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Abstract. Efficient high-fidelity large-eddy simulation of wind turbine flows within forested
atmospheric boundary layers is of significant interest to the wind energy sector. In this
work, a plant area density (PAD)–based forest model is implemented in a lattice Boltzmann
method (LBM) solver to assess wind-farm performance under different PAD distributions. The
implementation is verified against a finite-volume (FV) reference simulation for a flat-terrain
configuration. Good agreement is observed in mean flow and turbulence statistics, confirming
the adequacy of the forest model within the LBM framework. The influence of different vertical
forest distributions is investigated by simulating multiple PAD profiles and evaluating their
impact on inflow conditions, wind turbine performance, and wake evolution. The results indicate
that variations in PAD distribution lead to modest but measurable differences, underscoring the
value of accounting for vertical PAD variations. Finally, the simulations achieve faster-than-
real-time performance on a single GPU, demonstrating the suitability of the proposed LBM
approach for efficient wind-energy simulations that include forest effects.

1. Introduction
Forested regions are of particular interest for wind energy projects due to reducing visual impacts
and acoustic constraints. In Sweden, approximately 70% of the territory is covered by forest,
of which 80% consists of mixed spruce and pine stands. Foliage density varies considerably,
especially as a tree’s foliage is dependent on the forest density itself. Additionally, since around
75% of the grown forest resources are harvested for industrial purposes, the landscape can vary
widely, from young, short, dense trees planted after harvesting to fully mature trees with variable
foliage density.

Observations by Green et al. [1] indicate that this foliage density plays a major role in
turbulent transport and the penetration of flow through the canopy. This conclusion was later
supported by Novak et al. [2] through wind tunnel measurements. Dupont et al. [3] further
corroborated these findings using LES simulations, demonstrating the importance of the vertical
distribution of plant area density (PAD) for the impact of turbulent flow above the canopy, and
emphasizing that the density of the upper, foliated portion of the forest has the greatest influence.

https://creativecommons.org/licenses/by/4.0/
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Aiming to be able to correctly model a forest with a representative plant area density distribution
and simulate the flow aloft is therefore of prior importance for wind energy communities.

The impact of forest presence on wind turbines has been studied using various approaches,
including wind tunnel experiments [4], RANS [5], and traditional LES [6–8]. These studies
consistently show that forests significantly affect turbine power and loads, while also accelerating
wake recovery compared to open terrain. However, the influence of variations in the plant area
density (PAD) profile was not considered in these works. Li et al. [9] addressed this gap by using
LES to investigate the effects of three different PAD profiles on turbine wake development. They
found that the overall Plant Area Index (PAI) had a stronger influence on wake characteristics
than the specific vertical distribution of PAD. However, their study considered only a single
turbine, modeled with the Actuator Disk Model (ADM), known for being less accurate than
other turbine models, such as Actuator Line (ALM), especially in the near wake zone.

Besides, while LES is widely recognized as one of the most accurate methods for capturing
such flow conditions, its high computational cost has mainly restricted its use to research
applications [10]. Recent advances in GPU computing are, however, reshaping high-fidelity flow
simulations, making the Lattice Boltzmann Method (LBM) a particularly promising approach.
Its inherent parallelism enables efficient execution on GPU architectures, positioning it as one
of the first high-fidelity methods likely to meet industrial performance requirements [11].

The application of LBM to wind energy is relatively recent [12], yet it has already
been employed to study canopy flows. Previous works include investigations of turbulence
characteristics over uniform forests under neutral stratification [13], canopy flows incorporating
Coriolis effects and various thermal stratifications [14], assessments of wall modeling approaches
and plant area density (PAD) effects [15], as well as simulations of flows within and around forest
shelter belts [16]. While pioneering, these studies have mainly demonstrated LBM’s applicability
to canopy-resolving and atmospheric flows, with limited focus on how forest presence and
structure affect wind turbine power and wake development.

The objective of this work is then twofold. First, we aim to deepen the understanding of
forest–wind turbine interactions by performing multi-ALM simulations that incorporate different
PAD profiles, representative of various forest types. Second, we seek to implement, validate, and
execute these simulations within an LBM framework, demonstrating the potential for higher
computational efficiency compared to traditional LES solvers, while still capturing the key
physical effects of canopy structure on turbine wakes and power production.

