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Abstract

Near-field pollutant dispersion in the urban environment involves the interaction of a plume and the flow field
perturbed by building obstacles. In the past two decades, micro-scale Computational Fluid Dynamics (CFD)
simulation of pollutant dispersion around buildings and in urban areas has been widely used, sometimes in lieu of
wind tunnel testing. This paper reviews current modeling techniques in CFD simulation of near-field pollutant
dispersion in urban environments and discusses the findings to give insight into future applications. Key features of
near-field pollutant dispersion around buildings from previous studies, i.e., three-dimensionality of mean flow,
unsteadiness of large-scale flow structure, and anisotropy of turbulent scalar fluxes, are identified and discussed.
This review highlights that it is important to choose appropriate numerical models and boundary conditions by
understanding their inherent strengths and limitations. Furthermore, the importance of model evaluation was
emphasized. Because pollutant concentrations around buildings can vary by orders of magnitudes in time and space,
the model evaluation should be performed carefully, while paying attention to their uncertainty. Although CFD has
significant potential, it is important to understand the underlying theory and limitations of a model in order to
appropriately investigate the dispersion phenomena in question.
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1 Introduction

Air pollution near and around buildings is an important environmental problem. However, it is difficult to predict
pollutant dispersion with certainty due to the complex interaction between atmospheric flow and flow around
buildings. The pollutants that are brought into the atmosphere by various sources are dispersed (advected and
diffused) over a wide range of horizontal length scales, which can be classified into near-field and far-field
phenomena. The near-field pollutant dispersion involves the interaction of the plume and the flow field, which may
be perturbed by building obstacles. Therefore, it is important to consider when assessing both outdoor and indoor air
qualities, because it covers both pollutant concentrations in the surrounding streets and those on building surfaces.
For this purpose, the dispersion region that is to be treated is the very short range (i.e. vicinity of the emitting
building; within a few hundred meters of the source) rather than the entire (neighbourhood) region of significant
impact. Alternatively, in far field phenomena, the horizontal motion prevails over the vertical motion and the
influence of individual buildings on a dispersion field becomes relatively small. This issue is discussed mainly in
regards to public health regulations on air quality in urban environments.

Until recently, modeling studies on urban air quality were typically conducted by operational models derived
from an integral nature of atmospheric dispersion (Stern, 1976; Pasquill and Smith, 1983). The operational models,
which are mostly based on the Gaussian dispersion model, are often referred to as ‘fast response models’. These
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models are frequently modified for various purposes and have been used for many comprehensive formal evaluations,
because they are designed to enable many different cases to be calculated expeditiously (Hanna et al., 2001; Hall et
al., 2002). Furthermore, they include many complicated dispersion processes; e.g. atmospheric stratification,
buoyancy, chemistry, deposition, concentration fluctuations etc. These are no longer simple Gaussian plume models
and are not constrained to simple, straight mean streamlines. For example, ADMS (UK-ADMS), the UK atmospheric
dispersion modeling system (Carruthers et al., 1994, 1999; CERC, 2006), is one of the advanced operational models
and can take into account a building effect based on a two-plume approach using wake averaged flow values to
calculate plume spread (Robins et al., 1997). However, it cannot treat the detailed plume behavior affected by
building obstacles explicitly due to the modeling derivation. Therefore, when these models are applied to near-field
dispersion in the urban environment, it is important to understand the fundamental concepts used in these models, as
suggested by Macdonald (2003).

A method that is more oriented to practical design related to near-field dispersion around a building is based on
the so-called ASHRAE model (ASHRAE 2007, 2011). This model was derived from the amassed results of wind
tunnel experiments (Wilson, 1982; Wilson, 1983; Wilson and Lamb, 1994) and is also a semi-empirical model. It can
be used for determining the appropriate stack height and air intake position for the case of an isolated building. This
model is specialized for use in building design, but has limited applicability and less accuracy concerning building
configuration details (Hajra et al. 2010; 2011).

In the past two decades, micro-scale Computational Fluid Dynamics (CFD) simulation has been widely used as
an emerging analysis method for pollutant dispersion around buildings and in urban areas, sometimes in lieu of wind
tunnel testing. The CFD simulation method consists of solving the transport (advection and diffusion) equation of
concentration based on the velocity field obtained from the Navier-Stokes equations. CFD can provide detailed
information about the relevant flow and concentration variables throughout the calculation domain; however, it is
more time-consuming than the two previously mentioned methods. Moreover, it is difficult to implement various
dispersion processes such as atmospheric stratification, buoyancy, chemistry etc. to the model, whereas they are
easily implemented to the operational models.

