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ABSTRACT 
 

Successful wind power projects start with a realistic representation of the surface, more 

specifically the surface roughness of the site. This thesis investigates the use of airborne laser scans 

to model the surface roughness around a new wind farm. Estimations are made to find out how 

forest management and tree growth affects roughness length and displacement height. Data from 

scans two years apart for a specific site is provided by the Swedish governmental land registration 

authority. Next, tree height and plant area index methods are applied and analyzed using 

MATLAB. The results shows a difference of roughness length between 10.34% and 36.21% 

during an eight year period. WindPRO/WAsP is used to import roughness lengths for four specific 

cases. Height contour lines and meteorological data is taken from a long term corrected MESO 

data set. The results indicate a reduction in uncertainty in annual energy production between 0.79% 

and 2.89% across four different cases. This effect becomes significantly larger (12.76%) when 

comparing with classical land cover maps. Further on, effects of turbulence intensity are simulated. 

Finally, the results of a survey, sent to three large forest land owners in Sweden, show there is an 

interest in adapting forest management plans in favor of wind energy production if benefits can be 

shared. 

 

Keywords: Forest Management, Airborne Laser Scan, Roughness Length, Displacement Height, 

Wind Power, Annual Energy Production, MATLAB, WindPRO 

 

 

 

 

 

 

 

 

 

 

 

“I took a walk in the woods and came out taller than the trees” 

(Henry David Thoreau) 
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ABBREVIATIONS 
 

AEP Annual Energy Production 

ALS  Airborne Laser Scan 

ABL  Atmospheric Boundary Layer 

CPU Central Processing Unit 

FTP  File Transfer Protocol 

IEC International Electro technical Commission 

N North 

NaN  Not a number 

NH Nationell Höjdmodel 

NNE North North East 

PAD  Plant Area Density 

PAI  Plant Area Index 

TH  Three Height 

TI  Turbulence Intensity 

U Wind speed  

WAsP Wind Atlas Analysis and Application Program 

WEng WAsP Engineering 

WT Wind Turbine 
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CHAPTER 1. INTRODUCTION 
 

Upcoming wind power development in Sweden is taking place in locations with favorable wind 

resources, grid integration possibilities and limited impact on the environment and society. In 

respect of these conditions, wind power development in the northern colder climates, forest and 

the Baltic Sea have been selected as prioritized areas. (EIA Wind, 2017.) 

 

This thesis investigates the effects of roughness length (z0) and displacement height (d) on the 

annual energy production (AEP) and turbulence at a site on which OX2 AB, a Swedish wind 

development company, is planning to build a wind farm. Wind energy resource maps exist in 

various resolutions, yet they often provide a snapshot in time. Swedish forests are often 

characterized by industrial forest management. Tree cuttings, clearing and thinning campaigns as 

well as vegetation growth continuously change the way forests cover the landscape. 

 

Chapter 2 walks through the most important literature on which the main aspects of the 

investigation is built on. The underlying physics that are used to predict wind climate over a forest 

are complex. A number of fundamental elements and methods that are used in this thesis such as; 

the logarithmic wind profile, Plant Area Index (PAI) and Tree Height (TH) as well as forest 

management in Sweden. 

 

 Next, chapter 3 elaborates on airborne laser scans (ALS) or LiDAR from two years; 2010 and 

2018. This data is made publically available by the Swedish governmental land registration 

authority ‘Lantmäteriet’. These scans provide a point cloud of the terrain and vegetation which is 

used to deduct patterns of tree height, leaves and branches. Further on, the methods and tools that 

are used to compile, clean and export ALS data from MATLAB to WindPRO are analysed. The 

main data sets contain values of z0 for TH and PAI and are used to calculate AEP and values of 

turbulence. A survey, which has been sent out to three large public and private forest land owners, 

is showing potential for deeper collaboration with wind power developers. The participants are 

asked to elaborate during which phases of wind development projects they are involved and which 

activities typically take place. The conditions under which these organizations consider adapting 

their forest management plans in favor of the wind turbines production and loads are briefly 

highlighted while their full answers are available in appendix A.  
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Chapter 4 explains the results of the four base cases of TH, PAI for 2010 and 2018. The experiment 

is tested further with two sensitivity cases. The first case is related to changes in AEP when using 

classic land cover roughness maps. The second case investigates the effects of turbulence when 

change the hub height of a WT. There is a quantifiable difference between the four base cases 

internally but also between the sensitivity cases which could help to lower the risk of uncertainty 

in AEP for new and existing wind farms. The results of changes in turbulence are spread out over 

the entire site of 2.5 x 20 km and are an invitation to further investigate the effects of turbulence 

in greater detail.  

 

Chapter 5 highlights the main conclusion of the experiment. Finally, a discussion by the author of 

the applied methods, tools and results, including an occasional reference to the literature forms is 

available. 
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CHAPTER 2. LI TERATURE REVIEW 
 

2.1 Background and Vision 
 

The Swedish energy agency, Energimyndigheten (2018) published a wind power strategy update 

which states that emphasis lies on a 100% renewable energy target by 2040. An estimated total 60 

TWh per annum of wind power is to be injected into the Swedish energy system. To achieve this 

target, it is essential that expansion of wind power can take place in forested areas. One of the key 

success factors here is the interaction between wind power developers and forest management 

organisations. The literature review section looks into the studies and modelling tools of wind 

power in forests and its effect on annual energy production and fatigue loads on WTs. This section 

concludes with a discussion on a specific case where wind climate in forests is studied in a specific 

subarctic taiga forest in central Sweden. 

 

The global trend of the increasing number of WTs is also noticeable in Sweden. In the article 

“Mapping the Wind Energy Potential of Sweden” Peter Enevoldsen et al. (2018) investigate the 

sociotechnical aspects of wind power development. The impact of a decentralized political system 

in Sweden, where local municipalities can veto wind projects, are driving developers towards new 

sites with lower population densities. Ideally, electricity is produced close to the consumer market 

to minimize grid costs and transport losses. However, public acceptance for wind power takes time 

or might not happen at all. Wind developers might be better of finding projects that are 

economically feasible in remote areas without the risk of a project being rejected at a late stage of 

development or take too long to start. Wind resource analysis are required to take the fact that the 

majority of Sweden (66%) is covered by forest into account (Christiansen et al. 2014). Large parts 

of the Swedish forests are industrially managed, leading to clearings and thinning of the forest in 

order for trees to regenerate. This adds to the complexity in prediction of the fluctuating winds 

above the heterogeneous forests canopy.   

 

2.2 Wind Power, Roughness Length and Displacement Height 
 

Wind is movement of air particles and it is driven by the radiation of the sun, leading to uneven 

heating and temperatures across the globe. One of the main causes that influences global winds on 

earth is the pressure gradient force. Sun rays fall on the Earth’s surface and heats up the air and 
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surface. The warmed up air expands and starts to move, creating high and low air pressure zones. 

