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ABSTRACT 

Computational modeling plays a critical role in understanding environmental and atmospheric flows in complex 

urban environments, where interactions between wind dynamics, turbulence, pollutant dispersion, and climate-

driven stability effects govern air quality and human exposure. This study presents a comprehensive numerical 

framework for modeling urban atmospheric flows by integrating geometry-adaptive turbulence closure, urban 

canopy drags, and stability-aware pollutant diffusion within a Reynolds-Averaged Navier–Stokes (RANS) 

formulation. The model explicitly accounts for urban morphological characteristics and atmospheric 

stratification, enabling improved representation of momentum exchange, turbulence production, and scalar 

transport. Numerical simulations are conducted for idealized urban configurations under unstable, neutral, and 

stable atmospheric conditions. The results demonstrate enhanced prediction of vertical wind profiles, turbulent 

kinetic energy, eddy viscosity, and pollutant concentration compared to conventional RANS models. Ground-

level pollutant concentrations are shown to increase by up to 30–40% under stable stratification, while unstable 

conditions promote enhanced vertical mixing and ventilation. Validation against representative benchmarks 

indicates a reduction in prediction error of approximately 30–35% relative to traditional approaches. The 

proposed framework provides a scalable and climate-aware tool for urban air quality assessment and offers a 

pathway for integration into mesoscale and climate modeling systems. 

 

Keywords: Air Pollution Dispersion, Atmospheric Stability, Climate Applications, Computational Fluid 

Dynamics, Numerical Simulation, Turbulence Modeling, Urban Canopy Model, Urban Wind 

Dynamics 

 

INTRODUCTION 

Environmental and atmospheric flows play a fundamental 

role in regulating air quality, urban microclimates, and the 

global climate system. These flows govern the transport of 

momentum, heat, moisture, and chemical species within the 

atmosphere and near the Earth’s surface. Owing to their 

inherent nonlinearity, turbulence, and multiscale interactions, 

environmental flows are difficult to analyze using analytical 

or experimental methods alone. Consequently, computational 

modeling has become an indispensable tool for simulating 

atmospheric processes and supporting decision-making in 

environmental management, urban planning, and climate 

policy (Pope, 2000; Holton & Hakim, 2012). 

Air pollution dispersion modeling seeks to understand how 

pollutants are transported, diluted, and accumulated following 

their release into the atmosphere. Key variables influencing 

dispersion include wind velocity, turbulence intensity, 

emission characteristics, thermal stratification, and chemical 

processes. Wind speed and direction control advective 

transport, while turbulent mixing governs pollutant spread 

within the planetary boundary layer (PBL). Atmospheric 

stability, determined by vertical temperature gradients and 

surface heat fluxes, plays a critical role in regulating vertical 

mixing, particularly under stable conditions that promote 

pollutant accumulation and degraded air quality (Seinfeld & 

Pandis, 2016). Numerical approaches such as Eulerian grid-

based models, Lagrangian particle models, Reynolds-

Averaged Navier–Stokes (RANS) simulations, and Large 

Eddy Simulation (LES) are commonly employed, each 

offering different trade-offs between accuracy and 

computational cost. 

In urban environments, atmospheric flow behavior becomes 

significantly more complex due to the presence of buildings, 

street canyons, and heterogeneous surface properties. Urban 

wind dynamics are influenced by building height, density, 

orientation, surface roughness, and anthropogenic heat 

release. These factors modify airflow patterns, generating 

recirculation zones, channeling effects, and enhanced 

turbulence that directly affect pollutant dispersion and 

pedestrian-level wind conditions (Oke, 1988; Fernando et al., 

2010). Computational fluid dynamics (CFD) models have 

proven effective for resolving such fine-scale flow features; 

however, accurately representing turbulence–geometry 

interactions in dense urban settings remains challenging, 

particularly when computational efficiency is required for 

large domains or long simulation periods. 

At regional and global scales, environmental flow modeling 

extends into climate applications, where atmospheric 

dynamics interact with land-surface processes, radiation, and 

large-scale circulation patterns. Climate models are widely 

used to simulate long-term climate variability and change, yet 

their coarse spatial resolution limits the representation of 

local-scale phenomena such as urban heat islands and city-

scale pollutant transport (IPCC, 2021). Downscaling 

strategies and scale-aware parameterizations are therefore 

essential for linking global climate processes with urban-scale 

environmental impacts. 

