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Abstract. To investigate the impact of decadal-scale changes in vegetative cover on wind
resources over realistic forested terrain, two large-eddy simulations were conducted. Two
temporally separated airborne laser scanning datasets were processed to construct realistic
forest representations, which were used to define drag sources in LES under neutral atmospheric
conditions. The results are analyzed using spatial and temporal averages, which are compared to
measurements at the met-mast location when applicable. Temporal changes in forest structure
have been shown to induce differences in the horizontally averaged mean wind speed of up to
0.7%, while the horizontally averaged turbulence intensity varies by up to 3.5% below 200 m
above ground height. Localized wind speed-up associated with newly formed clearings, flow
deceleration due to forest growth, and changes in overall forest heterogeneity significantly affect
rotor-averaged wind speeds, with differences ranging from 5% reductions to increments of up
to 9% between the two forest realizations. Finally, changes in the effective aerodynamic surface
roughness are found to cancel out to a large degree when spatially averaged over different
segments of the simulated domain, with maximum increases of up to 0.24 m.

1. Introduction
The expansion of renewable wind energy has led to the construction of new wind farms in areas
far from human settlement. For Swedish wind energy planning, this implies exploitation of
wind resources primarily in forested conditions. A significant body of research has investigated
canopy–atmosphere interactions and turbulence characteristics in various types of vegetation,
primarily through extensive measurement campaigns and high-fidelity numerical simulations
[1, 2]. However, Swedish forests constitute a particularly challenging case due to their
pronounced heterogeneity in tree height, density, and spatial distribution, with canopy heights
commonly exceeding 20 m in many regions. As a result, while most of the rotor-swept area of
currently operating wind turbines is expected to remain largely above the roughness sublayer,
it may still be located below the blending height, leading to directionally dependent inflow
conditions and increased uncertainty in wind resource estimation.
Due to these distinctive characteristics, the forested environments of Sweden have been the focus
of dedicated measurement campaigns and subsequent analyzes aimed at quantifying the influence
of canopy flow dynamics and forest heterogeneity on wind turbine performance [3, 4]. Traditional
tower-based measurements, however, are alone inadequate for studying the effects of landscape
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heterogeneity but can be complemented by high-fidelity simulations, which allow investigation of
flow properties that are difficult to access experimentally and enable the assessment of hypotheses
that are challenging to evaluate under field conditions.
Vegetation is often represented in numerical simulations of the atmospheric boundary layer
(ABL) through modifications to the surface roughness length. However, this approach
can introduce both theoretical and technical challenges, particularly when high-resolution
simulations are attempted [5]. In light of this, Airborne Laser Scan (ALS) data can be used
to explicitly model the heterogeneous forest canopy, providing a more effective representation
that shows good agreement with measured high-order turbulence statistics [6]. To capture the
time-varying flow features required for such analysis, the large-eddy simulation (LES) approach
has been widely adopted. LES methods were also tested in the Ryningsnäs benchmark case
[6], which produced promising results in reconstructing both mean flow and turbulent wind
characteristics. In that study, domain size was shown to be a key factor in accurately capturing
flow characteristics, a result that can be understood in light of the theoretical framework
governing flow adjustment over heterogeneous surfaces. The local flow over such surfaces
is modified by roughness elements within the ground-adjacent atmospheric layer, commonly
referred to as the internal boundary layer. As air flows from one surface type to another,
the influence of upstream and adjacent roughness elements gradually diminishes with height
due to turbulent mixing. The height above which the flow becomes effectively independent of
the underlying surface heterogeneity is known as the blending height [7]. The adaptation of
wind flow over sequential patches of differing roughness was systematically investigated by Bou-
Zeid et al. [8], who showed that increasing the frequency of roughness transitions leads to a
reduction in blending height while simultaneously increasing the effective aerodynamic surface
roughness. Extending these concepts to canopy-resolving simulations, Lopes et al. [9] conducted
LES over idealized forest and clearing patches and found that variations in displacement height
act to increase both the blending height and the effective aerodynamic roughness. Lastly, a
comprehensive assessment and validation of forest representation methodologies, including the
influence of footprint effects across multiple layout scenarios with varying terrain and forest
fidelity, was presented for the Ryningsnäs wind site by [10]. That study suggested that, for
second-order wind statistics, the footprint of a region can include contributions from areas up
to approximately a hundred times the height of interest.
A concern among wind energy developers is that variations in leaf density, driven by forest
growth or by deliberate or natural tree removal, can significantly affect the wind resource.
Given that the operational lifetime of wind turbines typically exceeds 20 years, and considering
the often unfavourable inflow conditions encountered in forested environments [11], accounting
for the temporal evolution of the surrounding forest may be critical for reliable wind resource
assessment and long-term performance predictions. The objective of this manuscript is to
quantify the impact of changes in forest distribution, including clearings and forest growth, on
wind flow characteristics using LES with realistic forest representations derived from airborne
laser scanning (ALS) data. In particular, the study examines temporal forest evolution at a
real wind farm by comparing wind statistics obtained from two forest realizations separated by
a ten-year period, thereby providing insight into how long-term forest dynamics may influence
wind conditions and inform strategies for optimizing wind energy production.