Winds are initialised when air moves from high to low pressure areas. Two other forces that impact 

wind velocity are the coriolis and the centrifugal forces. The Earth’s rotating speed makes that the 

air mass deflect the direction imposed by the pressure gradient in a certain pattern i.e. to the right 

in the Northern hemisphere and to the left in the Southern hemisphere. The gravitational or 

buoyancy force makes air particles rise or sink relatively to the temperature of surrounding air 

particles. And finally the friction force, close to the surface of the Earth, is acting against the 

movement of air given rise to a height dependency of the wind called the wind profile (Ivanell, 

n.d.). The interaction of the forces described above shape the wind climate in a location. This thesis 

will work mainly with effects of the friction forces present over forests. 

 

The power law describes the relation between wind speeds at different heights. It predicts the wind 

speed well in altitudes of 100 m up to the top of the Atmospheric Boundary Layer (ABL), typically 

1000 m deep, in neutral stratification. The commonly described logarithmic wind profile works 

best closer to the surface (10 m – 100 m) and has parametrization for effects of a homogeneous 

forest on the wind profile. (Bergström, 2013.) 

 

 

Figure 1: Power law on the left, increase wind speed with height and low surface friction. 

Increased roughness on the right, taking into account displacement height (Finnigan, 2017). 

 

Power Law: 𝑈 = 𝑈𝑟 (
𝑧

𝑧r

)
𝑎
 (2-1) 
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Logarithmic Wind Profile: 𝑈𝑧 =  
𝑢∗

𝑘
 [ln

𝑧−𝑑

𝑧0
] − ψ𝑚 (2-2) 

 

Where: 

 Uz = Wind speed at height z 

 Ur = Wind speed at reference height r 

 z = Height above ground 

 a = Wind shear exponent 

 u* = Friction velocity 

 k = von Kármán’s constant (0.4) 

 d = displacement height 

 z0 = Roughness length 

 𝜓𝑚 = Stability correction to the profile and depends on z=L, where L is the Monin 

Obukhov length (Businger et al., 1971). In neutral stratification z/L = 0 and ψ can 

be ignored. 

 

Height and density form an important role in the nature of the wind profile dependency over a 

forests. Fundamental wind meteorology physics are described in the so called logarithmic wind 

profile U where the wind speed is represented with adequate values of z0 and d. The aerodynamic 

roughness length z0 is a corrective measure to take the effects of surface roughness on the mean 

wind speed U into account and tells at which height U = 0. Similar to z0, displacement height d is 

the height above the ground where the wind speed becomes zero. Thom (1971), discusses that 

these two parameters usually occur as a pair when estimated in wind profiles over forests as shown 

in figure 1. According to Jackson (1981), a dense forest should be represented by a relatively lower 

z0 and a higher d than a sparser forest with similar tree heights, as elegantly illustrated in (figure 

15). Values of d are mainly driven by the distribution of the forces on the surface while z0 is 

directed by the magnitude of these forces in the logarithmic wind profile 

 

One of the aims of the study is to investigate whether predictions of the wind climate can be 

improved by taking elements of terrain z0 and d over a typical Nordic taiga forest into account. 

Fragmented clearing areas and resulting forest edges inflict roughness changes and affect 

turbulence and shear in a complex manner. Poëtte et al. (2017) mention that wind velocity 
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increases and turbulence decreases when wind blows over larger clearings compared to smaller 

clearings. Likewise, z0 decreases with larger patches of felled trees. Though overshoots of wind 

shear and TI seems to transcend close to the forest edges. Additionally, in a study performed by 

Silva Lopes et al. (2015) it is shown that larger patches have an accelerating effect on the surface 

layer close to the ground. Whereas small consecutive clearings increase turbulence blending over 

the canopies. 

 

2.3 Airborne Laser Scans  
 

Since 2009, Lantmäteriet is producing a national elevation height model based on ALS. The output 

of these measurements can be used to calculate forest height, density and terrain elevation heights. 

An airplane, flying at an altitude between 1.700 m and 2.300 m (up to 3.500 m over high 

mountains), shoots laser points at high frequency towards the ground at about 0.5 to 1 point per 

m2. The scan can provide up to four returns per laser pulse. For each return, the intensity of the 

laser signal is measured. The first return being the highest point of the object, the second return 

comes from the part of the beam reflecting on a lower part of a tree etc. Next, a number of quality 

checks are performed for e.g. missing points, high density vegetation blocking laser pulses from 

reaching the ground etc. as well as a classification of the terrain e.g.: vegetation density, water 

bodies. The extracts of these scans can be obtained from Lantmäteriet’s FTP servers at a fee. 

(Lantmäteriet 2018.) This thesis makes use of data from two ALS campaigns, taken on different 

moments in time. The first scan is referred to as NH 2010 and a second one SKOG 2018.  

 

2.4 Ground Height, Tree Height and Plant Area Index 
 

The dataset used in this thesis was already prepared with values of TH and PAI. The ground height 

is calculated in each grid cell as the median of the returns classified as ground. Timing of the ALS 

campaigns is important e.g.: winter snow coverage gives an incorrect reading on the elevation 

height of the actual terrain and melting snow or ice patches on land could be mistaken for water 

bodies. The more laser beams that make it to the ground, the better the quality of the data. The TH 

in a grid cell has been determined as the highest return point minus the ground height. (Mohr et 

al. 2018.) The breaking up of the ALS pulses can be used to calculate the Plant Area Density 

(PAD) of the vegetation which represents the frontal area per square meter forest. This includes 

the branches of the trees, besides the leaves. Another measure that is explicitly used in this thesis 
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is the Plant Area Index (PAI), which is the integrated PAD from the ground up to the tree tops. 

That is, the total frontal area above one square meter of surface. 

 

PAI = −
𝑐𝑜𝑠𝜃𝑙

𝜇
 ln 

𝑖𝑘

𝑖𝑘+1
    (Arnqvist et al. 2019) (2-3) 

Where: 

 𝜃𝑙  = Zenith angle of the laser beam 

 𝜇 = spherical distribution of the reflecting surfaces of vegetation with a value of 0.5  

  (Boudreault et al. 2015) 

 i = Amount of radiation penetrating the forest 

 k = The forest can be split in number of vertical layers, 1, 2, k…, ktop where 1 is the  

  layer closest to the surface. 

 

Calculated values of PAI and TH and a so called water flag, to indicate bodies of water were 

provided, based on the ALS NH and SKOG campaigns from Lantmäteriet.  

 

2.5 Roughness Length, Raster Data Tool Review 
 

MATLAB 2018 © MathWorks is a programming platform that is used to analyze data, develop 

algorithms and create models and applications (Mathworks 2019). It works well with matrix 

calculations, which is the case for this thesis when creating raster files with values of z0. Imports 

of ALS data and numerical calculation have been carried out using MATLAB’s programming 

environment and libraries.  

 

2.6 Roughness Lines and Basic Wind Farm Design Tool Review 
 

The analytical prediction model WAsP 12.0 which is implemented in WindPRO 3.2 is widely 

adopted in the industry for wind resource assessment, energy yield calculations and siting of wind 

farms (DTU Wind, 2019). In this experiment, it is used to calculate the AEP of a wind turbine. 