Despite substantial advances in computational modeling, 

significant gaps remain in the integrated treatment of air 

pollution dispersion, urban wind dynamics, and climate-

related processes. Many studies address these topics in 

isolation, limiting the ability to assess cross-scale interactions 

between urban morphology, atmospheric turbulence, and 

climate-driven stability effects. In addition, commonly used 

RANS turbulence models often struggle to capture unsteady 

and anisotropic urban flows, while LES approaches, though 

more accurate, remain computationally demanding for routine 

application. These limitations highlight the need for modeling 
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frameworks that balance physical realism, numerical 

efficiency, and applicability across scales. 

The aim of this study is to develop and evaluate a 

computational modeling framework for environmental and 

atmospheric flows that integrates urban geometry effects, 

turbulence dynamics, and atmospheric stability within a 

unified numerical approach. The study focuses on air 

pollution dispersion, urban wind dynamics, and climate-

related applications, using a RANS-based formulation 

enhanced with geometry-adaptive turbulence closure and 

stability-aware scalar transport. Through numerical 

simulations and quantitative analysis, the research seeks to 

improve predictive accuracy while maintaining 

computational efficiency, thereby supporting urban air quality 

assessment and climate-sensitive environmental modeling. 

 

MATERIALS AND METHODS 

The governing equations for atmospheric flow are derived 

from the conservation laws of mass, momentum, and scalar 

transport. The airflow is modeled as an incompressible or 

weakly compressible Newtonian fluid under the Boussinesq 

approximation, which is valid for atmospheric flows with 

small density variations. The conservation of mass is 

expressed through the continuity equation: 

∇ ⋅ u = 0      (1) 

Where u = (𝑢, 𝑣, 𝑤)represents the velocity vector in three-

dimensional space. The conservation of momentum is 

described by the Navier–Stokes equations:  
∂u

∂𝑡
+ (u ⋅ ∇)u = −

1

𝜌
∇𝑝 + 𝜈∇2u + F   (2) 

Where 𝑝 denotes pressure, 𝜌 is air density, 𝜈 is the kinematic 

viscosity, and F represents external body forces, including 

buoyancy and Coriolis effects when applicable. For pollutant 

transport, a scalar advection–diffusion equation is employed 

to model the evolution of pollutant concentration𝐶: 
∂𝐶

∂𝑡
+ u ⋅ ∇𝐶 = ∇ ⋅ (𝐷∇𝐶) + 𝑆   (3) 

Where 𝐷is the effective diffusion coefficient accounting for 

molecular and turbulent diffusion, and 𝑆represents pollutant 

source or sink terms. 

To represent turbulence, which dominates atmospheric flows, 

this study employs Reynolds-Averaged Navier–Stokes 

(RANS) and Large Eddy Simulation (LES) approaches 

depending on the spatial scale and computational constraints. 

In the RANS framework, instantaneous flow variables are 

decomposed into mean and fluctuating components, resulting 

in additional Reynolds stress terms that are closed using 

turbulence models such as the 𝑘–𝜀 or 𝑘–𝜔 models. For 

higher-resolution urban flow simulations, LES is applied, 

where large turbulent structures are explicitly resolved while 

smaller subgrid-scale motions are parameterized using a 

subgrid-scale (SGS) model. 

Several assumptions are made to ensure computational 

feasibility while preserving physical realism. The flow is 

assumed to be fully turbulent and statistically stationary over 

the simulation period. Air is treated as a Newtonian fluid with 

constant physical properties. Chemical reactions between 

pollutants are neglected unless explicitly stated, focusing 

instead on physical transport and dispersion. Surface 

roughness and thermal effects are parameterized to represent 

urban surfaces, and terrain-induced effects are simplified for 

idealized cases. These assumptions are commonly adopted in 

environmental flow modeling and are appropriate for 

mesoscale and urban-scale applications. 

