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Abstract

Wind resource assessment (WRA) in densely forested and complex terrain remains challenging due
to strong canopy-induced turbulence and enhanced wind shear, which significantly affect wind
flow characteristics and increase modeling uncertainties. Based on a scientific collaboration between
Meteodyn and EDF Power, this study proposes a complete and reproducible Computational Fluid
Dynamics (CFD) methodology based on an Iterative Model Adjustment (IMA) procedure to improve
wind simulation accuracy in highly forested areas using standard industrial inputs. The approach
relies on Reynolds-Averaged Navier–Stokes (RANS) simulations implemented in Meteodyn WT™
software. The IMA procedure iteratively adjusts forest model parameters using wind speed profile
measurements from a single reference mast until the simulated shear matches observations. The
methodology was evaluated across three sites located in Finland, France, and Scotland, resulting in
six calibration and cross-prediction cases under heterogeneous forest and complex terrain conditions.
Results show that cross-prediction uncertainties were reduced significantly leading to a global mean
absolute error of approximately 1.1%. Beyond its practical applicability, the study provides new insight
into the physical role and parameter sensitivity of the canopy drag force term within RANS-based
forest models. The refined parameterization improves the representation of forest-induced momentum
sink effects, leading to enhanced wind speed and vertical shear simulation. These findings demonstrate
that robust and accurate Wind Resource Assessment can be performed in complex terrain and forested
areas without using advanced remote-sensing-derived canopy density datasets, and thereby offering a
pragmatic and industrially applicable alternative.

Keywords: wind forest modeling; wind resource assessment; Meteodyn WT; CFD simulation

1. Introduction
Due to favorable circumstances (fewer regulations and social resistance) and a shortage of space,

wind farms are increasingly developed in densely forested areas. Developers of wind farms are en-
countering new difficulties in achieving high accuracy in wind speed simulations due to the significant
impact of forests on wind flow. In the atmospheric boundary layer, perturbations induced by ground
surfaces with high roughness values, such as forests, generate a high level of turbulence and strong
wind shear, which have clearly an influence on the risk associated with wind farm development
[1,2]. Numerous studies have recently examined a wide range of numerical models [3–15], such as
linear models, RANS approaches using CFD or LES models, for simulating wind flow in wooded
environments.

On the one hand, several studies have shown that the industry’s linear flow models, which were
based on a displacement height correction, were insufficiently precise [3]. On the other hand, Large
Eddy Simulations (LES) approaches, accounting for forest effects via momentum and turbulence source
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terms seem not appropriate for engineering purposes. While LES approach has demonstrated accurate
flow field in forested areas [4–6,9], this approach remains irrelevant for industrial applications due to
its high computational cost.

In light of this, RANS CFD methods using different turbulence closures with reasonable compu-
tational costs, seem to be a relevant approach dedicated to wind simulation dedicated to industrial
application. Wind resource assessments in wooded and complex terrain have already been frequently
conducted using RANS CFD methods [3,9–20].

However, the application of RANS CFD tools for highly forested areas is still a challenge for
developers. It has been noticed that the use of RANS-CFD has limitations in some situations, especially
when it is not paired with high-precision roughness maps [9,15–17]. Unfortunately, these advanced
maps based on Leaf Area Density (LAD) or Plant Area Density (PAD) require advanced remote sensing
imagery from lidar, satellite or plane [8] which are neither compliant with industrial application.

Within this scope, this work has been initiated following a collaboration between EDF Power and
Meteodyn. The initial objective was to develop a clear and reproducible methodology to improve
the CFD simulation accuracy in highly forested areas dedicated to engineering purposes. As a result,
the materials used in this study are limited to those typically found for operational wind resource
assessment studies, such as public orography and roughness maps and measurements at one mast.

This article proposes a novel approach to define the CFD forest model parameters using an
iterative approach based on in-situ data from a reference mast. In contrast to earlier and current
research that are using constant drag coefficients in combination with PAD [7,9,12,15–17,21], the forest
attributes are inferred here using wind speed measurements at several elevations on a single mast.

Three sites with two met masts each, common measurement periods, heights, and heterogeneous
forest coverage and terrain complexity have been examined for this work using the commercial
software Meteodyn WT™. Therefore, six calibration procedures (3 sites containing 2 masts) are used to
evaluate this forest model calibration strategy in order to provide enough cases to draw conclusions
on the method’s relevance.

