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Abstract Urban street canyons in tropical regions tend to experience pollutant accumulation due to complex urban
geometries and atmospheric chemical transformation processes. This study investigates the influence of urban obstacles,
including buildings and simplified roadside obstacles, on the reactive transport of NO2—O3 within a tropical street canyon
using Computational Fluid Dynamics (CFD). The CFD framework is based on the Reynolds-Averaged Navier—Stokes
(RANS) equations with the k-w Shear Stress Transport (SST) turbulence model. The case study was conducted along Dr.
Ir. H. Soekarno Street, East Surabaya, Indonesia, incorporating NO2 photolysis and subsequent gas-phase reactions leading
to the formation of O3 and NO, thereby representing a non-conservative pollutant system. Simulation results indicate that
the presence of obstacles alters the airflow structure within the street canyon, characterized by the development of high-
pressure zones on the windward side of buildings and weakened airflow in the mid-canyon region. The concentration fields
further show that the simplified obstacle configuration influences local ventilation and the spatial distribution of reactive
pollutants NOg and Os. It should be noted that the roadside obstacle elements were represented as simplified solid barriers,
and thus the model does not explicitly resolve porous vegetation effects such as canopy drag, turbulence generation, or
pollutant deposition. The integration of non-conservative atmospheric chemistry within the CFD model provides insight into
NO2-03 interaction dynamics under the obstacle configuration. Overall, the model achieved numerical convergence and
remained stable throughout the simulation, demonstrating its capability to represent the effects of simplified urban obstacle
on pollutant transport under the examined conditions.
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1. Introduction

Air quality in tropical urban areas is influenced by anthropogenic activities, meteorological conditions, and
complex urban geometries [1, 2, 3]. Its adverse effects may develop over time and are often difficult to assess
comprehensively [4]. In street canyon environments, interactions among opposing building facades, roadside
green spaces, and local wind patterns often result in restricted air circulation, thereby increasing the potential
accumulation of reactive pollutants near the road surface [5, 6, 7, 8]. This condition is further complicated by
atmospheric chemical transformations, particularly involving nitrogen oxides (NO,) and ozone (Oj3), which are
strongly influenced by solar radiation intensity and turbulence dynamics [9, 10]. As one of the major transportation
corridors in Surabaya, Dr. Ir. H. Soekarno Street provides a representative case for investigating the interaction
between street-canyon geometry and reactive pollutant transport.
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Nitrogen dioxide (NO;) is one of the primary pollutants emitted from motor vehicles and is highly reactive
once released into the atmosphere. NO5 can undergo photolysis to form nitrogen monoxide (NO) and atomic
oxygen, which subsequently contribute to tropospheric ozone formation through a series of gas-phase reactions
[10, 11]. In tropical regions such as Surabaya, high solar irradiance and distinct meteorological characteristics play
a critical role in accelerating NO; photochemical reactions [12]. The presence of urban obstacles such as buildings
and vegetation also influences airflow patterns and ventilation within street canyons [13, 14, 15]. Buildings act
as physical barriers that can generate stagnation zones, pressure gradients, and recirculation patterns [16, 17],
while vegetation may either enhance or reduce local turbulence and affect the deposition and dispersion of reactive
pollutants [18, 19]. Although various air quality models such as AERMOD, CALPUFF, and WRF-Chem have been
widely used to predict urban pollution, these models generally focus on physical transport and do not explicitly
integrate obstacle effects or non-conservative chemical reactions at the street scale [20, 21].

Computational Fluid Dynamics (CFD) is well suited for this purpose because it can resolve airflow and pollutant
dispersion at high spatial resolution in complex urban geometries [22, 23, 24, 25]. When implemented within a
Reynolds-Averaged Navier—Stokes (RANS) framework, CFD provides a practical balance between computational
cost and predictive capability for urban environmental applications [26]. Among available turbulence closures, the
k—w Shear Stress Transport (SST) model is widely used for urban-flow simulation because it performs well in
regions with strong shear, wall effects, and flow separation [27, 28].

Although numerous studies have examined pollutant dispersion in street canyons, most previous works have
primarily focused on either physical transport processes or simplified reactive mechanisms, with relatively few
studies simultaneously considering obstacle-induced flow modification and reactive NOy—Oj3 chemistry in tropical
urban environments. Existing studies are particularly limited in integrating these aspects under meteorological
conditions typical of Indonesia, especially in Surabaya. In this study, the roadside green-strip elements observed
in the real street canyon are represented in the CFD model as simplified solid obstacle regions, providing
a controlled framework to isolate the primary influence of obstacle presence on the coupled flow—chemistry
system without explicitly resolving porous vegetation dynamics. This study addresses that gap by integrating
non-conservative photochemical reactions with obstacle-induced airflow modifications in CFD simulations under
typical meteorological conditions in Surabaya. Therefore, this study aims to analyze the influence of urban
obstacles on airflow patterns and the distribution of reactive NO,—QOj3 pollutants in a tropical street canyon using the
k—w SST turbulence model. The main contribution of this study is the coupling of a CFD-based RANS framework
with a simplified reactive chemistry scheme to examine how obstacle-modified airflow affects NO,—Og3 dynamics
under tropical conditions, with relevance to urban air quality assessment in tropical cities.

2. Methods

2.1. Study Area and Domain Configuration

The study was conducted using a representative tropical street canyon located along Dr. Ir. H. Soekarno Street
in East Surabaya, Indonesia (7°18'49.07”S, 112°46’50.56"E). This study used average meteorological data from
January to March 2024, corresponding to the rainy season. The meteorological data used in this study were obtained
from the BMKG Juanda station, the nearest meteorological station to the study area. Ambient air quality data
were obtained from the SUF 6 air quality monitoring station located in Wonorejo, Surabaya. These data provided
essential input for the simulation, including parameters such as wind speed, temperature, and solar radiation, which
are critical for accurate CFD modeling of the street canyon environment. The area is characterized by high traffic
density and the presence of buildings and roadside vegetation (represented as simplified obstacles in the CFD
model) that form a semi-enclosed urban canyon. Fig. 1 illustrates the location of the simulation domain.

The canyon consists of two parallel road segments bounded by two rows of buildings and flanked by roadside
vegetation. Each building block measures 185 m in length, 30 m in width, and 15 m in height. Three vegetated
strips are positioned between and beside the road segments, with widths of 5 m, 8 m, and 5 m, respectively. In
the present CFD model, these vegetated strips are represented as simplified solid obstacle regions to isolate the
primary aerodynamic effect of obstacle presence, rather than explicitly resolving porous vegetation behavior. The

Stat., Optim. Inf. Comput. Vol. x, Month 202x



2 INFLUENCE OF URBAN OBSTACLES ON REACTIVE NO2-O3 TRANSPORT IN A TROPICAL STREET CANYON

Figure 1. Location of the study area

computational domain extends 245 m in the streamwise direction, 124 m laterally, and 60 m vertically to minimize
blockage effects and ensure a realistic representation of the approaching airflow (Fig. 2 and 3). This domain size
satisfies common best-practice recommendations for CFD simulations of urban street canyons.
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Figure 2. Street canyon geometry at the study location, top view

2.2. Governing equations and turbulence modeling

In this study, Computational Fluid Dynamics (CFD) was used to simulate the behavior of atmospheric airflow
within an urban street canyon. The simulations were performed using ANSYS Fluent 2024 R2, licensed through
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Figure 3. Street canyon geometry at the study location, side view

Institut Teknologi Sepuluh Nopember (ITS), Surabaya. Airflow transports mass, momentum, and energy, and its
motion is governed by the fundamental conservation laws of mass, momentum, and energy. The conservation of
mass ensures that no artificial mass is created or lost within the computational domain. When air flows between
two opposing buildings forming a street canyon, no new air spontaneously appears or disappears; therefore, mass
continuity must be satisfied. Similarly, the airflow within the canyon is subjected to external forcing from the
incoming wind, resistive forces from building surfaces, and viscous shear between fluid layers. These interactions
require the conservation of momentum to determine the resulting velocity and pressure fields.