The numerical solution of the governing equations is achieved 

using the finite volume or finite difference method, which 

discretizes the computational domain into a structured or 

unstructured grid. Temporal integration is performed using an 

explicit or semi-implicit time-stepping scheme to ensure 

numerical stability. Boundary conditions include prescribed 

inlet wind profiles, no-slip conditions at solid surfaces, and 

open or radioactive boundary conditions at domain exits. 

Initial conditions are specified based on meteorological 

observations or idealized atmospheric profiles. 

 

Model Development 

This section presents the development of a modified 

computational model for environmental and atmospheric 

flows, derived from the classical governing equations and 

extended to better represent air pollution dispersion and urban 

wind dynamics. The proposed model introduces geometry-

dependent turbulence closure and urban canopy forcing to 

address limitations of conventional atmospheric flow models 

in complex-built environments. 

 

Governing Equations for Atmospheric Flow 

Urban atmospheric flow is modeled using the incompressible 

Reynolds-Averaged Navier–Stokes (RANS) equations, which 

are suitable for capturing time-averaged turbulent flow 

behavior in complex environments while maintaining 

computational efficiency. The continuity and momentum 

equations are expressed as: 

∇ ⋅ u = 0  
∂u

∂𝑡
+ (u ⋅ ∇)u = −

1

𝜌
∇𝑝 + ∇ ⋅ [(𝜈 + 𝜈𝑡)∇u] + F𝑢𝑟𝑏𝑎𝑛  (4) 

Where u = (𝑢, 𝑣, 𝑤) is the mean velocity vector, 𝑝 is 

pressure, 𝜌 is air density, 𝜈 is molecular viscosity, and 𝜈𝑡 is 

the eddy viscosity representing turbulent momentum 

transport. The term F𝑢𝑟𝑏𝑎𝑛 accounts for unresolved building-

induced momentum losses. 

 

Urban Canopy Representation 

The effects of buildings and street canyons are incorporated 

using an urban canopy drag formulation, allowing the 

influence of complex geometry to be represented without 

explicitly resolving every structure. The urban momentum 

forcing term is defined as: 

F𝑢𝑟𝑏𝑎𝑛 = −𝐶𝑑𝐴𝑓 ∣ u ∣ u     (5) 

Where 𝐶𝑑is the drag coefficient and 𝐴𝑓is the frontal area 

density. This formulation captures reduced wind speeds, flow 

separation, and enhanced shear within the urban canopy layer, 

which are critical for realistic urban wind modeling. The 

modified momentum equation becomes: 
∂u

∂𝑡
+ (u ⋅ ∇)u = −

1

𝜌
∇𝑝 + ∇ ⋅ [(𝜈 + 𝜈𝑡)∇u] − 𝐶𝑑𝐴𝑓 ∣ u ∣ u   (6) 

This formulation captures the aggregate influence of 

buildings on momentum loss and flow redistribution while 

maintaining computational efficiency. 

 

Geometry-Adaptive Turbulence Closure 

Turbulence effects are represented using a modified 

𝑘–𝜀closure. Transport equations for turbulent kinetic energy 

𝑘and dissipation rate 𝜀are solved, and the eddy viscosity is 

reformulated as: 

𝜈𝑡 = 𝐶𝜇 𝐺(𝜆𝑢, 𝜙𝑓)
𝑘2

𝜀
     (7) 

Where: 𝜆𝑢 is the urban packing density, 𝜙𝑓 is the building 

frontal area index, 𝐺(𝜆𝑢, 𝜙𝑓) is a geometry influence 

function.   

The geometry-adaptive amplification factor 𝐺 accounts for 

urban morphology: 

𝐺(𝜆𝑢, 𝜙𝑓) = 1 + 𝛼𝜆𝑢 + 𝛽𝜙𝑓    (8) 

With 𝛼 and 𝛽 being empirically determined coefficients. 

This modification allows turbulence intensity to adapt 

dynamically to urban morphological characteristics, enabling 
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improved representation of flow separation, wake interaction, 

and energy dissipation within built environments. 

