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Abstract 
 

Background: Forest canopies strongly influence atmospheric airflow, turbulence generation, heat exchange, 

water transport, and carbon dioxide distribution, thereby regulating the local climate. However, accurately 

representing airflow dynamics within forests remains challenging because of vegetation drag and turbulent 

mixing. 

Aims: This study developed a mathematical model based on the Navier–Stokes equations to investigate 

airflow behaviour within forest canopies and assess its influence on local climate dynamics. 

Study Design: This was a computational fluid dynamics (CFD)-based modelling study employing the 

Reynolds-averaged Navier–Stokes (RANS) equations coupled with the standard k–ε turbulence model. 
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Place and Duration of Study: Department of Mathematics and Computer Science, University of Eldoret, 

Kenya, between July 2025 and April 2026. 

Methodology: The incompressible Navier–Stokes equations were used to model airflow within and above 

forest canopies. Vegetation effects were represented using a canopy drag-force term based on leaf area 

density. Turbulence was simulated using the standard k–ε model, while additional transport equations 

described temperature, water vapour, and carbon dioxide dynamics. The governing equations were discretised 

using the Finite Volume Method (FVM) and solved numerically in MATLAB. Simulations were performed 

for dense, medium, and sparse canopy configurations over a 30 m computational domain. 

Results: Airflow velocity increased with height in all canopy configurations, with dense canopies showing 

the greatest attenuation. At canopy height, velocities were approximately 1.45 m/s, 1.95 m/s, and 2.65 m/s for 

dense, medium, and sparse canopies, respectively. Turbulent kinetic energy (TKE) peaked near the canopy 

top, reaching approximately 66 m²/s², 44 m²/s², and 22 m²/s², respectively. Temperature increased with height, 

while moisture and carbon dioxide concentrations decreased because of enhanced turbulent mixing. Dense 

canopies retained higher moisture and carbon dioxide levels than medium and sparse canopies. 

Conclusion: Forest canopy density significantly influenced airflow structure, turbulence production, and 

scalar transport. Dense canopies provided stronger microclimatic regulation through enhanced momentum 

attenuation, moisture retention, and carbon storage. The developed modelling framework provides a useful 

tool for studying canopy–atmosphere interactions and local climate dynamics. 

 

 
Keywords: Forest canopy; canopy–atmosphere interaction; navier–stokes equations; reynolds-averaged 

navier–stokes; k–ε turbulence model; computational fluid dynamics; finite volume method; scalar 

transport; local climate dynamics; leaf area density. 

 

1 Introduction 
 

Forests are essential components of the Earth’s climate system and play a crucial role in regulating atmospheric 

circulation, energy exchange, moisture (water vapour) recycling, and carbon sequestration. Through vegetation–

atmosphere interactions, forest canopies influence airflow, temperature distribution, humidity levels, and the 

transport of trace gases such as carbon dioxide (CO₂). These processes are important for maintaining ecosystem 

stability, supporting hydrological cycles, and moderating local and regional climatic conditions. Recent 

assessments by the Intergovernmental Panel on Climate Change (IPCC, 2021) emphasise the critical role of 

forests in climate regulation and adaptation to climate change. 

 

Recent studies have also highlighted the importance of canopy structure in regulating scalar                            

transport. Variations in vegetation density influence turbulent mixing, which consequently affects           

temperature, humidity, and CO₂ distribution within forest ecosystems. Studies by Lawrence et al. (2022), Ding 

et al. (2025), and Chung and Koseff (2023) indicate that changes in canopy density significantly modify local 

microclimates by altering airflow patterns and turbulence intensity. These findings reinforce the need for 

mathematical models capable of simultaneously describing airflow, turbulence, and scalar transport under 

different canopy conditions. 

 

Complementary empirical evidence indicates that canopy cover can support soil-moisture retention, while wind 

conditions can affect the estimation of forest-canopy structure from airborne observations (Kokila et al., 2024; 

Kadzuwa & Missanjo, 2022). 

 

The interaction between airflow and vegetation occurs primarily within the atmospheric boundary layer, where 

momentum, heat, moisture, and scalar transport processes are strongly influenced by canopy structure. As air 

moves through a forest canopy, leaves, branches, and stems exert drag forces that extract momentum from the 

flow, resulting in reduced wind speeds and modified turbulence characteristics. These interactions generate 

complex flow structures that govern vertical mixing and the transport of heat, moisture, and CO₂ within and 

above the canopy. Consequently, forest canopies significantly influence microclimatic conditions and ecosystem 

functioning. 

