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Introduction

Starting point

What do we know ?

 Waves are attenuated when travelling in ice covered seas.

* The attenuation rate depends on the wave frequency and ice
properties.

« Waves are responsible for ice floes breaking in the Marginal Ice
Zone (MI2)

Does it significantly impact the ice dynamic at large
scale ?



Introduction

Dealing with waves

A spectral wave model : WAVEWATCH Il

8—N+Vx-5<N+3i€N+£9'N Sources and sinks

ot Ok o0

Action advection

normalized RMSE for Hs (%)

Ardhuin et al. 2010
Resolution :0,5° 3
Validation with JASON-1, ENVISAT, GFO data



Introduction

Talk plan:

#1 Introduction (done)

#2 Sea ice in WW3

- Representation
- Focus on break-up and Floe size Distribution
- Wave attenuation processes

#3 WW3 | NEMO LIM3 coupling (Work in progress)
- Principle
- Simplified geometry tests with SAS
- Runs on CREG025

#4 Conclusion
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Introduction

Adding ice in Wavewatch Il
Motivations

 Sea ice melt increases the available fetch for waves in the
Arctic. (Thomson and Rogers, 2014)

* Waves influence sea ice variability ( Asplin et al., 2012 ; Stopa et
al., 2016)

* Increasing number of human activities in the Arctic



Seaice in WW3

Summary of sea ice WWS3

Sea ice implementation in WAVEWATCH llI
Ice properties

Model parameters B Satellites (Or sea ice mOdeIS)
:> Energy sources
Energy %},\
:> redistribution 5 %
mmm) Energy sinks - lce _rhle°'°9y - Ice thickness (SMOS)
- Initial Dmax - Ice concentration (SSMI)

Q (x ice concentration) v

—2D Wmd h A~

—— input — —

Ice breakup : Dmax update

% mmﬁﬁ \
; ¢ ) i

Scattering Eriction Flexure
‘ Friction
Open Ocean Marginal ice zone (MIZ) Pack ice 7



Seaice in WW3

The MIZ in WW3

A simplified rheology ( Williams et al, 2013):

Hypothesis :

* |ce floes are elastic

Requirement

—>

* AYoung modulus, Y
* Aflexural strength , ¢

* They break due to flexural failure

Limits

* No fatigue

* Doesn't take into account ice variability

> (Temperature...)

* Not in agreement with some processes of
wave attenuation...

To summarize, our ice is
always the same.
Thickness is given as a
forcing, and only the
floe size is affected by
the waves



Seaice in WW3

MIZ properties :

* |Ice concentration

* |ce thickness

* Ice rheology

* Floe size distribution




Seaice in WW3

MIZ properties :

e Ice concentration Forcings (satellites, sea ice

models...)
* |ce thickness

* Ice rheology

* Floe size distribution
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MIZ properties :
* Ice concentration
* Ice thickness

* Ice rheology

* Floe size distribution

Forcings (satellites, sea ice
models...)

Constants parameters
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MIZ properties :
* Ice concentration
* Ice thickness

* Ice rheology

* Floe size distribution

Forcings (satellites, sea ice
models...)

Constants parameters

Depends on the sea
state
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Seaice in WW3

Sea ice break-up

Ice breaking and Floe size distribution ( Totoya et al. , 2011 ;

Dumont et al., 2011):

R1 Rz
e : eteall &l o ,,. ...... hz/(4R)<8<h2/(4R2) .....
athin elastic plate. & L i,

N b4 )

But with statistics, of
course (local variance)
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Sea ice in WW3

Sea ice break-up

Ice breaking and Floe size distribution ( Totoya et al. , 2011 ;

Dumont et al., 2011):

M2 for which the condition is fulfilled
gives the new max. floe size Dpax
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Sea ice in WW3

——————

The MIZ iIn WW3 (Sea ice break-up #3)

Floe Size Distribution (Totoya et al, 2011):

cumulative Number / km?2

The FSD follows a power law : N(D) ~ D™

1000
‘| T Dmin
. Diyaye = 30m
800 - — D...—60m|
\
\
600}
\
A
400+ |
\
\
\
\
200} .
Cre
1 ~ r -
O 1 . o ™ e oo
10t 102

Ice floe diameter (m)