Furthermore, because this study examines reactive transport involving non-conservative gas species, the
conservation of energy is also relevant. Energy affects temperature, density, viscosity, and chemical reaction rates,
particularly the photochemical transformation of NO,. The governing conservation equations for mass, momentum,
and energy are expressed as follows [29, 30].

Mass conservation:

Ip
“r (pu;) = 1
5 TV (pui) =0 (1)
Momentum conservation:
¢ (Pui) +V - (puiu;) = VP +V -7+ pg 2
Energy conservation:
9(ph) )
5 + V- (pujh) =V - (kg VT) + Sh 3)
Where:
h=C,T S
_ Mth
kie = Ky + Pr (5)
Sh = Kabs * I (6)

The variables in Egs. (1)—(6) are defined as follows: p is the air density (kg/m3); u; (i = z,y, z) denotes the
velocity components (m/s); P is the static pressure (Pa); 7 is the viscous stress tensor (N/m?); g is the gravitational
acceleration (m/s?); h is the specific enthalpy (J/kg); C,, is the specific heat at constant pressure (J/kg-K); T is the
temperature (K); k; g is the effective thermal conductivity (W/m-K); p. is the turbulent viscosity (kg/m-s); Pr is
the Prandtl number; S}, is the volumetric heat source term representing solar radiative heating (W/m?); otaps is the
effective volumetric absorption coefficient (m~1), representing the fraction of incident solar energy absorbed per
unit depth of the air column or road surface; and I is the incident solar radiation intensity at the surface (W/m?),
obtained from field measurements at the BMKG Juanda station during the study period.

The volumetric heat source term S, in Eq. (6) represents the conversion of absorbed solar radiation into thermal
energy within the computational domain. This formulation follows the approach commonly adopted in urban CFD
energy models, in which the incident solar flux I is scaled by an effective absorption coefficient x5 to yield a
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volumetric source term consistent with the energy conservation equation [28]. In the present study, x,1,s was set to
1/L,, where L, denotes the vertical extent of the domain (60 m), assuming a uniform distribution of solar heating
across the full domain height. This is equivalent to treating the absorbed solar energy as uniformly distributed over
the vertical column of the computational domain, providing a simplified but physically consistent representation of
the solar heating effect on the canyon air temperature. It is acknowledged that this assumption does not resolve the
vertical profile of radiative absorption or the effect of building shadowing, and therefore represents a limitation of
the present thermal formulation.

Turbulent flows contain kinetic energy associated with small-scale velocity fluctuations, which evolve through
production and dissipation mechanisms. To represent these effects, the turbulent kinetic energy equation accounts
for the generation of turbulence by mean shear, while the specific dissipation rate equation describes the viscous
dissipation of turbulent energy into heat. This study employs the k—w Shear Stress Transport (SST) turbulence
model, which is specifically designed for flows characterized by steep velocity gradients, flow separation, and
strong shear, all of which commonly arise in urban street canyons. The SST model combines the advantages of the
k—w model near wall surfaces, where accurate near-wall resolution can be achieved without wall functions, with
the stability of the k—¢ model in free-stream regions through a blending function [27]. The governing transport
equations of the SST model are given below.

Turbulent kinetic energy equation (k)

olpk) | Dpusk)
ot [“)xj

X 0 ok
=P, —pB kw+8xj{('u+ak'ut)8xj} @)

Specific dissipation rate equation (w)

d(pw)  O(pujw) w 5 0 Ow 1 0k Ow
=a—P, - — whtt) =— | +2(1 — F1)poya—— 8
ot * 0 Tt fpes +3xj i+ owpe) Ox; 2 1)po *w Oxj Ox; ®
Where:
Pk = QutSijSij (9)
= pa k. (10)
pe=p 1max(a1w, SF)
285:5i; (11)

The variables in Egs. (7)—(11) are defined as follows: k is the turbulent kinetic energy (m?/s?); w is the specific
dissipation rate (1/s); Py is the term for turbulence production; 3, 8*, a, ok, 0,,, and o, are model constants; y is
the laminar dynamic viscosity (kg/(m-s)); p, is the turbulent viscosity; F; and F; are the blending functions used
in the SST formulation.

2.3. Reactive species transport

Reactive transport in this study involves non-conservative chemical species whose concentrations change not only
through advection and diffusion but also through chemical transformation. A non-conservative species may be
generated or depleted depending on the reaction pathways in which it participates, making it essential to solve the
reactive species transport equations simultaneously with the flow field. The transport of chemical species in airflow
for non-conservative species can be expressed as follows:

9(pYi)
ot

+ V- (puYy) ==V - Ji+ R +S; (12)
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In Eq. (12), puY; represents the advection term, J; denotes the diffusion term, R; is the chemical reaction term,
and .5; is the additional pollutant source term. The terms .J; and R; are defined as follows:

K Ho
Jo=— (&4 L)y, 13
(Sc + Sct> (13
R; = viM;k.(T) [ [ C (14)
J
The temperature-dependent reaction rate constant k,.(7') is calculated using the Arrhenius equation:
k.(T)=AT"e _ L (15)
T = Xp RT

In the non-conservative gas equation, the following assumptions are applied:

 Steady-state condition:
9(pY3)
ot
* Assuming steady-state conditions and a predominantly one-dimensional flow along the streamwise (z)
direction, with constant density (p) and velocity (u), the convective transport term can be simplified as:

=0 (16)

ay
V- (puY;) = pu— 17
(puYi) = pu— 17
Substituting this expression into Eq. (12) yields the reduced one-dimensional form of the species transport
equation:
dy d I we \ dY
o 2 LT el 2 ettt . . 1
pudx dx {(Sc—i_Sct dx + R+ 5 (18)
If w, pe, Se, and Se, are assumed constant along z, Eq. (18) simplifies to
dy I e\ d?Y
baba (Y o BT o 2 Wt , , 1
P iz (Sc + Sc: ) dx? + R+ S (19)

Then, the effective diffusion coefficient (D.g) is defined as follows:

Lip
Do =—| 5+ 20
i P <Sc + Sct> (20)
If the pollutant concentration is defined as C' = pY’, then
e d*C
UE —DeHW‘FRi‘FSi 21

The additional variables in Egs. (20) and (21) are defined as follows: S; denotes other pollutant sources within
the volume; Sc is the laminar Schmidt number; Sc; is the turbulent Schmidt number; &, is the reaction rate constant
based on the Arrhenius equation; A is the pre-exponential factor or reaction kinetic constant; 7" is the temperature;
E, is the activation energy (J/mol or J/kmol); R is the ideal gas constant; C'is the species concentration expressed
in solver-consistent units (kmol/m?), while the reported concentrations are converted to ;.g/m?® for comparison with
observed ambient concentrations; and Y is the mass fraction of the pollutant.