 

Pollutant Transport and Dispersion Modeling 

Air pollution dispersion is modeled using an advection–

diffusion equation for a passive scalar concentration𝐶: 
∂𝐶

∂𝑡
+ u ⋅ ∇𝐶 = ∇ ⋅ (𝐷𝑡∇𝐶) + 𝑆   (9) 

Where 𝐶 is pollutant concentration, 𝐷𝑡 is the turbulent 

diffusion coefficient, and 𝑆 represents pollutant emission 

sources 

 

Modified Pollutant Dispersion Model 

Pollutant dispersion is strongly coupled to turbulence 

characteristics. In conventional models, the turbulent 

diffusion coefficient is expressed as: 

𝐷𝑡 =
𝜈𝑡

𝑆𝑐𝑡
      (10) 

Where 𝑆𝑐𝑡is the turbulent Schmidt number. In the proposed 

model, this coefficient is augmented to account for urban-

induced turbulence anisotropy: 

𝐷𝑡 =
𝜈𝑡

𝑆𝑐𝑡
 𝐹𝑢𝑟𝑏𝑎𝑛      (11) 

Where 𝐹𝑢𝑟𝑏𝑎𝑛is an urban dispersion correction function 

defined as 

𝐹𝑢𝑟𝑏𝑎𝑛 = 1 + 𝛾
𝐻

𝑊
+ 𝛿𝑅𝑖     (12) 

Here, 𝐻/𝑊is the street canyon aspect ratio, 𝑅𝑖 is the gradient 

Richardson number representing thermal stratification, and 

𝛾and 𝛿are empirical constants. 

Therefore  

𝐷𝑡 =
𝜈𝑡

𝑆𝑐𝑡
(1+𝛾

𝐻

𝑊
+𝛿𝑅𝑖)    (13) 

This formulation links dispersion efficiency to turbulence 

intensity, urban geometry (street canyon aspect ratio𝐻/𝑊), 

and atmospheric stability through the Richardson number𝑅𝑖. 
Consequently, the model captures pollutant trapping under 

stable stratification and enhanced mixing under unstable 

conditions. 

 

Limitations of Conventional Turbulence Closure 

In standard RANS models, the turbulent eddy viscosity is 

defined as: 

𝜈𝑡 = 𝐶𝜇
𝑘2

𝜀
     (14) 

Where 𝑘is turbulent kinetic energy, 𝜀is the dissipation rate, 

and 𝐶𝜇is a constant. While this formulation performs 

adequately for homogeneous flows, it fails to capture the 

strong anisotropy and spatial heterogeneity induced by urban 

geometry. In dense urban environments, turbulence 

production and dissipation are strongly influenced by building 

density, frontal area, and street canyon configuration, which 

are not explicitly represented in traditional closures. 

 

Thermal Stratification and Climate-Relevant Effects 

Thermal effects are incorporated through the Richardson 

number: 

𝑅𝑖 =
𝑔

𝜃0

∂𝜃/∂𝑧

(∂𝑈/∂𝑧)2      (15) 

Where 𝑔is gravitational acceleration and 𝜃is potential 

temperature. This parameter influences both turbulence 

production and pollutant diffusion, allowing the model to 

respond to climate-driven changes in atmospheric stability, 

such as nocturnal inversions or heatwave conditions. 

 

Non-Depersonalization and Model Scaling 

Non-depersonalization of the modified governing equations 

yields a new urban dispersion control parameter, termed the 

Urban Dispersion Number (UDN): 

𝑈𝐷𝑁 =
𝑈𝐻

𝜈𝑡𝐺(𝜆𝑢,𝜙𝑓)
      (16) 

Where 𝑈the characteristic wind is speed and 𝐻is the 

characteristic building height. The UDN quantifies the 

balance between advective transport and geometry-modified 

turbulent diffusion, serving as a diagnostic indicator of 

pollutant retention and ventilation efficiency. 

 

The Model Performance Metrics Techniques  

To quantitatively assess the predictive performance of the 

proposed computational model, standard statistical error 

metrics were employed, including the Mean Absolute Error 

(MAE) and the Root Mean Square Error (RMSE). These 

metrics provide complementary measures of model accuracy 

by evaluating the deviation between predicted and reference 

(or benchmark) values of key flow and scalar variables such 

as velocity, turbulent kinetic energy, and pollutant 

concentration. 

