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Summary 
Relatively small gradients in wind speed impact the power output across large wind farms and change the expected 
power loss and also the expected wind shear. Here a mesoscale model study has been conducted at 2 km resolution 
to quantify wind conditions for an offshore wind farm in a coastal location. Spatial gradients and vertical profiles 
between 25 m and 70 m height are examined under different wind direction and stability conditions. Existing and 
potential offshore wind farms tend to be placed within the coastal zone, the region within around 50km from the 
coastline. For winds from the direction of the land, the atmospheric boundary layer undergoes a transition in this 
zone due to the sharply contrasting surface conditions from land to sea. Offshore wind farms tend to cover a large 
area and only limited point measurements can be made, therefore knowledge gained through mesoscale modelling 
of the spatial variation of winds in the coastal zone is of value. Such knowledge can be used to optimize the siting 
of turbines and highlight conditions that may lead to sharp gradients of wind speed across a wind farm. This paper 
concentrates on a special application of the KAMM mesoscale model in the region of the Nysted offshore wind 
farm, off southern Denmark.  
 



Motivation 
The spatial variation of offshore wind resource can be difficult to assess due to limited in situ measurements.  
Synthetic Aperture Radar (SAR) images can provide wind resource estimates over water [1] but the number of 
satellite scenes that can be used may be limited due to the cost. Mesoscale modelling has been used to assess 
offshore resource [2], and been able to capture mesoscale features created by changes in surface momentum and 
heat fluxes at coastlines. This paper presents work investigating the use of a mesoscale model to assess how wind 
conditions over a wind farm change in relation to different wind directions and different land and sea surface 
temperature configurations. For offshore wind farms of large size, located in a boundary layer that is in transition, 
the variation of wind conditions at different turbines across the farm may be considerable. Studies investigating 
wake losses associated with large wind farms [3] may also need to consider the background gradients of wind. 
Gradients of power performance in an offshore wind farm are possibly influenced by gradients in wind resource as 
well as wind direction-dependent wake losses. Assuming that the effect of wake losses and gradients in wind 
resources may be superimposed, mesoscale modelling results may in the near future be applied in conjunction with 
wake models, in order to predict farm power output for given conditions. Some of the results of this study have 
been included in [4], in connection to short-term forecasting of offshore wind speeds. 
 

Method 
The Karlsruhe Atmospheric Mesoscale Model [5] is used extensively in wind energy applications, mostly in the 
calculation of numerical wind atlases in the KAMM/WAsP methodology [6]. In this article the application of 
KAMM is rather different. KAMM has been run with a uniform 2 km horizontal resolution in a domain of 200 x 
200 km. In the vertical 25 model levels using a terrain following coordinate were used from the surface to 5500 m. 
The spacing between vertical levels is not uniform; levels close to the surface have the smallest interval.  
 
Figure 1 shows the surface elevation used in the computation domain. The data is derived from the Shuttle Radar 
Topography Mission (SRTM) [7] dataset available for download at 30 arc second resolution from [8]. A similar 
gridded dataset is created for the surface roughness in the computation domain, derived from the Global Land 
Cover Classification [9] dataset from the USGS.  
 

 
Figure 1: KAMM mesoscale modelling domain centred on the Nysted offshore wind farm. The plot shows the 
orography with a 25 m contour interval. The green area is land, the white area sea. The horizontal resolution is 2 
km. 
  
KAMM requires a potential temperature and geostrophic wind speed and direction profile to define the forcing 
state of the model. A single temperature profile and a single wind speed profile were defined. These were 
calculated using NCEP/NCAR reanalysis [10] temperature and geopotential height gradient data determined from 



the four nearest grid points to the wind farm for years 1965 to 1998 for the heights 0 m, 1500 m, 3000 m and 5500 
m above sea level. The mean geostrophic wind at 0m was found to be 9.826 m/s. In order to simplify the profile a 
little, the mean winds at all heights were multiplied by 10.0/9.826 in order to give a 10 m/s geostrophic forcing at 0 
m. Figure 2 shows the potential temperature and wind speed profiles used for the KAMM modelling. Incidentally, 
the mean geostrophic wind directions for the 4 heights were found to be 262o, 268o, 272o, 275o, indicating a 
turning of the geostrophic wind and warm advection. In this idealized study a set of 12 wind directions was used 
from 0o to 330o with a constant 30o interval, with no variation of direction with height. 