WAsP uses the linear Wind Atlas method and combines it with a physical model and a statistical 

model (Nilsson et al 2010). The method consists out of two phases; the double vertical and 

horizontal extrapolation method. In the first step, effects from obstacles, terrain and orography is 

peeled away. The information is converted as if the terrain was flat. The height is 10 m above 
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ground level. In the second step, normalised wind data from twelve different sectors is used to 

estimate the wind statistics for different heights and sites, roughness, obstacles and orography 

again. WAsP does take effects of varying atmospheric stratification into account but only in a 

simple way. (Petersen et al., 1997) and (Wizelius, 2015.)   

 

Height data in the xyz plane and z0 is imported as raster data and will be converted vector based 

formats or roughness lines when using the ENERGY WAsP model to calculate AEP.  

 

Further on, the dimensionless measure called turbulence intensity can be used as parameter to 

select a fitting WT for a specific wind climate or estimations of future AEP. Temperature 

differences, surface friction or wakes from other WTs cause turbulence which slows down the 

wind compared to the laminar wind. It also causes loads on the turbine blades, and drivetrain of 

the wind turbine. TI is the ratio of the standard deviation and the 10 minute average wind speed 

(Wizelius, 2015.) 

 

𝑇𝐼 =  
𝜎𝑈

𝑈𝑧
  (2-4) 

 

Where: 

σU = Standard deviation from the mean wind speed 

 

2.7 Forest Management 

 

Activities that shape the forests in Sweden are natural vegetation growth, thinning and final felling 

of trees. Defoliation, which is the proportion of leafs or needles that are lost, is used as an 

indication when trees are ready for felling. Forest owners are obliged to notify the Swedish forest 

agency, Skogsstyrelsen, of planned tree regeneration or final felling areas larger than 0.5 hectares 

and this latest 6 weeks in advance. When tree growth slows down and trees have reached their 

maximum height, it may be felled to make space for growing new trees. Felling might also be 

carried out in case of storm damage. Requested felling has to be carried out within 5 years of 

notification. (Christiansen et al. 2014.) 
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CHAPTER 3. MATERIALS AND METHODS 
 

3.1 Site Description 

 

The site selected for the experiments is called Ånglarna and is suggested by wind Swedish 

developing company OX2 AB. The site is located in the county of Dalarna, Sweden. At the time 

of writing, there is a permit process ongoing for building a 17 WTs wind farm at the south end of 

the marked area as figure 2 illustrates. The vegetation is mainly characterized by forest consisting 

out of Scots pine and Norwegian spruce trees. Swedish industrial forest management schemes 

include periodically clearing and thinning of large areas of forest. The harvested timber is used for 

the paper industry, biofuels and building materials. (Christiansen et al. 2014.) As for orography, 

the site is hilly with elevations ranging between 100 and 400 m and is home to lakes and small 

rivers in various sizes and shapes (Lantmäteriet 2018).  

 

 

Figure 2: Ånglarna wind farm, Dalarna, Sweden as suggested by OX2. The yellow rectangle 

area is 7.5 x 20 kilometer (km) is the main focus area of the investigation. (Google Earth 2019). 
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3.2 Description of the experiment 

 

Essentially the investigation is a response to the following research question; “How does forest 

management and tree growth change aggregated values of roughness length and displacement 

height?” The starting point are the ALS data sets from Lantmäteriet. Next, a number of steps are 

introduced to create and calculate four cases: 

 

 TH 2010 

 PAI 2010 

 TH 2018 

 PAI 2018 

 

After numerical normalisation and analysis in MATLAB, values of z0 and d are based on TH and 

PAI and inserted into windPRO for further analysis of AEP and TI. Further on a quantitative and 

qualitative analysis of z0 and d, looks into the area of forest management based on a short survey 

with forest land owners as key stakeholders. Figure 3 provides a graphical overview of the steps 

taken to setup the investigation that address the main research question of the experiment. 

 

 

 

 

Lantmäteriet 

ALS data years 2010 

(NH) and 2018 (SKOG) 

MATLAB 

 Data cleansing. 

 Select grid size and 

resolution. 

 Calculate Z0 and d 

based on TH and PAI. 

 Create Plots and 

histograms. 

 Export to grid file 

WindPRO 

 Import grid data. 

 Create roughness 

lines and terrain 

height contour lines  

 Add METEO object  

 Add WTs. 

 Calculate AEP and 

turbulence. 

Dept. Earth Sciences, 

Uppsala University 

TH and PAI values 

Research question 

Forest management 

 Statistical forest 

management data, 

clearings, tree 

thinning and growth. 

 Survey of 3 larges 

forest land owners in 

Sweden. 

Input for future 

collaboration between 

forest land owners and 

wind power developers 
Figure 3: Schematic model of the experiment. 
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3.2.1 Data Analysis Airborne Laser Scans 
 

Aggregating information that describes terrain elevation, vegetation height and density can be a 

cumbersome task. One could use widely available landscape classifications maps to derive z0 such 

as CORINE with a special resolution of 100 m (Copernicus 2019), or lower resolution maps like 

GLOBECOVER used in the Global Wind Atlas (Mortensen et al. 2017). Tools like WindPRO can 

import those maps from online sources. However the maps are not specifically developed for wind 

resource assessments. Forest height and density are usually not included in land use classification 

according to Raupach (1994), yet it could be complemented by other data sources such as biomass 

measurement campaigns or onsite visits.  

 

Another way towards collecting these forest properties comes from the sky. Lantmäteriet generates 

ALS raw data sets with multiple returns at high resolution according to a national mapping plan 

shown in figure 4. These scans are scheduled every tenth year. 

 

 

Figure 4: ALS plan in Sweden, marked area lies in the borders of the area under investigation in 

this thesis, marked with an orange circle (Lantmäteriet 2018). 
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The data sets represent the years 2010 and 2018 and are delivered in the SWEREFF 99 TM 

coordinate system. The scans have been taken in snow-free periods (Lantmäteriet 2018). When 

combining the scanned data of an area, it can be used to build up the terrain in 3D as shown in 

figure 5 or used to build roughness maps to simulate wind fields in a WAsP analysis. 

 

 

Figure 5: ALS from a farm and surrounding forest (Lantmäteriet 2018). 

 

3.2.2 Tree height versus Plant Area Index 

 

Garratt (1992) recommended a simple conversion to calculate values of z0 = 0.1*h or 0.1*TH and 

d = 2/3*h. Since WAsP reads vector based maps which does not allow high resolutions, TH was 

downgraded to the nearest pair integer. Though, there is no consensus on how to add d into 

consideration while using WAsP, according to Enevoldsen (2017), it might make sense to add a 

value for it. Maps with a resolution z0 = TH/10 can benefit more from adding d than maps in a 

coarser resolution, according to an experiment by Floors et al. (2018). Therefor d was added 

afterwards in WindPRO during the WAsP calculations. 
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When using PAI, it is important to note that there is a physical relationship between d and z0, as 

discussed by Mohr et al. (2018). However, d should be added later on when calculating AEP. The  

Calculating roughness and displacement from PAI furthermore includes a so called roughness 

sublayer effects that can be derived from PAI using the following formula: 

 

d = ℎ 
1−2𝑒

−2(
0.4
0.6

)

𝑃𝐴𝐼
 (3-1) 

 

z0 = 0.5 
(ℎ−𝑑)2

ℎ
 PAI (3-2) 

 

Where: 

 h = Tree height (3-3) 

 

A roughness sublayer correction is used to increase the length scale at the forest top from 0.4(h-d) 

to 0.6(h-d). (Mohr et al. 2018.) 