 

Previous studies have demonstrated that canopy density is a major factor controlling airflow behaviour and 

turbulence generation within forests. Wilson and Shaw (1977) developed one of the earliest higher-order closure 

models for canopy flow and showed that vegetation substantially alters wind profiles. Raupach and Thom 



 
 

 

 
Chemwetich et al.; Asian Res. J. Math., vol. 22, no. 8, pp. 120-136, 2026; Article no.ARJOM.163173 

 

 

 
122 

 

(1981) further demonstrated that canopy drag strongly influences turbulence production and momentum 

exchange within vegetation layers. Later studies by Finnigan (2000) and Katul et al. (2004) established that 

turbulence generated at the canopy–atmosphere interface is a dominant mechanism controlling the transport of 

momentum, heat, moisture, and CO₂. 

 
Recent advances in computational fluid dynamics (CFD) have significantly improved the understanding of 

airflow and scalar transport within vegetated environments. CFD techniques provide detailed representations of 

momentum exchange, turbulence generation, and scalar transport processes and are increasingly being applied 

to environmental flow studies (Blocken, 2015; ANSYS, 2020; SimScale GmbH, 2023; Kadum et al., 2025; 

Accary, 2025; Aslan et al., 2025). Furthermore, modern land-surface and ecosystem models have demonstrated 

that vegetation–atmosphere interactions strongly influence energy balance, hydrological processes, and climate 

regulation (Bonan, 2019; Lawrence et al., 2022). These findings highlight the need for physically based 

numerical models capable of accurately representing canopy–atmosphere exchange processes. 

 
Recent studies have further extended canopy-flow analysis through validated RANS simulations                                        

of finite forests, reduced-order representations of turbulence and passive-scalar transport, and in-canopy                 

wind formulations for atmospheric modelling (Cintolesi et al., 2023; Ulmer et al., 2024; Hung et al.,                       

2024). 

 
Despite these advances, many atmospheric and climate models continue to employ simplified vegetation 

parameterisations that inadequately capture the complex mechanisms governing airflow attenuation, turbulence 

generation, and scalar transport within forest canopies. Such simplifications may lead to inaccuracies in 

predicting local climatic conditions and ecosystem responses to environmental change. Therefore, a more 

comprehensive modelling framework is required to improve understanding of the physical processes controlling 

canopy–atmosphere interactions. 

 
The Navier–Stokes equations provide a fundamental mathematical description of fluid motion and have been 

widely applied in environmental fluid mechanics and atmospheric flow studies. Recent advances in analytical 

and numerical techniques have improved the solution of partial differential equations arising in fluid mechanics, 

heat transfer, and engineering applications (Ata & Kıymaz, 2023). When coupled with turbulence closure 

models such as the Reynolds-averaged Navier–Stokes (RANS) formulation and the standard k–ε model, they 

offer a computationally efficient framework for simulating airflow dynamics within complex vegetated 

environments. The Finite Volume Method (FVM) further provides a robust numerical approach for solving the 

governing equations while preserving conservation principles. 

 
A focused research gap remains in the simultaneous numerical comparison of momentum attenuation, 

turbulence generation, and coupled temperature, moisture, and carbon dioxide transport across dense, medium, 

and sparse forest-canopy configurations within a single conservation-based framework. The present study 

addresses this gap using a common computational domain and governing-equation structure. 

 
This study develops a mathematical model based on the incompressible Navier–Stokes equations to investigate 

airflow behaviour within forest canopies and evaluate its influence on local climate dynamics. The model 

incorporates canopy drag effects, turbulence generation, temperature transport, moisture transport, and CO₂ 

exchange. The governing equations are discretised using the Finite Volume Method and solved numerically for 

dense, medium, and sparse canopy configurations. By examining the influence of canopy density on airflow 

structure and scalar transport processes, the study contributes to an improved understanding of canopy–

atmosphere interactions and provides insights that may support climate modelling, ecosystem management, and 

environmental sustainability. 

 
The specific objectives of this study were as follows: 

 
i. i. To study the effects of canopy density and height on momentum exchange and turbulence generation 

in forest airflow. 

ii. ii. To analyse the role of turbulence in regulating scalar transport within and above forest canopies. 

iii. iii. To assess the climatic implications of structure-dependent airflow using representative canopy 

conditions. 
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2 Methodology 
 

2.1 Mathematical Model 
 

Airflow within and above forest canopies was simulated using the incompressible Reynolds-averaged Navier–

Stokes (RANS) equations. The vegetation canopy was represented through a drag-force parameterisation based 

on leaf area density (LAD), while turbulence was described using the standard k–ε turbulence closure model 

(Launder & Spalding, 1974; Finnigan, 2000). Additional scalar transport equations were solved for temperature, 

moisture, and CO₂ concentrations to evaluate canopy–atmosphere exchanges. The governing equations were 

solved simultaneously to quantify airflow characteristics and scalar transport under different canopy densities. 