Recently, CFD has been studied extensively for the assessment of pollutant dispersion around buildings.
However, these studies have been performed with different research purposes, configurations, boundary conditions,
and modeling approaches. This makes it difficult to evaluation of the strengths and limitations of CFD for the
evaluation of near-field pollutant dispersion in the urban environment. As already mentioned, the near-field
dispersion around buildings is characterized by the complex interaction between the atmospheric flow and the flow
around buildings. The phenomenon has both meteorological and building aerodynamic aspects, however the majority
of previous research has been conducted within the frameworks of each aspect. Hence, a comprehensive review with
cross-cutting aspects is required for CFD simulations of near-field pollutant dispersion in the urban area.

Furthermore, for evaluating the quality of CFD simulations, it is necessary to analyze its sensitivity and
uncertainty appropriately. ERCOFTAC Best practice guidelines (Casey & Wintergerste, 2000) gives the best
practical advice for achieving high-quality industrial CFD simulations and provides relevant information on the most
important issues relevant to the credibility, especially with regard to the most common sources of errors and
uncertainties in CFD. Recently, several best practice guidelines have been proposed as verification and validation
process of CFD for urban wind environment applications, mainly intended for the prediction of pedestrian level
winds (Franke et al., 2004, 2007; Tominaga et al., 2008b). Although these practical guidelines are quite effective in
the pollutant dispersion problem, there are additional recommendations specific to the dispersion problem, i.e.
requirements of modeling for a contaminant transport equation and sensitivity to wind and other climatic conditions.
Robins et al. (2000) investigated uncertainty in CFD predictions of building affected dispersion through the
Evaluation of Modeling Uncertainty (EMU) project which involved a group of four organizations undertaking CFD
simulations for a series of realistic near-field dispersion test cases (Hall, 1997). The study identified some important
qualitative guidelines for good modeling practice to indicate where attention should be focused. In the context of
rapid increase of CFD applications to near-field pollutant dispersion around buildings in recent years, it is critical to
examine past studies on this area.

This paper reviews the current modeling techniques in CFD simulation of near-field pollutant dispersion in the
urban environment and discusses the findings to give insights into future directions of practical applications. In
Section 2, previous studies of near-field pollutant dispersion around buildings using CFD are overviewed. The
configurations used in previous studies are categorized into four typical cases: an isolated building, a single street
canyon, building arrays, and building complexes. Section 3 identifies key features of near-field pollutant dispersion
around buildings from previous studies and discusses their relevance in CFD modeling. The importance of proper
choice of turbulence models and boundary conditions are emphasized in Sections 4 and 5. Finally, model evaluation
methods are discussed, and future directions of practical applications are suggested.



2 Overview of previous CFD studies in near-field pollutant dispersion around buildings
2.1 Dispersion around an isolated building

In order to investigate the basic structure of pollutant dispersion around a building, many research studies examining
dispersion around a single obstacle have been conducted by field measurements and wind tunnel experiments
(Robins and Castro 1977b; Huber and Snyder, 1982; Ogawa et al., 1983; Li and Meroney, 1983a, b). Flow and
contamination patterns around a rectangular building with a rooftop vent are illustrated schematically in Fig. 1
(ASHRAE, 2011). The effluent from the vent is entrained into the zone of recirculating flow behind the downwind
face and is brought back up to the roof. The near-field pollutant dispersion is characterized by the interaction
between atmospheric flow and flow around a building as expressed in this figure.

Since the 1990s, many numerical studies using CFD have been conducted to investigate the applicability of these
models for pollutant dispersion around a single building by the Reynolds-Averaged Navier-Stokes (RANS) approach
(Murakami et al., 1990; Zhang et al., 1993; Delaunay et al. 1997; Cowan et al. 1997; Selvam 1997; Li and
Stathopoulos, 1997, 1998; Leitl et al., 1997; Meroney et al., 1999) and by Large Eddy Simulation (LES) (Tominaga
et al., 1997; Sada and Sato, 2002). The calculations utilized in these studies were conducted with relatively coarse
meshes in comparison to present work because of restrictions of computational resources at that time. Moreover,
good practice guidelines of CFD for predicting flow fields around buildings have not been established at the time.
Therefore, validation of the models had been rather qualitative. Recently, several researchers conducted numerical
studies on pollutant dispersion around a generic building model in order to examine CFD modeling performance
using established good practice guidelines (Blocken et al., 2008; Tominaga and Stathopoulos, 2009, 2010; Gousseau
et al., 2011a). Blocken et al. (2008) showed the semi-empirical ASHRAE model works well in predicting dilution on
the roof, but significantly overestimates it on the leeward face in comparison with experimental and CFD simulations.
Blocken et al. (2011) provided an overview of recent studies on CFD for dispersion around an isolated cubic building,
which was experimentally investigated by Li and Meroney (1983a). This review concluded that the accuracy of
pollutant dispersion modeling depends highly on the choice of computational parameters made by the user; also
steady RANS simulations provide much lower lateral turbulent diffusion compared with wind tunnel testing. More
recently, analyses were performed in order to investigate the mechanism of pollutant diffusion around buildings
using the extensive information obtained from LES (Gousseau et al., 2011b, 2012) and Direct Numerical Simulation
(DNS) (Rossi et al., 2010). They found that the counter-gradient mechanism that governs turbulent mass transfer is
observed in the streamwise direction, i.e. negative turbulent flux is generated in spite of the decrease of the
concentration along the plume centerline. In contrast, the distributions of turbulent fluxes support the validity of the
gradient-diffusion hypothesis in the vertical and lateral directions. Fig. 2 shows the snapshots of iso-surfaces of
scalar concentration from a source on top of the cube at several normalized time intervals from DNS results with
Re=5,000 (Rossi et al., 2010). It is observed that coherent structures periodically released from the shear-layer in the
symmetry plane result in large-scale scalar blobs.