 

3.3 Formatting of ALS data towards a z0 grid in MATLAB 
 

ALS data from years 2010 and 2018 is imported into MATLAB to investigate the effects of 

vegetation growth and forest management. TH data, PAI, XYZ coordinates, site longitude and 

latitude coordinates and a water flag are the main variables and matrices. Z0 values of TH and PAI 

of both years are calculated, Equations (3-1), (3-2) and (3-3), resulting in four cases. The grid size 

is set 7.5 x 20 km to have at least two sectors that can see the wind field and effect of z0 over a 

longer distance. WAsP takes elevation or roughness change lines within 20 km from a site into 

account, Mortensen et al. (2016). The map resolution is set to 10 m in order to detect the trees that 

form the forest. Values of TH > 35 m are topped of at 35 m, in line with the lower part of the 

average maximum THs (see chapter 3.7 Analysis of forest management plans in Sweden). The 

assumption is that the laser beam has bounced of a cloud, bird or another irrelevant object for that 

are taller than 35 m. Areas of water receive a value for z0 of 0.0001. Maximum values of z0 are set 

to respectively 3.5 and 4.0 for TH and PAI. A maximum of 20 roughness changes are calculated 

(e.g.: 0.25, 0.50, 0.75,…3.5) for TH and PAI values are made available in line with hardware and 

WAsP limitations. Table 1 shows an overview of the set parameters. 
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Parameters Tree height (TH) Plant Area Index (PAI) 

Roughness length (z0) TH/10 0.5 
(ℎ−𝑑)2

ℎ
 PAI 

Displacement height (d) 2/3 TH 

ℎ 
1 − 2𝑒−2(

0.4
0.6

)

𝑃𝐴𝐼
 

NaN and negative values z0  0.1 0.1 

Maximum z0 3.5 4.0 

Water flag z0 0.0001 0.0001 

Table 1: Parameters and set limits in MATLAB of ALS TH and PAI MATLAB. 

 

Mean TH clearing areas, defined as TH < 0.2 m, which is an estimation of what is left of the tree 

stem after cutting. Mean clearing areas from PAI are defined as z0 =< 0.1 and z0 > 0.0001 or the 

water flag. This makes sense in areas where e.g. trees start to regenerate after felling or in areas 

where tree thinning campaigns have been carried out. Reason being that PAI looks at the entire 

vegetation are from the ground up (Arnqvist et al. 2019), whereas TH is the highest point in a grid 

cell (Mohr et al. 2018). In other words, PAI sees clearings in greater detail than TH. On the other 

hand, the PAI data set returned a few not a number value (NaN) and negative values which are 

marked as z0 = 0.1, which represents a clearing. This could distort the comparison between TH and 

PAI in terms of Mean Clearing Area. In some parts where the forest is very dense and smooth, 

PAI z0 can also become 0.1. 

 

Figure 6 shows the differences in vegetation growth between 2010 and 2018. Notice how changes 

of vegetation growth and tree cutting over the 2 years are elaborated in greater detail when using 

TH versus PAI.  Figure 7 illustrates the same effects as in figure 6 but instead of physical changes 

in height and density of the forest, it shows the changes in z0 between 2010 with 2018.   
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Figure 6: Two plots of the Ånglarna site (7.5 x 20 km). Forest management and tree growth TH 

(left) and PAI (right) during period 2010 - 2018. Black crosses in the lower part of the plots are 

the WT’s of the projected wind farm in Ånglarna. 

 

 

 

WT 1010 WT 1010 

(m) 
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Figure 7: Two plots of the Ånglarna site (7.5 x 20 km). z0 TH (left) and z0 PAI (right) differences 

between 2010 and 2018. 

 

Calculations from MATLAB consists out of estimated values of z0. Next, the data output is added 

to a raster based file (.grd). These files are imported into WindPRO during the following step. A 

set of histograms, see figure 8, show the distribution between the different measurement 

campaigns for TH and PAI and illustrate the evolution of the forest in terms of z0. 

WT 1010 WT 1010 

(m) 
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Figure 8: Left histogram z0 PAI, right histogram z0 TH. Black lines represents z0 distribution 

during 2010 and blue bars 2018. 

 

3.4 Analysis of roughness length using WindPRO 
 

Using WindPRO software, together with WAsP 12, the site center has been selected in the middle 

of the planned Ånglarna wind farm. The main sectors in focus are North (N) and North-north-east 

(NNE). The reason selecting only two sectors is that the experiment attempts to investigate the 

effects of z0 over a larger area of 20 km. Hence the subsector was chosen that enabled the farthest 

upwind forest data. Height contour calculations, in combination with the size of the site and 

resolution of the data points are applied. In addition, topographical inputs to WAsP are represented 

in vector maps and are visualized with roughness lines, which together with above mentioned 

parameters can comprise computer CPU limitations. Reason for applying this method is that 

WAsP 12.0 cannot employ raster data directly. (Mortensen et al. 2016.) The data provided as input 

for z0 from MATLAB, as described in chapter 3.3.3 are delivered in raster format.  

 

3.4.1 Wind Turbines 
 

Seventeen Nordex 131, 3.0 Megawatt WTs with a hub height of 137 m. are selected. These types 

of WT’s and hub heights are commonly used in newly developed wind farms in Nordic forests for 

a reason. According to the power law (2-1), wind speed increases with height while the effects of 

surface friction on AEP and turbulence diminish with greater distance from terrain elements such 
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as forests, as described in the logarithmic wind profile (2-2). However, for the sake of 

computational speed and to avoid other effects such as wakes to interact with the model, only 1 

WT (label 1010, see figure 6 and 7) is used in the calculations. The national Swedish county board 

or Länsstyrelsen (2019) administrates a wind power website Vindlov.se where metrics of the 

Swedish windfarms are made available.  

 

3.4.2 Meteorological data 
 

The wind speed data is based on a MESO data set EMD/ConWx WRF-NMM ERA during January 

1st and December 31th 2018 (Conwx 2019). The data has been long term corrected and is taken 

from a location close by the wind farm (N60̊ 830”, E16 ̊220”), as seen in figure 11. Besides mean 

wind speeds and directions at altitudes between 50 m and 200 m, and additional column is added 

to represent TI as shown in figure 9. However, since the purpose of the study is to investigate the 

effects of the forest rather than effects of the meteorological data, TI values are randomised using 

the following formula: 

 

𝑇𝐼 = 0,14 + 0.05(𝑟𝑎𝑛𝑑(𝑙𝑒𝑛𝑔𝑡ℎ(𝑈), 1)  

 

Where rand produces an array filled with random numbers in the interval of 8760 measurements 

(number of hours in one year) of length U during a full year. 