Dy ax is used by flexure induced dissipation

if 0.3\ > D,,.x then:

Floes act as rigid bodies

Flexure dissipation vanishes

(D) is used by scattering

Niioes = cx /(D)
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Seaice in WW3

Waves attenuation In ice

Sea ice implementation in WAVEWATCH llI
Ice properties

Model parameters | Satellites (or sea ice models)
:> Energy sources
Energy %},\
:> redistribution 5 “
mmm) Energy sinks - lce _rhle°'°9y - Ice thickness (SMOS)
- Initial Dmax - Ice concentration (SSMI)

Q (x ice concentration) v
=9 Wmd ﬁ A~

—>  input — —

Ice breakup : Dmax update

%m \
! ¢ I 1T 1 L0000 a1+

Scattering [ E—
‘ Friction
Open Ocean Marginal ice zone (MIZ) Pack ice
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Sea ice implementation in WAVEWATCH llI
Ice properties

Model parameters | Satellites (or sea ice models)
:> Energy sources
Energy %)\
:> redistribution “
i - Ice rheol :
mmm) Energy sinks c? _ Ieo gy - Ice thickness (SMOS)
- Initial Dmax - Ice concentration (SSMI)

Q (x ice concentration) v
=9 Wmd g A~

—>  input — —

Ice breakup : Dmax undate
\

: ///W//m//////////////////////////////////////////,,_ '

| |

‘ Friction
Open Ocean Whawginal ice zone (MIZ) Paclkiee

Scattering Er
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Seaice in WW3

Waves attenuation In ice

Scattering

Conservative

Quite well referenced...

Kohout & Meylan (2008)
Williams et al. (2013ab)
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Seaice in WW3

Scattering

Conservative

Quite well referenced...

Kohout & Meylan (2008)
Williams et al. (2013ab)

Basal friction
Dissipative

Viscous + Turbulent part

Liu et Mollo-Christensen (1988)
Stopa et al. (2016)
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Seaice in WW3

Scattering

Conservative

Quite well referenced...

Kohout & Meylan (2008)
Williams et al. (2013ab)

Basal friction
Dissipative

Viscous + Turbulent part

Liu et Mollo-Christensen (1988)
Stopa et al. (2016)

Inelastic attenuation

Dissipative
Not really expected...

Wadhams (1973)
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Scattering

Conservative

Quite well referenced...

Kohout & Meylan (2008)
Williams et al. (2013ab)

Basal friction
Dissipative

Viscous + Turbulent part

Liu et Mollo-Christensen (1988)
Stopa et al. (2016)

Inelastic attenuation

Dissipative
Not really expected...

Wadhams (1973)

Anelastic attenuation

Dissipative
First attempt to model it for wave attenuation

Cole (1995)
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Sea ice in WW3

Tests with a simplified

Waves with Hs =3m radiate from the western border

Ice concentration roughly
represents a realistic MIZ

h@:lm : =028

0 50 100 150 200
X (km)

COOOooo
ORNWHRUIOID0WOO
Ice concentration

= jnelastic att. = friction
- gcat. + visc. friction - no attenuation

Ice thickness is constant

Floes are initially unbroken (Dmax=1000m)
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Sea ice in WW3

Tests with simplified geometry but realistic forcing
Collins et al. (2015)

QAGUPUBLICATIONS | —

Geophysical Research Letters

RESEARCH LETTER In situ measurements of an energetic wave event R Otate d S p e Ctra : eastward p rO p ag ati O n
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Sea ice in WW3

Main results
Collins et al. (2015)

Inelastic
attenuation
reproduce the
observed sudden
shift

0 50 {00 150 200
e) 1

b | | ]

x (km)

x (km)

0 L v v
0 50 100 150 200 0%40 100 150 200 0 %@ 100 150 20

X

(km)

inelastic att.
scat. + visc. friction

= friction
visc. friction

— anelastic att.

= no

attenuation
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Sea ice in WW3

Arctic configuration

How to define the MIZ ?

* Breaking criterion
(Dmax < D init)

* Concentration
criterion (C>0.15)

To note: Inelastic att.
cannot be used
« alone » !