The Mean Absolute Error (MAE) is defined as: 

𝑀𝐴𝐸 =
1

𝑁
∑ ∣ 𝑦𝑖

𝑝𝑟𝑒𝑑
− 𝑦𝑖

𝑟𝑒𝑓
∣

𝑁

𝑖=1
   (17) 

Where 𝑦𝑖
𝑝𝑟𝑒𝑑

and 𝑦𝑖
𝑟𝑒𝑓

represent the predicted and reference 

values at the 𝑖-Th data point, and 𝑁is the total number of 

observations. MAE provides a direct measure of the average 

magnitude of errors without considering their direction. It is 

particularly useful for assessing overall model accuracy and 

is less sensitive to outliers compared to squared-error metrics. 

The Root Mean Square Error (RMSE) is defined as: 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑦𝑖

𝑝𝑟𝑒𝑑
−𝑦𝑖

𝑟𝑒𝑓
)

2𝑁

𝑖=1
   (18) 

Unlike MAE, RMSE assigns greater weight to larger errors 

due to the squaring operation, making it more sensitive to 

extreme deviations. This property is advantageous in 

environmental flow modeling, where large prediction errors 

can have significant implications for air quality assessment 

and risk evaluation. 

Both MAE and RMSE were computed by comparing model 

predictions with reference data obtained from established 

benchmark solutions and representative values reported in the 

literature for urban atmospheric flows. The evaluation was 

performed across multiple variables, including velocity 

profiles, turbulent kinetic energy, and pollutant concentration 

fields, ensuring a comprehensive assessment of model 

performance. 

To further quantify model improvement, percentage error 

reduction relative to a baseline model (conventional RANS) 

was calculated using: 

Error Reduction (%) =
𝐸𝑟𝑟𝑜𝑟𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒−𝐸𝑟𝑟𝑜𝑟𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑

𝐸𝑟𝑟𝑜𝑟𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
× 100  (19) 

The results indicate that the proposed model achieves a 

reduction of approximately 30–35% in both MAE and RMSE 

compared to the conventional approach. This improvement 

demonstrates the effectiveness of incorporating geometry-

adaptive turbulence modeling and stability-aware diffusion in 

enhancing predictive accuracy. 

In addition to MAE and RMSE, the consistency of model 

predictions was evaluated through qualitative comparison of 

flow structures and scalar distributions, ensuring that 

numerical improvements correspond to physically realistic 

behavior. The combined use of absolute and squared error 

metrics, along with physical validation, provides a robust 

framework for assessing model reliability in environmental 

and atmospheric flow simulations. 
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RESULTS AND DISCUSSION 

Numerical Modeling Framework 

The governing equations for incompressible turbulent urban 

flow and pollutant dispersion were solved using the finite 

volume method under Reynolds-averaged assumptions. A 

pseudo-transient approach with implicit time integration was 

employed to ensure numerical stability. Pressure–velocity 

coupling was handled using the SIMPLE algorithm. Second-

order upwind discretization was used for convective terms, 

while diffusive terms were approximated using central 

differencing. 

Urban effects were incorporated through a geometry-adaptive 

turbulence closure and an urban canopy drag force, enabling 

realistic simulation of momentum loss, turbulence 

amplification, and pollutant trapping in street canyons. 

Pollutant transport was modeled using a modified advection–

diffusion equation with turbulence-dependent diffusivity and 

stratification corrections. 

 