Recent developments in integral transform techniques have expanded the range of mathematical methods 

available for solving partial differential equations and complement conventional computational approaches such 

as the Finite Volume Method (Ata & Kıymaz, 2023). 

 

2.2 Computational Domain 
 

The computational domain consisted of a one-dimensional vertical forest canopy extending from the ground 

surface to 30 m, with a canopy height of 10 m. The domain was discretized into 60 control volumes following a 

grid-independence assessment. Three canopy configurations were investigated based on leaf area density: dense 

(0.30 m⁻¹), medium (0.20 m⁻¹), and sparse (0.10 m⁻¹) (Finnigan, 2000; Raupach & Thom, 1981). 

 

Fig. 1 depicts the computational domain, while Table 1 summarises the simulation parameters used in the 

numerical model. 

 

 
 

Fig. 1. Computational domain showing canopy and atmosphere regions 

 

Table 1. Simulation parameters used in the numerical model 

 

Parameter Symbol Value 

Domain Height 𝑍𝑚𝑎𝑥  30𝑚 

Canopy Height 𝐻 10𝑚 

Number of grid points 𝑁𝑧  60 

Grid spacing ∆𝑧  0.508𝑚 

Kinematic Viscosity 𝑣 1.5 × 10−5m2/s 

Gravitational acceleration 𝑔 9.81 𝑚/𝑠2 

Thermal expansion coefficient 𝛽 0.0033 𝐾−1 
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Parameter Symbol Value 

Drag coefficient cd 0.3 

Reference temperature 𝑇0 300𝐾 

Turbulence constant 𝐶𝜇, 

𝐶1,  

𝐶2  

0.09,  

1.44,  

1.92  

Turbulent Prandtl number 𝑃𝑟𝑡   0.85 

Air density 𝜌 1.225 𝑘𝑔 𝑚3⁄  

Turbulence Intensity 𝐼  0.05 

Turbulence length scale 𝑙  0.7𝑚 

Maximum iterations 𝑁𝑖𝑡𝑒𝑟  5000 

Convergence criterion 𝜀𝑡𝑜𝑙 1 × 10−6 

Dissipation diffusivity constant 𝜎𝜀 1.3 

Turbulent kinetic energy 

diffusivity constant 

𝜎𝑘 1.0 

Turbulent Schmidt number 𝑆𝑐𝑡 0.70 

Leaf area density a(z) 0.10𝑚−1 for sparse canopy 

0.20𝑚−1 for medium canopy 

 0.30 𝑚−1 for dense canopy 

 

2.3 Governing Equations 
 

In this study, the governing equations were interdependent: the continuity and momentum equations determined 

the velocity fields, which then influenced turbulence and subsequently controlled scalar transport. 

 

2.3.1 Continuity Equation 
 

The incompressible Navier–Stokes equations governing airflow were expressed as: 

 
𝜕𝑢

𝜕𝑥
+

𝜕𝑤

𝜕𝑧
= 0                                                 (2.1)        

                                                                                                                           

In vector form: ∇·u = 0          

                                                                                                                 

Here, (u, w) represent the two-dimensional velocity components in the 𝑥- and 𝑧-directions, respectively. 

 

 Equation (2.1) enforces conservation of mass for incompressible flow, requiring the velocity field to remain 

divergence-free throughout the computational domain. 

 

2.3.2 Momentum Equation with Canopy Drag 
 

The momentum equations describe the conservation of linear momentum in the horizontal and vertical 

directions. 

 

(a) 𝒙-momentum equation 

 

𝑢
𝜕𝑢

𝜕𝑥 
+  𝑤

𝜕𝑢

𝜕𝑧
 =  −

1

𝜌 

𝜕𝑝

𝜕𝑥
 +  

𝜕

𝜕𝑧
(𝑣𝑡

𝜕𝑢

𝜕𝑧
) − 𝑐𝑑𝑎(𝑧)𝑢|𝑢|                                              (2.2) 

              

(b) 𝒛- momentum equation 
 

𝑢
𝜕𝑤

𝜕𝑥
 +  𝑤

𝜕𝑤

𝜕𝑧
 =  −

1

𝜌

𝜕𝑝

𝜕𝑧
 +

𝜕

𝜕𝑧
 (𝑣𝑡

𝜕𝑤

𝜕𝑧
)  +  𝑔𝛽(𝑇 − 𝑇0)                                            (2.3) 

 

Where: 
 

𝑢, 𝑤 represent the velocity components in the 𝑥- and 𝑧-directions; 

𝑐𝑑 ⇒ drag coefficient; 
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p ⇒ pressure; 

𝜌 ⇒ air density; 

𝑣𝑡 ⇒ eddy viscosity; 

𝑔 ⇒ gravitational acceleration; 

a(z) ⇒ leaf area density; 

β ⇒ thermal expansion coefficient; 

T ⇒ air temperature; and 

T₀ ⇒ reference temperature. 