Among the studies on dispersion around a generic building model, it is important to investigate not only the
concentration field but also the relationship between dispersion and flow structure, particularly because most studies
focused only on concentration distributions. Therefore, in order to validate and evaluate CFD performance on such
phenomena, model results should be compared with experimental data on both the concentration and velocity fields.
Robins and Castro (1977b) measured concentration field downstream in the vicinity of a surface mounted cube with
a source in a simulated atmospheric boundary layer. Their results were discussed by considering the influence of the
flow field in the vicinity of the cube measured in a series of experiments (Robins and Castro, 1977a). Recently,
Yoshie et al. (2011) examined flow and dispersion fields with gas emission from the wake region of a single building
by detailed experiment, in which instantaneous wind velocity, temperature, and concentration, enabling measurement
of turbulent heat flux and turbulent concentration flux, measured simultaneously.
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Fig. 2. Iso-surfaces of instantaneous scalar concentration C/Cm = 10~ from the DNS run with Re = 5,000: upper left
panel, t* = 8, upper right panel, t* = 11, lower left panel, t* = 18, lower right panel, t* = 24 (Rossi et al., 2010).



2.2 Dispersion in and around a single street canyon

Street canyons are typical architectural structures in urban environments, and they represent highly polluted zones
around buildings. In order to minimize the effect of these pollutants in built-up environments, it is necessary to
model and accurately predict contaminant dispersion properties in street canyons. Many fundamental studies have
been conducted over the years by experimentally modeling the flow and pollutant dispersion in street canyons using
wind tunnels. Vardoulakis et al. (2003) and Ahmad et al. (2005) reviewed the measurements and modeling
techniques for wind and pollutant transport within street canyons. Recent development of CFD in the study of wind
fields and pollutant transport in urban street canyons were reviewed by Li et al. (2006). A considerable amount of
research has investigated both the influence of pollutant transport modeling and the influence of inflow conditions,
canyon configurations, and other modeling considerations with two-dimensional (2-D) street canyons using RANS
(Meroney et al., 1996; Baik and Kim, 1999; Chan et al., 2002; Liu and Barth, 2002; Baik and Kim, 2002; Kim and
Baik, 2003; Nazridoust and Ahmadi, 2006) and LES (Liu et al., 2005; Li et al., 2008; Cai et al., 2008; Li et al., 2009;
Zhang et al., 2011; Cheng and Liu, 2011a,b). Moreover, significant research has been conducted for generic
three-dimensional (3-D) street canyon model using various turbulence models (Hunter et al., 1992; Leitl and
Meroney, 1997; Chang and Meroney, 2001; Walton et al., 2002; Walton and Cheng, 2002; Chang and Meroney,
2003; Baik et al., 2003; Yang and Shao, 2008; Murena et al., 2009; Solazzo et al., 2009; Tominaga and Stathopoulos,
2011; Salim et al., 2011; Koutsouaski et al., 2012). A 3-D street canyon, which consists of two or more building
blocks, has three determining factors of flow regime, namely the relative height (H), width (W) and length (L) of the
canyon, in contrast to a 2-D canyon with two factors, H and W. Therefore, the flow field formed in a 3-D street
canyon is highly complex in comparison to the 2-D case. As summarized in Li et al. (2006), several studies for 3-D
street canyons investigated 3-D lateral and secondary flows, which are absent in 2-D simulations, although strongly
influence the vertical mixing of pollutant concentration (Hunter et al., 1992; Leitl and Meroney, 1997).

2.3 Dispersion in and around building arrays (continuous street canyons)

Many experimental studies have been conducted on pollutant dispersion in and around regularly arrayed obstacles
representing urban configurations (Davidson et al., 1995; Macdonald et al., 1998; Yee et al., 2006). It is known that
the time-averaged plume profile far enough into obstacle arrays can be well described by a Gaussian distribution
when the diffusion parameters are properly constructed (Davidson et al., 1996). By comparing the CFD and the
operational models for dispersion over obstacle array configurations, Riddle et al. (2004) observed that CFD is more
appropriate for applications that involve complex geometry that cannot be simulated using the ADMS model.
However, they also suggested that further studies are required to assess the ability of CFD to calculate dispersion in
other situations, such as around groups of buildings and under a range of atmospheric stability conditions. Several
parametric studies for model performance on dispersion fields over obstacle arrays using RANS model have carried
out (Kim and Baik, 2004; Di Sabatino et al., 2007; Santiago et al., 2007; Martilli and Santiago, 2007; Wang et al.,
2009; Buccolieri et al., 2010).