 

Although sector West-south-west is the predominant wind direction for the site, N and NNE 

sectors have been chosen to allow for terrain roughness to stretch for a large part of the 20 km 

from WT 1010’s perspective. Figure 10 shows matching Weibull curves at two altitudes around 

the 137 m hub height of the selected WTs and a wind rose. 
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Figure 9: Mean wind speed, standard deviation and turbulence intensity at 100 m. 

 

 

Figure 10: Weibull and wind speed frequency distribution by sector. 
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3.4.3 Area objects and height contour lines 
 

Height contour lines, that reflect the orography of the terrain, are created based on GSD Elevation 

data for Sweden (Lantmäteriet 2017) and consists out of a 50 m grid. Height intervals have been 

chosen in steps of 7.7 m. The result is visualised in figure 11. 

 

 

Figure 11: Height contour lines setup. Blue circle is the site center, red crosses are the WTs and 

the orange triangle is the location of the METEO/MESO data. 
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For each of the four cases, an area object is created with the purpose of acting as roughness maps 

based on closed lines. The gridded z0 files created in MATLAB with intervals of 0.25, are imported 

(figure 12). The background roughness area is set to 66% of the average mean z0 for each case. 

Reasons for choosing this formula are: 

 To avoid limitations in WindPRO MESO scale classes falling outside of generalized wind 

climate which throws an error in WindPRO/WAsP. Which is the case when selected too 

high background roughness values. 

 

 

Figure 12: z0 and background roughness in WindPRO for PAI 2010. 

 

Next, roughness lines maps are created and used together with the height contour lines in a WAsP 

calculation object. The METEO object created earlier is added at this point. One improvement that 

could speed up calculations is to limit the maximum grid points and lowering the amount of 

roughness lines. This can be done by decreasing the resolution in MATLAB, having less data 

points per grid cell, prior to importing the data in WindPRO. The maps created based on the four 

cases have between 3 and 5 million points, as seen in figure 13, while WAsP best practices cannot 
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represent more than 1 million points in maps or wind climate calculations (DTU Wind, 2019) into 

account. 

 

 

Figure 13: Number of raster points and resulting contours for TH 2010. 

 

3.5 Analysis of Annual Energy Production using WindPRO 
 

The wind data used in the experiment is based on a METEO object described in chapter 3.4.2 

Meteorological data. Using WindPRO’s STATGEN module, based on 100 m height, wind 

statistics are generated. A WAsP site data object is created based on the METEO object previously 

mentioned. Next, a roughness lines file is created for each of the four cases, based on the imported 

z0 raster files, and the elevation object with height contour lines is added. The ENERGY WAsP 

model is used to run four energy calculations, assuming neutral stratification, with following 

parameters: 
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 Only one WT, ANG. 1010, which is the one located furthest north. This to avoid the effects 

of wakes from other WTs impacting the results as the focus lies on z0 from the forest. A 

second reason for selecting 1 WT is to speed up calculation. 

 Sector wide 2/3 TH displacement height, as the arithmetic mean of all grid points within 

a 1000 m radius around the WT and TH set to mean tree height (table 3), as shown in 

figure 14. 

 Sector wide (3-1) PAI displacement height, physically coupling of d to the wind profile to 

include the forest density, as described by Jackson (1981) as shown in figure 15. 

 

 

 Figure 14: Displacement height, WAsP module respectively TH, PAI, 2010, 2018. 

 

3.6 Analysis of Turbulence using Mean Values of z0 and d 

 

Mean U137 m speed based on the METEO object in chapter 3.4.2 Meteorological data and WAsP 

calculations, lies between 7.1 m/s and 7.3 m/s. This is valid for any of the four cases. The standard 

deviation is made none-dimensional by scaling it with u* (Arnqvist 2014). According to Raupach 

et al. (1996), a value for σU = 1.8 * u* (2-5) over a forest canopy in neutral stratification is 

appropriate. Following Equations (2-2) and (2-4), this becomes: 
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𝑈𝑧

𝑢∗
=  

1

𝑘
 [𝑙𝑛

𝑧−𝑑

𝑧0
] or  𝑈𝑧 =  

𝑢∗

𝑘
 [𝑙𝑛

𝑧−𝑑

𝑧0
] (2-6) 

 

Following Equation (2-5), this becomes: 

 𝐼 =
1.8∗𝑢∗

𝑢∗
𝑘

 [𝑙𝑛
𝑧−𝑑

𝑧0
]
 = 

1.8∗𝑘

[𝑙𝑛
𝑧−𝑑

𝑧0
]
 (2-7) 

 

Example for TH 2010, U137m: I = 
1.8∗0.4

[𝑙𝑛
137−7.19

1.16
]
 

 

This way, σU changes together with changes in Uz, while TI (I) is calculated for the entire forest. 

 

3.7 Analysis of forest management plans in Sweden 

 

A typical forest management life cycle for a forest in Sweden is illustrated in table 2. Average 

maximum heights for Norwegian spruce and Scots pine trees range between 35 and 38 meters, 

depending on the location. Though in rare occasions, Norwegian spruce trees taller than 45 m have 

been spotted (Forestry 2018). Mean heights are between 15.5 and 21.1 m for Natural growth of 

Scots pine and Norwegian spruce trees. (Fahlvik et al. 2014.) According to Egbäck et al. (2017), 

the average growth rate during a 5 year period for Norwegian spruces is 1.9 m and 1.8 m for Scots 

pines.    

 

Forestry measures Year 

Clear cutting 0 

Soil Preparation 2 

Planting Pine seedlings 3 

Clearing deciduous growth 5 

Cleaning 10 

Thinning 30 

Thinning 50 

Final cutting 80 

Table 2: Typical pine forest cycle in central Sweden (Swedish Wood 2019). 
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3.8 Survey of large forest land owners in Sweden 

 

As part of this thesis, a survey was sent out to the three largest forest land owners in Sweden. Two 

private owners and one public owner were contacted via email and telephone. The main purpose 

of the survey is to find out on which level cooperation between landowners and wind project 

developers already exists and the potential to extend. The following questions were asked: 

 

 Are you aware of the fact that wind climate over forests can be affected by forestry 

management plans such as tree cutting, clearings, thinning and tree growth? If yes, can 

you elaborate to which extent this knowledge is available in your company? 

 Is your organization working today together with Wind Power Project Developers towards 

spatial planning of wind farms in forest areas? If so, can you elaborate in which phases of 

the wind development projects and on which aspects your company collaborates with 

Wind Power Project Developers? 

 Is your company adjusting its forestry management plans in cooperation with wind power 

developers in the context of wind farm spatial planning already today? If so, can you 

elaborate how this is taking place? 

 If not, would your company consider to make adjustments? What would be the aspects 

your company would find interesting to investigate further (e.g.: Sharing future forestry 

management plans, Annual Energy Production trade of with delaying or speeding up 

certain forest management plans.  