The main contributions of this work are:

1. Propose a precise and repeatable methodology to perform wind resource assessment in densely
wooded and complex sites.

2. Use Meteodyn WT™ to investigate the methodology across a wide range of situations on simula-
tion results (mean speed, shear, turbulence)

3. Gain a better understanding of wind flow modeling in densely forested regions.

2. Site Description and Simulation Strategy
2.1. Site Description

In this study, meteorological mast measurements at three sites have been provided by EDF Power
in different countries Finland, France and Scotland. These sites have been specifically selected for
their challenging conditions for wind simulation mixing high forest and different levels of terrain
complexity. The publicly available orography and land cover maps used for the terrain description
and derived from satellite data are presented in Table 1 and illustrated in Figures 1–3. Two different
land cover maps have been used to match the measurement period and in situ observations as closely
as possible. For sites 2 and 3, Corine Land Cover (CLC) roughness maps were chosen [22], however
for site 1, a Copernicus Land Cover (LC) roughness map was utilized [23].

All sites use the NASADEM orography map with a 30 m resolution [24] except the site 1, which is
based on the EU-DEM 1.1 [25] map because NASADEM orography map is unavailable for Finland.
Different terrain conditions are depicted on orography maps, ranging from moderately complex terrain
at site 1 to complex terrain at sites 2 and 3. The maximum altitude difference in the modeled area is
ranging approximately from 100 m for site 1, 500 m for site 2 and 520 m for site 3.
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Table 1. Site description

Site Country Roughness
map

Orography
map

Mast
heights

Canopy
height M1

Canopy
height M2

1 Finland LC 2019
(100 m)

EUDEM
v1.1 (25 m)

100 m; 80
m; 60 m 30 m ± 5 m 30 m ± 5 m

2 France CLC 2018
(100 m)

NASADEM
(30 m)

100 m; 80
m; 60 m 35 m ± 5 m 10 m ± 5 m

3 Scotland CLC 2018
(100 m)

NASADEM
(30 m)

70 m; 50 m;
30 m 15 m ± 5 m 20 m ± 5 m

For wind engineering application, roughness length values are generally deduced from land
cover maps using conversion tables [26–30]. According to previous studies, it is important to note that
these conversion tables provide interesting roughness information but are recognized as uncertain
and strongly depending of the geographical region where they are applied. As a consequence, a larger
variety of conversion tables are proposed for the same dataset. In Meteodyn WT, conversion tables for
roughness maps have been determined using a global averaging approach based on several available
sources [18]. For instance, a 0.7 m roughness length value corresponding to coniferous forest area and
displayed on Figures 1–3 has been determined from eight conversion table sources with roughness
length values ranging from 0.5 m to 1.2 m.

As presented on roughness maps, the three sites propose a large variety of forest covering
conditions. A roughness length variation from 0.003 m to 0.7 m can be observed for all sites on the
100 m-resolution roughness maps showing heterogeneous forest with some clearings. From on-site
observations and google earth images, estimated canopy heights close to Mast 1 (M1) and Mast 2
(M2) are presented in Table 1. These canopy height values have been roughly estimated based on a
quarter circle area centered at each mast position with an approximate 400 m-radius and oriented in
the prevailing wind direction. These observations, in good agreement with roughness maps, show that
forest conditions at sites 1 are almost identical between M1 and M2 in the prevailing wind direction
measured around 200° in all sites. On sites 2 and 3, however, heterogeneous forest conditions are noted
between M1 and M2. According to on site observations, most of the trees are coniferous.

In each site, two met masts are equipped with cup anemometers at three elevations as detailed in
Table 1, and all measurement data is in the common periods of one year with very good data quality
and high data coverage (>98%). For this project, 2.5 % measurement errors are assumed for wind
speeds in all sites according to wind engineering guidelines and similar mast observations [31–33]. As
displayed in Table 1, the distance between two masts are respectively 6.6 km, 4.4 km and 3.1 km for
site 1, 2 and 3. In this study, we assume that neutral conditions are satisfied in highly forested areas
when using a full year period for meteorological data. CFD calculations are therefore simulated using
only neutral thermal stability conditions, even though Meteodyn WT can account for the influence of
thermal stability for simulations.

Figure 1. Site 1 Orography map (left) and Roughness map (right). The measured wind prevailing direction is 230°
on both masts.
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Figure 2. Site 2 Orography map (left) and Roughness map (right). The measured wind prevailing direction is 225°
on both masts.

Figure 3. Site 3 Orography map (left) and Roughness map (right).The measured wind prevailing direction is 210°
on both masts.