Mock Urban Setting Test (MUST) observation data has been used to validate CFD applied to pollutant diffusion
in continuous street canyons (Yee and Biltoit, 2004). A detailed wind tunnel experiment was conducted for this
configuration (Harms et al., 2005) and several comparison studies between CFD and experiment were performed
(Hanna et al., 2004; Hsieh et al., 2007; Milliez and Carissimo, 2007; Santiago et al., 2010; Dejoan et al., 2010;
Antonioni et al., 2012). The data was also used for the model evaluation guidance and protocol document provided
by the European COST action 732 (Britter and Schatzmann, 2007; COST Action 732, 2009). The results of the
exercise were compiled in several publications (Olesen et al., 2008; Schatzmann et al., 2009; Di Sabatino et al.,
2011).

Recently, a number of studies using LES and DNS on dispersion fields over obstacle arrays have been carried out
(Shi et al., 2008; Gu et al., 2011; Boppana et al., 2010; Branford et al., 2011). Boppana et al. (2010) demonstrated the
influence of the roughness morphology on the dispersion processes and the power of LES for obtaining physically
important scalar turbulent flux information. The results of DNS by Branford et al. (2011) largely helped to further
understand the processes affecting the plume structure, e.g. channeling, lateral dispersion, detrainment,
secondary-source dispersion and plume skewing.

2.4 Dispersion around building complexes

As the goal of pollutant distribution modeling is to predict pollutant dispersion in an actual urban environment,
evaluation studies of dispersion around actual building complexes is critical. In several studies, CFD has been



applied to pollutant dispersion around actual building groups in urban areas based on RANS (Moon et al., 1997;
Hanna et al., 2006; Tseng et al., 2006; Patnaik et al., 2007; Neofytou et al., 2008; Baik et al., 2009; Zhang et al.,
2009; Pontiggia et al., 2010, 2011) and LES (Xie and Castro 2009; Xie, 2011; Liu et al., 2011). Although reasonable
qualitative outcomes have been obtained from these studies, the results must be evaluated quantitatively. One of the
difficulties in CFD studies applied to such building complexes is to obtain reliable experimental and observational
results for validation. Recently, detailed wind-tunnel experiments for pollutant dispersion around a building group in
downtown Montreal (Stathopoulos et al., 2004) have been used in several studies for CFD validation (Blocken et al.,
2008; Lateb et al., 2010; Gousseau et al., 2011a). Furthermore, COST 732 provided the validation protocol for
Oklahoma City (OKC) from the Joint Urban 2003 project (JU2003; Allwine et al., 2004). This large urban field
program was conducted in Oklahoma City to study atmospheric transport and diffusion in an urban environment.
Wind tunnel modeling has also been conducted at the University of Hamburg (Kastner-Klein et al., 2004) to measure
high resolution flow and dispersion data sets that supplement JU2003 field data. Several CFD studies have been
applied to this subject (Lien et al., 2008). Hanna et al., (2006) compiled computational results of tracer gas dispersion
using the urban atmospheric boundary layer scenario in New York City. They found that the five CFD models they
compared produce similar wind flow patterns, as well as good agreement with winds observed during a field
experiment. Recently, a relevant tracer dispersion experiment conducted in London has been referred to in several
CFD simulations (Xie and Castro, 2009; Xie, 2011; Xie et al., 2013). The London experiment formed part of the
Engineering and Physical Sciences Research Council (EPSRC), United Kingdom-funded Dispersion of Air Pollution
and its Penetration into the Local Environment (DAPPLE) project, which involves field measurements (Arnold et al.,
2004; Wood et al., 2009), wind-tunnel experiments (Carpentieri et al., 2009), computational modelling,
meteorological measurements, and model development and evaluation.

3 Key features of near-field pollutant dispersion around buildings

Based on the studies discussed in the preceding section, some features of near-field pollutant dispersion around
buildings can be identified by considering bluff body aerodynamics and atmospheric dispersion. The relationship
between these features and reminders of the applicability of CFD modeling are explained in this section.

3.1 Three-dimensionality of mean flow

Fig. 3 shows main features of flow around cuboids at 0° and 45° to the approach flow in a thick boundary layer
(Robins and Macdonald, 2001). This figure indicates that the flow structure around a rectangular building is highly
three-dimensional. The flow field displayed in Fig. 3(a) is the result of wind impacting normal at a face.
Alternatively, when the wind approaches the building on a diagonal, a strong elevated trailing vortex system is
generated (Fig. 3(b)). Murakami (1993) schematically demonstrated the distribution of the strain-rate tensors around
a simple bluff body as shown in Fig. 4. There exist various sharp velocity gradients in both the streamwise and
vertical directions. Since the production of turbulence statistics, such as Reynolds stress, are closely related to the
strain-rate tensors, the turbulence characteristics around a bluff body become complex due to the complicated
distribution of the strain-rate tensors. Yakhot et al. (2006) also investigated the negative turbulence production was
predicted in the region in front of the cube where the main horseshoe vortex originates by DNS computations. Such
complex flows should be distinguished from simple boundary layers, for which most RANS models were developed,
and are not treated very well in RANS approaches.

