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1. Introduction 
 

As part of the work regarding “targeted applications for economic/technical assessment within 
Copernicus services” (WP5), this study investigates “Sustainable resource exploitation under 
varying weather, including renewable energy and aquaculture”. 

First part of this study (1) explores the suitability of the novel Sentinel measurements (2) 
combines measurements with high resolution simulations, for Copernicus coastal operational 
service for forecast energy fields and resource status. 

It is intended that the project will provide an unprecedented level of accuracy and robustness for 
the selected uses: wind resources, structural reliability and aquaculture operation/safety in 
Horns Rev. This work is shared by DTU and DHI. 

This study also uses a wider combination of variables in comparison with the common practice. 
This includes e.g. the effect of sea surface temperature (SST) on mean sea level and rain, or, 
the effects of wind on SST and surface drag, as well as river/land discharge. The accuracy and 
resolution of CMEMS products are tested, with emphasis on Sentinel-1/Sentinel-3 
measurements. The test will be done for the wind-wave-current-surge fields. These are 
expected to be able to serve to analyse the functionality and safety related to resource 
exploitation. This task will be supplemented by updated bathymetries from GRAS and optical 
colour patterns from Sentinel products, in order to assess the environmental impact and water 
quality.  

Finally, a set of practical recommendations will be established for boundary conditions, 
compatibility and uncertainty intervals and appropriateness for integration into CMEMS. These 
are already collected within Task 4.4 and here we converge them to a generic set of good 
practice criteria.  

Thus, the expected results include: 

1) Improved uncertainty assessment in resource analysis for selected applications/sites. 

2) Proof-of-concept for integrating CEASELESS resource analyses into work protocols of 
selected users. 

3) Proof-of-concept for integrating CEASELESS resource analyses into the Copernicus 
service. 

2. Coastal operation and maintenance 
 

In the offshore wind industry, the Operation and Maintenance (O&M) activities are outmost 
importance for an Offshore Wind Farm (OWF) during the entire design life. A failure of an 
element of the farm could cause a reduction or even a stop in the power production which would 
lead to significant economic losses. Therefore, it is important to adopt preventive maintenance 
strategies that can reduce the number of failures, through a planned series of O&M activities 
such as inspections, reparations and replacements.  

Operation and Maintenance plans for OWFs are designed for both long- and short-term 
scenarios. A long-term plan, generally elaborated during the design phase, is the one in which 
the interventions are scheduled over one or more years. A short-term plan is for operational 
situations in which an already planned task is to be executed in the following few days or a not 
expected failure happens and a reparation needs to take place in the shortest possible time. 
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In order to restrain the O&M related costs, which generally account for 25-30% of the total life 
time cost of an OWF (Saraswati et al., 2017), it is necessary to maximize the effectiveness and 
efficiency of the O&M plans.   

The preparation of O&M plans is based on the evaluation of the actual feasibility of the tasks. 
The planning depends on multiple factors, such as capabilities of the O&M operator (personnel 
and vessel), availability of spare parts and any possible cost valuations. However, an O&M plan 
relies crucially on the assessment of weather windows, which are time periods where the 
metocean conditions (wave height, wave period, current speed, wind speed, among others) 
allow the O&M operator to execute the job. A weather window assessment usually consists of 
simplified analysis of metocean data of the area of interest with thresholds chosen for a specific 
task. In particular, a weather window is a period during which the metocean conditions do not 
exceed the fixed thresholds for a time long enough to accomplish the execution of that task. The 
choice of the thresholds in a weather window assessment is driven primarily by health, safety 
and environmental demands and considerations for the O&M operator, but also economic 
factors for the wind industry investor. The metocean conditions that are considered suitable for 
a specific task must be such that the O&M operator can perform the task in a safe manner. But 
those thresholds should also guarantee that a sufficient number of workable hours is available, 
so that all the planned O&M activities can be executed reducing the risk of downtime in the 
power production.  

Increasing the reliability of weather window analyses leads to more efficient and effective O&M 
plans, which means lower O&M-associated costs for the offshore wind industry and safer 
working conditions for the O&M operators. This holds especially in the short-term operational 
situations, where the decision-making process on the execution of the tasks becomes more 
critical. In practical cases, the risk is that a task is scheduled on a certain day, but when the 
crew and the technicians meet in the morning at the port, they realize that they cannot sail out 
due to weather. It can also happen that they sail out and reach the OWF, but they realize that 
the task cannot be executed safely due to metocean conditions or the personnel becomes 
seasick during the trip out to OWF. In all these circumstances, the result is that the planned task 
is not executed and could have maybe been performed on another day that was wrongly 
assessed as not suitable for the scope. 

The availability of solid metocean data is a necessary condition to produce trustworthy weather 
window analysis for both long- and short-term scenarios, but this is sometimes not sufficient. 
Uncertainties lie on the choice of the thresholds that determine the workability of a set of 
metocean conditions. In fact, thresholds like maximum acceptable significant wave height and 
wave period are not a direct measure of the actual feasibility of a task, but indirect parameters 
that are used to define weather windows. As example, if an O&M task involves the use of a 
crane to lift a heavy cargo of spare parts to a turbine, thresholds are applied to maximum 
acceptable wave height, wave period and wind speed that would not cause dangerous motions 
of the cargo, hence the thresholds are not directly applied on the motions of the cargo. In most 
practical cases, the thresholds on metocean conditions are not estimated anyhow, but rather the 
results of a compromise between the values suggested by the O&M operator based on 
experience. 

