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SUMMARY 

1. 3D scattering models have been developed to model large numbers of circular floes with random 
properties, with the intention of including them in Wavewatch III in the future. 

2. Improvements to Wavewatch III: 

• Inclusion of scattering (with isotropic distribution of scattered wave energy) and floe size 
distribution. 

• Inclusion of under-ice friction and secondary creep 

• Efficient time-integration of the ice source terms 

3. Validation of Wavewatch III: 

• Compared to altimeter data outside the ice (Stopa et al, submitted). 

• Compared to tiltmeter data from Tara drift (Wadhams and Doble, 2009). 
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Objectives 
The objectives of WP 2 laid out in the SWARP proposal are to “develop, implement, and test 
parameterizations for waves-in-ice propagation in a wave model.”  This deliverable D2.2 particularly 
focuses on the testing of parameterizations in realistic conditions and the preliminary production of 
model output.  
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Task 2.1 Parametrization of wave model 

1.1 General scattering theory and results 

The group at Otago University  has completed work on the 3D model which represents 2D scattering 
from randomized circular floes, on a finite depth ocean. Circular floes are used for the simplicity of 
the calculation and do not correspond to real shapes. The model is ready to provide scattering matrices 
to be used in spectral wave models such as WAVEWATCH III. Some of the 3D model features are 
still under investigation, such as the effect of refraction. The 3D model divides an MIZ into a finite 
number of zones, each of which have the ice conditions specified, i.e. concentration, mean floe size, 
mean floe thickness, etc. and randomizes around that. The choice of circular floes is justified on the 
grounds that we use Monte Carlo to give average results. (Of course specific data can be entered for a 
particular visualization of floes too, although circular floes are still used. Work is underway to a) find 
out if the circular shape makes a difference, noting that there is evidence to suggest it doesn't because 
of the random shapes of ice floes, and b) to find a better way than Monte Carlo which is 
computationally intensive. 

 

1.2 Ice scattering and dissipation in WAVEWATCH III  

The implementation in WAVEWATCH III (hereinafter WW3) involves several steps:  

- the estimation of wave scattering 

- a computation of the maximum floe size Dmax 

- an estimation of dissipative processes (here under-ice friction and secondary creep) 

- an efficient time-integration of the ice source terms  

1.2.1 General principles and summary of work completed for D 2.1 

WW3 is a spectral phase-averaged model routinely used for marine weather forecasting. Scattering by 
bottom topography has been included for coastal oceanographic application (Ardhuin and Herbers 
2001, Ardhuin and Magne 2007) and the combination of scattering and friction in shallow water (e.g. 
Ardhuin et al. 2003)  presents some similarities to the scattering and dissipation by sea ice (Squire et 
al. 1995, Meylan and Masson 2006) with a spectral energy balance equation that takes the form of a 
Boltzman equation, for each wave frequency (Meylan and Masson, their eq. 2),  

 

Where the intensity I is proportional to the more usual wave energy spectra density E, r is the 
horizontal position and t is time. The wave spectrum E is the result of  a balance between the 
propagation on the left hand side, and the attenuation at the rate b and the scattering represented by the 
matrix S. The ice cover also modifies the group and phase speeds. This aspect has been incorporated 
in WW3 by the NRL group (E. Rogers) but it is not taken into account here. 

In WAVEWATCH III, this equation is solved in its more general form, taking into account the effects 
of currents and the generation of wave by the wind, dissipation by breaking, and non-linear 4-wave 
interactions (see e.g. WISE Group 2007).  
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The scattering term is thus completely specified by the matrix S that we assume to depend only on the 
ice concentration, maximum floe size and ice thickness.  

As already described in deliverable 2.1, we first followed the parametrization in Williams et al. (2013) 
which is based on the estimate of the reflection at the boundary of a semi-infinite ice sheet. That 
parametrization was modified by :  

− removing the viscous attenuation term 

− making sure that the energy is conserved by redistributing isotropically in all directions the 
energy lost in each direction. 

With these two changes the parametrization is activated using the “IS2” switch in WW3. It is available 
since version 5.10.  

 

1.2.2 Estimation of floe sizes 

The maximum floe size is used to estimate the average floe size and the resulting scattering. Also, as 
we expect a strong dissipation due to the bending of floes, this dissipation is only strong for waves 
shorter than twice the floe size. The estimation of the floe size is thus necessary and is also an 
important model result to be fed back to the ice model. We have first implemented the 
parameterization of Williams et al. (2013) and made the following adjustements:  

- in order to have a smooth variation of the average floe size as a function of the maximum floe 
size, we modified the algorithm of Williams et al. (2013) by using a continuous function that 
gives exactly the same discrete values when Dmax is a power of two multiple of the minimum 
floe size. This was re-adjusted after discussing with T. Williams and D. Dumont to a similarly 
smooth function. 

Figure 1: Old (black) and new (red) estimation of Dmean as a function of Dmax.  