2. Methodology
2.1. Preprocessing of forest data
The Swedish government’s mapping agency, Lantmäteriet, has conducted ALS campaigns that
cover the entire country. For this study, two separate scans of the area corresponding to the
currently operating Hornamossen wind farm were selected. A meteorological mast was installed
on the site and operated from June 2015 to June 2017 together with multiple lidar and sodar
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Figure 1: Left panel: Tree height obtained from new and old ALS of an area to the east of the
Hornamossen wind farm. Top-right panel: Ground elevation map. Bottom-right panel: Change
in tree height between reconstructed forest from new and old scans. Red circles represent wind
turbine locations and in the top-right panel also their labels, blue circle and crosses represents
the previous met mast and sodar locations respectively.

instruments operating in 2016 [4] (Fig. 1). The first airborne scan of the site was conducted
in September–October 2011, prior to the construction of the wind farm. The second scan took
place in March 2022, approximately one year after the wind park was commissioned.
The resulting point cloud data were processed following the methodology described by Arnqvist
et al. [12], which produced two distinct plant area density (PAD) maps for years 2011 and 2022,
together with information on the elevation of the ground and the height of the trees. Differences
in scanning parameters such as flight altitude, scanning angle, and sensor characteristics between
the two campaigns may introduce biases in the point cloud data. To address this, for new scans
which have approximately twice the density of point-cloud returns per m2 (1-2) compared to
old scans (0.5-1), a sample area was analyzed both with the original number of data points
and also with 50% data removed. The data reduction was made so that entire dispatch pulses
were removed, rather than randomly removing returns. The relative difference in reconstructed
PAD with and without the removed information was close to zero, which implies consistent
reconstruction results with respect to point cloud density.
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2.2. LES setup and domain properties
The flow model is developed using LES and is implemented with the OpenFOAM 3.0.1
framework [13] (OpenFOAM Foundation Ltd, London, UK), utilizing an incompressible solver.
The influence of various simulation components on the flow is represented primarily by adding
source terms to the prognostic equations. The Sub-Grid Scale (SGS) model of Yoshizawa et al.
[14] is employed with the added term:

εSGS = −8

3
CD a |ũ| kSGS (1)

Here, a corresponds to the vertically varying frontal leaf area density (considered equal to PAD),
and CD = 0.2 is the forest drag coefficient, which is kept constant. |ũ| is wind speed magnitude
and kSGS is a sub-grid scale turbulent kinetic energy. Plant Area Density (PAD) values are
used to represent the explicit forest as a porous medium that extracts momentum from the flow,
parametrized according to the term:

fD,i = −CD a |ũ| ũi (2)