 

The physical constants used include: 

 

𝑔 =  9.81 𝑚/𝑠2, the gravitational acceleration constant; 

𝜌 =  1.225 𝑘𝑔 𝑚3⁄ , the standard air density at ~ 300𝐾; and 

𝑇0 = 300𝐾, a typical ambient atmospheric condition. 

𝛽 =
1

𝑇
=  0.0033 𝐾−1  

 

These values are supported by White (2011) and Incropera et al. (2007). 

 

The momentum equations (2.2) and (2.3) express the conservation of momentum, including inertial (advection) 

acceleration, pressure forces, viscous diffusion, buoyancy forcing, and vegetation-induced drag within the 

canopy layer. 

 

This formulation permits direct representation of forest-atmosphere interactions, which is important for 

understanding how forests influence local climate dynamics. 

 

2.3.3 Temperature Transport (Active scalar) 
 

Because of its influence on flow properties and turbulent transport, temperature was treated as an active scalar. 

 

𝑢
𝜕𝑇

𝜕𝑥
 +  𝑤 

𝜕𝑇

𝜕𝑧
 =  

𝜕

𝜕𝑧
 (𝛼𝑒𝑓𝑓  

𝜕𝑇

𝜕𝑧
 )  + 𝑆𝑇             (2.4) 

 

Equation (2.4) describes the transport of thermal energy from convection and diffusion. 

 

2.3.4 Water Vapour Transport (passive scalar) 
 

𝑢
𝜕𝑞

𝜕𝑥
 +  𝑤 

𝜕𝑞

𝜕𝑧
 =  

𝜕

𝜕𝑧
 (𝐷𝑒𝑓𝑓  

𝜕𝑞

𝜕𝑧
)  +  𝑆𝑞             (2.5) 

 

Equation (2.5) governs moisture transport within and above the canopy. 

                                                                                     

 2.3.5 Carbon Dioxide Transport (Passive Scalar) 
 

𝑢
𝜕𝐶

𝜕𝑥
 +  𝑤 

𝜕𝐶

𝜕𝑧
 =  

𝜕

𝜕𝑧
 (𝐷𝑒𝑓𝑓  

𝜕𝐶

𝜕𝑧
)  +  𝑆𝐶             (2.6) 

 

Equation (2.6) describes CO₂ transport resulting from turbulent mixing and advection. 

 

For Equations (2.4), (2.5), and (2.6): 

 

T ⇒ air temperature (K); 

𝑢, 𝑤 ⇒ velocity components; 

𝑞 ⇒ moisture concentration; 

𝐶 ⇒ CO₂ concentration; 

𝑆𝑇 , 𝑆𝑞 , 𝑆𝐶  ⇒ source terms for scalar quantities; 

𝛼𝑒𝑓𝑓 , 𝐷𝑒𝑓𝑓 ⇒ effective diffusivities; 
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𝛼𝑒𝑓𝑓  =  
𝑣𝑡

𝑃𝑟𝑡
  and 𝐷𝑒𝑓𝑓  =  

𝑣𝑡

𝑆𝑐𝑡
; 

 

𝑆𝑐𝑡 is the turbulent Schmidt number, = 0.7; and 

𝑃𝑟𝑡  is the turbulent Prandtl number, = 0.85. 

 

The turbulent Schmidt number was assigned a value of 0.7, which lies within the range 0.7 ≤  𝑆𝑐𝑡  ≤ 1.0  
commonly used for atmospheric and environmental flows. The turbulent Prandtl number was assigned a value 

of 0.85, which lies within the range 0.7 ≤  𝑃𝑟𝑡  ≤ 0.9 commonly used in heat-transfer applications. 

 

In this study, the scalar source terms (𝑆𝑇 , 𝑆𝑞 , 𝑆𝐶) were neglected because the scalars were transported but not 

generated. 

 

2.4 Turbulence Modelling 
 

2.4.1 Reynolds Decomposition 
 

The instantaneous velocity was decomposed into mean and fluctuating components: 

 

𝑢 = 𝑢̅  +  𝑢'                                                         (2.7a) 

 

𝑤 =  𝑤̅  +  𝑤′                                                     (2.7b) 

 

In Equations (2.7a) and (2.7b), 𝑢,̅  𝑤̅ are the mean velocities, while 𝑢′ and 𝑤′ are the turbulent fluctuations. This 

decomposition separates the mean flow from turbulent fluctuations and forms the basis of RANS modelling. 

 

2.4.2 Kinetic Energy (𝒌 equation) 
 

The 𝑘 − 𝜀 turbulence model was employed to provide turbulence closure. The model solves transport equations 

for turbulent kinetic energy and its dissipation rate. 