Therefore, in the near-field, the pollutant diffusion phenomenon also has a fully three-dimensional nature due to
the flow around a building. Many experiments have shown that contaminants can be transported in the opposite
direction of the prevailing wind due to the eddies and mean flows induced by buildings (Li and Meroney 1983a,
Ogawa et al., 1983). This occurs when the contaminant is caught in sidewall, rooftop, and cavity recirculation zones
around isolated buildings. It can be even more prevalent in a group of buildings (e.g., where contaminants can travel
upstream in the cavity of one building to the sidewall eddy induced by another building). This behavior makes it very
difficult to predict near-field pollutant dispersion around a group of buildings using the semi-empirical approach (e.g.,
ASHRAE, 2007, 2011). Furthermore, as pointed out by Meroney (1990), the aerodynamic characteristics of a
dispersion plume depend upon the shape and intensity of motion within separated flow regions around the obstacle.
Belcher (2005) pointed out that the positions of ‘shear layers’ and ‘dividing streamlines’ largely control the patterns
of mixing and transport in urban areas. He also showed that neighborhood-scale dispersion follows one scaling in the
near field and another in the far field after contaminants pass through many intersections. A schematic diagram of
plume dispersion through an array of obstacles was demonstrated by Davidson et al. (1995) and is shown in Fig. 5. A
number of distinct effects can be observed such as vertical mixing by horseshoe vortices, upwind vertical diffusion,



smoothing of concentration fluctuations by building wakes, and channeling of plumes along array passages. As a
basis for accurate prediction of dispersion using CFD, it is necessary to reproduce such three-dimensional flow

structures around buildings.
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Fig. 3. Main features of flow around cuboids in a thick boundary layer. (a) Mean flow patter around a cuboid normal
to the approach flow (lines marked ‘sa’ denote mean separation/attachment lines). (b) Mean flow pattern around a

cuboid at 45° incidence to the approach flow (Robins and Macdonald, 2001).
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Increased plume size, reduced turbulence scales and wake sources
smooth out plume meander in the obstacle array.
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Fig. 5. Schematic diagram of plume dispersion through an array of obstacles (Davidson et al., 1995).

3.2 Unsteadiness of large-scale flow structure

Another characteristic of a flow field around a single building or a group of buildings is the high unsteadiness caused
by the oncoming unsteady flow and its interaction with the wake flow connected with the process of vortex shedding.
This can be a factor that influences pollutant dispersion in the urban area and causes complex behavior due to
advection and turbulent diffusion.

A large-scale organized motion in the flow field around a bluff body can be explained easily for the flow past a
2D cylinder. Indeed, the time-varying flow in the wake of a 2D cylinder includes a periodic component distinguished
from a residual ‘random’ (‘turbulent’) component (Lyn et al., 1995). This is conceptually illustrated in Fig. 6
(Murakami and Mochida, 1995), which shows that the periodic fluctuation organized by the large-scale flow
structure should be specifically distinguished from the stochastic turbulent fluctuation. When an isolated bluff body
has a simple shape, the contribution of the large scale unsteadiness, like vortex shedding, is relatively large.
Alternatively, when the bluff body has a complicated shape, like an actual urban building complex, the stochastic
turbulent fluctuation will be dominant. As described in the previous section, the flow field around buildings is
characterized by the appearance of various types of vortices, i.e. a horseshoe vortex, an arc-shaped vortex, flow



separation and vortex shedding. In fact, these large-scale vortices repeat converging/diverging and unsteadily interact.
Such unsteady dynamics and organized structures over idealized three-dimensional arrays of buildings are clearly
elucidated based on comprehensive data from DNS (Coceal et al., 2007; Branford et al., 2011). It should be
emphasized that this type of large-scale unsteady fluctuations cannot be reproduced by steady RANS computations,
in which time-derivative terms in the basic equations are equal to zero by considering the solution as being steady in
time. However, this is not meant all RANS cannot reproduce it. Because RANS is derived by ensemble (Reynolds)
average, it is basically applicable to non-stationary flows such as periodic or quasi-periodic flows involving
deterministic structures. This approach is called as unsteady-RANS (URANS). However, most of the turbulence
models used to close the equations are valid only as long as the time over which these changes in the mean occur is
large compared to the time scales of the turbulent motion containing most of the energy. Therefore, special attention
to turbulence models used is necessary to use URANS successfully. Currently URANS is hardly applied to the
near-field dispersion problem around buildings, as will be discussed later in this paper.