where ũi is local wind component. To account for wind interaction with the terrain in areas
without forest or with low forest density, a wall model is used where surface stress is applied to
represent velocity deficit. In such regions, a surface roughness length of z0=0.1 m is assigned.
This approach follows the method described by Schumann [15]. A detailed description of the
model employed can be found in [10].
Two LES cases using neutral atmospheric stratification were conducted with a constant
geostrophic wind velocity of 12.5 m/s, set with a direction to obtain easterly mean wind at
100 m above ground at the location of the met mast (Fig. 1). PAD maps derived from the
old and new ALS scans were used in the first and second case, respectively. In both cases,
the terrain elevation map from the new ALS was used to define the bottom boundary of the
simulation domain. The domain configuration and inlet conditions were selected based on a
visual assessment of forest heterogeneity changes within each wind sector. The total domain
size was set to 19 km in the streamwise direction and 18 km in the spanwise direction. The
domain covers 14 km in the upstream fetch (east side) of the met-mast, and the flow is recycled
from the western boundary. A 2 km “buffer” region is present at the edges, where the terrain is
flat and the horizontal cell resolution is 250 m x 250 m. The height of the canopy and the PAD
values in the ”buffer” zone are constant and are equal to the average value in the inner domain.
The inner part of the domain contains realistic topography with a horizontal resolution of 15 m
x 15 m. This high resolution region is shown in all the figures and spans 10 km upstream of the
met mast. There is also an intermediate zone of linear cell stretching between the “buffer” layer
and the high mesh resolution region. The vertical resolution is set to be approximately constant
at 5 m across the rotor area (up to ∼ 180 m above ground) and then gradually stretches until
the top of the domain. Results are obtained from a 1-h averaged period subsequent to 42 h of
spin-up time.

2.3. Effective surface roughness
Based on the LES results, averaged values of effective surface roughness were drafted for both
simulations over the new and old scans. This was done by following Monin-Obhukov similarity
theory for a neutral case. The friction velocity was calculated as follows:

u∗ =
[(
u′w′)2 + (

v′w′)2]1/4 (3)

where u′, v′ and w′ are fluctuations of velocity components. The median value of u∗ between
the upper heights of the canopy roughness sublayer and the limit of the surface layer (∼ 200 m
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above ground) was used to calculate the displacement height d and the effective surface roughness
z0. Firstly, median friction velocity values and LES produced wind profiles were averaged for
each of four quadrants of the high resolution domain region. Quadrants were found adequate
to separate domain into distinct forest heterogeneity distributions (e.g. southeastern quadrant
contains more agricultural land than the other areas). The displacement height and effective
z0 were obtained by the least square fit to quadrant-averaged wind profiles of the following
equations:

du

dz
=

u∗
k (z − d)

(4)

u =
u∗
k

ln

(
z − d

z0

)
(5)

where k is von Kármán constant, taken as 0.4. d was obtained from eq. 4 and used in eq. 5 as
a constant.

3. Results
3.1. Patches and forest growth
A number of new forest clearings are visible, especially in the eastern direction of the wind park
(Fig. 1). The southeast part of the domain is characterized by fields and agricultural land that
show little or no difference in vegetative height between the two scans. The canopy height in
parts of the domain that were not cleared has increased by up to 10 m due to tree growth. The
central area 2-4 km upstream of the wind park is characterized by extended forest clearings,
which take the form of interconnected patches with zero forest height in the new scans. The
southwest part of the domain displays frequent and smaller forest clearings made in between
the two scans. A sizable clearing is visible in the northeast part of the domain with several new
clearings emerging north and northeast of the wind park. The northeast part of the domain
shows mixed features, fields accompanied by high forest, and a variety of new clearings. To as-
sess temporal variations in forest coverage, changes in the vertical integral of PAD over canopy
height, also known as the plant area index (PAI), between new and old scans were analyzed.
There is a more frequent occurrence of PAI values close to zero in new scans indicating more
cleared ground than when the old scans were recorded (Fig. 2). For the domain average, there
was a 14% reduction in PAI between the new and the old scans. However, this difference is
potentially linked to the seasonal difference of the scans, with the first scans being performed in
late summer/early autumn and new scans in late winter/early spring when less leaf density is
expected for the trees in the area compared to summer. It should be emphasized, though, that
the forest landscape in the domain is clearly dominated by needle leaf trees with deciduous trees
only being scattered here and there, apart from regrowing clearings where birch may dominate
until the first thinning.

