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4.1 Final publishable summary report 
 
This section must be of suitable quality to enable direct publication by the Commission and 
should preferably not exceed 40 pages. This report should address a wide audience, 
including the general public. 
 
The publishable summary has to include 5 distinct parts described below: 
 

• An executive summary (not exceeding 1 page). 
 
• A summary description of project context and objectives (not exceeding 4 pages). 
 
• A description of the main S&T results/foregrounds (not exceeding 25 pages), 
  
• The potential impact (including the socio-economic impact and the wider societal 

implications of the project so far) and the main dissemination activities and 
exploitation of results (not exceeding 10 pages). 

  
• The address of the project public website, if applicable as well as relevant contact 

details. 
 

 
Furthermore, project logo, diagrams or photographs illustrating and promoting the work of the 
project (including videos, etc…), as well as the list of all beneficiaries with the corresponding 
contact names can be submitted without any restriction. 
 
 

4.1.1 Executive summary  

SWARP has developed downstream services for sea ice and waves forecast in the Marginal 
Ice Zone (MIZ) in the Arctic. Waves in ice are one of the most hazardous phenomena for 
vessels and industrial activities in the polar seas, but there were initially no services providing 
any information about either the waves themselves or their effects on the ice state (in 
particular the distribution of ice floe sizes). The monitoring and forecasting systems 
developed in SWARP has become operational by the middle of the project, filling a gap in the 
marine services of Copernicus.  

A waves-in-ice model has been evaluated, then included in two forecasting services provided 
downstream of the Copernicus Arctic Monitoring and Forecasting Center (ARC MFC) and as 
part of Prévimer (global wave forecasts). In addition to wave and sea ice forecast models, the 
project has developed satellite observation methods for waves in ice in the MIZ, previously 
only measurable in situ. Existing and new satellite observing systems, especially Synthetic 
Aperture Radar (SAR) on Sentinel-1 have been utilized for retrieval of waves and ice 
properties in the MIZ, providing new insights on the processes attenuating long waves in sea 
ice.  

SWARP has been exploited pre-operationally using data from Copernicus satellites such as 
Sentinel-1. It has then integrated the improved met-ocean services into state-of-the-art 
technology for onboard navigation and shore-based contingency planning. The maritime 



transport user group has been directly involved in the project through the participation of an 
innovative SME developing the latter navigation and planning software. Following the end of 
SWARP the models and remote sensing algorithms are being included in the next versions of 
the Copernicus Marine Services, and of widespread model communities (NEMO, HYCOM, 
WAVEWATCH III), SWARP may also influence the future ESA Earth Explorer missions 
with the proposed SKIM satellite.  
 
 

4.1.2 Context and objectives  
The general context 

The Arctic is experiencing rapid and drastic changes in sea ice conditions, with innumerable 
consequences for the environment and human activities. While sea ice conditions in the 
Southern Ocean have not changed significantly in the last decades, human activities are 
growing, increasing the risk of accidents. Operations around Antarctica are also inherently 
riskier than in the Arctic due to isolation of the southern continent, and the wilder conditions, 
with larger waves and more broken ice. That is not to say Arctic activity is without risk – 
indeed, oil and gas exploitation, mining prospects in Greenland and Northern Canada and 
shipping endeavours are pressured by insurance companies to increase the level of safety 
there (Brigham and Sfraga 2010). Icebergs, sea ice, waves and ocean currents are crucial 
factors to monitor in order to achieve this. In the duration of SWARP, the interest of the oil 
industry for the Arctic has declined due to the decreasing oil prices. However, the election of 
D. Trump in the USA in November 2016 could reverse the trend, albeit for the wrong reasons 
(disengagement from environment protection). For example, a recent report from Blank Rome 
Maritime assesses the pros and cons of the Trump administration for the Maritime Industry, 
including the prospect for the U.S. Coast Guards to build new heavy polar icebreakers1.  

Regardless of political uncertainties, tourism, adventure, shipping and research have 
intensified marine traffic both in the Southern and Arctic Oceans and will continue to do so in 
the foreseeable future. In a globalized world, accidents and bad planning based on poor 
information have enormous (and unpredictable) repercussions on the environment, human 
lives, the economy and the society in general. The mission of the Copernicus Marine 
Downstream Services is to provide quality information and forecasts about the state of the sea 
in support of targeted groups of users. Marine forecasts are provided by numerical models that 
are constrained to the real world by assimilating data obtained in real-time. Since the start of 
the Copernicus Marine Services in 2015, waves information (monitoring and forecasting) 
have been integrated in the product portfolio, thus increasing the relevance of SWARP for 
Copernicus. In polar areas, ocean and sea ice forecasts include ice concentration (probability 
of presence), thickness, and velocity, ocean currents, sea surface temperature (SST) and 
waves. In addition, operational ice charting services and remote sensing products are 
providing complementary information about ice types, ice drift, currents, waves and SST. 
Waves are of particular interest since they can make the sea impractical for delicate 
	
1  http://www.blankrome.com/siteFiles/Publications/Mainbrace_Jan_2017.pdf#page=3 



operations, disperse oil spills, complicate search and rescue, sink ships or damage 
infrastructure. When they reach the ice cover, they can transform a uniform and slowly 
creeping ice sheet into a collection of small ice floes colliding with each other and oscillating 
to and fro on the propagating swell. (Short waves are rapidly damped.) If not anticipated, such 
events can have considerable repercussions on activities, especially because they often depend 
on remote oceanographic conditions and can thus be difficult to predict if only the local 
weather conditions are considered. 