 
 

 
Figure 2: Graphs showing the wind speed profile (left) and potential temperature (q) profile (right) used in the 
KAMM simulations. 
 
In KAMM the land and sea surface temperatures can be set by a constant offset relative to the lowest model level 
air temperature at initialization. In the first set of integrations, set A, the offset temperature is set to 0K for both 
land and sea surfaces. That is to say that the surface temperature is set to the lowest model level air temperature at 
initialization everywhere in the domain. The surface temperatures do not change during the model integration. 
 
In the second set of integrations, set B, the surface temperature offset relative to the lowest model level air 
temperature is +5K for sea surfaces and –5K for land surfaces. That is to say the sea surface is warm and the land 
surface is cold. In the third set of integrations, set C, the surface temperature offset is –5K for sea surfaces and 
+5K for land surfaces, meaning a cold sea surface and a warm land surface. 

Results 
Figure 3 shows two examples of the wind fields for a 240o wind forcing from set A and a 150o wind forcing from 
set C, at 70 m above surface level after a 6 hour integration. It can be seen that there is considerable variation of 
wind speeds above the sea, especially in the set C case.  
 
The spatial variation of the wind speed and direction leads to variation of the wind conditions experienced across 
wind farm, since the spatial extent of the wind farm is large. Figure 4 summaries this intra-farm variation by 
plotting the wind speed and direction for five locations around the farm for each of the integrations. The five 
locations comprise of the four corners of the wind farm and the anemometer location. 

 
It can be seen from Figure 4 that the variation of wind speed and direction experienced over the extent of the wind 
farm is influenced by large-scale wind forcing and surface temperature conditions.  
 
By examining simulations from set A it can be seen that the wind speed varies with wind forcing angle with two 
maxima for wind speed occurring at 240o and 300o forcing angles. These directions correspond to westerly and 
south-westerly winds respectively at the wind farm at 70 m due to the Ekman spiral. In these directions there is a 
long fetch from the bay northwest of Lübeck and between the islands in the area up to southern Jutland, 
respectively. 
 
Two minima of wind speed occur at around 330o-60o and 150o wind forcing angles. At 70m at the wind farm, these 
correspond to north-westerly to north-easterly and south-easterly winds, respectively. In these directions, 
especially north-westerly to north-easterly, the sea fetch is reduced.   
 
For set B (warm sea, cold land) the variation of wind speed as a function of wind forcing angle is reduced 
compared to set A. The maxima and minima are approximately located at the same forcing angles as in set A. Also 
the variation of wind speed within the wind farm is reduced, except in cases where the wind is blowing from 
between the north and northeast, i.e. off the nearby coastline. At these wind forcing angles there is an enhanced 
variation of wind direction at 70 m within the farm. 
 



      
 
Figure 3: The wind vectors and wind speed at 70 m above the surface for (left) 240o forcing from set A and (right) 
150o forcing from set C. The thick white lines mark coastlines. The wind speed is indicated by colour scale and 
black contours with a 1 m/s interval. The small red rhomboid and blue squares mark the extent of the Nysted wind 
farm and the KAMM grid points representing the wind farm corners. 
 
 
Above the warm sea surface, reduced stability increases the mixing of air with higher momentum from aloft. 
Conversely, above the cold land surface, increased stability decreases this mixing. So generally the wind above 
land is reduced compared to set A, whereas the wind above sea is increased compared to set A. Therefore there is 
typically a more distinct change of wind speeds along the coastline, hence the variation in farm wind speeds when 
the wind is blowing off the nearby coastline, when the wind farm is partly within the sharp coastal transition. On 
the other hand, the variation of wind speeds as a function of wind forcing angle is reduced because it appears once 
the distance to an upstream coastline is greater than ~30 km the fetch plays a less important role when the marine 
boundary layer is unstable. 
 
For set C (cold sea, warm land), the variation of wind speed as a function of wind forcing angle is greater 
compared to simulations from sets A and B. Also the variation of wind speed within the wind farm is greater for 
most wind forcing angles. The wind directions at 70 m within the farm vary more than the simulations from set A. 
 