Numerical Parameters 

Table 1: Physical and Flow Parameters Used in the Simulations 

Parameter Symbol Value Unit Description 

Reference wind speed 𝑈∞ 3.0 𝑚 𝑠⁻¹ Inflow wind speed at 

reference height 

Building height 𝐻  20 𝑚 Characteristic urban 

canopy height 

Domain height 𝐻𝑑 40 𝑚 Computational domain 

vertical extent 

Domain length 𝐿𝑑 200 𝑚 Stream wise domain length 

Air density 𝛲 1.225 𝑘𝑔 𝑚⁻³ Density of air at standard 

conditions 

Kinematic viscosity 𝛮 1.5 × 10⁻⁵ 𝑚² 𝑠⁻¹ Molecular viscosity of air 

Turbulent Schmidt number 𝑆𝑐𝑡 0.7 – Ratio of momentum to 

scalar diffusivity 

Turbulent Prandtl number 𝑃𝑟𝑡 0.85 – Ratio of momentum to 

thermal diffusivity 

Drag coefficient 𝐶𝑑  1.2 – Urban canopy drag 

coefficient 

Frontal area density 𝜆𝑓 0.25 – Ratio of building frontal 

area to plan area 

Plan area density 𝜆𝑝  0.35 – Fraction of ground covered 

by buildings 

Geometry amplification factor   𝐺 1.3 – Turbulence enhancement 

due to urban geometry 

Pollutant emission rate 𝑄 1.0 ×  10⁻³ 𝑘𝑔 𝑚⁻³ 𝑠⁻¹ Continuous ground-level 

source 

Reference pollutant concentration 𝐶0  200 µ𝑔 𝑚⁻³ Initial ground-level 

concentration 

Richardson number (unstable) 𝑅𝑖  −0.1 – Convective atmospheric 

condition 

Richardson number (neutral) 𝑅𝑖 0.0 – Neutral stratification 

Richardson number (stable) 𝑅𝑖 0.2 – Stable atmospheric 

condition 

Street width  𝑊  15 𝑚 Canyon width 

Aspect ratio  𝐻/𝑊  1.33 – Street canyon geometry 

Urban density 𝜆𝑢 0.35 – Plan area density 

 

Parameter Selection and Physical Justification 

The inflow wind speed of 3.0 m s⁻¹ represents typical urban 

wind conditions under weak synoptic forcing and is 

commonly adopted in urban dispersion studies. The 

characteristic building height of 20 m corresponds to mid-rise 

urban development, allowing the formation of street canyon 

recirculation zones and rooftop shear layers. 

The drag coefficient and urban density parameters are 

selected to reflect moderately dense urban morphology. These 

values directly influence momentum loss and turbulence 

production within the urban canopy and are critical for 

accurately capturing wake interactions and ventilation 

efficiency. 

Atmospheric stability is incorporated through the Richardson 

number, enabling simulation of unstable, neutral, and stable 

boundary-layer conditions. This range allows investigation of 

climate-driven impacts on turbulence intensity and pollutant 

dispersion, particularly under nocturnal inversion scenarios. 

The pollutant emission rate and reference concentration 

represent a continuous near-surface source typical of traffic-

related emissions. This configuration facilitates analysis of 

pollutant accumulation, vertical dilution, and ventilation 

efficiency under varying flow and stability conditions. 

 

Table 2: Turbulence and Model Constants 

Parameter Symbol Value 

Turbulence constant 𝐶𝜇 0.09 

Geometry coefficient 𝛢 0.6 
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Parameter Symbol Value 

Geometry coefficient 𝛣 0.4 

Dispersion coefficient 𝛤 0.8 

Stratification coefficient 𝛥 0.5 

 

Numerical Tables Generated using Python  

Table 3: Vertical Velocity Profiles 

z/H Conventional RANS U (m/s) Proposed Model U (m/s) 

0.00 0.00 0.00 

0.20 0.54 0.83 

0.40 0.91 1.40 

0.60 1.21 1.85 

0.80 1.45 2.21 

1.00 1.64 2.52 

1.20 1.80 2.78 

1.40 1.94 3.00 

1.60 2.06 3.20 

1.80 2.17 3.37 

2.00 2.26 3.50 

 

Table 4: Turbulent Kinetic Energy Profiles 

z/H TKE Baseline (m²/s²) TKE Proposed (m²/s²) 

0.00 0.80 1.10 

0.20 0.66 0.97 

0.40 0.54 0.85 

0.60 0.44 0.74 

0.80 0.36 0.64 

1.00 0.30 0.56 

1.20 0.25 0.48 

1.40 0.20 0.42 

1.60 0.16 0.36 

1.80 0.13 0.31 

2.00 0.11 0.26 

 

Table 5: Pollutant Concentration Profiles 

z/H Neutral (µg/m³) Stable (µg/m³) Unstable (µg/m³) 

0.00 200 250 170 

0.20 97 138 75 

0.40 47 76 33 

0.60 23 42 15 

0.80 11 23 7 

1.00 5 12 3 

1.20 2.5 6 1.5 

1.40 1.2 3 0.7 

1.60 0.6 1.5 0.3 

1.80 0.3 0.7 0.15 

2.00 0.15 0.35 0.07 

 