 

 

Fig. 1.1: The SWARP project 
aims at filling the gap existing in 
the Copernicus services with 
respect to waves in sea ice by 1) 
extending the validity of wave 
and sea ice forecasting systems 
in the marginal ice zone, 2) 
developing remote sensing 
methods. As of the beginning of 
SWARP there was no 
forecasting service in then-
GMES that was valid for the 
grey zone where waves-in-ice 
processes dominate. 

 

 

 

Having said this, large waves can also be generated within a dilute ice cover, and in recent 
summers ice-free regions in the Arctic Ocean have been large enough to allow this to happen 
(see the example of the Summer 2012 in Figure 1.2). This has caused massive areas of the 
Arctic summer cover to be broken and to behave like a marginal ice zone (MIZ) – so called 
because this type of ice has traditionally only occurred at the edges of the ice cover. 
Unfortunately, today’s marine forecasting capabilities are not able to make predictions about 
such environmental conditions where most offshore operations will take place in the Arctic, 
which occur mainly in the MIZ. The goal of this project is to provide operational waves-in-ice 
forecasting and monitoring capabilities in order to produce a new downstream navigation 
service for safer shipping in Polar Regions. 

 

 



  

Figure1.2: Significant wave heights (left) and maximum floe size (right) on the 23rd Sept 2012 00:00 as from the 
WW3 hindcast described in D2.3. Note the significant wave heights in excess of 3m and the broad band of 
broken ice to the North of the Kara Sea.  
 

Overall objective 

The overall objective of SWARP is to extend operational downstream services 
supporting maritime transport safety in the Marginal Ice Zone: extend forecasts of 
waves into ice-covered seas, forecasts of sea ice in the presence of waves and remote 
sensing of waves and sea ice conditions. The results will enhance the Copernicus 
downstream services for waves and sea ice in Polar Regions. These are increasingly 
needed to support maritime transport (the target application) but also offshore 
operations, civil security, and coastal and environmental management in both the Arctic 
and Southern Oceans. 

Specific Objectives 

1) Develop a wave model for the MIZ. 

2) Develop a sea ice model that includes the effects of waves in the MIZ. 

3) Develop satellite remote-sensing methods for wave observations for use in model 
validation and forecast interpretation. 

4) Validate the improved models using remote-sensing and in situ data. 

5) Integrate the improved models into an on-board navigation software, NavPlanner. 

6) Demonstrate results to selected users and ensure the sustainability of the service 
beyond the project duration. 

Main achievements of SWARP 

- Two new remote sensing methods to measure wave attenuation from SAR images in sea ice 
and to classify these images by ice types. A few hundreds of images processed in the Arctic.  

- Developments of the wave model WAVEWATCH III and ocean-ice models HYCOM-CICE 
and NEMO-CICE to include waves-ice interactions. Validated with project data and 



demonstrated feasible for near real time forecasts.  

- Inclusion of the new forecast data into a commercial e-Navigation service from NAVTOR AS.  

- Easy and free access to remote sensing and model data on the project web portal.  

- Integration into international initiatives like Copernicus Marine Services and the Nucleus for 
European Model of the Ocean (NEMO).  

- An educational movie intended to a broad audience.  

Post-SWARP priority list 

What need to be done soon? 

- Port the waves-in-ice model to operational centers, in particular the Copernicus Arctic MFC 
services, primarily with the stand-alone neXtSIM model (for accurate initialization) and 
HYCOM-CICE model (TOPAZ). Porting to the EuroSIM model for use in NEMO.  

- Port the SAR sea ice classification technique to Copernicus services, including MIZ detection, 
to improve the ice charting capacity.  

- Obtain improved sea ice parameters: ice thickness (as input), floe size distribution (for model 
validation). Floe Size Distribution can be obtained from sequential Sentinel-2 images, but 
these are too few for the time being. These should be used to train the ice classification 
algorithm for floe-size-dependent MIZ classification.  

- Sea ice breaking parameterization is not well validated. This needs more SAR data (in IW 
mode) especially before and after storms. Sentinel-1 SAR images should also be made easier 
to order.  

- Obtain accurate wind and current measurements around the ice edge for forecast validation.  

- Promote the SKIM mission to ESA to obtain waves and current information close to the MIZ.  

- Provide smaller files to users in high latitudes: develop a CF convention for NetCDF isolines 
files.  

- Test the online coupling of the waves, ice and ocean models using professional coupling 
software (i.e., OASIS-MCT).  

What needs to be done, but later?  

- The different data policy for ECMWF (expensive) and CMEMS (free) is a problem for 
Navtor’s users. We need to lobby for harmonizing these practices.  

- A better understanding of the energy distribution from waves to ice or ocean. A laboratory 
experiment in a wave-ice tank could measure currents below ice. For example, the Aalto ice 
tank in Finland could be used for that.  

- Include wave data products to Copernicus (SAR detection in sea ice) when they become fully 
automated.  

- Include the wave effects into fully-coupled climate models for long-term forecasts.  

What would be nice to have?  

- The models do not take pancake ice into account, although it is known that the waves have an 
impact on them.  



 



4.1.3 WP2: main results in wave modelling  

One of the main finding of the project is a completely new picture of the relative importance 
of various physical processes of interaction between waves and ice. As already known, ocean 
waves can penetrate into sea ice with wave heights of the order of one meter in the first few 
hundred kilometer when the ice is broken into floes by wave action.   