DHI A/S has developed a prototype for a numerical tool that assesses the existence of weather 
windows for O&M tasks and an application is presented in the following. The tool simulates the 
entire O&M activity, i.e. the trip of the vessel employed for the tasks from port to OWF, the tasks 
performed at the different turbines and the trip of the vessel back to port. The key feature of the 
tool is the calculations of the motions of the employed vessel, which are used as an additional 
measure to determine the weather windows. Such capability allows a more accurate evaluation 
of the vessel motion-induced risks for the job execution, which leads to a better assessment of 
the workable conditions. As it will be shown, the tool can make use of the metocean database 
and forecasts of Copernicus (marine.copernicus.eu/) together with the accurate and high 
resolution satellite-derived bathymetry (SDB) developed within this project with the Sentinel-2 
data (see CEASELESS, Deliverable 3.2). 
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The tool can be used as a support for decision-making both in forecast mode and in planning 
mode. The forecast mode can be used for short-term planning, when one or more tasks are to 
be executed in the coming working days and there is the need to decide if it is possible to sail 
out and, more importantly, when it is the best time (if more options are available). In this case, 
the tool would use a metocean database provided by a forecast service. The planning mode is 
for the long-term seasonal planning when it is necessary to know, as example, what is the 
likelihood that a specific task can be executed in a certain month. In this case, the tool would 
use a hindcast dataset covering one or more years and statistical methods for evaluating the 
probability of success of the task execution over the months.  

DESCRIPTION OF THE TOOL 

The tool relies on an Agent-Based Model (ABM) framework in which the vessel is represented 
by a Lagrangian particle. It simulates in time and space the trip of the vessel executing a user-
defined O&M task. The vessel moves in a discretized domain, covering the port of departure 
and the OWF. The vessel undergoes metocean forcings that are extracted from input files 
prepared before the simulations. In those files, the available metocean database is discretized 
onto the same mesh used in the simulation, together with the bathymetry data.  

The vessel is released from the port multiple times with a prescribed frequency, i.e. a prescribed 
number of time steps. Thus the same trip is repeated with a different departure time during the 
simulation. At each time step assigned as the starting of a new trip, a new particle is generated 
at the port. The track followed by the vessel is imposed by the user as an input of the 
simulation, as well as the speed of the vessel. When the particle reaches the end of the track, it 
is removed from the domain.  

At each time step, the tool performs the following operations for each of the existing vessels in 
the domain: 

1. the position of the vessel is detected and the input metocean forcings are interpolated 
at the current time step and at the current position. 

2. the interpolated metocean forcings and predefined Response Amplitude Operators 
(RAOs) are used to evaluate the 6DOF-rigid body motions of the vessel. The RAOs, 
which are functions of vessel speed relative to water speed, vessel direction, water 
depth, Hm0 and Tp, are determined with the seakeeping code S-Omega by FORCE 
Technology. S-Omega is a state-of-the-art, 3D linear radiation-diffraction panel code 
that provides RAOs for unit wave amplitude for given vessel.  

3. The calculated vessel motions, i.e. surge, sway, heave, roll, pitch and yaw, are 
combined to determine the significant total vertical displacement of the bow (∆bow) as 
follows: 

∆���
��� � 	
��
  ����� ∙ ���� �  ����ℎ ∙ �����  	

�   

where (���� , ����) are the coordinates of the bow and 	

� is the heeling due to wind. 

4. the interpolated metocean conditions and total vertical displacement of the bow are 
compared with user-defined input thresholds, which are used to evaluate the feasibility 
of the task. The tool returns 1 (one) when the thresholds are not exceeded, otherwise 0 
(zero). 

At the end of the simulation, the tool provides time series of the metocean conditions 
encountered by the vessel, the induced motions and the task feasibility for each simulated 
trip. With a post-processing analysis of these time series, it is possible to estimate how 
many workable hours are available at the sea for the simulated task in the time range 
covered by the simulation, hence weather windows. The input and the output of the tool are 
explained in more details in the next section, where an application of the tool is shown.  
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APPLICATION OF THE TOOL 

The tool was applied in a simulated scenario where a number of O&M tasks should be executed 
for the OWF in Horns Rev 3, HR3 hereafter. The objective of the application was to provide 
weather windows for supporting the planning of those O&M tasks in a range of five consecutive 
working days. Therefore, the use of the tool in forecast-mode was tested in this application.   

The HR3 OWF is located in the North Sea along the Danish west coast (Figure 2.1). This area 
was chosen because already used as a case study for obtaining a satellite derived bathymetry 
(SDB) with high resolution, employing imagery from the Sentinel-2A satellite (see CEASELESS 
Deliverable 3.2). The area is exposed to storm events from the North Sea producing large 
waves coming from the northwest that dissipate on the sand bars that characterize the whole 
area. 