 

𝑢
𝜕𝑘

𝜕𝑥
 +  𝑤

𝜕𝑘

𝜕𝑧
 =

𝜕

𝜕𝑧
 (

𝑣𝑡

𝜎𝑘
 
𝜕𝑘

𝜕𝑧
)  + 𝑃𝑘 −  ℇ − 𝑐𝑑𝑎(𝑧)𝑢𝑘                                                (2.8) 

 

Equation (2.8) represents turbulence production and damping inside the canopy. 

 

2.4.3 Dissipation Rate (ε equation) 
 

𝑢
𝜕ℇ

𝜕𝑥
 +  𝑤

𝜕ℇ

𝜕𝑧
 =  

𝜕

𝜕𝑧
 (

𝑣𝑡

𝜎ℇ
 

𝜕ℇ

𝜕𝑧
)  + 𝑐1

ℇ

𝑘
𝑃𝑘  − 𝑐2 

ℇ2

𝑘
          (2.9) 

 

Equation (2.9) controls the decay of turbulence. 

 

 2.4.4 Eddy Viscosity (Closure equation) 
 

𝑣𝑡  =  𝑐𝜇  
𝑘2

ℇ
                                                          (2.10) 

 

Equation (2.10) links turbulence to momentum transport. 

 

2.4.5 Turbulence Production Term 
 

𝑃𝑘  =  𝑣𝑡  (
𝜕𝑢

𝜕𝑧
)

2

                                                     (2.11) 

 

Equation (2.11) shows how turbulence is generated within the canopy. 

 



 
 

 

 
Chemwetich et al.; Asian Res. J. Math., vol. 22, no. 8, pp. 120-136, 2026; Article no.ARJOM.163173 

 

 

 
127 

 

Where: 

 

 𝑘 =  
1

2
 (𝑢'2  +  𝑤′2)  ⇒ turbulent kinetic energy  

𝑣𝑡  ⇒ eddy viscosity 

𝜎𝑘 , 𝜎ℇ   ⇒ turbulent Prandtl numbers for TKE 

𝑃𝑘   ⇒ turbulence production 

ℇ ⇒ dissipation rate 

𝑐𝜇, 𝑐1, 𝑐2 ⇒ model constants 

𝑐𝑑𝑎(𝑧)𝑢𝑘 ⇒ canopy damping 

 

The turbulence constants used in the study include: 

 

𝐶𝜇  =  0.09,                    𝐶1  =  1.44                        𝐶2  =  1.92 

𝜎𝑘  =  1.0                        𝜎𝜀  =  1.3 

 

These constants control the production, dissipation, and diffusion of TKE and its dissipation rate. They are 

widely validated values in the turbulence-modelling literature (Launder & Spalding, 1974; SimScale GmbH, 

2023; ANSYS, 2020) and support a realistic representation of turbulent mixing and diffusion. 

   

2.5 Canopy Representation 
 

Fc=−cda(z)|u|u                                                     (2.12) 

 

This force accounts for momentum loss arising from the interaction between the flow and plant elements. 

 

Here, cᵈ is the drag coefficient and a(z) is the LAD, where: 

 

𝑎(𝑧) =  0.10𝑚−1, 0.20𝑚−1 and  0.30 𝑚−1  for sparse, medium, and dense canopies, respectively, and 𝑐𝑑  =
 0.3. 

 

The drag coefficient lies within the commonly reported range 0.2 ≤  𝑐𝑑  ≤ 0.4 for plant canopies and is widely 

used in canopy-flow modelling. The leaf area densities lie within the range 0.1 ≤  𝑎(𝑧)  ≤ 0.5 , which 

represents the typical range used for forest canopies. These ranges are supported by Finnigan (2000), Raupach 

and Thom (1981), and Shaw and Schumann (1992). 

 

2.6 Boundary Conditions 
 

To define the flow behaviour at the limits of the computational domain, appropriate boundary conditions were 

applied. These conditions ensured a physically realistic representation of airflow and scalar transport within and 

above the forest canopy. 

 

i. Inlet Boundary ( 𝒙 = 𝟎) 

 

𝑢 =  𝑢𝑖𝑛,                               𝑤 =  0 

𝑘 =  𝑘𝑖𝑛,                               ℇ =  ℇ𝑖𝑛 

𝑇 =  𝑇𝑖𝑛,                          𝑞 =  𝑞𝑖𝑛 ,                                    𝐶 =  𝐶𝑖𝑛 

 

At the inlet, a uniform velocity profile representing the incoming wind conditions was prescribed. Turbulence 

quantities and scalar variables were also specified to define the inflow conditions. 