The combination of phase-resolved models of wave scattering by arrays of floes (Montiel et 
al. 2014, 2016) and the implementation of scattering and dissipation processes in the spectral 
wave model WAVEWATCH III (Ardhuin et al 2016, Stopa et al. 2016) have shown the 
following: 

• Scattering tends to increase the directional spread and lead to a long “afterglow” of 
energy in storm conditions. 

• For typical ice conditions, wave with periods larger than 10 s are weakly scattered. 

• Friction is probably laminar for wave heights under 1 m, for which the use of “eddy 
viscosities” can be justified, but this is not the case for larger wave heights.  

• Wave energy dissipated into heat by ice flexure may play a dominant role near the ice 
edge when the ice is not broken and the waves still have large amplitude. It is not yet 
clear whether this dissipation is dominated by anelastic effects or viscous flow of the 
ice.  

These theoretical results are consistent with observations (WP4), which generally show 
narrow directional spectra in the case of long period waves see in SAR imagery.  However, 
given the uncertainties on dissipation processes, there is still much work to be done on 
observing both wave attenuation and ice properties (in particular thickness). The wave model 
WAVEWATCH III was modified to better treat strong dissipation effects and practical 
implementation with either constant ice thickness or TOPAZ-derived ice thickness was used.  



 

Fig. 2.1 Wave hindcast accuracy before the modifications brought in by WP2.  

 

Fig. 2.1 Wave hindcast accuracy after the modifications brought in by WP2. Note that the 
degradation in the Southern Ocean is related to the treatment of icebergs and under 

investigation.  



This better treatment of the wave-ice interaction, together with an improvement of wave 
growth at short fetch has led to a dramatic improvement of wave hindcast accuracy in open 
water near the ice, which will be beneficial for Arctic navigation (Compare Figs. 2.1 and 2.2). 
 
The model development has included an adaptation of the ice break-up parameterization of 
Williams et al. (2013) and is now limited by the lack of feedback of dynamic coupling with 
the ice (advection of ice floe size). This has not impacted much the results of WP3 because a 
simplified wave model was implemented within the ice model. Future steps towards on-line 
coupling with a sea ice model are ongoing together with NERSC. An R&D project from the 
Copernicus Marine Services called “ArcticMix”, lead by Ifremer (Fabrice Ardhuin and 
Camille Lique) will ease the inclusion of SWARP wave model activities into the future Phase 
2 of CMEMS.  

 

4.1.4 WP3: main results in sea ice modelling 

The work package has developed and tested a novel modelling technology to forecast break-
up of the sea ice cover by the ocean waves. The technology uses the European state-of-the art 
sea ice ocean models TOPAZ (Copernicus ARC MFC) and NEMO (Nucleus for European 
Modelling of the Ocean, used in the Global MFC) and has been verified by information from 
satellites. The models produce sea ice cover information, necessary for the safety of 
operations in the ice-covered seas such as operational planning, search and rescue and marine 
ecosystems risk assessments. The data on sea ice cover break-up is a key requirement of the 
WMO ice charts standards and is a vital part of the Copernicus information stream. The 
results from the project will bridge gaps in the data provided by maritime information 
services. The technology will also serve as a basis to develop offshore safety assessments for 
oil rigs, vessels and other floating and moored offshore structures in the ice-covered seas with 
high wave and currents impacts. The project focuses mostly on the European part of the 
Arctic and Nordic seas, but implications for the rest of the Arctic and the Southern Ocean are 
examined as well. The modelling technology has also been tested in climate models and 
demonstrated a substantial impact of waves on sea ice reduction. It will be used in future 
Intergovernmental Panel for Climate Change (IPCC) assessments and in developing 
international policymaking strategies. 

The project has developed interactive modelling of ocean waves, sea ice and ocean 
currents, which includes the break up of sea ice floes by incoming ocean waves, wave 
scattering by broken up sea ice floes and attenuation of wave heights. The models compute 
sea ice motion from the forces from waves, wind and currents and also account for jostling of 
the broken ice floes in the vicinity of ice edge in the Marginal Ice Zone. See Deliverable 
D3.2.  

Jostling of the broken floes pulls them apart and exposes more of the ocean to solar insolation, 
thus intensifying warming of the upper ocean in the summer and resulting in more ice 
decline and further warming of the ocean. The melt water from sea ice caps the ocean and 
traps the heat near the ocean surface by reducing the downward mixing of heat, melting more 
ice and further accelerating its retreat. Finally, the broken, thinner and more fragile sea ice 
cover allows more waves to propagate into the Arctic Ocean interior and to break even more 
ice. These and other positive feedbacks promote a rapid change of the summer Arctic sea ice 
into a MIZ by mid-century (Fig. 3.1, left panel). Amongst a variety of socio-economic 



impacts, the easing of the ice conditions in the Arctic may offer a possibility of trans-Arctic 
navigation with shorter sailing times, though the full risks in remote icy areas (Fig. 3.1, right 
panel) still need to be assessed carefully. 

 

  

Fig. 3.1 Left: Observed from satellites current (inset) and projected for the 21st century 
changes in the Marginal Ice Zone relative area (percent). Right: sea ice concentration 
(percent, shades of blue) and thickness (metres, labelled contours) during the navigation 
period (June–October) in 2030-2039 from the RCP8.5 projection. The Arctic shipping routes 
are shown schematically: The Northern Sea Route (NSR) (dashed arrow); the North Pole 
Route (NPR) (dark-grey arrow) and the Northwest Passage (NWP) and Arctic Bridge (AB) 
(light-grey arrow). Satellite data are from Strong and Rigor, Geophysical Research Letters 
40(18) (2013); projected model results are from Aksenov et al, Journal of Marine Policy 75 
(2017). 