2.2. Methodology for Cross-Predictions in WRA

In this work, the validation of the CFD simulation methodology is made using cross-prediction
approach and comparison of the wind conditions based on measurement points as recommended by
wind industry guidelines [34]. It means that for each site, a single mast location is used to estimate
the wind speed in the area considered and more specifically at the other mast location for different
elevations. This approach is also consistent with engineering application since wind conditions are
frequently estimated based on data measurements at a unique mast location. The model uncertainties
are then deduced after comparison with wind speed measurements. The Mean Absolute Error (MAE)
and Mean absolute percentage error (MAPE) described below are used in this study to produce a
quantitative estimation of CFD model accuracy.

• Mean Absolute Error (MAE):

MAE(%) = 100 × |Xobs − Xsim
Xobs

| (1)

Where Xobs is the measured variable value and Xsim is the simulated variable. In this work, the
MAE is applied to mean speed and shear values (α).

• Mean Absolute Percentage Error (MAPE):

The MAPE measures the average magnitude of error produced by the CFD model on one mast
location at 3 different elevations.

MAPE(%) = 100 × 1
3

3

∑
i=1

|
Vobsi

− Vsimi

Vobsi

| (2)

Where Vobs is the measured wind speed value and Vsim is the simulated wind speed value.
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3. Meteodyn WT Forest Model
3.1. Governing Equations

The Computational Fluid Dynamics (CFD) approach is based on solving the full Reynolds-
Averaged Navier-Stokes equations (RANS), which enable the simulation of flow separation and
recirculation phenomena over complex terrains. Meteodyn WT™ is a commercial site-assessment
software designed to model the atmospheric boundary layer. The turbulence is represented using
the turbulent-viscosity hypothesis through a mixing-length model [35]. By incorporating advanced
numerical methods-a coupled multi-grid solver-Meteodyn WT™ achieves an efficient solution [36]
validated in various cases [3,13,14,20,37]. In Meteodyn WT™, the incompressible atmospheric flow is
described by the Reynolds-averaged Navier–Stokes equations, which are given by:

∂(ρui)

∂xi
= 0 (3)

∂(ρūjūi)

∂xj
+

∂P̄
∂xi

− ∂

∂xj
[µ(

∂ūi
∂xj

+
∂ūj

∂xi
)] + Fi = 0 (4)

Here, ρ is assumed constant, and Fi represents external forces, including drag forces FD from canopy
friction. The Navier-Stokes equations are closed using the Boussinesq hypothesis:

−ρu′
iu

′
j = νT

(
∂ūi
∂xj

+
∂ūj

∂xi

)
= 2νTSij (5)

where Sij is the mean rate-of-strain tensor. The turbulence viscosity is obtained using the Prandtl
mixing-length model:

νT =
√

kLT (6)

where k is turbulent kinetic energy which will be solved in the turbulent kinetic energy transport
equation as below:

Uj
∂k
∂xj

= Pk − ϵ +
∂

∂xj
(

νT
σk

∂k
∂xj

) (7)

The turbulent production term Pk can be expressed as:

Pκ

νT
= 2

[(
∂u
∂x

)2
+

(
∂v
∂y

)2
+

(
∂w
∂z

)2
]
+

[(
∂u
∂y

+
∂v
∂x

)2
+

(
∂v
∂z

+
∂w
∂y

)2
+

(
∂w
∂x

+
∂u
∂z

)2
]

(8)

The dissipation term ϵ is written as:

ϵ = Cµ
νT

L2
T

k (9)

where Cµ is constant coefficient which depends on the thermal stabilty condition. The turbulence
length LT is given by [38] :

LT =
√

2S1.5
m l (10)

where the coefficient Sm depends on the thermal stability [38]. And the mixing length l will be defined
later in the Canopy model.

The turbulent fluxes are linked to the gradients of the mean variables via the concept of turbulent
viscosity which can be modeled as the product of a wind speed scale, generally the square root of the
turbulent kinetic energy k, and a turbulent length scale LT . k is solved via the transport equation.

At the inlet, the logarithmic wind speed profile Uin and the turbulent kinetic energy profile
k depend on the thermal stability condition. A free outflow condition is applied at the outlet. At
the bottom boundary, turbulent production is assumed to be balanced by dissipation. At the top
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boundary,a free outflow condition is applied; symmetric boundary conditions are imposed for k.
Symmetric boundary conditions are also imposed at the lateral boundaries.

3.2. Canopy Model

In Meteodyn WT™, canopy area is considered as the momentum energy sink where drag forces
are applied, and turbulence length scales are modified. Perturbations induced by forests are modeled
by including a drag force term described below in momentum conservation equations:

FD = −ρCD U |U| (11)

Ū is the wind speed in the main direction and CD is a volumetric drag coefficient proportional to
the forest density and a constant vertical leaf area profile. This leaf area profile is used to describe the
tree shape by considering less leaves in the top of the trees. As a consequence, a linear reduction of the
drag coefficient in the top 25% of the forest is considered.