7 "
Fig. 6. Periodic and stochastic ﬂu&:,tuations in the turbulent vortex shedding flow. ! : periodic fluctuation; ! :
stochastic turbulent fluctuation; : total fluctuation (periodic + stochastic); <f>,: phase-averaged value; <f>

time-averaged value (Murakami and Mochida, 1995).

3.3 Anisotropy of turbulent scalar fluxes

For transport and dispersion around buildings, large eddies act to physically transport contaminants from one point in
space to another. For example, a pollutant released in a street canyon is intermittently ejected out of the canyon due
to the instantaneous flow field, and it results in periods of low and high concentration in the canyon. This ‘non-local’
mixing is not adequately accounted for the standard gradient diffusion hypothesis (SGDH) (Brown 2004). The need
for advanced models for scalar fluxes and the limitations of the SGDH have been frequently reported and discussed
since the comprehensive review by Launder (1978). Several algebraic formulations for the turbulent scalar flux have
been proposed and some of them applied successfully to turbulent mass transfer in complex flows (Rogers et al.,
1989; Abe and Suga, 2001; Younis et al., 2005). Recently, Rossi and Iaccarino (2009) showed that the SGDH failed
to predict the streamwise component of the scalar flux through a numerical study of a line source downstream of a
square obstacle. Rossi et al. (2010) concluded that algebraic closures, which can close the scalar flux term with a
tensorial turbulent diffusivity, provide a significant improvement from the analysis using the DNS database for scalar
dispersion downstream of a wall-mounted cube. Gousseau et al. (2011b) indicated that the counter-gradient
mechanism occurs for not only cubic buildings, but also when the source is higher and less affected by the
building-generated turbulence. It has been also demonstrated that large differences can be observed between the
distributions of the estimated eddy viscosity by using LES data and the eddy diffusivity obtained by RANS for a
building array model with a point source, since the eddy diffusivity is not always proportional to the eddy viscosity
(Tominaga and Stathopoulos, 2012). This limitation of the SGDH is related to the problem of the turbulent Schmidt
number in RANS computations as mentioned later.
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4 Prediction accuracy of various turbulence models

In terms of the accuracy of CFD simulations, the main sources of errors and uncertainties should be identified. The
ERCOFTAC guidelines categorize errors and uncertainties in CFD simulations as model uncertainty, discretization
or numerical error, iteration or convergence error, round-off errors, application uncertainties, user errors and code
errors (Casey & Wintergerste, 2000). The model uncertainty, which is due to the difference between the real flow
and the exact solution of the model equations, is mainly discussed in this paper. As ensured in the ERCOFTAC
guidelines, it should be noted that the relevance of turbulence modeling only becomes significant in CFD simulations
when other sources of error, in particular the numerical and convergence errors, have been removed or properly
controlled.

4.1 Comparison of various RANS models

In several studies, various RANS models have been compared for modeling dispersion fields around buildings
(Meroney et al., 1999; Chan et al., 2002; Nazridoust and Ahmadi, 2006; Blocken et al., 2008; Tominaga and
Stathopoulos, 2009). It is well known that the standard k-¢ model (SKE; Launder and Spalding, 1972) poorly
represents separation flow due to the overestimation of turbulent kinetic energy (TKE) near the upwind corner of a
building (Murakami, 1993). Therefore, when a source exit exists in the recirculation regions on the roof and walls,
poor concentration prediction is observed. The SKE performance is improved by modifying k-¢ models, such as the
RNG k-¢ model (RNG; Yakhot et al., 1992), on concentration prediction (Meroney et al., 1999; Tominaga and
Stathopoulos, 2009; Blocken et al., 2011). However, when the exit is installed in other positions (e.g., elevated stacks
or wake regions) the SKE sometimes shows a better result in comparison with the modified models (Wang and
McNamara, 2006; Gousseau et al., 2011b). This is why the overestimation of TKE near the upwind corner in SKE
causes large turbulent diffusion at the side and leeward walls of the building. The overestimation of turbulent
diffusion observed in SKE counteracts the under-estimation of turbulent diffusion due to the lack of large-scale
unsteady motion in RANS computation (Tominaga and Stathopoulos, 2010). The differences of the results between
SKE and the modified k-¢ models are rather small for dispersion in street canyons and building complexes, where
turbulence produced by surrounding buildings is dominant (Chang and Meroney, 2001; Nazridoust and Ahmadi,
2006). The Reynolds-stress models (RSM; Launder et al., 1975) has often provided the worst results in comparative
studies of various turbulence models, although it can occasionally capture the near-wall flow phenomena (Murakami
et al., 1996; Wang and McNamara, 2006; Koutsourakis et al., 2012). This is mainly because RSM requires
optimization of many numerical parameters due to the comparatively high number of differential equations to be
solved, and the simulations generally have a higher dependency on the chosen mesh and more difficulty converging
when compared to the k-¢ models. However, RSM can account for various effects of complex turbulent flows in a
rigorous manner. Therefore, the RSM needs further investigation for application to near-field pollutant dispersion
around buildings, though k-& models are presently ascendant by their robustness for various flow fields. In short, it is
important to use turbulence models with a thorough understanding of their characteristics and limitations.