- Since the breaking of the ice is related to a critical stress and we need to know what is the 
wavelength of the waves that lead to breaking, we integrate the wave-induced stresses across the 
spectrum with a running window similar to the one used for wave breaking (e.g. Banner et al. 2000, 



SWARP Ref: D.2.2  Issue: 2.0 Date: 4-Jul-16 

 

   
Grant agreement no.607476     Page: 

vii/15 

Filipot and Ardhuin 2012): for each frequency f we define a significant stress by integrating the wave 
spectrum from 0.7f to 1.3f . The maximum floe size is then taken to be half the wavelength of the 
shortest waves capable of breaking the ice. 

In practice we start calculations with Dmax = 1000 m. The model can be forced by an outside parameter 
Dmax (in  order to allow advection with an ice model) or Dmax is re-evaluated at each time step 
assuming the floe size distribution to be in equilibrium with the wave field. The results shown here use 
that latter approach.  

 

1.2.3 Dissipation by under-ice friction 

The under-ice friction theory of Liu et al. (1991) has been generalized to cover both a laminar and a 
turbulent regime, based on the analogy with the oscillatory bottom boundary layer (Jensen et al. 1989). 
This typically gives a laminar friction for wave heights under 1 m and a turbulent friction for larger 
wave heights. Using a Rayleigh distribution of the wave heights gives a smooth transition between the 
two regimes which is easily parametrized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2:  Half-decay distances as a function of the wave period T, and the significant wave height Hs. 
Hs is varied from 0.5 (upper curves) to 5 m (lower curves). The combination of viscous and turbulent 
expressions is made using either a Rayleigh distribution of wave height and computing the dissipation 
for each wave height in the distribution, or by a smooth linear combination of the viscous and 
turbulent terms adjusted to reproduce the Rayleigh result. 

 

The under-ice roughness for the turbulent regime has little impact on the results and we have generally 
used values between 1mm and 1 cm.  This dissipation however, is not sufficient to account for the 
observed strong reduction of waves in the Arctic pack ice (e.g. Wadhams and Doble 2009). For a 
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preliminary set of simulations have thus used an empirical multiplication of that dissipation by a factor 
8. There is no more justification for this ad-hoc adjustment than there is for the general use of “eddy 
viscosities” in other models, this is further discussed below.  This enhanced friction was used for a 25-
year Arctic hindcast (Stopa, Ardhuin and Girard-Ardhuin, submitted to The Cryosphere).  

 

Figure 3: Wave model errors from 1992 to 2014 (normalized bias, RMS error in m, scatter index and 
correlation coefficient) in ice-free pixels compared to satellite altimeters (taken from Stopa et al., 
submitted http://www.the-cryosphere-discuss.net/tc-2016-37/ ). These model calculations used the 
viscous term multiplied by 8, but this has no noticeable impact in open water where the altimeter data 
is used.  

A detailed analysis of the swells recorded by Wadhams and Doble (2009) revealed that the attenuation 
of wave energy was indeed dominated by dissipation and not scattering (Ardhuin et al., submitted to 
Geophys. Res. Lett.)  

In particular the evolution in time when scattering is strong exhibits a long afterglow that is not 
consistent with the measurements. 
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Figure 4: Time series of (a) Significant wave height and (b) directional spreading measured and 
modelled at the Tara tiltmeter, 1500 km inside the pack ice. Values are calculated over the frequency 
band 0.037 to 0.04 Hz. In both panels, black lines are the observations, blue diamonds are from the 
dissipation-based model, and red triangles are from the scattering-based model. In (b) we have 
highlighted in bold and with symbols the times when the corresponding wave height exceeds 2 mm. 

1.2.4 Dissipation by secondary creep 

Because the ad hoc multiplication of the friction term was not satisfactory and also because it did not 
apply to the Southern ocean data of Ardhuin et al. (2015), we implemented a creep-induced dissipation 
as proposed by Wadhams (1973), using a cubic flow law given by Glenn (1955). In our 
implementation this dissipation is only applied for waves that are shorter than twice the maximum floe 
size, with a smooth increase in the dissipation rate for the shortest waves. Preliminary calculations 
show that such a parameterization can explain both the Wadhams and Doble (2009) data and the 
Southern ocean data of Ardhuin et al. (2015). However, there is a strong feedback of the max floe size 
on the dissipation rate because broken  ice does not flex and thus does not dissipate energy. This will 
probably need some tuning.  
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Figure 5: test of the model in the Southern Ocean (September 6, 2014), in the same region observed by 
Ardhuin et al. (2015). The left panel shows the wave height (colors) and contours of sea ice 
concentration (15%, 30% and 80%). The right panel is the maximum floe size from 20 to 200 m. The 
calculation was done with a constant ice thickness of 0.5 m.  This shows the strong feedback of the floe 
sizes on the wave dissipation due to creep: as the waves become too small to break the ice, the 
dissipation shoots up and the wave height rapidly drops from 6 m (orange) to under 1 m (grey).  
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Arctic ocean results 
 