The reactive transformation of NOs and Ojs in the street canyon is represented by the following reactions:

NOs + hv - NO+ O (22)
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O+0+M —03+M (23)

NO + O3 — NO3 + O (24
Reaction (22) is governed by the photolysis frequency:

Ry = J[NO,) (25)

In this study, the photolysis frequency J is treated as a prescribed constant representative of daytime tropical
conditions, rather than being derived from an attenuation-based formulation. The use of a constant photolysis
frequency in the present study was adopted to isolate the first-order effect of obstacle-induced flow modification on
reactive pollutant transport while keeping the chemical mechanism computationally tractable. Although the actual
photolysis rate varies with solar angle, cloud cover, and atmospheric composition throughout the day, incorporating
such temporal variability would require a more comprehensive radiative-photochemical framework beyond the
scope of the present steady-state CFD analysis. The value of .J is specified as 0.005 s~—! based on literature-
reported ranges for similar environmental conditions [32, 33]. This assumption provides a simplified representation
of photochemical processes and avoids the need for detailed radiative transfer modeling. In reality, J depends on
actinic flux, solar angle, and atmospheric conditions; however, such effects are beyond the scope of the present
study.

Homogeneous gas-phase reactions, i.e., Eqs. (23) and (24), are modeled using literature-based reaction-rate
constants [35].

n Ea
R, = AT exp( RT) (26)
where R, is the reaction rate (kmol/m®-s), A is the pre-exponential factor, T is the temperature (K), n is the
temperature exponent, F, is the activation energy (J/kmol), and R is the universal gas constant. Reaction (23) is a
three-body reaction whose effective rate constant is expressed as

ke = ko[M] (27)
with:
ko(300K) = 6.0 x 10~>* cm® molecule 2 s+ (28)
At 1 atm and 298 K, the concentration of air is
[M] = 2.46 x 10" molecule/cm?® 29)
Thus, the effective rate constant becomes
6 1 1 3
ket = 6.0 x 10734 — 2 %246 x 101 T tC = 1476 x 107 —— (30)
molecule” - s cm? molecule - s

To be compatible with ANSYS Fluent, this rate constant was converted into m®/kmol-s using Avogadro’s
number:

ko = ket X Ng 31
cm?® m3 molecule
ko =1476 x 107 ———— x 1075 — % 6.022 x 10 ——— 32)
molecule - s cm3 kmol
3
ko = 8.89 x 106 (33)
kmol - s
The reaction between NO and O3 (Reaction (24)) has a temperature-dependent rate constant:
kno+05(298K) = 1.8 x 10~ ¢m® molecule st (34)
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Converted to the Fluent convention:

/{:3 = kNo+03(298 K) X NA (35)
cm? m? molecule
ks =18x107" ——— x107% — x6.022 x 10*6 ——— (36)
molecule - s cm3 kmol
3 3
s =1.08x 107 —  ~11x107 — > (37)
kmol - s kmol - s

For clarity, the simplified chemical mechanism adopted in this study, together with the corresponding rate
parameters and literature sources, is summarized in Table 1.

Table 1. Summary of the simplified chemical mechanism and reaction parameters used in the CFD model

Reaction Expression Rate parameter Value / Unit Source / Note
R1 NOs3 + hv —+ NO + O J 0.005 st Prescribed constant representa-
tive of daytime tropical condi-
tions; literature-based [32, 33]

R2 0+02+M—03+M ko 8.89 x 10° Derived from effective
m3/(kmol-s) three-body reaction rate and
converted to Fluent-compatible

units [31, 35]
R3 NO + O3 — NO32 + O3 k3 1.1 x 107 Literature-based rate constant
m?3/(kmol-s) converted to Fluent-compatible

units [31, 35]

The adopted reaction-rate constants provide a simplified representation of the coupled NO,—Oj3 chemical
system considered in this study [36]. In CFD simulations using ANSYS Fluent, the input data for NO, and Og
concentrations must be expressed in the form of mass fractions or mole fractions of pollutant species. In this
context, species refer to chemical components present in the gas mixture. The mass fraction values were specified
in the species boundary condition settings. In this study, the chemical species considered were NOs, O3, No, Oo,
H50, O, and NO.

The background concentrations obtained from field measurements were originally expressed in pg/m3. Prior to
implementation in the CFD model, these values were converted into molar concentrations (kmol/m?) using the
molecular weight of each species and subsequently transformed into species fractions consistent with the species
transport formulation in ANSYS Fluent. This procedure ensures consistency between the imposed inlet conditions
and the reaction-rate constants, which are defined in kmol-based units.

2.4. Mesh Generation and Quality

In CFD simulations, mesh quality is a crucial factor in ensuring the accuracy and reliability of the results. A well-
constructed mesh enables accurate resolution of airflow and pollutant transport, whereas poor mesh quality may
introduce numerical errors and reduce the accuracy of the simulation. In this study, a high-quality computational
mesh was generated to simulate the airflow and reactive pollutant transport within the street canyon.

The mesh consists of 25,162,079 elements, providing fine spatial resolution, particularly in critical regions such
as near the urban obstacles (buildings and vegetation) and the ground surface (Table 2). Several mesh quality
indicators were evaluated, including skewness, aspect ratio, and orthogonal quality. The minimum, maximum,
and average skewness values were 1.3057 x 1071, 0.79993, and 0.17569, respectively, with a standard deviation
of 0.12421. For the aspect ratio, the minimum, maximum, and average values were 1.0, 97.774, and 4.837,
respectively, with a standard deviation of 9.1106. In addition, the orthogonal quality ranged from 0.20007 to 1.0,
with an average value of 0.82318 and a standard deviation of 0.12307. These values indicate that the generated
mesh is of acceptable quality for CFD simulation of airflow and reactive pollutant transport in the street canyon.

The skewness of the mesh elements, which measures the deviation from ideal element shapes, shows a minimum
value of 1.3057 x 10~1°, a maximum value of 0.79993, and an average value of 0.17569. This relatively low
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Table 2. Mesh Quality

No Parameter Number
1  Elements 25,162,079
2 Skewness min 1.3057 x 10710
3 Skewness max 0.79993
4 Skewness ave 0.17569
5 Std dev skewness 0.12421
6  Aspect ratio min 1.0
7  Aspect ratio max 97.774
8  Aspect ratio ave 4.837
9  Std dev aspect ratio 9.1106
10 Ortho quality min 0.20007
11 Ortho quality max 1.0
12 Ortho quality ave 0.82318
13 Std dev ortho quality 0.12307

average skewness indicates that most mesh elements are close to their ideal shapes, thereby supporting accurate
numerical calculations. The standard deviation of 0.12421 further confirms that the mesh is generally well
constructed, with only a limited number of highly skewed elements.