 

Figure 2.1 Location of the Horns Rev area in the North Sea. Detailed figure on the right indicates 
positions of the three wind farms HR1, HR2 and HR3. Image from Vattenfall 
(https://corporate.vattenfall.com/globalassets/corporate/about_energy/3c_map_horns_rev_123.png)
. 
The simulated O&M activities consisted of some reparations needed on a single turbine of the 
OWF. The operators that execute the job sail on a crew transfer vessel (CTV) catamaran from 
the Port of Esbjerg, just the Port hereafter. When the CTV arrives at the turbine location (the 
Site), it approaches the tower with the bow and the technicians on the boat should reach the 
access ladder on the turbine to be able to execute the job. These technicians transfers can take 
place several times during the execution of the job. When the reparations are terminated, the 
CTV sails back to Port. It was assumed that the CTV could be out in the sea for a maximum of 9 
hours. 

The tool provides weather windows that assured workable conditions, or the feasibility of the 
task in other words, for each of following three phases: 

1. the trip from the Port to the Site (sail-out phase) could be safe and with a degree of comfort 
that would not cause seasickness on board. In real cases, it happens that the personnel 
become unable to work once the CTV reaches the OWF. The tool compares the total 
Significant Wave Height (H� !"!) and the total Peak Period (T$!"!), encountered during the trip, 
against thresholds defined as input. 

2. the crew transfers from vessel to turbine tower and vice versa could be safe (operation 
phase). If the sea-induced displacements of the bow are too large, such transfers really 
endanger the safety of the personnel. The tool calculates the significant vertical displacements 
of the bow during the operation that are compared against a threshold defined as input. 

3. the trip from the Site to the Port could be safe (sail-in phase). The degree of comfort for the 
personnel could be lower in this phase, because the job had been already executed. The tool 
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compared the total Significant Wave Height (H� !"!) and the total Peak Period (T$!"!), 
encountered during the trip, against thresholds defined as input. Those thresholds were higher 
than the ones for the sail-out phase. 

From the description above, it is clear how the capability of the tool to calculate vessel motions 
was used as a direct measure to estimate the workability at the Site, hence to assess weather 
windows in general. With the traditional approach based on metocean thresholds, maximum 
values for Hs and Tp would instead be applied at the Site. 

Table 2.1 reports the location of the Port, of the turbine tower, the maximum duration of the 
operation and the time range covered by the forecast service. Table 2.2 summarized the 
thresholds applied to determine the feasibility of the task. 

Port of Esbjerg, location (long,lat) 8.4° E, 55.48° N 
Wind turbine at HR3, location (long,lat) 7.744° E, 55.65° N 
Maximum total time for operation (sail to 
OWF, execution of job and sail back to 
Port) 

9 hours 

Dates covered by the forecast service 22 April 2019 00:00:00 – 27 April 2019 00:00:00 
 
Table 2.1 Input used in the simulation for Port and Site location, forecast service and thresholds. 

 
Phase %&'()( (*()( ∆+,-

./0  

Sail-out <=1.5 m <=10 s - 
Operation - - <=0.5 m 

Sail in <=2 m <=20 s - 
 

Table 2.2 Conditions used to define the feasibility of the task for the three different phases 
 

Figure 2.2 depicts the domain used in the simulation, with the spatial discretization (mesh) and 
the bathymetry interpolated onto it. The resolution of the mesh was finer in the Port area, i.e. 
0.002°x0.002° approximately, in order to properly represent the existing navigation channel. In 
the rest of the domain, the resolution was 0.02°x0.02° approximately. It is noted that the 
available bathymetry dataset would have allowed the use of the finer resolution (0.002°x0.002°) 
all over the domain, without increasing the computational demand of the tool. Nevertheless, the 
lower resolution was employed in the offshore area for consistency with the resolution of the 
available metocean data (0.016°x0.016°) and also for accommodating the modelling of the 
operation at the Site, as it will be shown in the following.  
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Figure 2.2 Spatial domain used in the simulations. Upper plot: overview of entire domain. Middle 
plot: zoom-in of the Port. Lower plot: zoom-in of the Site. The adopted mesh resolutions and the 
interpolated bathymetry are visible in each plot. 

 
The following metocean forcings were applied as input in the simulations:  

1. Hm0, Tp and Mean Wave Direction (MWD) both for swell and sea component.  

2. Wind speed (WS) and wind direction (WD) 

3. Surface elevation (WL), current speed (CS) and current direction (CD) 

This input was prepared in a pre-processing stage by interpolating the available dataset onto 
the mesh. Data was retrieved from open sources, when available, data from Copernicus was 
used: 

• For wave data the dataset 
NORTHWESTSHELF_ANALYSIS_FORECAST_WAV_004_014 from COPERNICUS 
(http://marine.copernicus.eu/services-portfolio/access-to-products/) was used. The data 
is the analysis and forecast wave model product of the NWS MFC from the UK Met 
Office and had a spatial resolution of 0.016°x0.016° and a temporal resolution of 1 
hour.  