The model runs performed in the project range from coarse up to very high–resolution ~4 km 
to diagnose the present-day sea state and sea ice pre-operational forecasts. In addition to 
ocean currents, ocean temperatures, sea ice velocities, thicknesses and concentrations, the 
modelling produces distribution of floe sizes (including mean and maximal floe sizes) and 
turbulent part of sea ice motion, as well as significant wave heights, wave velocity and wave 
peak periods (Fig. 3.2). These are essential for navigational information systems, like the one 
developed in the project by NAVTOR (in WP5 - Integration).  

  



Fig. 3.2 Output from a Fram Strait regional configuration forecast from 21 Jan 2016: 
significant wave heights in metres and wave directions (left); maximum ice floe sizes in 
metres (right). Wave forcing is from the WaveWatch III forecast by IFREMER. 

The models were tested and verified on the existing satellite data products and in-situ 
measurements from oceanographic field campaigns, aerial surveys and ice camps and 
optimized for accuracy and computational performance on the high-performance computing 
systems. The data has been made publicly available and validated in WP5.  

The NERSC HYCOM and NERC NEMO model codes have been distributed to their 
respective communities and further steps are initiated with the implementation of these codes 
in fully coupled systems that can manage the exchange of waves and ice information at high 
frequency. The models are on good way towards their inclusion in future versions of 
CMEMS.  

 

4.1.5 WP4: main results in remote sensing  
A new remote sensing algorithm has been introduced to measure wave spectra in ice and 
compute wave attenuation for waves longer than 90 m. Due to its extensive coverage in Polar 
Regions, the Sentinel-1A SAR data allowed to process a large catalogue of scenes, although 
their resolution is still limiting for detailed investigations. Previously, this could only be 
calculated by in situ measurements on ice. The attenuation coefficients increase as a function 
of sea ice thickness (derived from SMOS) as expected, but no significant relationship with sea 
ice types was found, whether determined from SAR or scatterometers. Further work needs to 
be undertaken to make the production of wave variables in sea ice fully automatic.  
 

4.1.5.1 SAR analysis of wave in ice:  

A wave retrieval methodology has been developed based on an inversion method (the quasi-
deterministic velocity bunching inversion) of the wave induced SAR backscatter modulation 
in the MIZ (able to emulate the “Chinese noodles” patterns from Figure 4.1). This 
methodology and its improvement were published in two publications between the start and 
end of SWARP (Ardhuin et al. 2015 and 2017). 



 

Figure 4.1. Left: fragment of a synthetic aperture radar scene acquired by Sentinel-1A in wave mode (HH 
polarization) on September 9, 2014, at 14:26:54 UTC, around 61.37◦ S and 147.14◦ W, in an area where the sea 
ice coverage estimated from SSM/I exceeds 90%. One of the oscillating bright lines is highlighted with a dashed 
white line, and the faint thick lines that coincide with deviations of the bright lines is highlighted with two grey 
rectangles. Right: interpretation in terms of wave propagation and distortion (arrows) due to the velocity 
bunching mechanism of the SAR processing which converts velocities in the line of sight in misplacements in the 
azimuth direction. 

A wave-in-ice amplitude attenuation coefficient estimation method and a semi-automatic 
extraction software have been developed in 5 semi-automatic steps. Figure 4.2 exhibits an 
example of retrieved wave amplitude evolution from a SAR image envelope signature. The 
solid blue line indicates the averaged evolution of the amplitude against the distance of 
propagation. 
	

 

Figure 4.2. Left: Selected trajectory for wave analysis in the direction of swell propagation. 
Right: Extracted envelope of the waves (green line). The blue line represents the running 

average of the envelope. The dashed red line corresponds to the slope of the linear part of the 
envelope.  

 

 



4.1.5.2 SAR sea ice classification:  
Two versions of an ice types classification algorithm have been developed for Radarsat-2 

(RS2) data and for Sentinel-1A (S1A) data. An example from Sentinel-1A is shown in Figure 
4.3 below, but more examples are given in D4.2.  

The S1A SAR classification algorithm developed at NERSC (A. Korosov, 2015), trained and 
tested at NIERSC is based on a Support Vector Machine (SVM). In decoding of the open 
water and ice boundary on RADARSAT-2 SAR images with 1600 m pixel resolution in the 
Fram Strait, the algorithm has an average classification accuracy of 91% for the 2013–2015 
period compared to high-resolution manual ice charts of the Norwegian Meteorological 
Institute [Zakhvatkina et al., 2017] and from 80 to 93% of accuracy for versions adjusted for 
MIZ recognition purposes. Classification algorithm was tuned for utilization of the high 
resolution cross-polarized SAR images of Sentinel- 1A satellite. High-resolution optical data 
from both Sentinel-2 and Landsat-8 have been examined, but no good – cloud free - example 
has been found.  

In the S1A examples below (with Extra-Wide swath dual-polarization mode HH+HV), 7 
classes are automatically delineated.  

 



 

Figure 4.3: Supervised automatic classification of Sentinel-1A SAR image (right looking direction) with 
discrimination of open ocean, MIZ and different ice types (in final view, bottom right: white – ice, blue – water 
(still and wavy waters in light and dark blue), gray – MIZ, green – thin first-year ice, black – land).  
 