The orthogonal quality of the mesh, which indicates how close the mesh elements are to being orthogonal,
is another important indicator of mesh quality. In this study, the minimum orthogonal quality is 0.20007, the
maximum orthogonal quality is 1.0, and the average orthogonal quality is 0.82318. The standard deviation of
0.12307 indicates that the mesh is predominantly composed of well-orthogonal elements, which is essential for
accurate flow and turbulence predictions. Although the maximum aspect ratio reaches 97.774, this value does not
represent the general condition of the mesh. The relatively low average aspect ratio (4.837), together with the low
average skewness and good average orthogonal quality, indicates that the mesh quality remains acceptable for the
present CFD simulation. Therefore, the high aspect-ratio value should be understood as a localized mesh feature
rather than a dominant property of the computational grid as a whole.

Overall, the mesh quality assessment confirms that the generated mesh is sufficiently good for simulating airflow
and pollutant dispersion in the street canyon. Although some elements exhibit relatively high aspect ratios, the
overall mesh quality, as indicated by the low skewness and good orthogonal quality, ensures the reliability of the
simulation results. Therefore, the generated mesh is considered suitable for CFD analysis of reactive pollutant
transport in the urban environment.

2.5. Boundary conditions

Appropriate boundary conditions are essential to ensure that the simulated airflow and reactive pollutant transport
realistically represent the physical conditions of the urban street canyon. In this study, the boundary conditions were
defined based on measured meteorological parameters, street geometry, and pollutant concentrations representative
of tropical urban environments. The upstream boundary of the computational domain was prescribed as a velocity
inlet, representing the approaching atmospheric flow during the rainy-season condition. The mean wind speed at
pedestrian level was set to 0.38 m/s, consistent with local meteorological observations. Turbulence quantities were
specified using a turbulence intensity of 5% and a turbulent viscosity ratio of 10, corresponding to moderately
unstable tropical urban conditions. The thermal boundary condition was set to 28.51°C, reflecting typical ambient
temperatures in Surabaya during the study period. Species mass fractions at the inlet were assigned according to
the observed background concentrations of NO, and Os, expressed in mass-fraction form for consistency with
the species transport framework. Table 3 summarizes the boundary conditions applied in the CFD simulation,
including the boundary types, prescribed parameters, and their physical roles in representing the urban street
canyon environment. These values were obtained by converting measured concentrations from pg/m? into molar
concentrations and subsequently into species fractions compatible with the solver.
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Table 3. Boundary conditions used in the CFD simulation

Boundary/Zone Type Specification Remarks
Inlet Velocity inlet Wind speed = 0.38 m/s; temperature Represents approaching
=28.51°C; turbulence intensity = 5%; rainy-season airflow
turbulent viscosity ratio = 10
Top boundary Symmetry Zero normal gradients of velocity, Represents undisturbed
temperature, and species concentra- atmosphere above the
tions canyon
Side boundaries Symmetry Zero normal gradients of velocity, Assumes negligible lateral
temperature, and species concentra- influence at domain edges
tions
Building facades Wall No-slip wall Resolves wall shear and
recirculation effects
Road surface Wall + source No-slip wall; constant NO and NOs Represents traffic-related
region source terms imposed volumetrically emissions
in near-surface cells
Simplified roadside Wall No-slip wall Represents simplified solid-
obstacle regions barrier effects under the
present modeling assump-
tions
Species inlet Species Background NO- and Og concentra- Consistent with species
specification tions specified as mass fractions transport model

The upper boundary of the domain was treated as a symmetry boundary, implying zero normal gradients
of velocity, temperature, and species concentrations. This condition is commonly applied in urban-scale CFD
studies to represent an undisturbed atmosphere above the influence height of street-level turbulence. The symmetry
assumption avoids artificial shear or momentum fluxes at the top boundary and reduces computational cost while
maintaining physical consistency for the simulated flow regime. The vertical extent of the domain was set to
60 m, corresponding to a domain height-to-building-height ratio of L. /H = 60/15 = 4, which is within the range
commonly adopted in RANS-based urban street canyon simulations [26]. The left and right boundaries of the
computational domain were also assigned symmetry boundary conditions, representing flow conditions sufficiently
far from canyon-induced disturbances. The lateral extent of the domain was set to 124 m, yielding a lateral-to-
building-height ratio of L, /H = 124/15 ~ 8.3. According to the best-practice guidelines of Franke et al. [26],
a minimum lateral clearance of 5H on each side of the obstacle array is generally recommended to ensure that
lateral boundary effects do not contaminate the flow field within the region of interest. In the present configuration,
the total width of the canyon array, including the two building rows and the intervening roadway and obstacle
strips, is approximately 84 m. The remaining lateral clearance of approximately 20 m on each side corresponds
to a ratio of approximately 1.3H per side. Although this is smaller than the recommended 5H per-side clearance,
the symmetry boundary condition was selected over an inlet-type lateral boundary because the dominant flow
direction in the present configuration is streamwise, and the lateral velocity gradients are expected to be small at
these boundary planes. Furthermore, the use of symmetry boundaries rather than periodic boundaries is consistent
with the assumption of an isolated idealized canyon segment [17]. This symmetry-boundary treatment represents
an idealized street-canyon segment and does not explicitly account for lateral inflow, cross-street interactions, or
intersection-induced disturbances. These effects remain a limitation of the present CFD framework. This approach
assumes that the lateral extent of the domain is large enough such that velocity and scalar gradients normal to
these boundaries are negligible. The use of symmetry boundaries reduces unnecessary computational cost while
preventing reflections or distortions of the flow and species fields near the lateral edges of the domain.

All building facades, road surfaces, and simplified roadside obstacle regions were treated as no-slip walls,
where the tangential velocity components vanish. In the present model, the roadside green strips are represented
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as simplified solid obstacles rather than porous vegetation canopies. Therefore, the simulation does not resolve
canopy drag, sub-canopy turbulence production, or pollutant deposition on leaf surfaces. The results should thus
be interpreted as the effect of obstacle presence under a solid-barrier assumption, rather than as a fully realistic
representation of vegetation aerodynamics. Species mass flux at solid surfaces was set to zero, except for the
street surfaces where constant emission source terms of NO and NO, were applied to represent traffic-related
pollutant release. These source terms were imposed volumetrically within the near-surface fluid cells rather than
as boundary fluxes, thereby ensuring numerical stability and compatibility with Fluent’s species transport solver.
The NO and NO; emission rates used in the simulation were calculated based on the number of vehicles passing
through the study area multiplied by the corresponding emission factors. The vehicle count data were obtained from
the Surabaya City Transportation Agency, while the emission factors were adopted from the Indonesian Minister
of Environment Regulation No. 12 of 2010 concerning the implementation of regional air pollution control.
These factors were used to estimate the emissions produced by each vehicle category operating on the studied
roadway. In the present study, tropical conditions are represented through rainy-season meteorological inputs,
ambient temperature, and a prescribed photolysis rate characteristic of daytime tropical conditions. Nevertheless,
buoyancy effects associated with temperature gradients, as well as the influence of humidity on reactive transport,
were not evaluated in detail. Thus, the current CFD framework should be regarded as weakly coupled with respect
to thermal-buoyancy effects, and the results are interpreted primarily from the perspective of obstacle-modified
airflow and simplified chemistry.