• For wind data, the data from the Climate Forecasting System Reanalysis ( CFSR, 
https://climatedataguide.ucar.edu/climate-data/climate-forecast-system-reanalysis-cfsr) 
was used. CFSR is a coupled meteorological and oceanographic model system. The 
used dataset had a spatial resolution of 0.2°x0.2° and a temporal resolution of 1 hour. 
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The wind data in COPERNICUS 
(https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset) was also available 
but it was not applied because of the poorer temporal resolution (6 hours). However, 
the wind forcing did not have a big role in this application, because no threshold on the 
wind speed was applied and because the CTV was not prone to heeling due to wind. 

• Tide and current data were obtained from the dataset 
NORTHWESTSHELF_ANALYSIS_FORECAST_PHY_004_013 in Copernicus. This 
product provides 6 days of 3D ocean forecasts, at 1.5km, updated daily for the North-
West European Shelf. The physical ocean model is version 3.6 of NEMO (Nucleus for 
European Modelling of the Ocean), using version 3 of the 3DVar NEMOVAR system to 
assimilate observations. The dataset had a spatial resolution of 0.016°x0.016° and a 
temporal resolution of 1 hour.  

The time series of WL, WS, CS, Hm0, Tp and MWD (swell and sea component) extracted at the 
Site from the 5-day forecast are depicted in Figure 2.3. It can be seen that the current speed 
was moderate and with a clear tidal trend. The wind speed was higher the 23rd and 24th of April, 
leading to a higher sea component of Hm0. Peak period was between 3-4 s both for sea and 
swell component for most of the time. Sea mean wave direction was around 135°N from the 
22nd to the 25th and up to 270°N on the 26th, while the swell mean wave direction spanned 
between 180°N and 315°N.  
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Figure 2.3 The time series of WL, WS, CS, Hm0, Tp and MWD (sea and swell component) extracted 
at Site from the 5-day forecast dataset 

 
A total significant wave height H� !"! was defined as 

H� !"! � 4 ∙ 2�H� 345/4�7  �H� 38499/4�7 
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A total peak wave period T$!"! was defined as 

T$!"! � max�T$345, T$38499� 

 

The characteristics of employed CTV, considered loaded with 12 passengers, are summarized 
in Table 2.3. 

FORCE Technology Ship ID #1400  

Length overall (LOA) 20.70 m 

Length between perpendiculars (LPP) 20.40 m 

Beam (B) 7.60 m 

Mean draught 1.150 m 

Draught fore/aft  0.921 m / 1.380 m 

Displacement 69,362 MT 

Table 2.3 Particulars of the CTV employed in the application 
 

The 6DOF-rigid body motions of the CTV induced by the metocean forcings (surge, sway, 
heave, roll, pitch and yaw) were determined through the Response Amplitude Operators (RAOs) 
provided by FORCE Technology. The geometry of the hull used to determine the RAOs is 
depicted in ¡Error! No se encuentra el origen de la referencia.. 

 

Figure 2.4 Hull of the CTV employed in the S-Omega simulations to derive the RAOs. The red 
marker is the reference point used as the bow (Xbow=10.20 m, Ybow =0, Zbow=0).  
 

The RAOs for heave, roll and pitch of the employed CTV at 5 m water depth and 0.1 knot vessel 
speed are displayed in ¡Error! No se encuentra el origen de la referencia.. 
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Figure 2.5 Response Amplitude Operator for heave, roll and pitch of the employed CTV. Values 
are for fixed depth (5 m), fixed vessel speed (0.1 knot) and function of encounter frequency and 
heading of vessel with respect to wave direction. 

 

As already mentioned, the tool calculated the total vertical displacement of the bow (∆bow) as 
follows: 

∆���
��� � 	
��
  ����� ∙ ���� �  ����ℎ ∙ �����  	

�   

It was noted that: 

- the roll did not affect ∆���
��� , since the hull of the CTV was symmetrical with respect to Y-axis 

(see ¡Error! No se encuentra el origen de la referencia.), thus ���� � 0 

- the heel due to wind was a small contribution due to the limited dimensions of the CTV. It 
caused vertical displacements of less than 0.001 m in this application. 

The set-down due to squat was not taken into account. The reason was that the employed CTV 
was characterized by a very small draught (see Table 2.3). Therefore, the low pressure 
underneath the hull induced by the acceleration of the flow, which is in turn due to the vessel 
speed, was not significant. On the other hand, the calculated vertical displacement was used 
only in the operation phase, when the speed of the vessel was almost null. 
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The track of the CTV was imposed as in Figure 2.6. The track was defined with assigning a 
series of waypoints coordinates (long,lat) and the corresponding speed of the vessel at those 
positions. The applied speeds are also visible in the same figure. At each time step, the tool 
assigned the speed corresponding to the waypoint closest to the actual position of the vessel. It 
should be noticed the very small value of the speed, i.e. 0.1 knots, was imposed around the Site 
during the operation phase. This expedient was adopted to mimic the execution of the operation 
in the tool, which is conducted with null speed in reality. Nevertheless, the tool could not allow a 
speed equal to zero to the particle-vessel, because the vessel would not sail furthermore. It is 
recalled that the tool interpolated the metocean forcings with respect to the position of the 
vessel. In order to assure that the metocean forcings applied on the CTV during the operation 
phase would not change because of spatial interpolation induced by the sailing at 0.1 knot, the 
track was constructed such that the CTV sailed within a single mesh cell at the Site (see Figure 
2.7). In this way, the variation of the metocean conditions applied on the CTV during the 
operation phase was due only to time interpolation.  