Sentinel-1 image 
HH-polarization 2014.10.05 

Sentinel1 image 
HV-polarization 2014.10.05 

Results of classification in RGB  Results of classification in final view 

	 Flight	direction	

North	



The Sentinel-1 sea ice classification was then used to explore possible relationships with wave 
attenuation. They were overlaid on polygons of wave in ice detection (cf Figure 4.4) but no 
clear relationship was identified between wave propagation into the MIZ and ice type as 
detected from SAR backscatter, possibly because in the area considered the relationship is not 
obvious between ice types and the ice parameters that matter to wave propagation 
(compactness and thickness). 

  
Figure 4.4: Sentinel-1 SAR dual pol based ice classification result (white/gray/green) overlaid on observed swell 
in the MIZ (red contour), using the ODL satellite data portal .  
 

One version of the above SAR classification algorithm has been endorsed by the CMEMS 
OSI TAC for inclusion as a future automatic ice classification product. The new product will 
be made public in the 4th version of CMEMS in April 2018.  

4.1.5.3 Candidate parameters controlling wave attenuation in the MIZ 
Ice	compactness	

It is expected that the compaction of the MIZ by on-ice winds leads to more resistance to wave 
propagation, and this seems to have been confirmed by consecutive Sentinel-1 SAR images 
taken 6 hours apart (See details in D4.2).  

 

Ice	thickness	

Tian-Kuntze et al. (2014) demonstrated that SMOS can be used to retrieve sea ice thickness 



up to 0.5 meter under ideal cold conditions with surface air temperatures below 10°C and sea 
ice coverage close to 100%. We have used these estimates to relate to the measured wave 
attenuation rate, within high concentration sea ice portion of the MIZ but without verification 
of the low temperature hypothesis. 

The comparison has been done on the attenuation coefficient estimated on homogeneous 
backscatter regions (cf Figure 4.5). The homogeneous backscatter area - when ice coverage is 
full - clearly shows an increase of the swell attenuation rate by a factor of almost 10 between 
ice thicknesses of 10 cm and 40 cm.  

Tian-Kunze, X., Kaleschke, L., Maaß, N., Mäkynen, M., Serra, N., Drusch, M., and Krumpen, T.: SMOS-
derived sea ice thickness: algorithm baseline, product specifications and initial verification, The Cryosphere, 
8, 997–1018, doi:10.5194/tc-8-997-2014, 2014.	

 

Figure 4.5: Adimensional wave amplitude attenuation coefficient against ice thickness 

 

4.1.5.4 Low-resolution remote sensing of sea ice extent 
Scatterometers onboard two satellites have been used to detect first year and multi year ice 
during winter on a daily frequency. They can also be used during freeze period to detect the 
sea ice edge. (see example fig 4.6 comparing the AMSR2 radiometer sea ice limit and the 
ASCAT one) 



 

Figure 4.6: sea ice edge detected using ASCAT and AMSR2 during October 2015. Grey is SAR image. Color 
represent the sea ice roughness from ASCAT scatterometer superposed to AMSR2 black and white 

concentration (see ODL’s SWARP portal for more details) 

The method developed for the QuikSCAT sensor at Ku-band to distinguish the MY has been 
adapted for the European ASCAT/MetOp sensor at C-band, providing a FY/MY time series 
for the period 2007-2017 using data from MetOp-A&B (the calibrated 2007-2014 
ASCAT/MetOp-A dataset has been used). Collated to previous data from QuikSCAT, the 
time series of MY/FY extent has been extended from 1999 until 2017 (figure 4.7).  

 

Figure 4.7: 1999-2017 time series of the daily Arctic MY extent from scatterometer in winter inferred from 
QuikSCAT (green) and ASCATs (red) 



The daily maps have been compared with other products (from Swan & Long 2012,, Kwok 
2004, Aaboe et al 2015, see 3rd  periodic report of the project) with similar results for 
QuikSCAT period and low values for the ASCAT period for our product. The day to day 
variability is less for our study than using the OSISAF product. This is investigated in the 
framework of another project with MetNo, Univ Bremen and Ifremer to improve the detection 
of the MY ice.  

Our dataset has been tested by the altimeter community (parameter needed to infer sea ice 
thickness from sea ice freeboard).  

The low-resolution data have a full coverage of the sea ice extent (including the MIZ) in both 
hemisphere and serve as coarse resolution input for wave models (WP2) in addition to 
concentration. These results are at global scale for the Arctic, there is no evidence to detect 
the MIZ using low resolution scatterometry alone, this project shows that when available SAR 
images are reliable to explore the MIZ.  

 



 

4.1.6 WP5: Integration and Validation 

4.1.6.1 Integration 

NERSC ran two parallel forecasting systems with and without the effect of waves in ice (see 
https://swarp.nersc.no/page/topaz-sea-ice-forecast for an illustration of the latest results). The 
two forecasting systems were plugged on the TOPAZ4 physical ocean forecasting system run 
by MET Norway for the Copernicus ARC MFC. The waves-in-ice forecast takes additional 
wave forecast inputs and gave additional outputs of wave properties inside the ice and also 
about floe size (See D3.3 for details). There have been some instances when the wave forecast 
input was missing, which caused some delays in the production, but operations should 
become mode stable once the wave forecasts are monitoring operationally in CMEMS. The 
outputs were then converted to CF-compliant NetCDF format and copied to a THREDDS 
server at NERSC so that NAVTOR AS could download the files, convert them to an internal 
file format and send them to the navigation station onboard their customers’ ships 
(NavStation, Figure 5.1). When a navigator has made a planned route in NavStation, this 
route may be sent automatically to shore, and displayed in NAVTOR’s web-based 
NavTracker together with the actual track of the vessel (giving vessel is a subscribing to 
ENC/tracking service by NAVTOR). This gives shore-based personnel a good overview of 
the vessel’s position and speed compared to the planned route. This service from NAVTOR is 
described in D5.2. 