 

Turbulence intensity and length scale relationships were used to specify inlet turbulence quantities, computed 

as: 

 

𝑘𝑖𝑛  =  
3

2
 (𝑢𝐼)2                                                     (2.13) 
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 while dissipation rate: 

 

ℇ𝑖𝑛  =  𝐶𝜇

3

4  
𝑘

3
2

𝑙
                                                        (2.14) 

 

Here, the turbulence intensity was 𝐼 =  0.05, and the turbulence length scale was defined as 𝑙 =  𝛼𝐻, where 

0.05 ≤ 𝛼 ≤  0.1 represents smaller turbulence structures. The turbulence length scale used in this study was 

0.07𝐻. These values represent typical atmospheric boundary-layer conditions (Stull, 1988; Blocken, 2015) and 

provide realistic turbulence levels for canopy studies. 

 

Table 2. Inlet Conditions for Different Canopy Cases 

 

Canopy 

type 

Velocity 

𝑢𝑖𝑛,(m/s) 

Turbulence 

Intensity,  

𝐼  

Turbulent 

Kinetic 

Energy, 

𝑘𝑖𝑛 (m2/s2) 

Dissipation 

Rate, ℇ𝑖𝑛 

(m2/s3) 

Temperature, 

𝑇𝑖𝑛 (K)  

Moisture, 

𝑞𝑖𝑛 (kg/m3) 

CO2 , 𝐶𝑖𝑛  
(kg/m3) 

Dense 2.0 0.05 0.015 0.003 300 0.018 0.0006 

Medium 3.0 0.05 0.034 0.007 300 0.018 0.0006 

Sparse 4.0 0.05 0.060 0.012 300 0.018 0.0006 

 

Table 2 summarises the inlet conditions for velocity, turbulence quantities, and scalar variables. The turbulence 

quantities 𝑘𝑖𝑛 and ℇ𝑖𝑛 were computed using Equations (2.13) and (2.14). 

 

The inlet temperature, 𝑇𝑖𝑛 = 300𝐾, , inlet moisture concentration, 𝑞𝑖𝑛 = 0.018 𝑘𝑔/𝑚3 , and inlet CO₂ 

concentration, 𝐶𝑖𝑛 = 0.0006 𝑘𝑔/𝑚3, were prescribed using typical atmospheric values reported in the literature 

(Monteith & Unsworth, 2013; Wallace & Hobbs, 2006; IPCC, 2021). 

 

ii. Outlet Boundary (𝒙 = 𝑳) 

 
𝜕𝑢

𝜕𝑥
 =  0,                               

𝜕𝑤

𝜕𝑥
 =  0 

𝜕𝑘

𝜕𝑥
 =  0,                               

𝜕ℇ

𝜕𝑥
 =  0 

𝜕𝑇

𝜕𝑥
 =  0,                               

𝜕𝑞

𝜕𝑥
 =  0,      

𝜕𝐶

𝜕𝑥
 =  0 

 

At the outlet, a zero-gradient (Neumann) condition was applied. This allows flow variables to exit the domain 

without artificial reflection. 

 

iii. Ground Boundary (𝒛 = 𝟎) 

 

𝑢 =  0,                               𝑤 =  0 

𝑘 =  0,                               ℇ ≈  10−6 
𝜕𝑇

𝜕𝑧
 =  0,                             

𝜕𝑞

𝜕𝑧
 =  0,         

𝜕𝐶

𝜕𝑧
 =  0 

 

As a result of frictional effects, a no-slip condition was imposed at the ground surface, resulting in zero velocity. 

It was assumed that TKE was small and that the scalar flux was zero. 

 

iv. Top Boundary (𝒛 =  𝑯𝒎𝒂𝒙) 

 
𝜕𝑢

𝜕𝑧
 =  0,                                         𝑤 =  0 

𝜕𝑘

𝜕𝑧
 =  0,                                         

𝜕ℇ

𝜕𝑧
 =  0 

𝜕𝑇

𝜕𝑧
 =  0,                                         

𝜕𝑞

𝜕𝑧
 =  0,     

𝜕𝐶

𝜕𝑧
 =  0 

 

To simulate undisturbed atmospheric flow, a symmetry or free-slip condition was applied at the upper boundary. 
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v. Inside Canopy  (𝟎 ≤  𝒛 ≤ 𝑯) 

 

Fc = −cda(z)|u|u: Within the canopy, vegetation effects were incorporated through a distributed drag force acting 

as a momentum sink in the flow equations. 

 

2.7 Initial Conditions 
 

Initial conditions were specified to provide a starting solution for the numerical simulation and ensure stable 

convergence. 

 

𝑢 =  𝑢𝑖𝑛,                               𝑤 =  0 

𝑘 =  𝑘𝑖𝑛,                               ℇ =  ℇ𝑖𝑛 

𝑇 =  𝑇𝑖𝑛,                               𝑞 =  𝑞𝑖𝑛 ,      𝐶 =  𝐶𝑖𝑛 

 

The variables were initialized using inlet values to maintain consistency across the domain. 