 

Figure 2.6 Overview of the track prescribed to the trip of the CTV from Port to Site and then 
back to Port. Colour scale is for water depth. 

 

 

Figure 2.7 Prescribed track of the CTV. Zoom-in on the Site where the track was adjusted to 
accommodate the simulation of the operation on the wind turbine. Colour scale is for water depth. 
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In the simulations, a new particle-vessel was generated and released at the Port every hour 
from 6:00 to 12:00. This meant a total of seven trips per each simulation. This choice was done 
because the duration of the operation phase is 6.0 hours. With the imposed speed of the CTV 
during the sail-out and sail-in, the total time required for three phases (sail-out, operation and 
sail-in) was around 8.5 hours. Considering the circumstance that the CTV should not be out in 
the sea either before the sunrise or after the sunset, which in those days happened at 6:00 and 
20:30 respectively, it was concluded that the first available departure time could be at 6:00 and 
the last one at 12:00. It should be noted that a total time of 8.5 hours was within the assumed 
limit of 9 consecutive hours out in the sea for the CTV. 

Simulations were not only performed for this operation phase of 6 hours, but also for 3, 4 and 5 
hours. Therefore, four simulations were conducted. The idea was to investigate the existence of 
shorter weather windows that could be potentially exploited if no 6 hour-weather windows were 
available. For each simulation, the track was thus adapted to accommodate the different 
duration of the phase operation. Since the speed of the CTV was kept as 0.1 knot, only the 
distance between the waypoints in the mesh cell at the Site was changed, in order to obtain the 
CTV sailing only within that cell during the operation. 

The output of a single simulation was time series of selected parameters for each of the seven 
trips computed. Figure 2.8 and Figure 2.9 show an example of those time series for the 
simulation with the 6 hour-operation phase and for the trip that started at 09:00 on the 22nd of 
April 2019. Figure 2.8 displays (1) the feasibility of the task; (2) total, sea and the swell 
component of Hm0; (3) total, sea and swell component of Tp; (4) sea and swell component of 
MWD with the direction the CTV was sailing to. Figure 2.9 shows (1) the total vertical 
displacement of the bow; (2) the significant heave w.r.t. center of mass of the vessel; (3) the 
significant roll w.r.t. centre of mass of the vessel; (4) the significant pitch w.r.t. centre of mass of 
the vessel. 

Looking at these figures, the it can be recognized that: 

- the task lasted for almost 9 hours. The operation phase was the period of time during which 
the direction of the vessel was constantly 0º N. The CTV arrived at the Site at around 10:15, 
executed the intervention until 16:20 and sailed back. It arrived at the Port at around 17.45.  

- the task was feasible at any moment. The tool returned a feasibility of 1 at each time step, 
meaning that the conditions went never beyond the thresholds (Table 2.2). 

- H� !"! was almost constant during the operation phase, i.e. 0.70 m approximately. The period 
T$!"! and swell component of MWD were 8 s and 250º respectively at the beginning of the 
operation phase, decreased and remained constantly at 4.5 s and 200º N from 11:00 to 
14:00, then increased to over 10 s and 315º N.  

- the significant heave and the significant roll of the centre of mass followed exactly the trend 
of T$!"! and MWD, while the significant pitch decreased when the other quantities increased 
and vice versa.  

- recalling that the roll did not affect ∆���
��� , the significant vertical displacement of the bow 

followed the variation of the pitch and not of the heave. Although heave and pitch concurred 
in determining ∆���

��� , the contribution of the latter was bigger than the former. In particular, 

∆���
���  was 0.25 m at the beginning of the operation phase, increased to 0.30 m approximately 

from 11:00 to 14:00, then decreased again to 0.25 m.  



H2020-EO-2016-730030- CEASELESS 

 
17

 

Figure 2.8 Feasibility of the O&M task (top panel, where 1 means that conditions were suitable for 
the operations) and metocean conditions (significant wave height, peak wave period and directions) 
during the trip departed at 09:00 on the 22nd April 2019.  
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Figure 2.9 CTV motions of the trip departing on the 22nd April 2019 at 09:00.  From top to 
bottom: significant vertical displacement of the bow of CTV, significant heave of the centre of mass 
of CTV, significant roll of the center of mass of CTV and significant pitch of the centre of mass of 
CTV. 

