processes/features related to sea ice rheology:
ice arches
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More on the importance of sea ice deformations

* affect the thickness distribution through the formation of
ridges and leads

* heat flux through new leads is 1-2 orders of mag higher than
over thick ice (Maykut, 1978)

e 25-40% of new ice formation occurs in leads (Kwok, 20006)

* Ridges affect the air-ice and ocean-ice drags
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The sea ice momentum equation

Du A
mE =-mfkxu+t, -7, -7, -mgVH, +V- O

* 4 terms are nonlinear

* it is the rheology term that makes the equation so difficult to
solve
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1D momentum equation

ou do(u)
h—+C (uu - =T
P ot (1) ox ¢
- P ou P
where —_ —_—— = —_
O=Ce-=C 7%
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1D VP rheology
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Viscous-plastic formulation

N,

o =2e,+[E-n]esd, PS5 /2 ij=12

— _2 - .2
E=P/2A, n=Ce" A=+ f(g) Hibler, 1979
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Outline

Current numerical solvers for sea ice dynamics

= l*l



Time discretization (implicit approach)

ou do(u)
h—+C — =T
P ot aCL ox ¢

We want to solve the egs at time levels n=1, 2, 3,... :

0 At 2At 3At

n n-1 n
ph(u = )+Cw(u”)u” _Jotu) =T,

At ox
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The system of nonlinear equations

u" 0 ou" w1 0P
h C (u"Hu" - —Z&u" =T + ph -
X At +C, () ox S’ ox « TP At 2 ox
A(u")u" b
Amu=>b

F(u) =A(u)u-b (theresidual)
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Implicit solvers

Picard Newton
dO k=1, kmax dO k=1l I(max
‘solve’ A(w* " Hu* =b ‘solve’ J(u“")ou = -F(u“™)

Fu")| u =u“"' +du

stop if HF(uk )H <Yu

stop it [F(0®)] < 1, [Fu)|
enddo p (u™)| <yn|F@)
enddo
_ e.g. Lemieux et al. 2012,
e.g. Zhang and Hibler 1997 Mehlmann and Richter 2017
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Pros and cons of current
implicit solvers

measure of numerical convergence
implicit approach (no stability issue)
slow to super-linear convergence
issues with parallelization

robustness
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Anderson acceleration
Anderson, 1965

Au=b = u=G@U) = v =A"W")b

do k=1, k..,
k k k
" =G@")-u
min [loof* " ...+ o, £ +a, £
1 - —1
u=au".. +a,_u +au
enddo

Anderson acceleration combines a few (m)
iterates by minimizing the residual.

. _ i+
Environment and Ervironnement et d :
Cimate Change Canacda  Changement cimaiique Canada a a



Nonlinear convergence:
Picard and Anderson

relative /2 norm of residuals

Nonlinear solver convergence
(sea-ice momentum equation)
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The (explicit) EVP solver

do s=1, N

o*“—o”'1 o @o”u“ P

At, aT T ox 2aTl

S s—1

u —u J0°
h =—C (e +—+1
'O( At ) (u u ox

e

enddo

Hunke, 2001
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Pros and cons of current
explicit solvers

easy to understand, easy to implement
well suited for parallelization
no measure of numerical convergence

noise in numerical solutions
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Simulated deformations with the EVP
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Lemieux et al. 2012
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Simulated deformations with the EVP
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Observed and simulated deformations
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Observed and simulated deformations
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lic2160, effective sea ice thickness (m)
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Intersection angle between lines of deformations
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Intersection angle between lines of deformations
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The elastic-anisotropic-plastic rheology

* Considers subgrid-scale anisotropy

* notable changes to sea ice drift and
geophysical distribution of thickness

* same solver approach than EVP

Tsamados et al. 2013, Heorton et al. 2018
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The Maxwell-elasto-brittle (MEB) rheology

Sy

..
voverar A% 2

neXtSIM (Rampal et al., 2015)



The MEB rheology

* rigid state of sea ice is elastic

‘\q

* Mohr-Coulomb failure criterion \i

* use of a damage parameterization e
\
\

Girard et al. 2011, Rampal et al. 2016, Dansereau et al., 2016
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Ideal MEB simulations

s h (m) Plante et al. 2020
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The angle of fractures are not
following granular theory

The damage is unstable in
compressive failures
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Conclusions

Solving the sea ice momentum equation is challenging
Explicit and implicit solvers all have pros and cons.
New (rheology) approaches also have numerical issues

These numerical problems get more serious as dx decreases
and as more processes and coupling to other components
are included.

As dx decreases, the continuum assumption breaks down....
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