3. Results and Discussion

3.1. Static Pressure Distribution

The static pressure contours obtained from the k—w SST model (Fig. 4) show distinct differences between the
obstacle and non-obstacle configurations, revealing the influence of urban obstacle elements (including simplified
roadside obstacle regions) on the aerodynamic environment of the street canyon. In both scenarios, the highest
pressures occur on the windward-facing facades, where the incoming flow impinges directly on the building
surfaces. This pressure buildup is consistent with classical bluff-body aerodynamics, in which stagnation zones
develop at the upstream faces of obstacles. Such behavior is commonly observed in street canyon configurations,
where building facades act as bluff bodies and induce flow separation and pressure gradients near the surfaces.
However, the magnitude and spatial extent of the high-pressure region differ noticeably between the two
configurations.

In the with-obstacle case (Fig. 4a), the presence of simplified roadside obstacle regions and geometric
irregularities generates additional localized stagnation points along the windward facade. These solid obstacle
elements modify the effective flow passage and induce local flow deceleration, resulting in a broader high-pressure
band. Elevated pressure is also observed near the upstream corners and upper edges of the canyon, where the
approaching flow separates and forms shear layers that propagate downstream. In contrast, the internal region of
the canyon exhibits relatively lower and more spatially variable pressures, indicating the formation of recirculation
cells and weak ventilation zones caused by the interaction between buildings and solid obstacle strips. Under the
present modeling assumption, these obstacle regions act as flow-blocking elements that disrupt airflow and promote
localized recirculation, rather than representing the detailed aerodynamic behavior of porous vegetation canopies.

In contrast, the without-obstacle configuration shown in Fig. 4 (panel b) displays a smoother and more symmetric
pressure field along the windward facade. The absence of internal obstacle elements reduces localized flow
obstruction, allowing the incoming airstream to interact more uniformly with the building face. As a result, a more
coherent stagnation zone is formed, accompanied by a cleaner transition from high pressure at the windward wall
to lower pressure toward the canyon interior. The reduced surface roughness also diminishes pressure perturbations
near the canyon roofline, suggesting a more stable shear layer with less fragmentation [37].

Across both scenarios, the leeward facades exhibit substantially lower pressures, which are associated with
flow separation and wake formation. These low-pressure zones are more pronounced and spatially extensive in
the obstacle case, indicating stronger recirculation and less efficient pressure recovery behind the buildings. This
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behavior reflects the influence of solid obstacle-induced flow blockage in enhancing wake turbulence and disrupting
momentum exchange within the canyon [9, 38].

Static Pressure
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Figure 4. Static pressure contours (Pa) predicted by the k—w SST model for (a) with obstacle and (b) without obstacle
configurations

A comparison of the static pressure values predicted by the k—w SST model, both with and without obstacles,
for each zone is presented in Table 4. The zone-averaged static pressure values are consistent with the contour
patterns discussed in Section 3.1 and provide a quantitative measure of how obstacles modify the pressure field
within the canyon. At the inlet, the average static pressure is similar in both configurations, namely 23.30 Pa for
the obstacle case and 23.95 Pa for the non-obstacle case, reflecting the imposed upstream boundary conditions.
However, clear differences emerge within the canyon interior. The pressure values in Street 1 and Street 2 are
substantially higher in the obstacle configuration, with Street 1 exhibiting an average pressure of 5.09 Pa compared
with 3.67 Pa in the non-obstacle case. This increase is associated with localized stagnation zones near the building
facades and simplified obstacle regions, which impede airflow and increase resistance to flow penetration. The
elevated street-level pressure therefore indicates stronger resistance to incoming flow and is consistent with the
presence of localized stagnation and shear layers induced by solid obstacle effects [39]. It should be emphasized
that these effects arise from the solid-barrier representation adopted in the present model, and do not explicitly
account for canopy-scale turbulence or permeability effects associated with real vegetation.

Table 4. Average static pressure results in each zone

Average Static Pressure [Pa]

No Zone With obstacle  Without obstacle
1 Building 1 0.00 -
2 Building 2 0.00 -
3 Green space 1 5.19 -
4 Green space 2 4.92 -
5 Green space 3 4.18 -
6  Inlet 23.30 23.95
7  Outlet 0.49 0.49
8 Street 1 5.09 3.67
9  Street2 4.50 2.31
10 Top air volume 2.16 2.25
11 Wall left domain 0.56 0.40
12 Wall right domain 0.55 0.41
Net 3.60 3.69
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The green-space regions show intermediate pressure levels (4.18-5.19 Pa), which are lower than the inlet
pressure but higher than the outlet pressure, confirming their role as transition regions where the external flow
decelerates and partially redistributes before entering the canyon core [18]. The top-air volume exhibits relatively
low mean pressures, approximately 2.2 Pa in both configurations, indicating the dominance of the external free
stream and the absence of strong stagnation above roof level. The lateral boundaries, namely the left and right
domain walls, remain close to atmospheric pressure, with slightly higher values in the obstacle configuration
(0.55-0.56 Pa) than in the non-obstacle configuration (0.40-0.41 Pa), reflecting weak but noticeable blockage
effects. The domain-averaged (“Net”) pressure is nearly identical in both simulations, with values of 3.60 and
3.69 Pa, confirming that obstacles primarily redistribute pressure locally rather than substantially altering the global
pressure balance of the system.

Overall, the pressure contours demonstrate that the inclusion of urban obstacles intensifies spatial pressure
gradients, promotes additional stagnation sub-regions, and amplifies wake-induced low-pressure zones. These
modifications directly affect the strength of flow recirculation and the air-exchange processes within the canyon,
with important implications for pollutant retention and ventilation efficiency under tropical urban conditions.

3.2. Airflow velocity distribution

The velocity magnitude contours generated using the k—w SST model (Fig. 5) reveal the substantial influence of
urban obstacles on airflow dynamics within the street canyon. In both configurations, the incoming wind accelerates
around the windward corners of the buildings, producing zones of elevated velocity due to flow constriction
and shear generation. However, the internal flow structures and ventilation patterns differ markedly between the
obstacle and non-obstacle cases.
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Figure 5. Velocity contours (m/s) predicted by the k—w SST model for (a) with obstacle and (b) without obstacle
configurations

In the with-obstacle configuration shown in Fig. 5 (panel a), the presence of simplified roadside obstacle regions
and internal geometric variations induces stronger flow disruption at the canyon entrance. High-velocity regions are
concentrated along the upper windward edges, where the incoming stream separates from the roofline and forms
a shear layer that extends downstream. Behind this shear layer, the velocity within the canyon interior decreases
significantly, creating a broad low-speed zone. This weakened ventilation region corresponds to the recirculation
cell typically observed in street canyon flows. Under the present solid-obstacle representation, these regions act
as flow-blocking elements that reduce the effective flow cross-sectional area, thereby modifying the structure and
strength of the recirculation cell. It is important to emphasize that, in this model, the obstacle regions are treated as
solid barriers rather than porous vegetation canopies. Therefore, the observed reduction in ventilation is associated
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with flow obstruction and recirculation modification, rather than canopy drag or sub-grid turbulence generation
mechanisms [39, 40].