4.2 Optimization of turbulent Schmidt number

In the k-& type RANS models, the scalar flux is estimated using the SGDH with the eddy diffusivity typically being
expressed by the eddy viscosity and the turbulent Schmidt number, Sc,. Before discussing Sc,, it should be reminded
that SGDH is an inadequate model for a complex flow and various improved models have been proposed, as
mentioned in section 3.3. Introducing Sc, is, so to speak, a compromising method corresponding to the simplicity of
the turbulence modeling in the k-& models. As pointed out by Tominaga and Stathopoulos (2007), the optimum
values of Sc, provided in previous studies are sometime much different from the commonly used values of 0.7 to 0.9
and are widely spread from 0.2-1.3 according to the various flow properties and geometries. Sc, can be determined
by measurements and much research on its values has been conducted including the turbulent Prandtl number over
the years (Launder, 1978; Koeltzsch 2000; Flesch et al. 2002). According to these references, Sc, sometimes varies
widely. Koeltzsch (2000) showed a strong height gradient in Sc,, with a peak near one-third the boundary layer depth.
The wide range of Sc, in measurement implies that Sc, has functional relationship to local flow properties. Therefore,
optimization of Sc, should be performed based on local flow properties, and never be adjusted to correct for error in
the mean flow calculation as it is a scalar diffusion parameter. Recently, Mokhtarzadeh-Dehghan et al. (2012) found
that the mass eddy diffusivity needed to be reduced by increasing Sc, with dependence on Richardson number in
order to model the experimentally observed spreading rates of heavier-than-air gases correctly.
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As demonstrated in many previous studies (Di Sabatino et al., 2007; Blocken et al., 2008; Gousseau et al., 201 1a,
b), smaller values of Sc; often provide better results in comparison with experimental values. These results can be
interpreted that underestimation of turbulent diffusion of momentum, which is often observed in steady-RANS
computation (Tominaga et al. 2008a), is compensated by a smaller value of Sc,. Chavez et al. (2011) verified that
pollutant dispersion from a rooftop stack of an isolated building is greatly influenced by the value of Sc,, however, in
the presence of adjacent buildings changes in Sc, do not have a major impact on plume dilutions, especially
downstream from the stack. This can be interpreted to imply that turbulent mixing enhanced by the surrounding
buildings obscures the underestimation of turbulent diffusion in RANS computation. Moreover, this type of
compensation can be found in discrepancy of the SGDH in modeling of a turbulent scalar flux. The SGDH cannot
express anisotropy of turbulent scalar flux as discussed in the previous section. This type of inherent discrepancy can
also be compensated by changing the value of Sc,. For example, two values of Sc, could be used to ensure that the
diffusivities for lateral and vertical directions are different. Simoes and Wang (1997) found that the best results were
achieved with the anisotropic Sc, arrangement of 0.5 for horizontal mixing and 1.0 for vertical mixing for a
compound channel flow (Shiono et al., 2003). Ideally, these discrepancies from turbulence modeling should be
remedied by improving or upgrading turbulence modeling itself.

4.3 Comparison of RANS and LES

It is well known that in contrast to RANS, the LES resolves large-scale unsteady motions and requires only
small-scale modeling. Therefore, dynamic properties such as the fluctuations of wind pressure on buildings, which
are primarily due to large-scale motions, can be directly reproduced in LES. Furthermore, several studies have
argued that the results of LES show good agreement with experimental data in terms of distributions of mean
velocity and turbulent energy around a simple building, even when the simple sub-grid scale model was used
(Murakami, 1993; Rodi, 1997; Tominaga et al., 2008a). This is because the momentum diffusion due to large scale
fluctuations - say vortex shedding around a building, which is not reproduced in steady-RANS computation - is
closely related to the formation of the flow structure around a bluff body.

According to previous studies comparing RANS and LES for dispersion modeling around buildings (Xie and
Castro, 2009; Dejoan et al., 2010; Santiago et al., 2010; Tominaga and Stathopoulos, 2010, 2011, 2012; Salim et al.
2011, Gousseau et al., 2011a, b), LES gives better results than RANS for calculating the distribution of concentration,
although the difference between LES and RANS results for mean velocity is not as large. This is because the
horizontal and vertical diffusions of concentration are reproduced well by LES, due mainly to the reproduction of
unsteady concentration fluctuations around the building in comparison to RANS computations. Fig. 7 illustrates the
contours of normalized concentrations on building surfaces and surrounding streets from the rooftop stack on the
central building in Montreal by RANS SKE and LES (Gousseau et al., 2011a). With both models, the maximum
concentrations occur on the leeward facade of the tall building but the concentration values on the building surfaces
and the surrounding streets predicted with LES are overall lower than those predicted with SKE. The concentration
obtained by LES is much diffusive in horizontal and vertical directions. By comparing with the experimental data,
LES results are more accurate than those from RANS SKE. Furthermore, Moonen et al. (2012) found that flow
unsteadiness has a significant effect on the performance of air exchange in an idealized urban environment by
comparison between steady RANS and LES.