 

To elaborate further on the last question; In case revenues from wood harvests are not 

negatively affected by changes in standard forest management life cycles as shown in table 

2, wind power developers could become a stakeholder in deciding where, when and how 

to execute a tree felling campaign. On the other hand, wind power developers might be 

asked to share some of the additional income of increased energy production. This could 

compensate for losses of missing out on the profit of selling wood from trees due to 

deviations from the forest management life cycle. 
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Positive response from SVEA Skog, Stora Enso and SCA Energy via email and/or telephone 

interviews was received. The details of their answers can be found in appendix A while the results 

are discussed in Chapter 4.  
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CHAPTER 4. RESULTS 
 

4.1 Effects of z0 and d for PAI and TH  

 

The dynamic nature of the forest over time has an effect on the resulting wind climate above the 

canopy. The key values of z0 and d can be seen in table 3. 

 

Output values Year 2010 Year 2018 Difference 

Mean Tree height (h) 10.90 m 12.11 m + 1.21 m 

Mean Clearing Area TH 7.92% 7.70% - 2.86 % 

Mean Clearing Area PAI 13.15% 13.84% + 4.99  % 

Mean PAI 1.31 0.87 - 33.59 % 

Mean z0 TH 1.16 1.28 10.34 % 

Mean z0 PAI 1.16 1.58 36.21 % 

Mean d TH 7.19 7.99 10.01% 

Mean d PAI 6.13 4.78 -28.24% 

Table 3: Key output values of TH and PAI. 

 

When looking at the entire site of 7.5 x 20 km, the average forest has been growing roughly 1.21 

m between 2010 and 2018 with. TH clearing areas have shrunk slightly by 2.86% and PAI clearing 

areas have gone up by 4.99%. Most notably is the strong decrease of mean PAI by almost 34% 

while, which could indicate the forest has become more sparser while mean z0 PAI has increased 

by almost the same percentage. As reasoned by Jackson (1981) and Raupach (1994), there is a 

dependency between forest density and height on one hand and z0 and d on the other, see figure 15.   

 

 

 

 

 

 

 

 

Figure 15: Calculated d/h and z/h for rod-like roughness elements like trees 
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The wind speed reduces when passing over a clearing, depending the size of the clearing. 

Moreover, the ground seems to sink in a hole, compared to the surrounding forest canopy. The 

larger the hole, the lower the effect on the flow. The clearing width should be equal or larger than 

20 times d for the effect to become negligible at the clearing center. (AWS True Wind 2004.)  

 

One explanation why PAI is showing larger mean clearing area values and z0 values, could be that 

PAI clearings are defined less strictly as to TH clearings. However, the forest density is better 

represented by the additional details of leaves and branches being available in PAI, compared to 

only information of the tree stems in TH (Mohr et al. 2018.) Looking at the plots in figure 16, the 

differences between 2010 and 2010 for TH and PAI become more visual. Areas of tree thinning, 

tree growth and forest edges can be seen more clearly when using the PAI method. 

 

   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 16: Differences between 2010 and 2018. Left top; TH difference, right top; PAI 

difference, left bottom; TH z0 difference right bottom; PAI z0 difference, 

(m) 
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4.2 Impact on AEP 
 

Although, WAsP only takes roughness maps and roughness changes in a very crude way into 

account, as described in a wind energy study by Floors et al. (2018) there is an effect on the AEP. 

The results from the four simulated cases for the N and NNE sectors are shown in tables 4 and 5. 

 

WASP N Sector 2010  

without d 
2010 

with d 

∆  with/ 

without d 

2018 

without d 
2018 

with d 

∆  with/ 

without d 

TH AEP, MWh 1337 1308 2.19% 1311 1283 2.23% 

PAI AEP, MWh 1321 1302 1.51% 1286 1265 1.61% 

∆ TH - PAI 1.19% 0.51%  1.99% 1.38%  

∆ TH 2010 - TH 

2018 without d 

1.98%      

∆ TH 2010 - TH 

2018 with d 

2.01%      

∆ PAI 2010 - PAI 

2018 without d 

2.78%      

∆ PAI 2010 - PAI 

2018 with d 

2.89%      

Table 4: WAsP Northern sector AEP and ratios for TH and PAI during years 2010 and 2018. 

Values in bold contain results with d included. 

 

WASP NNE 

Sector 

2010 

without d 
2010 

with d 

∆  with/ 

without d 

2018 

without d 
2018 

with d 

∆  with/ 

without d 

TH AEP, MWh 1337 1339 -0.12% 1338 1298 3.03% 

PAI AEP, MWh 1317 1297 1.54% 1306 1287 1.47% 

∆ TH - PAI 1.52% 3.21%  2.44% 0.89%  

∆ TH 2010 - TH 

2018 without d 

0.04%      

∆ TH 2010 - TH 

2018 with d 

3.11%      

∆ PAI 2010 - PAI 

2018 without d 

0.87%      

∆ PAI 2010 - PAI 

2018 with d 

0.79%      

Table 5: WAsP North-north-eastern sector AEP and ratios for TH and PAI during years 2010 

and 2018. Values in bold contain results with d included. 

 

When comparing TH 2010 with TH 2018 including d, AEP decreases between 2.01% and 3.11%. 

This in line with the expectations with higher TH z0 values between 2010 and 2018 of 10.34%, as 

shown in table 3, chapter 4.1 Effects of z0 and d for PAI and TH. Similar behavior occurs for ∆ 
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PAI 2010 versus PAI 2018 with d. Here a difference AEP output between 0.79% and 2.89% is 

noticeable. However, mean z0 PAI values between 2010 and 2018 have gone up with 36.21% (table 

3), indicating that although z0 of the entire site has increased, the effects on the WT for N and NNE 

sectors specifically is not seen proportionally in terms of energy production. Interesting as well 

are the differences between TH and PAI values across the two sectors in scope. While the ∆ TH – 

PAI in the N sector for 2010 shows a reduction in AEP with 0.51%, it reduces further to 3.21% in 

the NNE sector. Eight years later, it seems that the effect of this part of the forest on the differences 

in AEP for TH and PAI is less pronounced and has shifted direction with an increase of 2.28% for 

TH 2018 in the N sector and a decrease 0.89% for NNE. 

 

Finally, the effect of adding a value for d becomes clear across all the cases as shown in the white 

cells with % values in tables 4 and 5. 

 

4.3 Impact on Turbulence 

 

Mean values for three height, displacement height and roughness length can be found in table 3, 

chapter 4.1 Effects of z0 and d for PAI and TH. Table 6 shows an overview of the standard 

deviation σu (2-5) of various wind speeds U around the mean wind speed of the site. The turbulence 

intensity, I or TI (2-7) is calculated for the entire site for each of the four cases. 

 

Table 6: Turbulence overview based on σu and TI. U137 m for all cases [7.1-7.3 m/s]. 