3.2. Time averaged fields
The influence of individual clearings on wind statistics at different heights was assessed through
domain slices that are equidistant from the ground level. The one hour means of horizontal wind
speed and the total TKE distributions at two significant heights of the turbine are displayed
in Fig. 3. Wind speed over the new PAD maps at 40 m height above ground displays a
relative increase of up to 50% downstream of most of the newly created clear cuts (Fig. 3 left
panel). The speed-up areas coincide with a drop in total turbulent kinetic energy (TKE) which
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Figure 2: Plant area index histogram for processed new scans (blue) and old scans (orange) for
the complete area of the simulated domain.

is obtained as a sum of resolved and SGS TKE. TKE will refer to total TKE for the remainder
of the manuscript. This behaviour was also noted by Lopes et al. [9] where mean vertical wind
transported momentum into a clearing in an idealized setup. The acceleration area of the flow
seems to be correlated with patch size.At 100 m above ground, the reduction in TKE in the
new scans shows a similar distribution to that at 40 m (Fig. 3 right panel). Both wind speed
and TKE exhibit smaller variations in magnitude between the two cases at this elevation. The
stripe-like behavior of increase/decrease in mean wind speed gradually fades with height, up to
500 m where it is almost fully blended and normalized standard deviation of differences drops
below 2.2%. These stripe-like features do not clearly coincide with forest clearings. Similar
behaviour of TKE magnitude is observed with height, for which normalized standard deviation
of differences remain up to 0.8% at 500 m.

3.3. Mean profiles
The domain average values of mean wind velocity and TKE for the new and old scans are shown
in Fig 4. The wind profiles display a logarithmic shape that gradually reaches a geostrophic
wind speed at heights above 500 m. To validate LES results, measurements of 1 h averaged wind
speed and TKE from the metmast are presented in the four rightmost panels of Fig. 4. Wind
data is extracted for strictly neutral conditions, cases with wind speed higher than 3 m/s at 40
m height and an incoming wind sector of 60◦ to 120◦. Both the new and the old simulation fit
well with the measured wind speed. This is not surprising given most of the forest properties
remain relatively similar in the fetch. The effect of clearings would also be partially offset by
forest growth. The measured TKE fits slightly better with the results from the new scans. It is
not clear whether this is due to the influence of distant changes in the heterogeneity of the forest
in the period between the first scan and the measuring phase of the tower, or from random error.
The difference between new and old scans in mean wind velocity reaches a maximum between



The Science of Making Torque from Wind (TORQUE 2026)
Journal of Physics: Conference Series 3224 (2026) 022046

IOP Publishing
doi:10.1088/1742-6596/3224/2/022046

7

Figure 3: The figure shows the relative difference between LES results over the new and old
PAD maps. Grey patches represent areas of more than 15 m tree height reduction between the
two scans shown in Fig. 1. Top left panel: Difference of wind speed at 40 m height. Top right
panel: Difference of wind speed at 100 m height. Bottom left panel: Difference of TKE at 40 m
height. Bottom right panel: Difference of TKE at 100 m height. All results are normalized by
the field average from the simulation using the new scans.

200 m and 500 m at about negative 0.8 %. The negative sign could potentially be attributed to
overall growth of trees combined with increased amount of forest edges that could surpass the
effect of PAD reduction of the new scans. In contrast, the turbulent intensity increases by up
to 4% at heights between 200 m and 500 m. This is due to the more significant increase in total
TKE between the two scans at heights above 40 m, reaching up to more than 3 % difference.
Additionally, rotor equivalent wind speed (REWS) has been calculated for eight locations where
wind turbines are placed in the currently operating wind farm (blue dots in Fig. 1). Two
methods of calculating REWS were performed with similar results. The results of the method
using data from vertical wind profiles at the location of each wind turbine are presented in Table
1. WT3, WT4 and WT5 have absolute difference of less than 1 % between the two simulations.
WT6 and WT7 have the highest increase in REWS due to newly created upstream clearing at
the edge of which WT6 is placed. WT7 is approximately 500 m in the downstream direction of
this clearing. WT8 and WT9 have a moderate decrease of REWS due to upstream tree growth.
WT10 has an increase in REWS, possibly due to the high proximity to a new clearing, placed
within a high canopy, forested patch.
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Figure 4: Upper row: Vertical profiles of horizontal wind and turbulence quantities. Bottom
row: Difference (percent) between values over new and old scans. Domain averaged velocity
(a) and (f), domain averaged turbulence intensity (b) and (g), domain averaged total TKE (c)
and (h), mean profile and observations at tower position of horizontal wind (d,i) and TKE (e,j).
Height above ground is labelled as z.a.g.l.