When describing the forest effect on wind flow simulations, the forest density is considered. Three
forest density values—low, normal, and high—can be chosen in the Meteodyn WT™’s roughness map
selection corresponding to drag coefficient values of respectively 0.001, 0.05 and 0.01. Furthermore,
the advanced CFD configuration ranging from 0.001 to 0.1 in Meteodyn WT also allows for the direct
definition of the drag coefficient value. [18].

Inside forest canopy, [17] has applied the production term and dissipation term as:

Pk =

Pk in 8, wo forest model

βpCd |U|3, w forest model

The dissipation rate for high Reynolds number is modeled as:

ϵ = max(ϵcc, ϵ f d)

ϵcc = Cµ
νT
L2

T
k, wo forest model

ϵ f d = βDCd |U|k, w forest model

Following Liu [39], we consider βp = 1.0 and βD = 4.0. The forest canopy height hc, and the
depth of the roughness sublayer hRSL, where the forest canopy directly impinges on the flow, can be
expressed in function of the roughness length z0, the parameters kc and hadd in [16]:

hRSL = hc + hadd (12)

hc = kcz0 (13)

where hadd is the height of the additional dissipation’s zone. kc is the forest ratio.
The mixing length l is assumed to be a constant 2 m within the forest canopy and increases linearly

for z ≥ hRSL. Within roughness sub-layer, a weighting factor α is introduced to attenuate the forest
effect.

l−1 =


l−1
0 + l−1

f , z < hc

(1 − α)(l−1
0 + l−1

f ) + α
(

l−1
0 + 1

κz

)
, hc ≤ z < hRSL

l−1
0 + 1

κz , z ≥ hRSL

(14)

where the dimensionless height with the canopy transition zone is defined as:

α =
z − hc

hadd
(15)

The characteristic length scales are defined as l0 = 100m.
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3.3. Forest Model Activation

Meteodyn WT™ forest model presented previously as a combination of a drag force term and a
modification of the mixing length adjustment is automatically activated in the forest mesh area [18].
The canopy heigh Hcanopy is utilized to determine the forest zone and activate the forest model in the
corresponding cells of the CFD mesh as presented in Figure 4. Forest model is automatically applied
in the CFD computation domain if the bottom of a mesh cell is lower than the canopy height, which is
defined as Hcanopy = z0R f orestwith z0 the corresponding roughness length value of the map. The forest
ratio R f orest is set to 20 by default. This default value is obtained through the calibration of the wind
speed profiles based on the analytical wind profiles in Eurocode 1 EC1 [19,40].

Figure 4. Description of Meteodyn WT forest model activation process on the CFD mesh

3.4. Iterative Model Adjustment (IMA) Methodology in Forested Areas

The methodology we propose in this work for wind resource assessment in forested areas uses an
Iterative Model Adjustment (IMA) methodology based on wind speed measurements and described in
Figure ??. This method is based on the hypothesis that the drag coefficient variable remains constant
across the whole site area in forest environments and can be deduced from in-situ measurements at
one single mast. In this approach, the CFD forest model is adjusted iteratively to approximate the
wind speed profile measurement on real forest site properties at the reference mast. This method aims
to enhance the forest model to make the simulated mean wind profile as near to measurements as
feasible. In this work, we consider that forest model is valid when the shear difference between the
simulated results and the measurements is lower than 10% at the reference mast. The following steps
are recommended below for the IMA procedure:

• Forest Model Initialisation: Canopy height/Roughness length adjustment:
As described previously, canopy height is defined by the roughness length z0 and the forest ratio
R f orest. Starting from initial roughness values and forest ratio, these variables can be first adjusted
according to on-site observations. As Roughness length values are provided by roughness maps,
the forest ratio can be deduced from the approximate height of the forest areas in a site.
When estimating the canopy height evolution at a site using public roughness maps, a meticulous
verification with on-site forest coverage should be carried out as recommended in previous work
[26–30]. Various methods, such as on-site observations, photos, and/or Google Earth images can
be employed. In case of significant differences between roughness maps and on site observations,
different strategies can be performed. When the canopy height is constantly mis-estimated over
the whole area, the forest ratio can be used to rescale the canopy height at a suitable level. In
contrary, when local canopy height inconsistency are observed, then roughness maps should
be corrected in this specific area by modifying the corresponding roughness length value in the
conversion table or by modifying manually roughness length values in a specific area.
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• Iterative Forest density adjustment:
The forest density directly impacts the drag force term and the forest effect. This variable can
be considered as a free parameter which depends on several factors, such as the density of the
forest, the type of trees, and additional obstacles in the forest, etc...This variable can be directly
controlled by the drag coefficient Cd ranging from 0.001 to 0.1 in Meteodyn WT™. During this
step, the forest density is iteratively adjusted to match the measured mean vertical profile until
the shear difference between simulation and measurements is lower than 10%.