 
Figure 2.10 and Figure 2.11 display the results for the trip departed at 6:00 on the 23rd of April 
2019, which is an example of not-availability of weather windows. Although the CTV could sail in 
and out within the fixed thresholds, the phase operation could not take place because ∆���

���  
would always be above 0.50 m at the site. There was not any variation of the vessel motions 
because the metocean forcings did not change at the site during the 6 hours. In particular, H� !"! 
was 1.10 m for the whole time offshore. 
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Figure 2.10 Feasibility of the O&M task (top panel, where 1 means that conditions were suitable for 
the operations and 0 means conditions are not suitable for operations) and metocean conditions 
(significant wave height, peak wave period and mean wave direction) during the trip departed at 
06:00 on the 23nd April 2019.  
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Figure 2.11 CTV motions of the trip departing on the 23rd April 2019 at 06:00.  From top to 
bottom: significant vertical displacement of the bow of CTV, significant heave of the centre of mass 
of CTV, significant roll of the center of mass of CTV and significant pitch of the centre of mass of 
CTV. 

 
By repeating the simulations for the other phase durations (3, 4 and 5 hours) and by evaluating 
the workability of the trips as shown above, the weather window assessment is summarized in 
Table 2.4. 

 

Table 2.4 Weather window assessment. A green cell means that those workable hours are 
available at the site if the CTV leaves the Port at that time  

 
Each cell is for a combination of departure time and duration of the operation. The green colour 
in a cell suggests that the operation with that duration can be executed with the CTV departing 

3 4 5 6 3 4 5 6 3 4 5 6 3 4 5 6 3 4 5 6

  6:00:00 AM

  7:00:00 AM

  8:00:00 AM

  9:00:00 AM

  10:00:00 AM

  11:00:00 AM

  12:00:00 AM

22-Apr-2019 23-Apr-2019 24-Apr-2019 25-Apr-2019 26-Apr-2019

Departure

time at Port

Task duration

[h]
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at that time. Obviously, a slot of 6 workable hours contains the 3-, 4- and 5-hour slots. It can be 
recognized that the 22nd of April was a workable day only after 09:00. No intervention could be 
accomplished on the 23rd and 24th of April, while the 25th and the 26th offered workable 
conditions for all trips. 

This application has shown how the tool can enrich the traditional weather window analysis 
based on metocean thresholds with the evaluation of the vessel motions. It is also remarked the 
low computational time that the tool required. In fact, each simulation took 2 minutes on a single 
core of a standard laptop. This low computational demand would allow a fast re-execution of the 
tool when a new forecast dataset is available or when the interventions need to be planned for 
another wind turbine. It is important to note that the accuracy of the tool is directly linked to the 
quality metocean variables input. Copernicus products can easily be used as forcing of this type 
of tools helping the offshore wind industry performing their operations and maintenance 
activities. 

3. Wind energy based on Satellite data 
 

The provisioning of satellite data for CEASELESS is described in the project deliverable D1.1. 
Validation and inter-calibration of satellite based wind data sets is outlined in deliverable D1.2, 
D4.2, and D4.3, respectively, and also in publications by Ahsbahs et al. (2017; 2018; in review 
2019) and Badger et al. (2019).  

In the CEASELESS deliverable D4.4, we have demonstrated how satellite based wind maps 
can be combined to give the wind resource at 10 m and how the wind maps can be extrapolated 
using numerical model simulations in order to give wind resources at the wind turbine hub 
height. This work is based on the method described in Badger et al. (2016). 

In the following, we will present the most recent and updated wind resource maps generated 
over the seas of Europe and showcase an example of how the satellite based wind resource 
maps can be used alongside model simulations to achieve the best possible accuracy on wind 
resource maps in the coastal zone. The analyses leading to the new maps have been 
conducted as a synergetic effort with the EU FP7 project ‘The New European Wind Atlas’ 
(NEWA) where CEASELESS has delivered the research and NEWA has delivered the wind 
atlas production. A journal publication by Hasager et al. (in review 2019) gives the full details of 
the work.  

 

3.1 Satellite-based offshore wind resource maps 

Figure 3.1 shows offshore wind resource maps for the European Seas based on the entire 
archive of ASCAT at 10m and 100m height, the number of samples and wind speed difference 
at 100m using extrapolation with long-term stability correction minus neutral profile 
extrapolation. Similar results for SAR are shown in Figure 3.2.  
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Figure 3.1: ASCAT: Mean wind speed (m/s) at 10m height (top left), number of samples 
(top right), mean wind speed at 100m including long-term stability correction for 
extrapolation (bottom left) and difference in wind speed at 100m height based on long-
term stability correction minus neutral wind profile assumption (bottom right). 
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Figure 3.2: Envisat ASAR and Sentinel-1 combined: Mean wind speed (m/s) at 10m height 
(top left), number of samples (top right), mean wind speed at 100m including long-term 
stability correction for extrapolation (bottom left) and difference on wind speed at 100m 
height based on long-term stability correction minus neutral wind profile assumption 
(bottom right). 

 
The same color scale is used for ASCAT and SAR in Figures 2 and 3, except for the number of 
samples due to the difference in sample maxima between ASCAT and SAR. The polar orbits 
result in more frequent sampling at higher latitudes. The harlequin pattern in sampling is due to 
the ascending and descending orbits for both ASCAT and SAR but most noticeable for SAR 
due to the swaths and orbital settings.  

For the European Seas, the number of samples in the grid cells for ASCAT is greater than 4,000 
and in most places greater than 6,000, up to more than 12,000 at high latitudes (see Figure 2). 
The number of samples for SAR is between 500 and 2,500 (see Figure 3). For the WRF model, 
the number is constant at all locations covered with 525,912 samples (every 30 minutes from 
1989 to 2018). 