Values are in agreement
with orders of magnitude
expected

140°W 160°W 180° 160°E 140°E

70°N

40°W 20°W 0° 200 40° F
N 0 0 ]
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1.0
ice concentration

| — gcat visc all processes |
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Seaice in WW3

Limits

ONR campaign on

Ice types :

This model is not suitable for
pancake ice / frazil ice / grease ice

Broken floes :

What do they become after being broken ?

Validation :
SAR, buoys...

Sentinel 1-A, SAR, http://swarp.oceandatalab.com/ 26



Sea ice In WW3 in 30s (1)

# up to 3 (or 4) attenuation
processes

# sea Iice break-up

XO>mOmMMT

*Actually, feedbacks concern only flexure and scattering




Sea ice in WWa3 in 30s (2)

Sea ice Is broken If the wave curvature exceeds
a certain threshold

The maximum size for a floe is the half the
wavelenght of the shortest wave that exceeds
this threshold

The floe size distribution obeys a power-law



Conclusion

B W= e
- S

m——— e S

— ————

Conclusion of « Sea ice iIn WW3 »

* We included a sea ice representation in WWa3 in which
we tried to put some physics

* Inelastic attenuation could be interesting in some cases
for which we observe very non linear attenuation

* Sea ice Is still very simplified. It's a first step In
modelling waves and sea ice interactions.



Conclusion

Conclusmn of « Sea |ce N WW3 »

Floe size effect on wave-ice interactions : possible effects, implementation in
wave model and evaluation

G. Boutin, F. Ardhuin, D. Dumont, C. Sévigny, F. Girard-Ardhuin, M. Accensi
JGR 2018
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Introduction (done)
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- Wave attenuation processes
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Introduction

Talk plan:

With contributions and help from Clement Rousset, Verena Haid, Claude
Talandier, Camille Lique, Xavier Couvelard, Martin Van Coppenole...

#3 WW3 | NEMO LIM3 coupling|{(Work in progress)

- Principle
- Simplified geometry tests with SAS
- Runs on CREG025
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Coupling

Ice concentration
Ice thickness
Ice floes diameters (after advection)

S

WAVEWATCH III
(wave model)

NEMO-LIM3
(ice model)

-

Waves radiative stress
Ice floes diameters (after breaking)




Coupling

g, — - ==
BTN =

For WAVEWATCH il :

Ice concentration

Ice thickness _ MIZ properties :
Ice floes diameters (after advection)

* |ce concentration

* Ice thickness

/ * Ice rheology
\ * Floe size distribution

NEMO-LIM3 WAVEWATCH III

(ice model) (wave model) Forcings (satellites, sea
ice models...)

/ Constants parameters
\ Depends on the sea

state

Waves radiative stress
Ice floes diameters (after breaking)




Coupling

g, — - ==
BTN =

For WAVEWATCH il :

Ice concentration

Ice thickness _ MIZ properties :
Ice floes diameters (after advection)

* |ce concentration

* Ice thickness

/ * Ice rheology
\ * Floe size distribution

WAVEWATCH III

NEMO-LIM3 del . i
(ice model) (wave model) Wsea Coupled
ice models...)

LIM3
/ Constants parameters
\ Depends on the sea

state

Waves radiative stress
Ice floes diameters (after breaking)




Coupling

g, — - ==
BTN =

For WAVEWATCH il :

Ice concentration

Ice thickness _ MIZ properties :
Ice floes diameters (after advection)

* |ce concentration

* Ice thickness

/ * Ice rheology
\ * Floe size distribution

WAVEWATCH III

NEMO-LIM3 del _ ]
(ice model) (wave model) Wsea Coupled
ice models...) LIM3

/ Constants parameters
\ Depends on the sea + advection

state

Waves radiative stress
Ice floes diameters (after breaking)




Coupling

Simplified geometry with SAS

. : . i
Wave radiative stress illustration : 4
No waves R0}
_ 0 8
Wave height decreases P S
ol H
E 0 g
2 30 3
. 20
Loss of wave momentum in 10
the wave direction of prop. 0.8 1.0 1.2 14 16 18 2.0 22 °
Longitude (*)
100
90
=+ 80
_ 08
Stress from waves to the 3 g
ice, in the wave direction g 0 g
of propagation - R
20
10

0

Longitude (7}



Coupling

- S— c
Rt e

Concentration Thickness

Simplified geometry with SAS [ "
Wave radiative stress illustration : o

Latitude (°)
Latitude ()

Strong impact of the attenuation
processes included.