Runs for the Fall 2015 combining SSM/I sea ice concentration with sea ice thickness estimated from 
SMOS radiometer data have been produced and are now under evaluation. The use of SMOS data for 
thickness near the ice edge appears to produce unrealistic thin ice layers compared to the in situ data 
gathered during the Sea State 2015 cruise on board R/V Sikuliaq.  

ftp://ftp.ifremer.fr/ifremer/ww3/HINDCAST/ARCTIC/201510_ECMWF/ 

 

Figure 6: example model output for October 12, 2015.The left panel shown the wave height (colors) 
and contours of sea ice concentration (15%, 30% and 80%). The right panel is the maximum floe size 
from 20 to 150 m. The large storm in the Beaufort sea started on October 11, and waves were large 
enough to break up the ice over 200 km... according to the model. The validation is under way using 
SAR data (a Sentinel 1 IW image was acquired on October 12 showing wave patters up to 400 km 
inside the ice).  

 

We now have the necessary model settings and configurations to be able to adjust the formulation of 
creep and friction-induced dissipation using Sentinel 1A data or in situ data.  
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Appendix: Response to review 
- How does the assumption of an infinite deep ocean work for areas such as the 
Barents Sea or the Kara Sea? 
 
There is no mention of deep water and we actually take into account the water depth in both the Otago 
wave model and WAVEWATCH III.  
 
- Circular flow shape: How reasonable is this assumption during freezing period? 
Swell breaks larger ice floes according to its wavelength. During freezing 
season floes are angular not round. 
 
Yes (except for pancakes) and this is why we mentioned that. Work is also underway to find out if the 
circular shape makes a difference. 

 
 
- Page 7: Which roughness? The under-ice roughness? What kind of a measure is 
this? Correlation length? Standard deviation of (under)ice features measured 
with which sampling over which distance? 
 
 
- How is the empirical multiplication factor of 8-12 to reach at the correct 
reduction of waves justified?  
 
As now stated, there is no justification, which  is why we have finally replaced this by a creep-based 
parametrization (see below).  
 
- Is this only based on the TARA data? 
Yes.  
 
How representative are these? 
It was not clear.  A creep-based parameterization is now used (see below) and seems to reproduce both 
Arctic and Antarctic attenuations.  
 
 
- Figure 3 has a big pole hole due to the altimeter data.  
Yes but also there is ice and thus no waves detectable by altimeters.  
 
- At which season/date do we look here? 1992 to 2014. Which altimeter data are used? 

All of them.  
 
- What is the "normalized bias" : bias divided by mean observed value  
with which quantity is normalized here? What is the "scatter index"? Would 
these figures look different if a factor of 12 would be used?  
No, because we use open water data from altimeters.  
 
- Figure 4: How accurate are waveheight measurements of 2 mm?  
Within 10% (usual random sampling error). These are inclinometers with much lower noise levels.  
In a) there is one event hit nicely by the model in terms of the magnitude while one is not. This 
is 50% correct then ... or wrong. The peak location is better for the model with 



SWARP Ref: D.2.2  Issue: 2.0 Date: 4-Jul-16 

 

   
Grant agreement no.607476     Page: 

xiv/15 

dissipation. Good. 
 
 
- Page 9, Secondary Creep: "shorter than twice the maximum floe size" This means: 
200 m maximum floe size --> application for waves shorter than 400 m. Is this 
realistic in comparison to observations? 
The wave heights are realistic...  
 
- What explains the strong feedback of the maximum floe size on the dissipation 
rate? 
When ice is broken it does not flex and thus does not dissipate energy.  
 
- Is this a critical issue? It is said it needs some tuning. 
It is probably one of the dominant effects.   
 

- Thinking out loud: When swell runs through the ice then it is the floe size parallel 
to the swell direction which matters. ... but swell may break floes such that 
they become elliptically shaped with the short axis parallel and the long axis 
perpenticular to the swell travel direction.  
 
Yes, this is observed in many cases.  
 
 - Figure 5, caption: The waves become too small (height-wise) or too short? How 
realistic is the assumption of a constant sea ice thickness?  
This is not meant to be accurate but to give an idea of the impact of creep.  Yes, thickness may vary.  
 
 
- What is the scale of the images shown in Figure 5? 
- Figure 5: Legends would have been nice. 
It has been updated.  
 
 
Figure 6: Legends would have been nice. Also more details about why we have 
different pole holes would be nice. 
The border between small and larger wave heights is quite sharp in places where 
sea ice is present according to the SSM/IS SIC map but where SMOS SIT does not 
reveal any valid data. Any explanation? Also, SMOS sea ice thickness retrieved 
at University of Hamburg usually starts in Oct 15. Which data is used then here? 
Question: Are you aware the SMOS SIT retrieval does not work too well for SIC < 
95%? Did you include the uncertainty information provided with SMOS data into 
your calculations? 
 
We are aware of the SMOS data limitation. 
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