Section 2 introduces the fundamental lattice Boltzmann equations employed in the flow solver,
along with the turbine model used to represent the wind turbines and the forest model used to
account for the presence of the forest. Section 3 describes the numerical setup of the simulations
and presents the reference case used to verify the forest model implementation. The simulation
results are presented and discussed in Section 4. Finally, the main findings of the study are
summarized in Section 5.

2. Methodology
2.1. Flow solver
The flow solver used in this study is VirtualFluids [17], which has been described in detail
by Geier et al. [18]. It is built upon a Lattice Boltzmann Method (LBM) framework, where
particle distribution functions (PDFs) at each node of a Cartesian grid collide with each other
before being redistributed to neighboring nodes. This two-step collide-stream algorithm is
mathematically expressed as:

fijk(x⃗+ e⃗ijk ∆t, t+∆t)− fijk(x⃗, t) = Ωijk(x⃗, t), (1)

where fijk represents the PDF in three dimensions, e⃗ijk is the discrete particle velocity vector,
and Ωijk is the collision operator.
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Although a detailed introduction to LBM is beyond the scope of this paper (see [19] for the
interested readers), it is worth noting that the choice of Ωijk has a significant impact on the
stability and accuracy of the simulation. In this work, we use the cumulant collision operator [20]
with a fourth-order diffusion-accurate parametrization [21] on a D3Q27 lattice (three dimensions,
27 discrete velocities).

The key idea behind the cumulant approach is to transform particle distributions into
observables called cumulants, perform the collision in this transformed space, and then transform
the results back into PDFs. In cumulant space, the collision step is given by:

c∗αβγ = ωαβγc
eq
αβγ + (1− ωαβγ)cαβγ , (2)

where c∗αβγ is the post-collision cumulant of order α+β+γ, ωαβγ is the associated relaxation

rate, and ceqαβγ is the equilibrium cumulant. For the trace of the second-order cumulant

(α + β + γ = 2, with α, β, γ ≤ 1), the relaxation rate is directly linked to the kinematic
viscosity of the flow. The remaining relaxation rates can be tuned to enhance stability, enabling
simulations at Reynolds numbers relevant for atmospheric flows.

2.2. Turbine Model
To simulate the turbine, we represent the NREL 5MW using an actuator line model (ALM). We
acknowledge that using a wind turbine designed for offshore applications in an onshore-focused
study is not ideal; however, we do not expect this choice to affect the main conclusions of the
study, namely the influence of forest presence and the associated computational performance.
The turbine diameter, D, is equal to 126 m. The wind turbine hub height is selected to be
110 m to adjust for the forest presence. The interface between the flow solver and the turbine
response and control is managed through the WiFI1 package. This implementation was validated
previously in [22]. A variable rotational speed controller is implemented and divided into three
operating regions: below cut-in, maximum power tracking, and rated power. Transition buffer
zones are introduced between the regions to ensure smooth controller switching. Each blade
is discretized using 32 evenly spaced actuator points along the span with a Gaussian smearing
width of ϵ = 2∆x following the recommendation from [23]. At the rotor plane, the grid spacing
is ∆x = 2.5 m, resulting in a ratio of D

∆x = 50.4. A vortex-based smearing correction is used
to correct the induced velocities at the turbine blade points to alleviate the force calculation
overshoot near the root and tip of the blades [24].

2.3. Forest Model
The forest is modeled explicitly by applying a 3D drag force in the lower part of the
computational domain. For each node within the forest, the local force component Fi is
computed according to Equation 3 [25].

Fi = −CDaUui (3)

In Equation 3, CD is the drag coefficient, a is the frontal leaf area density assumed to be equal
to the plant area density (PAD), U is the wind velocity magnitude, and ui is the local velocity
component. The forest is applied as a body force by directly adding ∆t

2 Fi to the first-order
cumulants.

We implemented three different PAD profiles as shown in Fig. 2. The first two were designed
to represent typical forest conditions in Sweden:

• Bottom-heavy profile: PAD decreases linearly from the ground to the canopy top,
resembling isolated spruce or low-density forests.