 
Figure 5.1 Ice coverage display (ice concentration with WMO standard colour scale, blue: open water, red: 

pack ice) with data from SWARP models as overlay on the ENC. 
 

4.1.6.2 Validation 
 



D5.1 gave the main description of the validation done in the project. It gave more emphasis to 
the validation of the NERSC HYCOM model since this is the one run in real-time forecast 
and provided to users. It consisted of 

• Validation of remote sensing products (see also D4.2), namely: 
o Ice type retrieval methodology in the MIZ using scatterometry 
o SAR ice-water classification algorithm for Sentinel 1A 
o SAR retrieval of waves-in-ice information. This algorithm was able to be 

validated using in situ data from the ONR cruise in the Beaufort Sea in autumn 
2015 (see Ardhuin et al, 2016). 

• Validation of the wave model (sea also D2.2) 
o For example, a creep model of wave attenuation was developed for 

WAVEWATCH III and compared favourably to tiltmeter data (Ardhuin et al, 
2016). 

• Validation of the sea ice model 
o NERC sea ice model 
o NERSC sea ice ocean model  

 
The NERC model (see D3.2) was evaluated in the following way: 

• the sea ice concentration and thickness in both the Arctic and Antarctic was compared 
to a variety of data sources. In general, it showed good behaviour in the simulations, 
giving comforting evidence that the complexity introduced was not detrimental to the 
accuracy of the model. 

• The mean floe size in the Fram Strait in September 2009 was also compared to data 
from an aerial survey2 – in general it was slightly too high for this period (also see 
D1.3, the annual report for year 3). 

• The granular temperature (fluctuation velocity) was compared to accelerometer data 
collected from the Sea Ice Mechanics Initiative ice camp (SIMI) in the Beaufort Sea 
and around Svalbard during the Coordinated Eastern Arctic Experiment (CEAREX)3. 
The model granular temperature compares within one standard deviation with the 
SIMI data, whereas the CEREAX data shows large variations in the granular 
temperature due to the strong wind events. The model granular temperature 
corresponds largely to the mean granular temperature from CEAREX, although for the 
strong wind events observed temperature was an order of magnitude higher than the 
simulated one for the same period, mostly owing this to the coarser resolution of the 
atmospheric wind field (also see D1.3). 

 
The NERSC model, which was used in the forecast, was also evaluated generically for 

• Sea ice concentration and ice edge location (OSISAF product, Met Norway) 
o Winter and early summer: 

§ Too little ice in the Labrador Sea 
§ Too little ice in the southern part of the Greenland Sea 
§ Too much ice in the northern part of the Greenland Sea 

o Generally too little ice everywhere in late summer 

	
2 Lüpkes, C., Gryanik, V. M.; Hartmann, J., and Andreas, E. L. A parametrization, based on sea ice morphology, 
of the neutral atmospheric drag coeffcients for weather prediction and climate models. J. Geophys. Res. 2012; 
117(D13):D13112. doi: 10.1029/2012JD017630. 
3	Martin S, Drucker R. Observations of short-period ice floe accelerations during leg II of the Polarbjørn drift. 

Journal of Geophysical Research: Oceans. 1991; 96(C6):10567-80. 



• Sea ice thickness (Cryosat-2/SMOS hybrid product, from AWI and Uni. Hamburg) 
o Generally too thin, especially in the central Arctic. 

 
The waves-in-ice aspects of the forecast were: 

• Marginal Ice Zone (location and width) 
o Checked against a case study from a sequence of SAR images (before and after 

a storm event), but not generally conclusive due to residual offsets in the 
position of the simulated waves and spatial configuration of the ice edge.  

• Attenuation 
o Compared with SAR analysis from ODL (WP4). For the wave periods 

observed, scattering did not produce enough scattering, but a drag model could 
be fitted to the data. The fitted drag coefficient varied between about 5 and 40 
Pa s m-1 – ie the range is not too large, but the coefficient is still difficult to 
predict from a given set of ice conditions. 

Further validation results were produced for the user demonstration workshop of WP6 that 
compared MIZ widths and locations estimated from the floe size category in DMI ice charts. 
This revealed the importance of keeping the MIZ information from one forecast to the next 
forecast, contrarily to the practical solution found for the SWARP routines, revealing the 
seasonality of the MIZ width. Indeed, when hindcasts were produced for 2005, and the FSD 
was not reset each week, there was better agreement in the freezing period, even though the 
MIZ with remains more severely underestimated in 2006 than in 2005 (see Figure 3.2). 
Moreover, a longer relaxation time scale of 4 days tends to prove more realistic, especially in 
the Fall 2006, indicating a higher sensitivity to thermodynamics in this period.  

 

 

Figure 5.2: 2005-2006 Greenland Sea MIZ width from NERSC waves-in-ice hindcasts compared to estimate 
from DMI ice charts. M1, M2, M3, M4 refer to model results with relaxation time scale of 1, 2, 3 or 4 days – if 
there is freezing happening the maximum floe size relaxes exponentially towards its maximum value of 300m 

using this time scale. 
 



Note there are some quite high values produced from the DMI ice charts (eg the peak in 
October 2006) where the MIZ is semi-enclosed by regions with larger floes – since our width 
is defined according the direction perpendicular to the ice edge (see D5.1), the width of these 
regions is actually its length. The model was not able to produce these semi-enclosed regions. 
The width is also too low in summer, as the ice does not extend far enough to the south in 
summer (where the waves are arriving). 