 

2.8 Numerical Methods 
 

The governing equations were discretised using the Finite Volume Method (FVM), ensuring the conservation of 

mass, momentum, and scalar quantities over each control volume (Patankar, 1980; Versteeg & Malalasekera, 

2007). 

 

Modern mathematical techniques continue to support the development of accurate and efficient numerical 

methods for solving coupled nonlinear partial differential equations encountered in engineering and 

environmental modelling (Ata & Kıymaz, 2023). Diffusion terms were approximated using second-order central 

differencing, while convection terms employed the first-order upwind scheme. Pressure and velocity were 

coupled using a SIMPLE-like iterative algorithm implemented in MATLAB. Convergence was achieved when 

the residuals of all governing equations were below 10-6 (ANSYS, 2020). 

 

2.9 Model Outputs 
 

The model generated vertical profiles of velocity, turbulent kinetic energy, temperature, moisture concentration, 

and CO₂ concentration for the three canopy configurations. The outputs were analysed to evaluate airflow 

attenuation, turbulence production, scalar transport, and the influence of canopy structure on local climate 

dynamics. 

 

3 Results and Discussion 
 

3.1 Velocity Profiles 
 

Fig. 2 illustrates the vertical airflow-velocity profiles for the dense, medium, and sparse canopies. In all cases, 

velocity increased with height because the drag effect decreased as the airflow encountered less obstruction 

aloft. 

 

Near the ground, the dense-canopy velocity was ≈ 0.6𝑚/𝑠  while  sparse canopy velocity ≈ 1.9𝑚/𝑠. 

 

A consistent reduction in velocity occurred within the canopy layer ( (z < 10m) ), with the dense canopy 

experiencing a greater velocity reduction than the sparse canopy. Similar observations were reported by Wilson 

and Shaw (1977) and Finnigan (2000), who demonstrated that vegetation extracts momentum from the flow, 

resulting in reduced speed. This attenuation was caused by the vegetation drag represented by Equation (2.12). 

As 𝑎(𝑧) increased, the drag force increased, momentum was lost, and velocity decreased. The medium canopy 

exhibited a moderate velocity distribution because of its moderate drag effect. 

 

At 𝑧 ≈ 10𝑚, velocity increased rapidly, creating a region of strong velocity gradient known as the shear layer 

between the canopy and the free atmosphere. 
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Fig. 2. Velocity Distribution across different canopies 

 

Above the canopy (𝑧 > 10𝑚 ), velocity increased rapidly because drag became negligible and the flow behaved 

like an open boundary layer with little obstruction. 

 

3.2 Turbulent Kinetic Energy (TKE) Profiles 
 

 
 

Fig. 3. Turbulence Structure and Shear Layer Formation 
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Fig. 3 illustrates the distribution of TKE across the canopy height. At lower heights, all profiles showed low 

TKE because airflow was strongly obstructed by vegetation, resulting in weak turbulence production. Within the 

canopy region ((z < 10m)), TKE increased because of shear-layer production and vegetation drag, reaching a 

maximum near the canopy top ((z = H = 10m)) as a result of the rapid change in velocity. Recent numerical 

studies by Accary (2025) and Aslan et al. (2025) reported a similar maximum in turbulence intensity near the 

canopy–atmosphere interface, confirming the influence of vegetation density on turbulence. 

 

TKE decreased in the overlying layer ((z > 10m)) as turbulence dissipated and the effect of canopy drag 

diminished. The higher peak TKE values in the dense canopy were attributed to the larger velocity gradient 

between the slower flow inside the canopy and the faster flow above it. 

 

3.3 Temperature Transport Profiles 
 

 
 

Fig. 4. Temperature Distribution and Heat Transport 

 

Fig. 4 shows how temperature varied with height under different canopy densities. Temperature increased 

gradually with height in all canopies because of enhanced turbulent exchange as the air rose. Within the canopy 

region ((z < 10m)), the lower values observed in dense canopies were attributed to reduced airflow and weaker 

mixing, unlike the sparse canopy, where more intense mixing enabled the vertical transport of heat. 

 

Above the canopy ((z > 10m)), the temperature profiles became uniform and converged near 303𝐾 because of 

increased atmospheric mixing and the reduced influence of vegetation. These findings agree with Bonan (2019), 

who reported that forests regulate the surface energy balance through shading and turbulence. The agreement 

between the present simulations and previous studies supports the ability of the proposed model to represent 

temperature transport realistically. 

 

3.4 Moisture (Water Vapour) Transport Profiles 
 

Fig. 5 illustrates the moisture distribution across the canopies. Generally, moisture decreased with height in all 

canopies. At 𝑧 < 10𝑚, moisture concentration was highest within the dense canopy because of limited mixing 
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and reduced ventilation. Sparse canopies exhibited lower moisture levels because increased turbulence enhanced 

vertical transport. 