1 https://source.coderefinery.org/Hkorb/wifi
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• Top-heavy profile: Following the profile proposed by Lalic et al. [26], PAD is concentrated
near the canopy top, typical of dense boreal forests (taiga) and also representative of birch
forests, which cover roughly 12% of Sweden. This profile also represents the broadleaf
forests found in southern Sweden.

• Constant profile: Uniform PAD, not directly based on physical forests, used primarily
for code-to-code comparison and validation.

The three profiles are constructed such that the PAI, defined as PAI =
∫
PAD(h) dh, remains

constant for all cases.

3. Setup
Five simulations are performed in total: the first is a verification case designed to replicate as
closely as possible the simulation parameters of a reference case reported in [27], in which no
wind turbines are present. The next three simulations examine the effect of the PAD profile on
wind turbine power production and wake evolution. The final simulation is conducted without
a forest and serves as a baseline to highlight the effect of the forested terrain on the flow.

Figure 1. Computational domain and turbine locations

The simulation domain is 3H× 3H×H in which H is the boundary layer height. For the
verification case, H is 1280 m to match the choice in the reference simulation, while for all other
simulations, H is selected to be 1260 m, which is equal to 10 D. The simulations for wind turbine
analysis use a precursor-successor approach, while for the verification case, only a precursor is
run. The precursor simulations are run for 26 h of physical time. For precursor simulations
without wind turbines, the domain is periodic in lateral directions, the flat bottom employs a
wall model using the inverse momentum exchange method [28] with a roughness length z0 = 0.03,
and the domain top has a slip boundary condition. The flow field is initialized with a logarithmic
profile. The simulations are purely mechanical with no temperature effects. A uniform grid with
∆x = ∆y = ∆z = 10m is employed. For the last two hours of the precursor simulation, PDFs
are sampled at the domain middle plane and are used as the inlet boundary condition for the
successor simulation with wind turbines. This way, it is ensured that the simulation has reached
a quiescent state in terms of turbulence before the sampling begins. A non-reflective outflow
boundary is applied at the outlet for the successor simulations. Two refinement zones are used
in the successor simulations and the verification case that halve the distance between nodes in
each level. This corresponds to 8 nodes within the forest in the vertical direction. Three wind
turbines are placed in the domain in the successor simulations. The computational domain and
location of the wind turbines are illustrated in Fig. 1. The FV reference simulation is run using
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similar boundary conditions to the described precursor. However, it is run for a longer period of
time. In addition, it uses grid stretching in the vertical direction and a finer resolution within
the forest.

The flow is driven by prescribing a geostrophic wind speed of 9ms−1 with a Coriolis parameter
of 0.0001 s−1. The corresponding body forces are imposed according to the ageostrophic form of
the horizontal momentum equations. The direction of the geostrophic wind for the wind turbine
simulations is selected in such a way that the mean wind speed direction is almost normal to the
wind turbine rotors with a tolerance of ±1◦. The forest height is 20 m in all simulations with a
forest, and the PAI is equal to 3. Three PAD profiles are employed, which are shown in Fig. 2.
The scale-dependent QR subgrid-scale (SGS) model, providing minimum dissipation and grid-
aware behavior in wall-bounded flows, is employed with a constant of 0.3 to compute the eddy
viscosity [29]. For the FV reference simulation, the geostrophic wind is in the x-direction, the
forest PAD is constant with height, and a TKE transport equation with enhanced dissipation
due to the forest presence is employed as the SGS model [30, 31].

Figure 2. Various PAD profiles used in the simulations

4. Results and Discussion
4.1. Verification of forest model in LBM
This part aims to establish and verify the implementation of the forest model in our LBM
simulation framework by comparing the results in terms of vertical profiles of time-averaged
horizontal wind speed magnitude uhorizontal, wind direction, and resolved TKE, with those
obtained in a study by [27]. A detailed validation of the methodology employed in [27] is
provided in [32], where simulations of the Ryningsnäs benchmark show very good agreement
with measurements for velocity and TKE profiles across multiple inflow directions with distinct
terrain elevations and forest distributions.