The adjusted forest model is finally used to simulate the wind flow in the whole considered area
using the reference mast. IMA methodology can be done for either the directional wind vertical profile
or the mean wind vertical profile to infer the forest’s characteristics. In this work, IMA is applied for
the mean vertical profile including all wind sectors. In order to save CFD computation time, it is also
recommended to apply the IMA methodology on a unique prevailing or representative wind sector.

3.5. CFD Simulation Configuration

All CFD parameters used in this study are presented in Table 2. Regarding mesh generation,
minimal vertical and horizontal resolutions of 4 m and 25 m are used for modeling. A vertical expansion
rate of 1.2 allows the cell size to progressively expand from the ground to the top. A horizontal
expansion rate of 1.1 allows the horizontal cell size to grow from center to border. Furthermore,
Meteodyn WT™ provides the surface mesh refinement option, also called "the mesh mapping", which
ensures fine mesh resolution in any interesting area without the impact of horizontal expansion rate.

The wind direction is divided into 20 wind sectors. It means that for example, in the first sector,
the wind is binned from the 0° direction (true north) to the 18° direction (north-east) and in the
second sector from 18° to 36°. CFD computations are launched for 20 wind sectors for each site.
CFD computations for all sites, sectors and conditions reach 100% convergence rate corresponding to
suitable convergence results and consequently high reliability for CFD results.

For all sites, the averaged CFD computation duration per sector ranges from 13 min to 18 min
depending on the input land-cover maps and the computation time necessary to reach a suitable
convergence. All computations have been launched using a standard performance computer and
multiple core parallel computation (4 cores, 64 GB RAM).

Iterative Model adjustment procedure:
When the canopy height has been correctly described on roughness maps according to on-site

observations, Drag coefficient Cd value has been adjusted iteratively from 0.005 with 0.01-steps until
the shear difference between simulation and measurements is lower than 10%.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 March 2026 doi:10.20944/preprints202603.2044.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.2044.v1
http://creativecommons.org/licenses/by/4.0/


9 of 17

Table 2. Computation parameters and information

Site Site 1 Site 2 Site 3

Site radius 8 km 8 km 8 km
Horizontal resolution 25m 25m 25m

Vertical resolution 4m 4m 4m
Averaged Cell number 8.5 million 8.5 million 8.5 million

Total computation
time (all sectors) 6 hours and 5 min 5 hours and 20 min 4 hours and 30 min

Averaged
computation time per

sector
18 min 16 min 13 min

4. Results and Discussion

4.1. Forest Model Sensitivity

In this chapter, we propose to investigate the sensitivity influence of the CFD forest model. It will
show how much the cross-predictions can vary when the input variables that are the canopy height
and the forest density are changing using default roughness maps. The model sensitivity has been
studied on three sites using successively M1 and M2 as unique reference for each site and analyzing
the cross predictions at the other mast. That means, for instance with Site 1, after selecting the reference
mast M1, simulated wind speeds at mast M2 are compared to measurements and presented under the
label "Site 1-M2" in Figure 5. For this purpose, two different scenarios are taken into account:

• Influence of canopy height on wind flow: For the sensitivity analysis, the canopy height influence
has been investigated through the forest ratio R f orest for the three sites using the values 10, 20,
30, 40 and 50 with a fixed drag coefficient value at 0.005. This means that the canopy height
on each mesh cell is calculated by multiplying the roughness length values by these ratios. For
example, if considering roughness length value of 0.7 m corresponding to coniferous trees areas,
the following canopy height influence are examined on the wind flow : 7 m, 14 m, 21 m, 28 m and
35 m.

• Influence of forest density:
For the sensitivity analysis, the forest density influence is studied using the drag coefficient Cd

parameter using the following values of 0.001, 0.005, 0.01, 0.02 and 0.05 and considering a fixed
forest ratio (R f orest=20).
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Figure 5. Sensitivity influence of input CFD forest model variables: Forest ratio R f orest and drag force coefficient
Cd using MAPE variability. For each site, cross-predicted wind speed values are simulated using the other mast
as a reference. It means that M1 is used as a reference mast to estimate M2 and M2 is used as reference mast to
estimate M1.