 

The results in table 6 show that the turbulence, caused by the surface roughness of the forest, 

effects the WT with a hub height of 137 m. The effect of increased z0 between 2010 and 2018 

U, m/s 

Evolution of  σu and TI 

6 7 

U137 m 

8 9 10 11  

σu 137 m, TH 2010 2.11 2.46 2.81 3.16 3.51 3.87 

σu 137 m, TH 2018 2.16 2.52 2.88 3.23 3.59 3.95 

σu 137 m, PAI 2010 2.11 2.46 2.81 3.16 3.51 3.87 

σu 137 m, PAI 2018 2.26 2.64 3.01 3.39 3.77 4.14 

Mean σu across all cases 2.16 2.52 2.88 3.24 3.60 3.96 

σu/u (TI) 137 m TH 2010 0.35      

σu/u (TI) 137 m TH 2018 0.36      

σu/u (TI) 137 m PAI 2010 0.35      

σu/u (TI) 137 m PAI 2018 0.38      
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causes an increase of turbulence for all the wind speeds. TI and σu for TH 2010 and PAI 2010 are 

alike. The reason here is that the mean z0 for both cases are the same during 2010. Further on, TI 

increases with increased values of z0, similar to σu. In a previous study of different forest clearings 

and the impact on turbulence by Hans Bergström et al. (2013), it is shown that the effects are 

limited to the flow region near the top of the trees. Over the clearings, turbulence does not intensify 

as the lack of trees prevent turbulence levels to sustain. However, stream wise wind velocity, 

especially near the edge of the clearings, pushes the flow upwards up to two times the canopy 

height.  

 

4.4 Forest Management Survey 

 

The outcome of the survey shows that all three large forest land owner organisations that were 

contacted - Stora Enso and Svea Skog and SCA – are   collaborating with wind power development 

on their land. Shared activities take place in the field of spatial planning and land lease agreements. 

Especially in the area of road construction and placement of the WTs and crane pads. According 

to Stora Enso’s feedback, the larger the project, the more resources from their own organization 

get involved. Further on, there is an awareness that forest management, clearing and thinning 

campaigns affects the AEP or loads induced by turbulence of a wind farm. At this point in time, 

this topic has not been taken up in terms of adjusting either micro-siting of the wind farm nor 

potential changes in forest management plans. This means that e.g.:  a wind farm might be located 

in an area surrounded by a dense forest by the time it is commissioned while a few years later, the 

same forest is cleared or thinned. This could create a higher roughness length and causes the wind 

farm to produce less energy and endure higher loads. However, one respondent mentions that 

during the years of wind energy production, efforts are made to plan forest activities in cooperation 

with wind farm owners. The three organisations involved in the survey are showing interest in 

developing this area of knowledge further. For example, when forest land owners adjust their 

forest management plans for the benefit of wind power energy production, the benefits that result 

from this adjustment, should be shared in fair manner among both parties. Ideally, this is agreed 

upfront in the business case of the wind farm. Appendix A includes the actual answers from the 

three forest management companies questioned.  
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4.5 Sensitivity analysis  
 

The following two cases are investigated in order to test the sensitivity of the overall experiment. 

 

 Run WAsP AEP calculation comparing TH 2010 z0, ”CORINE land cover 2012”, with similar 

settings as the TH 2010 as shown in table 7. The online available land use maps that are 

imported WindPRO such as CORINE 2012, are commonly used in wind resource assessment 

investigations.  

 

WAsP North Sector, 1 WT without d with d ∆  with/ without d 

TH 2010 AEP, MWh 1337 1229 8.82% 

CORINE 2012 AEP, MWh 1517.8 1408.7 9.28% 

∆ TH 2010 – CORINE 2012 -11.91% 12.76%   

Table 7: Sensitivity, AEP TH 2010 versus CORINE 2012, Northern sector 

 

The results show a large difference in AEP of 12.76% between the TH and CORINE 

roughness based maps. The CORINE land cover roughness lines are based on only five z0 

changes (figure 17). In the same figure, it is shown that the interval values for z0 are 

significantly lower than were used in both TH and PAI methods as presented in table 1, 

chapter 3.3 Formatting of ALS data towards a z0 grid in MATLAB. The background z0 in the 

CORINE based WAsP calculation is set to 66% of the average mean z0, likewise in all cases 

of TH and PAI. Lacking more detailed information in the CORINE maps can lead to an over 

or underestimation of the AEP where TH and PAI based maps show values of z0 which likely 

to lead to a more realistic prediction (Mohr et al. 2018). 

 

 

Figure 17: Roughness lengths CORINE land cover 2012 
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 Have the hub height of WT 1010 vary between different heights and compare the effect of 

turbulence of the site across various hub heights. This is combined with differences in z0 

between 2010 and 2018 for the TH and PAI methods. A mean wind speed of 7 m/s across the 

entire site is assumed based on the MESO data described in chapter 3.4.2 Meteorological data. 

Results are shown in table 8. 

 

Table 8: Sensitivity, turbulence at different hub heights. 

 

The mean σu is based on the average σu of the four cases TH, PAI, 2010 and 2018.  ∆ MEAN σu, 

UZ/U137 m shows how much more turbulence the air is at lower hub heights, compared to WT 1010 

with hub height of 137 m. When increasing the hub height, the effects of turbulence from the forest 

below is decreasing and vice versa. However the decrease of both TI and σu becomes less steep 

with height, across the four cases, as the effect of canopy below fades out. When selecting the WT 

hub height for a site, one consideration is the cost of taller towers versus the maintenance cost of 

higher loads on the WT due to turbulence.  

WT hub heights 

Standard deviation 

80 m 100 m 120 m 137 m 150 m 170 m  

Mean σu with U = 7 m/s 2.88 2.72 2.60 2.52 2.47 2.40 

∆ Mean σu, Uz/U137 m 14.3% 7.9% 3.2% - -2% -4.8% 

σu/u (TI) 100 m TH 2010 0.40 0.38 0.36 0.35 0.34 0.34 

σu/u (TI) 100 m TH 2018 0.41 0.39 0.37 0.36 0.35 0.34 

σu/u (TI) 100 m PAI 2010 0.40 0.38 0.36 0.35 0.34 0.34 

σu/u (TI) 100 m PAI 2018 0.43 0.41 0.39 0.38 0.37 0.36 
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CHAPTER 5. CONCLUSION AND DISCUSSION 
 

Changes in natural tree growth and removal of trees in a specific pattern has an effect on the 

roughness length and displacement height in forested areas. This experiment shows how a forest 

over a large area effects these values. The focus lies on finding out how changes in orography over 

time has an impact on the AEP and turbulence of a forested site located in middle Sweden. The 

results show clear differences between two used models, TH and PAI based roughness maps on 

one hand, and classical land use maps as part of a sensitivity analysis. The selection of the WT 

hub height is an important parameter to consider when calculating loads and stresses induced by 

turbulence. The sizes of the clearings, which leads to edges where the clearing transitions again 

into vegetation but also the height and the density of the forest are the most important elements 

that effect changes in aggregated values of z0 and d in this investigation. The experiment can be 

considered as a case study. It should be possible to repeat this experiment at another location when 

following the steps described in the chapter 3, Materials and Methods.  