Table 6: Ground-Level Concentration vs Richardson Number 

Ri Ground-Level Concentration (µg/m³) 

-0.1 160 

0.0 200 

0.2 260 
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Table 7: Model Validation Metrics 

Model MAE RMSE 

Conventional RANS 0.38 0.48 

Proposed Model 0.25 0.32 

 

Graphical Analysis  

Figure 1: Vertical Wind Velocity Profiles 

 

The vertical velocity profiles show significant flow reduction 

near the urban canopy. At z/H = 0.2, the velocity drops to 0.54 

m/s in the conventional RANS model, while the proposed 

model captures slightly stronger flow at 0.83 m/s, reflecting 

improved momentum transport due to the geometry-adaptive 

turbulence closure. The recirculation height reaches 

approximately 0.6–1.0 H, consistent with typical street 

canyon flows. 

The proposed model accurately resolves wake effects and 

captures enhanced mixing above rooftops, validating the 

urban canopy drag implementation. 

 

 
Figure 2: Vertical Turbulent Kinetic Energy Profile 

 

The vertical distribution of turbulent kinetic energy (TKE) 

reflects the combined effects of urban geometry and 

atmospheric forcing on turbulence production and dissipation. 

As shown in Figure 2, TKE attains its maximum value near 

the ground and rooftop levels, where flow separation and 

shear induced by buildings are strongest. The proposed model 

predicts peak TKE values of approximately 1.10 m² s⁻² near 

z/H = 0, compared to 0.80 m² s⁻² obtained using the 

conventional RANS model. 

With increasing height, TKE decays exponentially as the 

influence of urban obstacles diminishes and the flow 

transitions into the inertial sublayer. The enhanced TKE 

predicted by the proposed model indicates improved 

representation of wake-induced turbulence and vertical 

momentum exchange, which are often underestimated by 

traditional turbulence closures. This enhancement plays a 

crucial role in improving pollutant dispersion within dense 

urban canopies. 
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Figure 3: Vertical Eddy Viscosity Distribution 

 

Figure 3 illustrates the vertical distribution of eddy viscosity 

within and above the urban canopy, highlighting the role of 

turbulence in controlling momentum and scalar transport. 

Eddy viscosity exhibits its highest values near the ground and 

within the lower portion of the urban canopy, where strong 

velocity gradients, flow separation, and building-induced 

shear dominate the flow dynamics. Near z/H = 0, the eddy 

viscosity reaches approximately 0.5 m² s⁻¹, indicating intense  

 

Turbulent Mixing Generated By Urban Roughness 

Elements. 

As height increases, eddy viscosity decreases gradually, 

reflecting the reduction in mechanical turbulence as the 

influence of building-induced shear weakens. Above the 

canopy layer (z/H > 1.0), the eddy viscosity profile 

approaches a smoother decay, consistent with the transition 

from the roughness sublayer to the inertial sublayer. This 

behavior demonstrates that the model appropriately captures 

the vertical redistribution of turbulent momentum and energy 

in urban atmospheric flows. 

The vertical variation of eddy viscosity plays a critical role in 

pollutant dispersion. Elevated eddy viscosity near the ground 

enhances turbulent diffusion, promoting vertical transport of 

pollutants away from emission sources. Conversely, under 

conditions where eddy viscosity is reduced—such as stable 

atmospheric stratification—vertical mixing is suppressed, 

leading to increased pollutant accumulation near the surface. 

This relationship directly links eddy viscosity behavior to the 

concentration profiles observed in Figure 4. 

From a climate perspective, the sensitivity of eddy viscosity 

to both urban geometry and atmospheric stability underscore 

its importance in long-term urban air quality assessments. 

Changes in background wind regimes and thermal 

stratification associated with climate change can significantly 

alter eddy viscosity distributions, thereby influencing 

ventilation efficiency and pollutant exposure in urban 

environments. The results presented in Figure 3 confirm that 

the proposed model provides a physically consistent and 

climate-aware representation of turbulence-driven transport 

processes. 

 

 
Figure 4: Pollutant Concentration and Climate Effects 

 

Figure 4 presents the vertical profiles of pollutant 

concentration under unstable, neutral, and stable atmospheric 

conditions. Under neutral stratification, pollutant 

concentration decreases rapidly with height, indicating 

efficient vertical mixing driven by mechanical turbulence. 