The results are presented in Fig.3. For the FV case, which serves as a reference, the data is
obtained by time averaging the results for the last 5.5 h of the simulation from 9 vertical probes
evenly distributed throughout the domain. In our simulation, the time averaging is done for a
period of 6 h at a crosswise plane in the middle of the domain.

As shown in Fig. 3, good agreement is observed in the time-averaged flow quantities. In
particular, the mean flow characteristics within and above the forest canopy are well captured
by the LBM simulation. Some differences are, however, observed in the resolved turbulence
kinetic energy, for which the LBM results exhibit higher values above the forest. This behavior
may be attributed to the lower numerical diffusion of the present cumulant LBM solver, which
is fourth-order accurate in diffusion, compared to the second-order accuracy of the FV solver
[28]. In addition, the FV simulation uses a different grid resolution, which can further explain
the mismatch.
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Figure 3. The time-averaged vertical profile of (a): uhorizontal, (b): same as (a) but limited to
0-180 m, (c): wind direction ϕ (0-180 m), (d): resolved TKE (0-180 m), for our LBM simulation
and the FV reference simulation. The green shaded area shows the forest.

4.2. Wind turbine performance and wake evolution in forested terrain
In this part, the impact of the forested terrain on the wind characteristics, wind turbine power
production and thrust, and wake evolution is investigated. Firstly, the vertical profiles of velocity
x-component, wind direction, and resolved TKE averaged over a crosswise plane at the middle
of the domain during the last 1.5 h of the simulation for four successor simulations are presented
in Fig.4 to compare the inflow condition. Therefore, these successor simulations are run without
wind turbines. In Fig.4, the horizontal dashed line shows the rotor hub height and the gray
shaded area represents the rotor span. The shaded green area shows the forest canopy.

Figure 4. The time-averaged vertical profile of (a): ux, (b): same as (a) but limited to 0-180
m, (c): wind direction ϕ (0-180 m), (d): resolved TKE (0-180 m), for various PAD profiles and
the case without forest

As can be seen, the presence of the forest has significantly reduced the wind speed at the rotor
span compared to the noForest case, as expected. There are some differences in |ux| profile for
various PAD cases, where the bottom-heavy PAD case results in larger magnitudes both within
and above the forest. The difference in wind direction within the forest is most significant where
a strong directional shear can be seen for the top-heavy PAD case. Nevertheless, at the rotor
span, the wind directions are almost identical. Regarding resolved TKE, on the one hand, the
presence of the forest has led to significantly higher values. On the other hand, the difference in
PAD has also resulted in differences in the resolved TKE, where it can be seen that a uniform
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forest assumption with a constant PAD profile has resulted in a higher value among the forested
cases. The results obtained for the simulations with varying PAD profiles are consistent with
those reported in [3], which showed that variations in PAD primarily affect the mean flow within
the forest canopy, while their influence on the flow at higher elevations is comparatively modest.

The impact on the wind characteristics also affects the rotor power production and thrust.
Thrust is obtained by summing axial forces at the actuator line points. Torque is the sum of
tangential forces multiplied by their radial arm, and power is given by the product of torque
and rotor rotational speed. The difference between the mean power and thrust values for each
turbine in each successor case with wind turbines compared to the uniformPAD case is presented
in Fig. 5.

It is clear that for forested cases, the power and thrust values reduce compared to the
simulation without a forest, thereby not included. As can be seen, the highest difference in both
power and thrust values can be seen for the top-heavy PAD case, which represents a deciduous
forest canopy with up to 6% and 3% reduction in power and thrust values, respectively. The
highest difference for this case occurs at T3. In contrast, the bottom-heavy spruce-like PAD case
has resulted in similar values compared to the uniform PAD case, with differences diminishing
further downstream.

Figure 5. (a): mean power and (b): mean thrust differences, expressed as percentages relative
to the uniform PAD case.