The mean wind speed consistently shows higher values for the 100m height than 10m height 
both in ASCAT and SAR. The wind speed difference maps at 100m based on long-term stability 
correction minus neutral wind profile assumption shows very similar spatial patterns between 
ASCAT and SAR as expected. The variation is up to ±2 m/s with high positive values in the 
Baltic Sea and Black Sea and with high negative values in the Norwegian Sea. Negative values 
occur for unstable conditions prevalent in global oceans (Kara et al., 2008) and here noted in 
the Norwegian Sea. In the North Sea there is observed a gradient of slightly negative values 
along the continental coast and positive values along the UK coast. This corresponds well with 
the average stability over the North Sea (Peña and Hahmann, 2012). Positive values occur for 
stable conditions and the continental climate dominating the flow in the Baltic Sea and the Black 
Sea cause the variations. The Mediterranean Sea has mixed wind speed difference variations 
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dominated by moderately negative values in the central part and positive values in the Greek 
archipelago and the French Riviera.  

3.2 WRF offshore wind speed map 

The long-term offshore wind speed map at 100m height in the European Seas based on 
numerical model siomulations from WRF is shown in Figure 3.3, using the same colour scale as 
for ASCAT and SAR in Figures 2 and 3. 

 

Figure 3.3: WRF New European Wind Atlas production run mean wind speed (m/s) at 
100m height for 1989 to 2018 with 3 km spatial resolution. 

 

ASCAT and WRF have much similarities in the spatial wind sped patterns and the range of 
mean wind speeds at 100m height. The SAR mean wind speed at 100m height appears to be 
higher than ASCAT and WRF. Furthermore, SAR shows more fine-scale spatial variations than 
both ASCAT and WRF.  

 

3.3 Comparison of offshore mean wind speed maps at 100m height 

Comparison of the ASCAT, SAR and WRF mean wind speed maps at 100m height are 
performed using the long-term stability corrected versions from ASCAT and SAR (Figure 3.4).  
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Figure 3.4: Comparison of mean wind speed (m/s) at 100m height: ASCAT minus WRF 
(top left), SAR minus WRF (top right), ASCAT minus SAR (bottom left). 

 

In Figure 3.4, note that ASCAT versus WRF have smaller differences in mean wind speed than 
SAR versus WRF. Both ASCAT and SAR show larger winds in southern waters compared to 
WRF. ASCAT minus SAR shows a consistent overestimation of winds from SAR, except for 
some artefact in ASCAT near the Dutch coastline, attributed to higher backscatter from the 
surface due to the dense population of large ships to and from Rotterdam. 

The wind-speed difference error distributions between wind speed at 100m height for ASCAT 
minus WRF, SAR minus WRF and ASCAT minus SAR are shown in Figure 3.6. ASCAT minus 
WRF has slightly positive bias and narrow range. ASCAT minus SAR has negative bias and 
moderate range. SAR minus WRF has positive bias and broad range. The narrow range is 
expected for products that resolve similar length scales while broader ranges are expected for 
products that resolve different length scales. The results shown in Figure 3.6 supports this very 
well as ASCAT and WRF resolve similar scales and SAR and WRF resolve very different 
scales. The bias between products indicate that SAR generally overestimates the wind speeds 
compared to ASCAT and WRF.  
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Figure 3.5: Wind speed difference error distribution at 100m height ASCAT minus WRF, 
SAR minus WRF and ASCAT minus SAR. 

 

3.4 Crete case study 

The motivation for presenting a case study is two-fold. Firstly, by looking into a small area of 
interest, spatial details in winds observed can be analysed and used as example for 
characterizing the SAR and WRF data sources. More specifically, the goal of this case study is 
to study the interaction between large-scale flow and orography. Secondly, to stimulate interest 
for further investigation using the different data sources at other locations in Europe and outline 
amethodology. 

 

3.4.1 Selection of data 

The sea surrounding Western Crete is chosen due to interesting mesoscale flow patterns. 
Figures 2 to 6 all show spatial wind patterns in the area. The area of investigation is located 
between 23.4° to 24.8°E and 34.6° to 36.0°N.  The SAR scenes available from the database 
satwinds.dtu.dk at DTU Wind Energy are selected. To have spatial consistency between SAR 
and WRF, only SAR scenes that fully cover the area (consecutive scenes are merged) are 
selected.  

There is in total 549 SAR scenes selected in 2002 - 2018 from Envisat and Sentinel-1 selected, 
thus only coinciding WRF data are selected. The SAR and WRF mean wind speeds at 10m 
height are displayed in Figure 3.6. Some wind features are similar in SAR and WRF, e.g. lower 
wind speeds south and north of Crete close to the shore. A distinct jet south of the island is 
much more pronounced in the WRF data than in SAR. Figure 3.6(left panel) shows the height 
contour lines from the elevation map used in the WRF model. To characterize the complex 
landscape in Crete, a more detailed elevation map is embedded in the SAR map (Figure 3.6 
right panel). Small-scale elevation features not represented in the WRF model may explain wind 
speed differences between WRF and SAR. The jet could be weaker or absent since the fine-
scale elevation features, neglected in WRF, block the atmospheric flow. For instance, what is a 
simple valley without no obstacles in WRF orography, in reality (and therefore in SAR data) 
could be blocked by a small mountain range. Koletsis et al. (2010) demonstrated the sensitivity 
of gap wind speeds in WRF to the changes in the elevation. 
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Figure 3.6: Mean wind speed (2002-2018) at 10 m. Left panel: WRF. Right panel: SAR. All 
549 coinciding scenes are used in both datasets. 