Latitude ()
Latitude (°)

o

Latitude (°)
Latitude ()

10 15 20 25

1.0 L5 20 25

Longitude () Longitude ()
| | _
0 102030405060 708090100 0.00.20.50.81.01.21.51.82.0

Sea ice concentration (%) Sea ice thickness (m)



Coupling

Current work : coupllng WlthLII\/I3(|nshort)

Floes advection

* Not that easy... You don't take some floe size from one
point to give it to another point

1000m 1000m 1001m | 1005m

DT

1001m

39



Coupling

Current work : coupllng Wlth LII\/I3(n hort)
Floes advection

* Not that easy... You don't take some floe size from one
point to give it to another point

1000m 1000m
DT

* Zhang et al. 2015, Horvat et al. 2016 — Floes cat.

40



Coupling

Current work : coupling w

Floes Size Distribution

Floes Area Distribution

1000 —
‘| - Dmin

N ‘| D s = 30m
E 800+, = Diax =60m |

\
= \
) \
®) |\
e 600
> \
= h
> 400 + “
- \
S \\
£ 200} '
U] S

I \~~
I ~ s
0 1 A ol R TR
10* 10°

Ice floe diameter (m)

Area occupied by floes of size lower than D (%)



Coupling

g, — - ==
BTN =

For WAVEWATCH il :

Ice concentration

Ice thickness _ MIZ properties :
Ice floes diameters (after advection)

* |ce concentration

* Ice thickness

/ * Ice rheology
\ * Floe size distribution

WAVEWATCH III

NEMO-LIM3 del _ ]
(ice model) (wave model) Wsea Coupled
ice models...) LIM3

/ Constants parameters
\ Depends on the sea + advection

state

Waves radiative stress
Ice floes diameters (after breaking)




Coupling

ice conc. (t1)

~ ~~
— N
= R
- J
e c
O @]
O
3 )
= o
S +
[e)
- (2]
Y= @
wn
0 =
O o)
= @
c -+
o) (&)
,X ,,,,,,,,,,,,,,,,, g ,,,,,,,,,,,,,,,,,,,,,,,,,,
o S
m <

ice conc. (t2)

New FSD is computed by
WW3 where the ice is In
(t1) and sent to LIM3 In
(t2), whereas the ice
moved...
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Coupling

t=t1 t=t2

Removing the lag makes
the coupling asynchronous

cted floes + ice conc. (t1)

B
:

Adve

>
Adv

ice conc. (t1) ice conc. (t2)
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Coupling

I W . i — .
LAG = DT WW3

| | | |
Coupllng WW3 with
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Coupling

Lateral melt

Latitude (°)

New FSD explicitly known (as it is assumed that
it follows a power law)

0.81.01.21.41.61.82.02.2

0.120
D=f(c) 0.105 3
0.090 T

0.075 £
0.060 £
0.045 €

0.030 £
0.015
0.000

Computation of D average for each categories of
floes

Latitude (°)

l 0.81.01.21.41.61.82.02.2

0.120
D=f(Dlll‘(IX) 0.105 %
0.090 ©

0.075 £
0.060 £
0.045 €

0.030 £
0.015
0.000

Latitude (°)

Different pattern from Lupkes et al. (2012)

0.81.01.21.41.61.82.02.2
Longitude (°)



Coupling

CREGO025 :

Impact on rheology ?

Assumption : If the ice is broken, the
resistance to shear and divergence is
removed.

0.0

-1.0}F -

=D

0.0

—-0.5

—1.0

-1.5

T SR, e
ST SO
v
,
".
I
o
% |
A
s
]
-1.0 -0.5 0.0 0.5 1.0

With effect on rheology

S s lpee S S
- A
] - I 1
\ P i |
i -7 . ’
- ° y
) , -* ¢
N A P ',’* ,,,,,,,,,,,,,,,,,,,,
P . & *
e L ] s
.
¢ " LY L o'
] / . 6 -
I\ i o ® _..ﬁt
-
%.‘..‘.‘W' """"""""""""""""
4 °
-1.0 —-0.5 0.0 0.5 1.0

Blue points are points where the
ice is broken



Coupling

A work In progress...