Turning now to the wake evolution, the non-dimensionalized vertical profile of time-averaged
ux and TKE at 1 and 3D downstream of each wind turbine is presented in Figs. 6 and 7, in
which the horizontal dashed line shows the rotor hub height and the shaded area represents the
rotor span. These profiles are obtained by sampling a streamwise plane in the middle of the
domain. As can be seen in Fig. 6, there is a higher shear in forested cases across the rotor area
due to higher shear in the inflow, which could lead to higher structural fatigue loads. This is
directly associated with the presence of the forest, which reduces the wind speed to close to zero
near the ground. For the top-heavy PAD case, a minor flow reversal can be seen close to the
ground. At 1D downstream of the wind turbines, the wake deficit is slightly higher for forested
cases. However, one can notice the higher recovery for the forested case at 3D downstream,
where above the hub height, the wake deficit of forested cases has reduced compared to the case
without forest.

In terms of the non-dimensionalized resolved TKE, as shown in Fig. 7, a significantly higher
magnitude is observed for all forested cases compared to the noForest case, except near the
ground where the forest drag dampens the fluctuations. This elevated turbulence explains the
enhanced wake recovery observed in Fig. 6, as increased turbulence promotes stronger mixing
and momentum exchange between the wake and the surrounding flow. The elevated TKE
extends vertically beyond the rotor region, indicating that the forest influence is not limited
to the immediate wake. A local maximum is observed above the rotor at 1D downstream,
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Figure 6. Time-averaged vertical profile of non-dimensionalized ux with hub height velocity,
Uh, for various PAD profiles and the case without forest at 1 and 3D downstream of each turbine.

which shifts slightly to a lower height at 3D as the wake develops, and the profiles become
smoother downstream as the wake expands and turbulent structures are redistributed. Among
the different PAD profiles, the top-heavy PAD exhibits the highest TKE levels.

Figure 7. Vertical profile of non-dimensionalized kresolved with hub height velocity, Uh, for
various PAD profiles and the case without forest at 1 and 3D downstream of each turbine.

Having examined the vertical profiles, we now present the time-averaged horizontal profiles of
non-dimensionalized ux in the turbine wakes in Fig. 8. The profiles are obtained by sampling a
horizontal plane at hub height. Compared to the no-forest case, the forested simulations exhibit
a faster recovery of the velocity deficit, with the wake profile evolving more rapidly towards a
Gaussian-like shape. In addition, a clear lateral wake deflection is observed for the forested cases,
with the magnitude of the deflection depending on the chosen PAD distribution. This highlights
that the vertical profiles shown previously, which were obtained by sampling a fixed streamwise
plane at the center of the domain, do not necessarily correspond to the wake centerline.

4.3. Computational performance
In this part, the computational performance of the verification case obtained with the present
LBM solver is compared to that of the FV reference simulation. It is emphasized that this
comparison is not intended as a strict one-to-one performance evaluation of the two solvers, owing
to differences in numerical formulation, implementation, and hardware utilization. Rather, the
FV results are included to provide a baseline and to place the computational cost of the present
LBM simulation in perspective for the considered verification case.
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Figure 8. Time-averaged horizontal profile of non-dimensionalized ux with hub height velocity,
Uh, for various PAD profiles and the case without forest at 1 and 3D downstream of each turbine.

The verification case was executed on a single NVIDIA GeForce RTX 5090 GPU, simulating
26 h of physical time within 19.19 h of wall-clock computational time. The computational domain
consists of approximately 111 million lattice nodes, resulting in a faster-than-real-time time-to-
solution ratio of 1.35. The achieved computational performance corresponds to 4306 million
node updates per second (MNUPS), while approximately 22.5 GB of GPU memory was utilized
during the simulation. Assuming a sustained GPU power consumption of approximately 575 W,
the total energy required to complete the simulation was about 11 kWh. In comparison, for the
FV reference simulation, a sampling period of 20 × 103 s required 34 098 CPUh. Assuming a
representative average power consumption of approximately 8 W per CPU core, the total energy
required for the FV reference simulation is estimated to be on the order of 270 kWh.