 

Following discussion points can be used as an elaboration of the main findings of the experiment. 

 

 Using ALS data to estimate surface roughness length in combination with TH and PAI 

methods, which model the vegetation in higher resolution as to classical land use maps 

such as CORINE, decreases the risk of making errors. According to a study by Floors et 

al. (2018.), applying the correct roughness length, by converting tree height into roughness 

maps based on ALS, leads to a decreases by 50% of making errors in power production larger 

than 25%. In addition, ALS data is readily available which can save time and effort compared 

to mapping a similar plot of forest to the same level of detail by conventional means. 

 

 TH takes only the height of the tree into account while PAI uses both the height and the 

density of the trees. One case shows that mean PAI values have decreased while mean tree 

size has increased and this in combination with an increase in mean PAI z0. This could be an 

indication that the density of the forest and sizes of clearing and thinning areas have a larger 

effect on z0 compared to only looking at TH. Jackson (1981) discusses this further when 

calculating that d is more strongly dependent on the density of the forest and the location of 
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the WT or mast. Whereas z0 is more proportional to the magnitude of the forces that act on the 

wind over a longer distance.  

 

 The impact of the forest on turbulence during 2010 and 2018 is noticeable for both 

methods of TH and PAI, with a slightly stronger effect when the PAI method is used. 

Lower hub heights, encounter more turbulence whereas taller hub heights are less effected, be 

it in a none-linear way. Aggregated values of z0 and d are used to represent the effect of the 

entire forest on turbulence at various wind speeds. However, it makes sense to elaborate this 

experiment further with actual wind measurements from e.g.: meteorological masts with 10 

minutes interval over a longer period. By combining measured values of turbulence of the 

actual wind climate with high resolution roughness maps, the loads imposed on WTs caused 

by turbulence can be predicted in high detail. 

 

 

 Planning Industrial forestry together with wind power developers could lead to overall 

lower roughness lengths. The area in scope has been selected in order to calculate generalised 

values over a relative large area of 7.5 x 20 km. It is not possible to make comments on specific 

clearing or growth areas of the forest. However, information on vegetation growth and tree 

cutting campaigns could be used as criteria for future prediction in between two ALS 

measurement campaigns. This implies that regular updates of forest management plans are 

required in order to follow up the variation of the forest. For example; it is possible to 

aggregate the planned areas of the forest that will be felled or thinned in the upcoming years 

into the existing ALS roughness maps. This would allow predictions in energy production and 

loads for a period after 2018 until the next ALS data set can be utilised. The time span of these 

predictions could surpass the technical and financial lifetime of the wind farm which is 

typically 20 to 25 years. Thus allowing wind power developers to have better control on the 

energy output of the wind farm during its life cycle. This could increase trust towards money 

lenders and customers of the wind farm project. Feedback from three large forest land owner 

organisations, captured in the brief survey is presented in appendix A. The respondents show 

an interest into developing the existing collaboration with wind power developers further.  
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APPENDIX A. FOREST LAND OWNERS SURVEY 

 
 

Are you aware of the fact that wind climate over forests can be affected by forestry 

management plans such as tree cutting, clearings, thinning and tree growth? If yes, can you 

elaborate to which extent this knowledge is available in your company? 

Svea Skog Stora Enso SCA 

Yes, Svea Skog is well aware 

of that fact. However, it is not 

regulated in the leasing 

agreements of the many wind 

parks established on Sveaskog 

land. The availability of this 

knowledge is not good (i.e. It is 

not in any management plans 

or instructions), even though I 

think most people can 

understand the fact by simple 

logics 

Yes, Stora Enso is aware that 

the forest affects the wind 

climate above the vegetation 

but not in detail. The forests 

usually continue to grow and 

to be managed as before the 

Wind farm arrives. 

Yes we know the 

turbulence is increasing 

around the wind turbine. 

We have not seen any 

effects on the forestry. 

The assembling area 

around the wind turbine is 

normally more than one 

rotor diameter and this 

area is free from trees. 

One thing we are 

discussing in our forestry 

plans is the danger during 

winter time with ice 

falling from the blades. 
 

Is your organization working today together with Wind Power Project Developers towards 

spatial planning of wind farms in forest areas? If so, can you elaborate in which phases of the 

wind development projects and on which aspects your company collaborates with Wind 

Power Project Developers? 

Svea Skog Stora Enso SCA 

Yes, in the phase of selecting 

good wind spots, building 

roads, clearing the sites of the 

windmills and so on.  

 

Stora Enso is active in the first 

phases of the project where they 

work together with the 

environmental process and local 

communities prior to the 

construction of the wind farm. 

The larger the project, the more 

elaborated the involvement 

from Stora Enso. For smaller 

projects, they prefer to partner 

up with wind development 

companies. A time-limited 

option agreement can be agreed 

upon with the developer which 

guarantees the developer to sign 

a lease agreement later on. That 

is, if permit conditions are 

being fulfilled during the next 

phase of the project 

In SCA we are developing 

wind projects both in our 

organization and together 

with partners. Many of the 

wind projects are 

developed by other 

companies achieving Land 

Lease Agreement with 

SCA 

 

In our own projects, we 

normally are the owner of 

the project until we reach 

financial close. 
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Is your company adjusting its forestry management plans in cooperation with wind power 

developers in the context of wind farm spatial planning already today? If so, can you 

elaborate how this is taking place? 

Svea Skog Stora Enso SCA 

It is probably not done today, 

not more than in the most 

nearby forest area included in 

the leasing agreement 

 

 

Spatial planning in terms of 

road construction, grid 

connection and crane pads for 

the WTs are discussed up front 

with the wind development 

company that will build the 

wind park. Additional 

synergies e.g.: making use of 

the WT access roads for forest 

transport can be beneficial for 

both parties. 

Yes, in our plans we 

normally try to avoid carry 

out forestry activities 

during construction of the 

wind farm. SCA plans 

together with the project 

owner cutting activities for 

the roads and assembling 

areas. We normally take 

care of both wood and 

branches. 

During the years of wind 

production, we try to plan 

our forest activities in the 

area together with the 

wind project owner. 

 

If not, would your company consider to make adjustments? What would be the aspects your 

company would find interesting to investigate further (e.g.: Sharing future forestry 

management plans, Annual Energy Production trade of with delaying or speeding up certain 

forest management plans, etc. 

Svea Skog Stora Enso SCA 

Yes of course, both sharing 

management plans (we have 

the next hundred years in the 

management plans, in a GIS 

system). The next point, trade 

or dealing with the matter 

within the leasing agreements 

is possible.  

Yes, under the condition that 

future plans are in line with 

environmental rules and 

regulations. Also, there should 

be a fair share of costs and 

benefits under the condition 

that it provides a positive effect 

on the overall business case. 

We still are improving 

our communication with 

the project owners to 

improve planning of our 

activities in the area. 

 

 

 

Can your company and/or the respondent name be mentioned in this master thesis? 

Svea Skog Stora Enso SCA 

Yes Yes Yes 

 