3.4. Change in effective surface roughness
To quantify regional changes in wind resource, the three parameters of the logarithmic wind
profile, z0, d and u∗ were calculated from the horizontally averaged wind profile between 40 to 150
m in accordance with the method described in Section 2.3. The resulting values are reported in
Fig. 5, together with changes in tree height. The displacement height has consistently decreased
in all quadrants, which is not surprising considering the lower PAI in the new scan. However, the
roughness length shows only small changes, perhaps reflecting the opposite effects of removing
PAD while simultaneously creating more forest edges. An exception is the northeast quadrant,
where the effective roughness length has increased. It is noticeable from Fig. 4 that several
large clearings in this quadrant lack areas with a strong downstream speed up, but the reason
for this behaviour could not be clearly identified. The friction velocity and displacement height
has not changed much in this quadrant so the lower wind speed is associated with the roughness
length change alone. This indicates that more turbulence is created without increasing the
downward momentum flux significantly. A potential reason might be that the upper parts of
the wind profile in the eastern part of the domain are influenced by the low roughness of the
inflow region, thus having less shear to generate momentum flux when turbulence levels elevate.

4. Summary and conclusion
Two large-eddy simulations have been performed for the same domain located east of
Hornamossen wind site in Sweden. The simulations were performed under neutral atmospheric
conditions with a constant pressure gradient that yielded an easterly geostrophic wind. Terrain
and forest representation for the mentioned simulations have been derived from two separate
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Table 1: Comparison of REWS from the simulations over NEW and OLD scans for wind turbines
WT3–WT10. Values show turbine-wise results and relative differences (diff/new), with the total
percentage change difftot = (NEWavg −OLDavg) /NEWavg reported in the last column.

WT3 WT4 WT5 WT6 WT7 WT8 WT9 WT10 difftot

NEW 9.39 9.06 9.25 10.29 9.73 9.30 8.98 9.67

OLD 9.45 9.06 9.22 9.32 9.04 9.80 9.22 9.40 1.52%

diff/new -0.64% 0.00% 0.32% 9.34% 7.04% -5.38% -2.68% 2.78%

ALS datasets, one from 2011 and one from 2022. Firstly, the differences in the forest properties
were assessed through tree height and PAI inspection. The difference between the old and new
scans is manifested through tree growth, thinnings, and newly created forest clearings. At 40
m height, the LES results show an increase in wind velocity downstream of most of the new
clearings. At 100 m height, regions of wind difference between the two scans are observed as
stripe-like patterns with no clear correlation to the new forest clearings. The total TKE decreases
at the locations of new clearings and increases in the area exhibiting forest growth. The domain
averaged mean wind speed from 40 m to 300 m height above ground shows a decrease between
old and new scans of up to 0.8%, and for the same height range, turbulence intensity increases by
up to 4 % and the total TKE increases slightly more than 3 %, while at 300 m the blending height
is reached and the differences in all parameters are minor. Contrary to the domain averaged
wind speeds, the averaged rotor equivalent wind speed increased 1.52 % from the old scan to the
new for the turbines in the domain. This was explained by studying the individual contributions

Figure 5: Differences in parameters of the logarithmic wind profile for four quadrants between
simulations (new minus old). The background map shows the difference in tree height between
the new and the old scan.
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of turbines to the average. Wind turbines placed up to 1 km downstream of one or more new
clearings had increased REWS, while turbines preceded by an area of forest growth had a small
decrease in REWS. Lastly, the effective surface roughness was calculated and an average value
was obtained for four domain quadrants. The change in forest properties for each quadrant had
minor effects on the value of effective z0, d and u∗, except for the northeastern quadrant which
displayed an increase in effective z0. Thus, the temporal change in forest properties had only a
minor impact on the horizontal mean wind resource in the presented case. To make a complete
study, the impact should be calculated for multiple wind directions and at varying stratification.
However, the effects of new clearings and forest growth near the site can have a considerable
impact on individual turbines, both on turbulence intensity and mean wind speed.
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