In contrast, the without-obstacle configuration shown in Fig. 5 (panel b) displays more efficient wind penetration
into the canyon. The shear layer formed at roof level is smoother and more coherent, allowing a clearer dominant
vortex to develop within the canyon. Higher velocities are observed near the leeward wall, indicating a stronger
primary recirculation structure. The absence of internal obstacle elements allows a more continuous flow pathway,
facilitating more effective momentum transfer from the free stream into the canyon. Consequently, the velocity
deficit in the canyon core is smaller, and the overall airflow appears more organized and energetic than in the
obstacle case.

Furthermore, a comparison of the airflow velocity predicted by the k—w SST model, with and without obstacles
in each zone, is presented in Table 5. The zone-averaged velocity magnitudes further clarify how the obstacles
redistribute local airflow within the canyon and modify the overall flow structure. At the inlet and outlet, the mean
velocities are nearly identical in both configurations, namely 1.94 and 1.92 m/s at the inlet and 0.92 m/s at the
outlet, reflecting the consistency of the imposed external forcing. The apparent difference between the 0.38 m/s
value given in the boundary-condition specification and the 1.94 m/s value reported in Table 5 arises because they
represent different quantities. The former denotes the prescribed reference wind speed at pedestrian level used to
define the inlet condition, whereas the latter denotes the zone-averaged velocity magnitude obtained from the CFD
field in the inlet region. Accordingly, the two values should not be compared as identical measures of inlet flow
speed. In contrast, substantial differences occur at street level. The average velocities in Street 1 and Street 2 are
markedly higher in the obstacle configuration (0.35 and 0.50 m/s) compared with the non-obstacle case (0.06 and
0.08 m/s). At first glance, this result may appear counter-intuitive, as obstacles are generally expected to impede
airflow. However, this behavior can be explained by the flow-constriction effect induced by the simplified solid-
obstacle representation used in the present model. The presence of these obstacles reduces the effective flow cross-
sectional area, leading to localized acceleration of airflow in the remaining open regions, similar to a channeling
or guide-vane effect [5, 41]. Consequently, higher velocities are observed in confined passages between obstacles,
even though the overall flow field exhibits reduced ventilation efficiency.

Table 5. Average airflow velocity results in each zone

Average velocity magnitude (m/s)

No Zone With obstacle ~ Without obstacle
1 Building 1 0.00 -
2 Building 2 0.00 -
3 Green space 1 0.34 -
4 Green space 2 0.18 -
5 Green space 3 0.27 -
6  Inlet 1.94 1.92
7 Outlet 0.92 0.92
8  Street ] 0.35 0.06
9  Street2 0.50 0.08
10 Top air volume 0.0042 0.0038
11 Wall left domain 3.14 3.09
12 Wall right domain 3.12 3.09
Net 0.65 0.64

It is important to distinguish between local velocity magnitudes and overall ventilation efficiency. While
localized velocities increase in certain regions, the overall airflow structure becomes more fragmented, with
disrupted recirculation patterns and reduced effective air exchange between the canyon interior and the overlying
atmosphere. This behavior is directly influenced by the modeling assumption in which roadside vegetation is
represented as solid obstacles. Under this assumption, the obstacles act as impermeable barriers that redirect
and constrict the flow, rather than as porous media that would dissipate momentum through drag and turbulence.
Therefore, the observed velocity increase should be interpreted as a consequence of the simplified solid-obstacle
representation rather than as a realistic depiction of vegetative aerodynamic effects. Thus, although obstacles
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increase local velocity magnitudes in restricted regions, they simultaneously reduce the overall ventilation
performance of the canyon, resolving the apparent contradiction between higher velocities and reduced air-
exchange rates [37, 42].

The green-space regions exhibit low but non-negligible velocities, ranging from 0.18 to 0.34 m/s, indicating that
these zones act as partially sheltered corridors where air motion is reduced but still sufficient to sustain mixing
between the main flow and the canyon interior. The very low velocities observed in the top-air volume, 0.0042 m/s
with obstacles and 0.0038 m/s without obstacles, are consistent with restricted air movement near roof level. This
finding indicates that urban obstacles affect not only near-ground airflow but also ventilation efficiency at higher
elevations, which is important for pollutant exchange at the canopy level. Conversely, the lateral walls show the
highest mean velocities, approximately 3.1 m/s in both configurations, because they are directly exposed to the
approaching flow and channel the main stream around the building array. The domain-averaged net velocity remains
nearly unchanged, with values of 0.65 and 0.64 m/s, reinforcing the conclusion that obstacles mainly reorganize
the internal flow structure rather than substantially modifying the large-scale momentum budget.

Overall, the velocity contours demonstrate that urban obstacles substantially alter the canyon ventilation regime
by redistributing flow pathways, inducing localized accelerations, and modifying recirculation structures [40, 43],
rather than uniformly enhancing airflow. Such modifications have direct implications for the spatial distribution
and chemical transformation of reactive pollutants within the tropical urban street canyon. It should be noted that
more explicit ventilation metrics, such as Air Change per Hour (ACH) or Purge Flow Rate, were not evaluated
in the present study. Future work should incorporate such metrics to provide a more quantitative assessment of
ventilation efficiency in obstacle-influenced street canyons.

3.3. Distribution of NO- and O3 Concentrations

The concentration of reactive pollutants in the simulated street canyon reflects the combined effects of emission
strength, airflow dynamics, and photochemical transformations occurring within the computational domain. For
clarity and consistency with ambient air quality measurements, the concentration values presented in this section
are reported in pg/m3, whereas the CFD solver internally operates using species fractions derived from molar
concentrations. It should be noted that this study is not intended to provide a comprehensive prediction of urban
ozone chemistry. Instead, the simplified NO,—O3 mechanism was adopted to capture the first-order influence of
obstacle-modified airflow on reactive pollutant transport within the street canyon. In this study, NO and NO,
emissions were released at street level as constant source terms, while the background concentrations of NOo,
O3, and ambient air were imposed at the inlet boundary in the form of mass fractions. The coupled transport—
reaction mechanism enables the model to simulate species movement through advective and diffusive processes
while simultaneously accounting for chemical reactions such as NOy photolysis and Osg titration. By tracking
the concentrations of NO, and Os in each zone, the model provides a more comprehensive representation of
pollutant dynamics within the street canyon. Table 6 presents the spatially averaged concentrations of NOy and
O3 in each zone for both configurations. It should be emphasized that the values reported represent spatially
averaged concentrations over each computational zone, and therefore they should not be interpreted as point-scale
observations or local maximum concentrations within the canyon.