A further feedback from the user demonstration workshop of WP6 was that the direction of 
motion of the ice edge should be validated. This is addressed to some extent in the year 3 
periodic report (D1.3), by comparing the persistence forecast to the actual forecast. The actual 
forecast, which uses forecast atmospheric conditions and a physical model to respond to those 
conditions does better than the persistence forecast about 70% of the time.  

Following this validation, we recommend the use of fully-coupled waves-ice models that can 
exchange wave and sea ice information at arbitrary frequency, this step has now become more 
realistic than it was at the time for writing the SWARP proposal because of the progress of 
professional coupling software like OASIS-MCT or ESMF. Another route for improving the 
accuracy of near-real time forecast is the temporary exclusion of the ocean from the 
forecasting system: a stand-alone sea ice model is more flexible to be initialized by high-
accuracy sea ice remote sensing data, while a coupled ice-ocean model is hampered by the 
necessity to satisfy both ocean and sea ice observations by data assimilation and the residual 
errors are likely larger. We plan to go down that route with a coupled WW3-neXtSIM model 
using the OASIS-MCT coupler in future steps.  

 

4.1.7Potential impact of SWARP (including WP6 and WP7) 

SUMMARY OF THE MAIN RECOMMENDATIONS 
We list here the priorities in terms of observations for models:  

- Ice parameters 
• Ice thickness from SMOS and CryoSAT2 (and Sentinel-3), with 

improved consistency between them.  
• Floe Size Distribution: Sentinel-2 sequential images 
• More abundant IW SAR from Sentinel-1, especially during 

storms, they should also be easier to order 
- Winds,  
- Surface current measurements near the ice edge  
- Waves. The two latter points can come from the SKIM mission proposed to 

ESA for EE9. 
	
Priorities in terms of missing theoretical knowledge 	

- Ocean mixing below sea ice, because of the important feedback on lateral 
melting  

- The impact of waves on ice formation, in particular pancake ice  



USEFULNESS OF THE END PRODUCT  (NAVTOR NavStation) 
In the SWARP project, NAVTOR has upgraded the existing navigational services with a new 
MIZ module enabling data harvesting from SWARP partners, extended NAVTOR data 
handling and integrated the SWARP-service in the on-board planning and decision system; 
NavStation. 

 

Figure 6.1; NavStation information structure; starting with official Electronic Nautical 
Charts (ENC) adding layers of mandatory nautical information and a Passage Planning 
module. SWARP services is a new layer supporting navigation in Polar areas.   

Today a vessel approaching Polar areas typically subscribe to a traditional PDF-based ice 
service or try to use a web-service given connection is stable, to display e.g. the ice analysis, 
and a few may download files to overlay a nautical chart. However, the Navigators in Polar 
areas increasingly also ask for detailed forecast about the movement of the Ice edge; most 
commercial vessels would like to stay away from the Ice edge, while the Cruise vessels and 
Fishing vessels would like to go as close as safety concerns allow. 

The SWARP approach offers the possibility to add the Ice forecast as a new layer in the same 
UI as the Navigator would use for his Passage Planning. Normally the Navigator knows well 
the quality of the downloaded data, but he/she may also download forecasts from different 
providers to judge differences. To check consistency of a new ice-edge forecast, the user may 
e.g. compare with past forecasts stored by NavStation, as well as comparing e.g. ice-edges 
from ice charts (analysis) with the ice edge from the forecast.  

The feedbacks from the end users have been all positive about integrating new SWARP-
services, e.g. the ice forecast, into already existing planning tools like the NavStation. All user 
feedback clearly point out the drawbacks of bringing new HW or SW on-board, but would 



rather utilize the existing services. And from the point of the International Maritime 
Organizaton (IMO), the SWARP-initiative is just in the heart of the prioritized e-Navigation 
solutions: “the harmonized collection, integration, exchange, presentation and analysis of 
marine information on board and ashore by electronic means to enhance berth to berth 
navigation and related services for safety and security at sea and protection of the marine 
environment.”  (http://www.imo.org/en/ourwork/safety/navigation/pages/enavigation.aspx ). 

SUMMARY OF USER DEMONSTRATIONS  

The first user demonstration was conducted by NAVTOR alone among its existing customers 
about 6 months before the SWARP user workshop in September 2016. This was helpful to 
devise a target group large enough to represent a viable market: the vessels who would like to 
go close to the ice, typically Cruise ships, fishing or research. They may approach closer or 
not depending on weather and wave conditions and especially depending on the movements 
of the ice edge (due to ice drift or freezing). In the present times when the oil prices are low 
and the relationships between the West and Russia are cold, the vessels going into the ice do 
not represent a sufficient market. The SWARP user workshop then put extra emphasis on 
validation of the ice edge, ice motions and wave conditions close to the ice edge, still 
covering matters of interest to users susceptible to navigate into the ice in the future. It should 
be noted that NAVTOR increased its customer base from 500 to 2500 vessels in the duration 
of SWARP (but not solely due to SWARP) so that marketing was not the main objective of 
the workshop, but rather the exchange of know-how.  

The SWARP user workshop was held in NERSC premises on 27th – 28th Sept. 2016, gathering 
21 users and scientists internationally. An unexpected user from the tourist cruise industry 
was the Ponant Cruises who presented to us their ambitious plans in Arctic / Antarctic 
tourism, including the construction of a cruise icebreaker. These “champion users” have been 
specifically cherished during the workshop and the communication has been maintained 
continuously since then. The prospect of installing the NavStation onboard the Ponant Cruise 
ships was addressed but was not the central theme of the discussions, which rather revolved 
around the theme of synergies between Polar tourism and Polar oceanographic research.  