Figure 5 presents the sensitivity influence of input CFD forest model variables on wind speed
cross-predictions using the Mean absolute percentage error (MAPE) described in 2. Results indicate
that both variables have a similar impact on wind speed cross predictions. Result variability ranges
from 1% and 7% in the range of forest ratio [10-50] while the forest density variability ranges from
1 to 10% in the range of drag coefficient [0.001-0.05]. The model variability is very different on each
site and mast. While it is difficult to interpret all variations, it can be noted that the maximum and
minimum variability are observed on site 2 respectively for M1 and M2 showing the most extreme
forest conditions on this project. As described in Table 1 and later in this study, on this site, M1 is
located in very high and dense forest conditions while for M2, the wind measured at this mast position,
located close to a clearing area is less affected by forest.

This analysis is also interesting to estimate the sensitivity influence of canopy height estimation
around each mast position. As presented in Table 1, these values are roughly estimated from on-
site observations and large uncertainties can be expected in some cases. As displayed on Figure 5,
the MAPE variability due to a 7 m-canopy height variation is ranging between 0.04% to 2.3% with
an averaged value of 0.8%. It is important to add that similar mean variability close to 1 % are
also observed with higher drag coefficient values in the considered range. It means that a 7 m-mis-
estimation of the canopy height only impacts cross-predicted MAPE by around 1% in average. A
relative tolerance is thus observed on the forest height estimation around a mast.

It is interesting to note that in most cases, taking each parameter separately is not sufficient to
obtain satisfying cross-predictions results. Specifically, unless unrealistic overestimated canopy height
value is taken into account, the forest ratio adjustment is unable to produce proper results as noted in
previous work using RANS approach [9]. It confirms that the canopy height is not the only variable
affecting the wind simulations. The forest density is also a key parameter and should be considered
carefully in the wind forest modeling approach as noted in previous studies [14,41]. Finally, this
analysis highlights the necessity to provide a clear methodology to correctly combine these forest
model parameters as presented in the IMA approach.

4.2. Iterative Model Adjustment (IMA) Method Applied on Each Mast Independently

The objective of this chapter is to describe in detail the IMA methodology on each site and
reference mast. Table 3 displays the model parameters used on every site for both masts taken into
consideration separately. For each site, The IMA methodology described in Figure ?? has been applied
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(same setup for 20 wind CFD sectors at each site) to simulate the forest influence on the mean wind
profile at each mast location. Starting from initial parameters, forest model parameters have then been
modified with IMA procedure to reach a suitable adjustment between the measured wind vertical
profile and CFD simulation at the reference mast. As described previously, the initial forest ratio is
set to be R f orest = 20 and the volumetric drag coefficient is set to be CD = 0.005 as shown in 3. These
forest model parameters have then been modified to fit better the measured wind vertical profile. In
this work, we consider that forest model parameters are acceptable when the shear difference between
the simulated results and the measurements is lower than 10%. This final result has been respectively
obtained after 2, 7 and 1 iterations of the IMA procedure for sites 1, 2 and 3.

Here is the detailed Iterative model adjustment (IMA) procedure:

1. At site 1 and site 3, forest ratio has been deduced first from the tree height hc presented in Table 1.
For example, at site 3, the forest ratio R f orest =

hc
z0

= 20
0.7 ≈ 30.

2. At site 2, forest ratio is set to default, the roughness map has been locally corrected according to
on-site observations to increase the tree height from 14 m to 35 ± 5 m in coniferous forest areas.
For this reason, the roughness length corresponding to coniferous forest areas has been modified
from 0.7 m to 1.7 m in the roughness map conversion table.

3. After determining the forest ratio R f orest, we then adjusted the forest density using the drag
coefficient value to adjust iteratively the wind shear.

Table 3. Forest model parameters used for IMA procedure

Initial
parameters

Parameters with
IMA

Roughness map
modified IMA iterations

Site 1 Cd =
0.005,R f orest = 20

Cd =
0.035,R f orest = 40 No 3

Site 2 Cd =
0.005,R f orest = 20

Cd =
0.075,R f orest = 20 Yes 7

Site 3 Cd =
0.005,R f orest = 20

Cd =
0.025,R f orest = 30 No 2

Effects of IMA method are summarized on shear values in Figure 6 and illustrated on each vertical
profile in the Figure 7 for all sites and masts. For each site, the highest mast elevation (100 m for Site 1
and 2 and 70 m for Site 3) is chosen as reference height.