Technically : clean the code, put parameters in
namelists... Understand why UM adv. scheme fails ?

Test sensitivity to parameters (lat melt), floe size
redistribution...

Analyze the results (find a proper study case)



The end

This not sea ice but it's my picture

(Thank you Camille)

Questions ?



Waves attenuation processes

Scattering

#1 Depends strongly on frequency and thickness

#2 Increase of the spread

#3 Increase of the wave height at the ice edge

#4 Very efficient to attenuate short waves

#5 Requires to be combined with dissip. proc.




Waves attenuation processes

Total friction term

#1 Depends on frequency (but less than other processes)
and not much on thickness
#2 Exponential attenuation (just like scattering)

Turbulent part
# Most of the contribution

# Efficient provided that wave height is still large

# Very weak




Waves attenuation processes

Flexure

#1 Depends very much on frequency, ice thickness (but also
energy of activation)

#2 Strongest attenuation for short waves, and for long waves in
thick ice

Inelastic dissipation

# Non linear with strong attenuation at the ice
edge (if the ice is not broken)

# Efficient provided that wave height is still large

Anelastic attenuation

# Linear, shows a max. floe size that increases regularly




Dispersion in ice

35 ‘
icehk -
o = (g + ERK12(1 = 1v)p,) /(1 + 2= = E >
p’w 25 4 — T=15s D . e
- Open water| | | |
20F T e
#1 The waves are faster/longer . sl om0
#2 The thicker the ice, the stronger the effect 1081w i - aaid BIAH ety
5L. /.. T S S S
#3 The shorter the waves, the stronger the 0 1 ===
0 1 2 3 4 5
effect ()
45 ‘ )
whf ] =t
35_‘%}T._j._._.j_.___j._._.j_._ h=1m
Wadham3(1973) 30"1‘%’;}":"":"7'7:” 7':’"j (1;=p§,1r1nwater*
How do we use it in WW3 ? =55 I I
== Onlyin S, (attenuation & breaking)
ON 0 O e

el . Iy Iy 10 12 14 16
5 + V., XN+(9kkN+ 390N o .



Waves attenuation processes

—

Waves attenuation In ice

Flexure (wadhams, 1973 )

Hypothesis : Ice is visco-elastic
Physically : during loading, micro-craks appear an propagate in sea ice, internal friction.

ANELASTIC INELASTIC
Delayed elasticity Creep
LINEAR NON LINEAR
Expected Not expected
but...
(Cole, 1995)

Once ice is broken, floes act as rigid bodies

We take the same parameters than
in Cole (1995), for ice at -5°C
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Coupling . > __.;-.,ﬂ -

— e

Ea - T

e = v

e —

itTrI\}ICB - ort)

Current work : couplin

LIM 3 is an ice model, part of NEMO

* Ice Is divided into different categories depending on
thickness.

 advection due to winds and ocean currents

* Ice rheology with internal stress, but without tensile
stress

* Various thermodynamic effects
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Waves attenuation processes

Flexure (wadhams, 1973 )
Hypothesis : Ice is visco-elastic

Dependency on ice temperature,
activation energy, ice thickness...

We take the same parameters than
in Cole (1995), for ice at -5°C

Waves attenuation In ice

a)

~—

0.05 0.

10 0.15

0.05 0.

10 0.15

]
1073 H -
|
[ |

L (‘“
/1] /
/

y
jrigaad 3 (5 415 AU PR B WO iy, P
E 7 | ]

!

[ — | ! | '
> e e
1/7/)/ h

0~ Lt
0.05 0.

10 0.15 0.20 0.25 0.30 0.35 0.40
Frequency (Hz)
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More about friction

Viscous and turbulent dissipation

Liu and Mollo-Cristensen (1989)

Adding molecular viscosity in a linearised Navier-Stockes equation :

ty = —ky/vma 2/ (1 + khp;“) Viscous layer

Liu et al. (1991)
hpice . 1% ~ 105 X UV
o = —k\/Veaqyo/2/ (1 + k ; ) turbulent layer : eddy m

Stopa et al. (2016)
ay = —k/vmo/2/(1 + k%)

felaors/20) 1S @ dissipation factor used for bottom friction

a=(1-w)e,a +werey Depends on Reynolds number

w = w(Re) Cy, Ct 57
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