 

The variability in coastal flow around Crete depends highly on the wind direction. Two of the 
prevalent wind directions are of particular interest - namely northerly and westerly winds. 
Northerly winds over Crete are associated with the so-called Etesian wind often present in the 
region during summer, and known to produce gap flows between the two large mountains in the 
East side of the island (Lefka Ori) and centre (Idi) (Koletsis et al., 2010). Westerly winds in this 
region have been associated with trapped lee waves (Miglietta et al., 2013). 

The mean wind speed maps based on SAR and WRF for 59 cases of northerly and 57 cases of 
westerly flows are presented in Figure 3.7. For northerly flow, notable differences exist between 
the SAR and WRF maps. The WRF winds show strong shadowing at 24°E and a pronounced 
jet-like structure at 24.5°E. These features are present in the SAR as well, but much less 
pronounced. For westerly flow, good agreement between SAR and WRF is noted. Areas of 
increased wind speed to the south and the north are visible in both maps. A stagnation point 
area of low wind speed is located on the western side of Crete in both SAR and WRF maps.  
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Figure 3.7: Mean wind speeds from WRF (left) and SAR (right) at 10 m. Top: Northerly 
flow based on 59 collocated cases from 2002 to 2018. Bottom: Westerly flow based on 57 
collocated cases from 2002 to 2018.  

 

3.5 Summary 

The hitherto most comprehensive wind atlas for the European Seas has been published based 
on Envisat ASAR and Sentinel-1 A/B SAR satellite scenes, ASCAT A/B scatterometer satellite 
scenes and WRF mesoscale model production run results.  

The WRF model covers 1989 - 2018 (30 years) with spatial resolution 3 km and results every 30 
minutes (in total 525.912 samples). The SAR wind archive covers from 2002 to 2018 with 
spatial resolution 2 km in total around 500 to 2500 samples during the years. The ASCAT wind 
archive covers from 2006 to 2018 with spatial resolution 12.5 km in total around 5.000 to 12.000 
samples during the years.  

Comparison results between SAR and WRF for the Crete case study reveal fine-scale flow 
structures in SAR not fully captured in WRF. However, overall ASCAT and WRF produce similar 
results of the mean wind speed across the European Seas at 100m height while SAR appears 
consistently too high. It is expected this bias may be diminished or removed using inter-
calibration method for SAR. 
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4. Wind energy through wind-wave-wake coupled modeling system 
 

The development of our wind and wave coupled modelling system, WRF-WBLM-SWAN, has 
received support from CEASELESS. The technical details of the modelling system have been 
introduced in D3.1 and the performance and data have been presented in D4.4. A number of 
publications have open access addressing particularly these topics, including the development 
of the model (Du et al. 2017, 2019) and products (Larsén et al. 2019). Our model is made open 
access and the data are free. The data include more than 1000 storms (wind and wave 
parameters), as well as estimated extreme wind and extreme wave atlases (see D3.1 and 
D4.4). 

For offshore environment, as wind farm clusters are growing, the shadowing effect from one 
wind farm on the downwind wind farms becomes more and more relevant. The wind resource 
calculation needs to take the reduction caused by wind farm wakes. The wave field is also 
expected to be affected by the modified wind field in the presence of farm wakes. DTU, based 
on the WRF-WBLM-SWAN, extended the modelling system including the calculation of wind 
farm wakes. This includes two parameterization schemes: EWP (Volker et al. 2015) and Fitch 
(Fitch et al. 2012). Thus the modelling system becomes WRF-WBLM-SWAN-WAKE. Figure 4.1 
shows such an example of wind farm cluster, in the presence of wind farm wakes, as in SAR 
image (Fig. 4.1a), the reduced wind speed (Fig. 4.1b) and the reduced significant wave height 
(Fig. 4.1c) (Fischereit and Larsén 2019). The long term modelled data are free. 

(a) 

 

 

 

(b) 

 

(c) 

 

Figure 4.1. (a) Example of SAR wind farm wakes at 2017-05-11 17:17 (b) corresponding wind 
speed reduction in percentage caused by wind farm wakes (c) corresponding significant wave 
height reduction in percentage caused by wind farm wakes. 
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A climatological study of the offshore wind farm wakes is done in Langor (2019). Figure 4.2 
shows an example of wind speed distribution for the month May in 2018 in the presence the 
offshore wind farm cluster in the southern North Sea.  

(a)                                                        (b) 

 

Fig 12. Wind speed distribution at hub height (a) using EWP scheme (b) using Fitch scheme for 
May 2018. (From Langor 2019) 
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