Figure 6. Influence of Iterative model adjustment (IMA) method on each reference mast shear value.
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Similar forest effects are observed for every site and met mast after IMA process shown in Figure
6. The default parameters in these dense forest areas generate lower shear values than expected. The
parameters determined after the IMA procedure and presented in Table 3 allow to better consider the
more dense forest and to increase the wind shear to match the mast data. As displayed on Figure 7,
Vertical profiles at the reference masts are better depicted at lower elevations when the height and
forest density are adjusted to more realistic values. This observation is especially evident at site 2 with
Mast 1 as reference which is situated in the most forested area and has the highest difference in the
shear value—nearly 0.3.

It is interesting to find that the IMA effect based on similar forest model parameters is constant
across each site, allowing for the independent selection of each mast to determine the forest attributes
for a given project. Once again, Site 2 is especially interesting because both masts are located in very
different forest conditions showing very different shear values. While M2 observes standard forest
conditions with a shear value around 0.25, M1 is strongly affected by forest presenting a wind shear
value close to 0.6 also confirmed with pictures and google earth images (not presented here). In this
case, similar forest conditions are inferred from both masts during the IMA procedure, although M2 is
outside the forest and distant (>1 km) from very thick forest. This example shows that, depending on
canopy height and forest density, forest effects can be observed up to 1 km away. According to this
observation, IMA process seems to be applicable not only in the forest but also in the surrounding area.
While it is generally advised to estimate WRA using a representative mast, i. e. with similar wind
turbine roughness conditions [34], these results indicate that it would be feasible to estimate wind flow
in forest areas utilizing an outside nearby mast.

Figure 7. Influence of IMA methodology on each site and reference mast. The corresponding shear values (α) are
also displayed in the legend.

4.3. Influence of Iterative Model Adjustment (IMA) on Cross-Predictions

The IMA methodology for wind forest modeling has been examined in this chapter on cross
predictions for both horizontal and vertical extrapolation and results on all sites are presented on
Figures 8–10. In this approach, the wind vertical profile at the other mast position is simulated
using CFD computation for each site and reference mast and compared to measurements using the
extrapolated mean wind speed values at several elevations. That means, for instance with Site 1, after
selecting the reference mast M1, simulated wind shear and wind speeds at mast M2 are compared to
measurements on Figures 8 and 9 and simulation uncertainties are quantified using MAPE on wind
speeds presented on Figure 10.
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Figure 8. Influence of IMA methodology on cross-predicted wind profiles for each site and mast. For each site,
cross-predicted wind speed values are simulated using the other mast as a reference. It means that M1 is used as a
reference mast to estimate M2 and M2 is used as reference mast to estimate M1.

We observe a noticeable impact of the IMA methodology on the cross-predicted vertical profiles
which is also clearly visible on shear values. In all cases, a wind profile twist is observed when the
density of the forest and/or the roughness lengths are increased: the wind speed decreases at lower
elevations and increases above. As presented on Figure 10, MAPE is reduced in all cases indicating that
CFD model uncertainties are reduced using the IMA approach. In moderately high forest conditions
observed in most cases, except in site 2 for M2, the MAPE reduction ranges from 0.8% to 4.4%. However
for extreme forest conditions observed in Site 2 for M2, an improvement of 15.8% is observed. As
expected, IMA methodology seems to be especially relevant when forest height and density are intense
and different from the initial forest model.

As a consequence, shear differences between measurements and simulations are reduced sig-
nificantly from the range [0.08-0.3] to [0.01-0.07] confirming that IMA method improves the vertical
profile simulation. Additionally, Figures 6 and 9 show comparable patterns, indicating that an accurate
estimation of forest model properties like the forest density determined at the reference mast can
improve significantly the wind simulation in the whole area.

Figure 9. Influence of IMA methodology on cross-predicted wind shear values. For each site, cross-predicted
wind speed values are simulated using the other mast as a reference. It means that M1 is used as a reference mast
to estimate M2 and M2 is used as reference mast to estimate M1.
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This work also demonstrates that applying IMA methodology improves the simulation accuracy
for horizontal extrapolation based on the highest elevations in most cases (100 m in site 1, 100 m in site
2 and 70 m in site 3). As displayed on Figure 10, except for case Site 3-M1, MAE applied on horizontally
simulated wind speed is always reduced. Once again, this effect is especially highlighted in site 2
showing the maximal wind speed error decrease from 9.5% to 0.7%. Since wind turbine hub heights
are often above 80 meters, this point is particularly crucial for estimating wind turbine production. At
low elevations as well as above, near hub heights, the impact of IMA approach is evident.