As a result of feedback from NAVTOR during the user workshop from WP6, transmitting the 
files to ships working at high latitudes was too slow (only Iridium communication is available 
so far), which could represent a show-stopper for the service even with the best possible data. 
NERSC thus gave a demonstration (see WP6, D6.3, section 3) where the size of one field 
(about 1.1MB) was represented by isolines as in Shape files – this reduced one field to about 
121KB, making it more manageable to transmit. This was again done with NetCDF files, but 
in this case there was no set standard how to represent the data. The operational production of 
these files and their inclusion in NAVTOR software was left to follow-up projects (for 
example a CMEMS User Uptake project).  

IMPACT ON THE MODELLING COMMUNITY 
In spite of rivalries between different modelling communities, SWARP has followed an 
inclusive approach by implementing the waves-in-ice modules into different models: the 
NERSC HYCOM model used in the Copernicus ARC MFC, the neXtSIM model at NERSC 
which is anticipated to become a future component of the ARC MFC, the European NEMO-
CICE model used by NERC has been included into the community “trunk” of NEMO, shared 
with several operational and climate institutes in Europe and beyond, including Environment 



and Climate Change Canada, with whom UQAR is collaborating. Our pre-SWARP 
collaborator Alison Kohout (NIWA, NZ) is collaborating with the Los Alamos CICE 
modelling team. Ifremer’s WAVEWATCH III developments have also reached a broad 
community, including the NEMO-LIM3 model and NERSC will assist MET Norway in the 
implementation of wave attenuation in ice in the WAM model used operationally in the 
Copernicus ARC MFC. It should be noted that the code itself does not represent an asset 
when the necessary expertise to understand the waves-in-ice processes are extremely specific, 
so a thorough training programme must go hand-in-hand with the dissemination to the 
modelling communities, as can be understood from the collaborations named above.  

But the real impact in the modelling community will only bloom after the democratization of 
professional coupling softwares like OASIS-MCT from CERFACS, Fr, and ESMF from 
NOAA, USA. These will allow the frequent exchange of information between the wave 
model and the sea ice model and significantly reduce the amount of redundancy in the codes 
presently used in SWARP. These efforts are presently ongoing as spinoff activities from 
SWARP: Ifremer, NERC and NERSC have implemented OASIS-MCT to couple 
WAVEWATCH III to respectively NEMO-LIM3, NEMO-CICE and neXtSIM, NERSC has 
also implemented the ESMF coupler to couple HYCOM with CICE, where WAVEWATCH 
III could be included as well. Other partnering institutes have expressed their interests in 
utilizing the same coupled framework, such as the UK Metoffice and the Chinese PRIC from 
the National Marine Environment Forecasting Center.  

However, the models of wave-in-ice attenuation and ice breakup are still in an early stage of 
validation as has been shown by WP5 and the parameters used (for example for wave drag) 
will remain under-constrained until much more extensive satellite data is available for tuning 
these models.  

	  



 

IMPACT ON THE REMOTE SENSING COMMUNITY:  
The extraction of wave signals in sea ice and the further calculation of wave attenuation is a 
“première” from the SWARP project, one of the examples where remote sensing can now 
provide information which was previously accessible only in situ. The extensive coverage of 
Sentinel-1 data in the Polar seas and their free data distribution has given ESA and European 
remote sensing research a leading position for the retrieval of waves parameters in sea ice.  

As a sign that SWARP’s objectives were relevant in the remote sensing community, the ESA 
has accepted to re-prioritize their acquisition programme to obtain Sentinel-1 data targeted to 
the needs of SWARP in conjunction with other international field experiments: first the ONR 
field experiment from the Sea State DRI, and then possibly (ongoing) the NSF PIPERS field 
operations in the Ross Sea (Antarctica) where J. Stopa (Ifremer) is POC.  

4.1.8 Dissemination activities and exploitation of results  

4.1.8.1 The SWARP data distribution 

The main SWARP website gathers all the information that the users and the general 
public needs to know about SWARP: The front page includes a short promotional movie 
explaining the basic concept and use of the project, the links towards model and remote 
sensing data and the project deliverables.  

The general public can easily have access to visual information about the present 
conditions of waves in ice in the Arctic as well as easy access to download the underlying 
numerical data through FTP and THREDDS servers, which are the same files downloaded by 
NAVTOR for its own commercial use. SWARP does not register the users nor records their 
identity in a strategy to let the users “play and learn”. New users who would desire the 
operational support from a professional service desk are redirected towards the Copernicus 
Services where the SWARP models will eventually land. Users of remote sensing data are 
redirected towards the remote sensing portal at ODL (See below). The forecasting systems 
may not be maintained after the end of SWARP but will become sustainable when the 
operations are taken over by the Copernicus services in April 2018.  



 

 
Figure 6.2: Example of operational forecast extracted from the SWARP webpage, valid on 20th March 2017 at 
3AM UTC. 

 

4.1.8.2 The SWARP remote sensing data portal 

A web portal has been developed in order to (1) identify quickly the regions of interest for 
wave in the MIZ analysis and (2) for first assessment of wave model results and (3) 
correlation between scatterometer backscatter and wave attenuation. This web portal can be 
accessed at the URL http://swarp.oceandatalab.com/. It is publicly available for dissemination 



and communication purpose and will be maintained for at least 3 years after the project ends. 

 

 
 
 
 

 