Several important observations emerge from the results presented in Table 6. In the obstacle configuration, NO2
concentrations reach 9.21 pug/m? in Street 1 and 8.04 pg/m? in Street 2, which are substantially higher than those
in the non-obstacle configuration, where the corresponding values decrease to 0.38 and 0.60 ;g/m?>, respectively.
This marked difference indicates that the presence of obstacles significantly suppresses ventilation efficiency and
promotes pollutant accumulation within the canyon [42, 44]. This accumulation is primarily associated with
reduced effective air exchange and increased residence time, rather than solely with local emission intensity.
For Os, the obstacle case yields concentrations ranging from 2.99 to 5.72 pg/m3, whereas the non-obstacle
configuration produces only 1.03 to 1.62 ug/m3. This behavior should not be interpreted as a direct consequence of
increased NO- concentration alone. Instead, the Og distribution reflects the balance between competing chemical
processes, namely photochemical production via NOg photolysis and chemical loss through NO-induced titration
[46]. In urban environments, NO can rapidly react with O3 and reduce its concentration, meaning that elevated NO2
levels do not necessarily correspond to increased O3 formation. The observed increase in O3 concentration under
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Table 6. Results of the average concentration of NO2 and O3 in each zone

No Zone With obstacle Without obstacle
CNO; (ug/m3) C O3 (ug/m®) CNO: (ug/m3) C O3 (ug/m3)

1 Building 1 0 0 - -

2 Building 2 0 0 - -

3 Green space 1 0.22 0.03 - -

4 Green space 2 1.03 2.53 - -

5 Green space 3 1.94 5.25 - -

6  Inlet 18.53 50.21 18.53 50.22
7 Outlet 16.54 44.79 17.61 47.68

8  Street ] 9.21 2.99 0.38 1.03

9  Street2 8.04 5.72 0.60 1.62
10 Top air volume 1.26E-39 7.95E-38 3.45E-40 2.17E-38
11 Wall left domain 16.32 44.22 17.09 46.31
12 Wall right domain 16.26 44.06 17.09 46.32

Net 5.08 13.74 5.28 14.31

the obstacle configuration suggests that obstacle-induced flow modification alters the balance between transport
and chemical reaction. In particular, increased residence time within recirculation zones allows air parcels to
undergo more extensive photochemical processing, thereby enabling O3 production pathways to compete more
effectively with titration losses. From a transport-reaction perspective, this behavior can be interpreted in terms
of the relative timescales of advection and chemical transformation, where longer residence times enhance the
influence of reaction kinetics on local concentration fields [36].

In the obstacle configuration, the three green-space zones show increasing pollutant levels from the outer
strip toward the central strip. This gradient reflects flow deceleration and recirculation induced by the simplified
solid obstacle regions, rather than detailed canopy-scale vegetation effects [45]. Green space 3, located deeper
within the canyon and closer to the pollutant source, tends to retain pollutants more effectively due to reduced
momentum transfer and weaker interaction with the free-stream flow. In contrast, Green space 1, positioned at the
outermost lateral boundary of the canyon domain, is more directly exposed to the approaching free-stream flow.
Its peripheral location allows greater momentum exchange with the incoming airstream, resulting in more efficient
local ventilation and, consequently, substantially lower spatially averaged concentrations of both NO; (0.22 pg/m?)
and O3 (0.03 ug/m?®) compared with Green space 2 and Green space 3. The markedly lower O3 concentration in
Green space 1 relative to the inner zones further suggests that NO-mediated titration is more active in this region,
where fresher traffic emissions interact with the background O3 before significant photochemical processing can
occur. These spatial differences among the green-space zones therefore reflect the interplay between the local flow
field, pollutant residence time, and the simplified solid-obstacle representation adopted in the present model, rather
than vegetation-specific aerodynamic or deposition effects. Under the present modeling assumption, these regions
act as flow-blocking elements that promote localized stagnation and pollutant retention, which in turn increases the
effective residence time available for chemical transformation.

As aresult, the local O3 concentration represents a dynamic balance between photochemical production and NO-
mediated destruction, rather than a simple accumulation process. It should be emphasized that the current chemical
mechanism is highly simplified and includes only NO,—Oj3 interactions without the inclusion of volatile organic
compounds (VOCs). In real urban atmospheres, VOCs play a critical role in controlling ozone formation regimes
(NO,-limited or VOC-limited), and their omission represents a significant limitation of the present model [46, 47].
As a consequence, the model may not fully capture the sensitivity of ozone formation to precursor composition
and may place greater emphasis on NO, photolysis pathways. Therefore, the predicted O3 concentrations should
be interpreted with caution as a simplified representation of urban photochemical processes rather than a fully
comprehensive chemical mechanism.

At the inlet, both configurations exhibit nearly identical concentrations, with NOy = 18.53 pg/m3 and O3 =
50.21-50.22 ug/m3, as prescribed by the boundary condition. However, substantial differences develop inside
the canyon, highlighting the influence of internal geometry and obstacles on airflow restriction and pollutant
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redistribution. These differences are particularly evident in the recirculation regions behind the buildings. The outlet
concentrations also differ despite identical inflow conditions. The lower outlet concentrations in the obstacle case
indicate that pollutant removal from the canyon is less efficient, consistent with reduced ventilation and enhanced
internal recirculation [46]. As expected, concentrations in the top-air volume are extremely low in both scenarios,
confirming that most chemical interaction and pollutant retention occur near street level. The slightly higher values
in the obstacle case, on the order of 10738 to 10739 g/m?, reflect a modest upward transport of reaction products,
although these remain negligible compared with ground-level concentrations. These results are consistent with
the velocity and pressure patterns discussed in Sections 3.1 and 3.2, demonstrating that solid obstacle-induced
flow modification is a key determinant of reactive pollutant behavior in tropical street canyons. Overall, the
results highlight the strong coupling between flow dynamics and chemical transformation, where obstacle-induced
changes in residence time and recirculation structure govern the balance between NO, photolysis, O3 production,
and NO-driven titration processes within the canyon.

3.4. Convergence Analysis

In CFD simulations, achieving numerical convergence is a critical step to ensure that the solution is stable
and reliable. To assess the convergence of the model, the residuals of various variables were tracked during
the simulation iterations. Residuals represent the difference between successive iterations, and their reduction
indicates that the solution is approaching a steady state. The lower the residual values, the closer the solution
is to convergence, and thus the greater the accuracy of the simulation results [30, 48]. Figures 6 and 7 show the
residuals for the model with and without obstacles, respectively.
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Figure 6. Residual histories of the k—w SST model for the with-obstacle configuration, showing the convergence behavior of
flow, turbulence, energy, and reactive species variables.

In both cases, residuals for key variables such as velocity components (z, y, z), energy, turbulence (k, w), and
reactive species (NOs, Og, etc.) decrease as the number of iterations increases. The continuity residual exhibits the
highest value initially but decreases steadily to a level below 10~4, indicating that mass conservation is effectively
achieved in both configurations. The residuals for velocity components and energy also exhibit similar trends,
reaching steady values indicating that the flow field and energy balance are well-converged.