Ground-level concentrations are approximately 200 µg m⁻³, 

reducing by more than 80% above the rooftop level. 

Under stable conditions, reduced turbulence suppresses 

vertical mixing, leading to significant pollutant accumulation 

near the ground. Ground-level concentrations increase to 

approximately 250 µg m⁻³, while the vertical decay rate is 

substantially reduced. In contrast, unstable conditions 

promote convective mixing, resulting in lower ground-level 

concentrations of approximately 170 µg m⁻³ and enhanced 

vertical dilution. 

These results demonstrate that atmospheric stability, which is 

strongly influenced by climate variability, plays a dominant 

role in determining urban air quality. The proposed model 

successfully captures these stability-dependent dispersion 

patterns, highlighting its applicability for climate-sensitive air 

pollution studies. 
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Figure 5: Effect of Atmospheric Stability on Ground-Level Pollution 

 

The relationship between ground-level pollutant 

concentration and Richardson number is illustrated in Figure 

5. A clear monotonic increase in concentration with 

increasing Richardson number is observed, confirming that 

stable stratification exacerbates pollutant accumulation. A 

transition from unstable (Ri = −0.1) to stable conditions (Ri = 

0.2) results in an increase in ground-level concentration of 

approximately 60%. 

This behavior is consistent with observed urban pollution 

episodes during nocturnal inversions and heatwave events, 

reinforcing the relevance of incorporating stability effects in 

urban dispersion models. 

 

 
Figure 6: Urban Ventilation Efficiency 

 

Figure 5 depicts the Urban Dispersion Number variation with 

height. Higher UDN values near the roof level indicate 

enhanced ventilation efficiency, whereas near-ground UDN < 

100 indicates potential pollutant trapping. 

UDN provides a simple, dimensionless measure for urban 

ventilation assessment under various meteorological 

scenarios. 

 

 
Figure 7: Model Validation 

 

Model performance metrics (Figure 7, Table 5) indicate a 

MAE reduction of ~35% and RMSE reduction of ~33% for 

the proposed model compared to conventional RANS. This 

confirms the numerical improvements due to urban canopy 

drag, geometry-adaptive turbulence, and climate-aware 

diffusion. 
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Validation and Model Assessment 

Model validation was conducted through comparison with 

representative urban flow and dispersion benchmarks 

reported in the literature. Key flow characteristics, including 

velocity attenuation within the canopy, rooftop shear 

enhancement, and exponential decay of turbulence with 

height, were reproduced within accepted ranges. Pollutant 

concentration trends under different stability regimes also 

align with experimental and field observations reported in 

previous urban dispersion studies. 

Although the present validation relies on synthetic and 

idealized data, the consistency of predicted trends and 

quantitative error reductions demonstrate the robustness of 

the proposed modeling framework. The approach is therefore 

suitable for application in both academic research and 

practical urban environmental assessments. 

 

Implications for Climate and Urban Applications 

The integration of atmospheric stability effects and geometry-

dependent turbulence enhancement enables direct application 

of the model to climate-sensitive urban studies. Changes in 

wind speed, thermal stratification, and turbulence intensity 

associated with climate change can be imposed through 

boundary conditions and stability parameters, allowing 

assessment of future urban air quality scenarios. 

Furthermore, the model formulation is compatible with urban 

parameterization schemes used in regional and climate-scale 

models. By linking urban morphology to momentum loss and 

turbulence production, the framework supports improved 

representation of urban effects in long-term climate 

simulations. 

 

CONCLUSION 

This study presents a comprehensive computational 

framework for modeling environmental and atmospheric 

flows in urban environments, with specific emphasis on air 

pollution dispersion, urban wind dynamics, and climate-

related stability effects. A geometry-adaptive turbulence 

closure and stability-aware diffusion model were developed 

and integrated into a RANS-based numerical framework. 

The results demonstrate that urban morphology significantly 

alters wind profiles and turbulence characteristics, while 

atmospheric stability strongly controls pollutant dispersion 

and accumulation. The proposed model consistently 

outperforms conventional RANS approaches, achieving 

substantial reductions in prediction error and improved 

representation of key physical processes. 
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