5. Conclusion
In this study, first, a three-dimensional forest model based on plant area density (PAD)
was implemented in the VirtualFluids lattice Boltzmann method (LBM) solver. Three
representative PAD profiles—constant, bottom-heavy, and top-heavy—were considered. The
implementation was verified against a finite-volume (FV) reference simulation for a flat-terrain
configuration with constant PAD profile. The results show satisfactory agreement in terms of
mean flow characteristics and resolved turbulence kinetic energy, providing confidence in the
numerical implementation of the forest model within the LBM framework.

Subsequently, the influence of different vertical PAD distributions on wind-farm inflow
conditions, turbine performance, and wake evolution was investigated. While the overall presence
of the forest governs the dominant changes in the flow, variations in the PAD profile result in
modest but systematic differences. In the inflow, differences in PAD affect the wind speed only
slightly, whereas the wind direction within the forest shows pronounced variations, with the
top-heavy PAD configuration exhibiting the strongest directional shear. Among the forested
simulations, the uniform PAD case exhibits the highest resolved turbulence levels. These
differences translated into small but measurable variations in turbine power and thrust, with
reductions of up to 6% in power and 3% in thrust for the top-heavy PAD case relative to the
uniform PAD. Furthermore, the horizontal wake profiles revealed a lateral wake deflection for
the forested cases, with the magnitude depending on the chosen PAD distribution. Overall,
these results indicate that including the vertical PAD distribution improves the representation
of inflow turbulence, wake behavior, and wind-farm performance in forested simulations.

Finally, the computational performance of the LBM solver was assessed, showing a faster-
than-real-time time-to-solution ratio of 1.35 while maintaining low power consumption. This
performance significantly exceeds that of traditional CPU-LES solvers and highlights the
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potential of the proposed approach for efficient high-fidelity wind-energy simulations. Building
on this development, future work will focus on extending the forest model to account for
heterogeneous forest distributions and complex terrain. This is a crucial step, as most real-
world wind-energy production sites are characterized by non-flat terrain and spatially varying
land cover. Incorporating these effects will further enhance the applicability of the proposed
framework to realistic wind-energy scenarios.
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[24] Meyer Forsting A R, Pirrung G R and Ramos-Garćıa N 2019 A vortex-based tip/smearing correction for the actuator
line Wind Energy Science 4 369–383 ISSN 2366-7451 URL https://wes.copernicus.org/articles/4/369/2019/

[25] Shaw R H and Schumann U 1992 Large-eddy simulation of turbulent flow above and within a forest Boundary-Layer
Meteorology 61 47–64

[26] Lalic B and Mihailovic D T 2004 An empirical relation describing leaf-area density inside the forest for environmental
modeling Journal of Applied Meteorology 43 641–645

[27] Olivares-Espinosa H and Arnqvist J 2025 Modelling of wind flows over realistic forests with LES Wind Energy Science
Discussions 2025 1–48

[28] Asmuth H, Janßen C F, Olivares-Espinosa H and Ivanell S 2021 Wall-modeled lattice Boltzmann large-eddy simulation
of neutral atmospheric boundary layers Physics of Fluids 33 105111 ISSN 1070-6631, 1089-7666

[29] Rozema W, Bae H J, Moin P and Verstappen R 2015 Minimum-dissipation models for large-eddy simulation Physics
of Fluids 27 085107 ISSN 1070-6631, 1089-7666

[30] Yoshizawa A and Horiuti K 1985 A Statistically-Derived Subgrid-Scale Kinetic Energy Model for the Large-Eddy
Simulation of Turbulent Flows Journal of the Physical Society of Japan 54 2834–2839 ISSN 0031-9015, 1347-4073

[31] Shaw R H and Patton E G 2003 Canopy element influences on resolved- and subgrid-scale energy within a large-eddy
simulation Agricultural and Forest Meteorology 115 5–17 ISSN 01681923

[32] Ivanell S, Arnqvist J, Avila M, Cavar D, Chavez-Arroyo R A, Olivares-Espinosa H, Peralta C, Adib J and Witha B
2018 Micro-scale model comparison (benchmark) at the moderately complex forested site Ryningsnäs Wind Energy
Science 3 929–946 ISSN 2366-7451