In the with-obstacle scenario (Figures 6), the residuals of the reactive species like NOo, O3, and NO show
a stable trend and decrease below 104 by around 1,500 iterations. This demonstrates that the model achieved
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Figure 7. Residual histories of the k—w SST model for the without-obstacle configuration, showing the convergence behavior
of flow, turbulence, energy, and reactive species variables.

convergence in capturing the transport and chemical reactions of the pollutants in the street canyon with obstacles.
In the without-obstacle case (Figure 7), the residuals for similar variables also converge at a similar rate, although
the overall decay is slightly slower, indicating that the lack of obstacles leads to a less complex flow regime and
possibly faster convergence of the simulation. Both models, with and without obstacles, show that the simulation
reached numerical convergence after approximately 1,500 iterations, with residuals stabilized below 10~* for all
variables. This confirms the reliability of the results for both configurations.

In conclusion, the convergence analysis shows that the simulations for both configurations have reached a stable
and accurate solution. The reduction in residuals indicates that the model was numerically convergent, allowing for
reliable interpretation of airflow dynamics and pollutant distribution in the street canyon. These results validate the
numerical approach used for this study and ensure that the subsequent analysis of pollutant transport is based on a
stable and reliable solution.

3.5. Model validation

To assess the reliability of the CFD model, a limited field comparison was carried out using NOy and Og
measurements collected along J1. Dr. Ir. H. Soekarno, Surabaya, at three representative sampling points (Point 1—
Point 3) during a three-day sampling campaign. These locations were selected to capture pollutant variability
along the analyzed street-canyon segment. The sampling points were mapped onto the computational domain to
enable comparison with the simulated results. However, because physical access to the actual upstream boundary
of the CFD domain was limited during field sampling, Point 1 was not located exactly at the prescribed inlet
plane. Instead, Point 1 was selected as the nearest accessible roadside location on the upstream side of the study
segment and is therefore treated as a near-inlet roadside proxy rather than a direct representation of the CFD inlet
boundary. Point 2 and Point 3 correspond to the internal canyon locations represented by Street 1 and Street 2,
respectively. The observed concentrations were averaged over the measurement period to obtain representative
values for comparison. Accordingly, the comparison presented in Table 7 should be interpreted as a limited field-
based evaluation under practical sampling constraints rather than as a strict one-to-one validation of the prescribed
boundary conditions.
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Table 7. Comparison between observed and simulated pollutant concentrations under the obstacle configuration

Location Observed NO;  Simulated NO2 Observed O3  Simulated O3
(pg/m®) (pg/m?) (pg/m®) (pg/m®)
Point 1 (near-inlet proxy) 118.82 18.53 0.39 50.21
Point 2 (Street 1) 86.99 9.21 0.83 2.99
Point 3 (Street 2) 160.46 8.04 0.78 5.72

To quantitatively describe the discrepancy between measured and simulated concentrations, two statistical
indicators were used: Mean Absolute Error (MAE) and Root Mean Square Error (RMSE). These metrics are
reported here as error indicators for a limited set of spatially averaged observations. They are defined as follows:

1 n
MAE = — sim,i — Uobs,i 38
=D |Cuim,i = Cobsi (38)

i=1

RMSE = Z (Csim,i - Cobs,i)Q (39)

i=1

S|

The comparison reveals substantial discrepancies between simulated and observed concentrations, as reflected
by the high MAE and RMSE values for both NO, and Oz [36, 44] (Table 8). In particular, the model
systematically underestimates NO, concentrations by approximately 84-95% across all three sampling points,
while overestimating O3 concentrations at the near-inlet proxy location and within the canyon. These results
indicate the presence of a strong systematic discrepancy between the simplified CFD representation and the field
measurements.

The discrepancy at Point 1 is partly attributable to the difference between the prescribed CFD inlet boundary
and the actual accessible roadside sampling position. In the CFD model, the inlet represents an idealized upstream
background condition, whereas the field measurement at Point 1 was collected at a roadside location that remained
influenced by local traffic emissions and near-road chemical processes, including rapid Ojs titration by freshly
emitted NO. In particular, the observed Oz at Point 1 was only 0.39 pg/m®, which is consistent with strong
near-source NO-titration suppressing ambient O3 at a roadside location with heavy traffic. The CFD inlet, by
contrast, imposes a background O3 value of 50.21 pg/m? derived from the SUF 6 monitoring station located in
Wonorejo, which is positioned away from immediate traffic influence. This representational mismatch between the
inlet boundary condition and the near-road measurement environment is the primary source of the overestimation
at Point 1 and is expected rather than indicative of a fundamental model deficiency.

Additional disagreement within the canyon can be attributed to several modeling limitations. First, the chemical
mechanism employed in this study is simplified and includes only NO,—Oj3 interactions without accounting for
volatile organic compounds (VOCs), which play a critical role in urban ozone formation. The omission of VOC
chemistry limits the model’s ability to capture NO,—VOC-Og sensitivity and may place greater emphasis on ozone
production through NO, photolysis. Second, the representation of roadside vegetation as simplified solid obstacles
affects airflow patterns and pollutant dispersion but does not account for aerodynamic drag, permeability effects,
and turbulence production associated with porous vegetation canopies [18, 39]. Third, uncertainties in emission
rates, temporal variability of traffic conditions, and atmospheric boundary conditions may also contribute to the
observed discrepancies.

Table 8. Statistical validation metrics for NOs and Og concentrations

Pollutant MAE (ug/m®) RMSE (ug/m®)
NO-> 110.16 11455
03 18.97 28.90
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Furthermore, the field measurements reflect transient atmospheric conditions over three sampling days, whereas
the present simulation assumes steady-state flow, constant emission input, and prescribed reaction rates. This
difference in temporal representation introduces additional uncertainty into the comparison. The steady-state
assumption in particular implies that diurnal variations in wind speed, temperature, solar radiation, and traffic
volume are not resolved, whereas the observed concentrations integrate all of these time-varying effects over the
sampling period. Moreover, because the validation dataset consists of only three spatially averaged sampling
locations, the reported statistical metrics should be interpreted with caution. Overall, the present comparison
indicates that the model should be interpreted primarily as a simplified qualitative tool for analyzing how obstacle-
induced flow modification affects reactive pollutant transport in a tropical street canyon, rather than as a predictive
model for exact concentration levels at the site.

4. Conclusion

The simulations show that urban obstacles significantly modify the aerodynamic structure of the tropical street
canyon. In the obstacle configuration, broader high-pressure zones developed on the windward facades and
stronger low-pressure regions appeared on the leeward side, indicating enhanced flow separation and wake effects.
The velocity field further shows that the simplified roadside obstacles redistribute airflow within the canyon,
producing localized acceleration in confined passages while reducing the overall ventilation performance. These
flow modifications increase pollutant residence time and contribute to higher NOy and O3 concentrations within
the canyon compared with the non-obstacle case.

Overall, the results demonstrate that obstacle-induced flow modification plays an important role in shaping
reactive NO2—Og transport in tropical street canyons. However, the roadside green strips were represented as
simplified solid obstacles rather than porous vegetation canopies, and the chemical mechanism was limited
to NO,—Oj3 interactions without VOC chemistry. Therefore, the results should be interpreted as a simplified
representation of coupled flow—chemistry behavior under the present modeling assumptions. Future research should
incorporate porous-medium vegetation models, more comprehensive chemical mechanisms, and additional urban
configurations to improve the physical realism and applicability of the framework for urban air-quality assessment.
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