Accurate cross-prediction results in all sites seem to validate the main assumption of IMA ap-
proach which is based on a constant drag coefficient value across each site. This means that forest
drag force is similar close to both mast and one single mast can be used to determine the forest drag
force properties of the site area. It is important to note that this assumption has been verified under
particular conditions in this work, which include heterogeneous forest covering, dominant coniferous
forest, and cross predictions in the distance range [2 km-6.6 km]. Although this distance range is
typically used for industrial Wind Resource Assessment, the question of whether IMA is applicable
across longer distances (>7 km) or including different forest types would still remain.

In contrast to previous work [7,9,12,15–17,21], this work shows that accurate speed cross-
predictions in highly forested areas can be carried out using a one-equation turbulence-closure RANS
CFD without advanced PAD information determined from advanced remote sensing imagery. How-
ever, these results have required a meticulous estimation of the forest density value using IMA
approach based on full year-period wind speed measurements.

Figure 10. Influence of IMA methodology on Mean Absolute Percentage Errors applied on cross-predicted wind
speed values. For each site, cross-predicted wind speed values are simulated using the other mast as a reference.
It means that M1 is used as a reference mast to estimate M2 and M2 is used as reference mast to estimate M1.

5. Conclusions
This study proposes an innovative approach based on in-situ measurements to improve the accu-

racy of RANS CFD based wind resource assessment in complex and wooded areas. This methodology
defined as "IMA" for Iterative Model Adjustment, is easily applicable and only requires wind speed
profile measurements at one single mast to determine the specific forest properties and adjust the CFD
forest model accordingly. In order to validate the relevancy of this approach, six calibration procedures
(3 sites containing 2 masts) have been performed using the commercial software Meteodyn WT™. The
key findings are summarized as follows:

1. Accurate wind simulation based on IMA methodology: Wind speed estimation accuracy im-
proved significantly when using appropriate forest height and drag coefficient values determined
using the IMA methodology. Shear differences compared to measurements have been reduced
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significantly from [0.08-0.3] to [0.01-0.07]. Horizontal mean speed errors have been reduced from
[1.0-9.5 %] to [0.5-2.2%] leading to a global mean absolute speed error of 1.1 % based on six cases.

2. Better understanding of wind forest modeling: In addition to a complete methodology for
WRA, this work also proposes a detailed analysis of CFD forest drag force input variables. It has
been observed that the drag coefficient and canopy height both have a comparable impact on the
calculation of wind flow.
The assumption of a constant drag coefficient value across each site has been verified in all cases
including heterogeneous forest covering, dominant coniferous forest, complex terrain and cross
predictions in the distance range [2 km-6.6 km]. While cross-prediction distances exceeding 7 km
are outside of established guidelines in complex terrain [34], the applicability of IMA over longer
distances and in different forest types would remain an open question.
We also observed that forest modeling effects can be seen on wind flow in clearing areas up to 1
km away from very thick forest. Because of this, we showed that the IMA process can be applied
not only in the forest area but also in the surrounding area.

3. Usage of land cover maps: This work confirmed the relevancy of using land cover maps based
on satellite data for wind forest modeling. However, conversion tables and/or forest ratio have
been corrected in all cases to take into account more realistic canopy heights. We nevertheless
noted a relative tolerance of canopy height mis-estimation on forest modeling with a 0.8% error
variability on mean speed observed in average with a 7 m-canopy height modification.

We demonstrated that very accurate CFD results can be obtained using measurements and
materials limited to those typically found for operational wind resource assessment studies, such
as public maps and measurements at one mast. This project has been applied on six verification
procedures with a large variety of complex and forest conditions. Therefore, observations and methods
presented here can be considered relevant and applicable to other studies in wooded areas.

In this work, we assumed neutral conditions for the forest calibration procedure based on the
hypothesis that neutral conditions where satisfied when considering a full year period. This assumption
was necessary to separate forest effects and thermal stability effects, in order to facilitate the IMA
procedure in first approach. Although the neutral condition assumption has already been validated
with a full year measurement data in this work, the influence of atmospheric thermal stability effects
on wind flow temporal variations remains an open question and would require further analysis.
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Abbreviations
The following abbreviations are used in this manuscript:

CFD Computational Fluid Dynamics
WRA Wind Resource Assessment
RANS Reynolds-Averaged Navier-Stokes
IMA Iterative model adjustment
MAPE Mean Absolute Percentage Error
MAE Mean Absolute Error
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