 

 
 

Fig. 5. Moisture Distribution across different canopies 

 

Above the canopy (𝑧 > 10𝑚), the profiles became uniform and converged because of strong atmospheric 

mixing as the canopy influence weakened. Ding et al. (2025) found that dense vegetation enhances moisture 

retention by reducing turbulent transport. These results indicate that canopy density plays a vital role in 

controlling humidity within forest ecosystems. 

 

3.5 Carbon Dioxide (CO₂) Transport Profiles 
 

Fig. 6 illustrates the CO₂ concentration across the canopies. The results indicate that CO₂ decreased with height 

in all canopies. Within the canopies, where 𝑧 < 10𝑚, CO₂ accumulation was highest in the dense canopy 

because of poor ventilation and low-turbulence conditions. Sparse canopies facilitated stronger vertical transport 

through more intense turbulent mixing, resulting in lower CO₂ concentrations. 

 

Above the canopy (𝑧 > 10𝑚 ), concentrations became nearly uniform and converged because the open flow 

promoted mixing as the canopy influence weakened and CO₂ mixed with the atmosphere. 

 

Similar observations were also demonstrated by Katul et al. (2004), who showed that turbulence regulates scalar 

transport within forest canopies. 

 

3.6 Climatic Implications 
 

The results demonstrate that canopy structure (density and height) significantly influenced the local climate. 

Dense canopies reduced airflow speed and suppressed turbulence, thereby promoting lower temperatures and 

the accumulation of moisture and CO₂. This resulted in more stable climatic conditions, reduced local warming, 

a more humid microclimate, and balanced atmospheric carbon exchange. 
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Fig. 6. CO2 Distribution across different canopies 

 

In contrast, sparse canopies permitted freer airflow, which enhanced turbulence and mixing and resulted in 

improved ventilation and vertical scalar transport. This produced warmer and drier microclimates and reduced 

the forest’s capacity to regulate heat, moisture, and carbon exchange. 

 

Medium canopies represented an intermediate condition between sparse and dense canopies. They moderately 

reduced wind speed, allowed moderate turbulence generation, and consequently produced moderate scalar 

transport. Thus, they created a moderate and resilient microclimate compared with dense and sparse vegetation. 

 

These findings are consistent with Bonan (2019), Lawrence et al. (2022), and IPCC (2021), who emphasised 

that forests regulate local and regional climates through modifications of energy, moisture, and carbon 

exchange. The present study extends previous work by integrating airflow, turbulence, temperature, moisture, 

and CO₂ transport within a single Navier–Stokes-based computational framework, thereby providing a more 

comprehensive understanding of canopy–atmosphere interactions. 

 

4 Conclusion 
 

The numerical simulations demonstrated that canopy-density parameterisation affected the predicted airflow, 

turbulence, and scalar-transport profiles within and above the modelled forest canopy. Greater leaf area density 

produced stronger momentum attenuation and lower airflow velocities within the canopy layer. Turbulent 

kinetic energy increased towards the canopy top, where the velocity gradient between the canopy flow and the 

overlying atmosphere was greatest, and subsequently decreased with height. The model also predicted vertical 

variations in temperature, moisture, and carbon dioxide concentrations. Dense-canopy conditions retained 

higher moisture and carbon dioxide concentrations near the lower part of the computational domain, whereas 

sparse-canopy conditions permitted stronger ventilation and vertical transport. These results indicate that 

vegetation drag and turbulence closure are important components of mathematical models intended to represent 

canopy–atmosphere interactions. However, the findings should be interpreted as outcomes of the selected 

numerical assumptions, parameter values, and boundary conditions rather than as universally applicable forest 

responses. Additional grid-sensitivity testing, controlled inlet conditions, field or benchmark validation, and 

evaluation of alternative turbulence formulations are needed to establish the accuracy and broader applicability 

of the modelling framework. 
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5 Limitations 
 

This study was based on a simplified numerical representation of forest-canopy airflow and did not include the 

full structural heterogeneity of natural vegetation. The canopy was represented through prescribed leaf area 

density and drag parameters, while scalar sources associated with evapotranspiration, photosynthesis, 

respiration, and soil exchange were not explicitly modelled. The simulations were not validated against field 

measurements, wind-tunnel observations, or an established computational benchmark. Different inlet velocities 

were used for the canopy configurations, which may confound the effects attributed to canopy density. In 

addition, uncertainty, parameter-sensitivity, and detailed grid-independence results were not reported. These 

limitations restrict the direct application of the findings to specific forest environments. 
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  ≈ 0 . 6 m / s     while     sparse   canopy   velocity   ≈ 1 . 9 m / s
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