 

 
Figure 4: Diagrams showing the mesoscale effects on the geostrophic wind forcings for set A (left), B (middle) and 
C (right). Each wind forcing direction is indicated with a bold rectangle of a particular colour, e.g. the sector 
centred on 30o is red. For a given large-scale forcing the simulated winds at 70m for five locations at the wind 
farm are show by lines of the same colour. The direction on the diagram indicates the direction where the wind 
comes from and the length indicates the wind speed “speed-up”. The dotted-line circle represents a “speed-up” of 
1, meaning that wind speed at 70m is the same as the forcing at 0 m. “Speed-up” above 1 indicates a wind faster 
than the forcing wind speed and below 1 indicates a wind slower than the wind forcing.  
 
Explaining the wind characteristic of set C is more complicated. To start with, above a cool sea surface, increased 
stability decreases the mixing of air with higher momentum from aloft and may give rise to reduced wind speeds at 
low level. At the same time, above the warm land, increased mixing may give rise to increased wind speeds. If this 
is the case then a less distinct change of winds above land and sea would be expected at low levels, because the 



stability change effect is counter-acting the roughness change effect. However, for transitions to a stable marine 
boundary layer, jet features can arise caused by an imbalance of the pressure, Coriolis and frictional forces, 
following a decoupling of the frictional force due to an increase in stability [11]. Such jet features can then give 
rise to increased winds above the cool sea. From the simulations of set C a mix of these effects is seen. For 
instance in some locations high wind speed jet features appear whilst in other locations the ‘wind shadow’ of an 
island extends many tens of kilometres across the sea. This complexity of the situation is reflected in the large 
variations of wind speed within the farm and for different wind forcing angles for set C simulations. 
 

 
Figure 5: Diagrams showing two examples of model wind speed and wind direction at 25 m (+ symbols)  and 70 m 
(x symbols) above the surface using the 3 surface temperature configurations for 5 locations around the Nysted 
wind farm: 4 corner locations of the wind farm and an anemometer location. Two geostrophic wind forcing 
directions are shown, 180o (left) and 300o (right). 
  
Figure 5 gives an impression of the vertical profile of the modelled winds at the wind farm for two different wind 
forcing directions. The 180o forcing represents a rather simple situation with wind blowing from Germany’s 
northern German coast, whereas the  300o forcing represents a more complicated situation with winds blowing 
from the direction of the southern-most tip of Lolland, such that wind farm is partially influenced by the increased 
roughness upstream. For the 180o and 300o forcings the smallest vertical wind shear is seen in set B case (warm 
sea, cold land), indicative of a unstable marine boundary layer, and the largest vertical wind shear is seen in set C 
(cold sea, warm land) indicative of a stable marine boundary layer. However for the 180o forcing the set B case 
exhibits the largest wind speed whereas for the 300o forcing it is the set C case that exhibits the largest wind 
speeds. The 300o forcing also gives the largest variation of the wind speed at 70 m within the farm, for the set C 
case, indicative of the influence of the southern-most tip of Lolland on part of the wind farm.  

Conclusions 
The mesoscale model KAMM has been used to investigate the wind conditions over the spatial extent of an 
offshore wind farm south of Nysted. Similar to the findings of [2], inhomogeneities of wind conditions over the 
sea are created by the KAMM, however here focus is also given to variations of wind conditions over the area of a 
wind farm. The model simulations have demonstrated that the wind conditions for the Nysted wind farm vary 
greatly, depending on the direction of the wind forcing and the land and sea surface temperature.  A significant 
advantage of mesoscale modelling is that complicated jet and channelling features are captured that otherwise 
cannot be predicted with microscale models. 
 
The simulations with a cold sea, warm land configuration (case C) demonstrated a larger degree of inhomogeneity 
in the wind speed modelled over the sea regions compared to the warm sea, cold land configuration (case B). 
Topographical effects may not be strongly influencing the offshore wind conditions, however the differences in 
surface momentum and heat fluxes over the land and sea, and the complicated shape of the coastline (Figure 1), 
give rise to these inhomogeneities.  
 
The study indicates how wind conditions, and therefore resource, can vary within the spatial extent of offshore 
wind farms. If in situ measurements are limited for an offshore site, then further methods to assess wind conditions 
need to be utilized. Synthetic Aperture Radar (SAR) derived spatial wind data and mesoscale modelling offer 
complimentary methods to complement in situ measurements. In the case of the mesoscale modelling is has been 
shown that correctly setting the sea surface temperature conditions will be of great importance in order to model 
the maritime boundary layer accurately. 
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