As mentioned above, the turbulent mass diffusion attributed to the large-scale structures that emanate from the
leading edge of the buildings is too complex to be modeled adequately by using SGDH. Therefore, only an unsteady
state computation, such as LES, is capable of reproducing the complicated turbulent mass transfer that occurs around
buildings. However, the CPU time required to obtain the statistical values in LES is 10-25 times longer than that in
corresponding steady-RANS computations; although it is difficult to compare the computational time of LES and
RANS methodologies directly due to the different convergence criteria used by the two methods. In this sense,
unsteady-RANS (URANS) computation is promising, because URANS can reproduce large-scale unsteady
structures with lower spatial and temporal resolutions than LES. However, there are very few URANS examples
investigating flow around a building (Iaccarino et al., 2003; Shao et al., 2012). Iaccarino et al. (2003) demonstrated
that URANS predicted periodic shedding and led to much better concurrence with available experimental data than
has been achieved with steady computation for flow over a wall-mounted cube. It should be noted here that URANS
only resolves the fluctuations due to the large-scale flow structure, while it models the turbulence fully. On the other
hand, LES actually resolves most scales of the turbulence. Therefore, URANS is more successful for flows whose
unsteadiness is deterministic, such as vortex shedding in the wake of an obstacle with a low-turbulence approach
flow (Kato and Launder, 1993; Shimada and Ishihara, 2002). In order to apply URANS to relatively high turbulence
approach flows such as atmospheric boundary layer flows, it is necessary to appropriately model the interaction
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between the organized large-scale flow unsteadiness and the random turbulence motions in the turbulence model
(Younis and Zhou, 2006).

LES computation can yield important information on instantaneous fluctuations of concentration that cannot be
directly obtained by RANS computations. However, in compensation, a model solving the transport equation of the
concentration variance has been known as the prediction method of concentration fluctuation in RANS model
(Launder, 1978). With the availability of measurements of concentration fluctuation in a plume dispersing in an
urban area, efforts to model the concentration variance for urban plumes have been undertaken by several researchers
(Andronopoulos et al., 2002; Hsieh et al., 2007; Mavroidis et al., 2007; Wang et al., 2009; Milliez and Carissimo,
2008; Yee et al., 2009). Generally, it has been demonstrated that these models can be used to reproduce
concentration variance in an idealized urban area under laboratory conditions. However, the models for closure of
the transport equations for concentration variance need to be further validated using other available urban flow and
pollutant dispersion data from both laboratory and full-scale experiments.

Fig. 7. Contours of normalized concentrations (K) on building surfaces and surrounding streets for different
turbulence models; (a) SKE and (b) LES (Gousseau et al., 2011a).

5 Issues with modeling of boundary conditions

The accuracy of CFD is also affected by uncertainties in the precise geometry, uncertain data or models that need to
be specified as boundary conditions such as turbulence properties at an inlet (Casey & Wintergerste, 2000). This
section describes two important issues with modeling of boundary conditions, i.e., inflow boundary condition and
expression of unresolved obstacles, affecting near-field pollutant dispersion in the urban environment.

5.1 Inflow boundary condition

As mentioned previously, pollutant dispersion around buildings is characterized by the complex interaction between
atmospheric boundary flow and flow around buildings. Therefore, accurate simulation of the atmospheric boundary
flow in the computational domain is imperative to obtain accurate and reliable predictions of the intended dispersion
processes. In order to realize this, sufficient fetch where the boundary layer development is slow enough and
consistency between the ground surface boundary condition and the fully-developed inlet profiles are required. For
fetch distance, Robins (1979) concluded that a fetch of about 6-7 times as long as the boundary layer depth is needed
for development. For the consistency between the well-used sand-grain based rough-wall function in RANS
computations and the fully-developed inlet profile, several remedial measures have been proposed (Blocken et al.,
2007; Hargreaves and Wright, 2007; Yang et al., 2009; Parente et al., 2011).

Furthermore, the mean and turbulent properties corresponding to actual weather conditions need to be given
adequately at an inflow boundary. In RANS computations, this is comparatively simple since turbulent statistics can
directly be given at the boundary (Kondo et al., 2006; Baik et al., 2009). On the other hand, LES is accompanied by
difficulty, because the process needs to be provided with physically appropriate temporal and spatial fluctuations. As
widely recognized, the inflow turbulence has strong influence on the turbulent flow structure around buildings.
Hence, the treatment of inflow turbulence is very important to obtain reliable results in LES. Much effort has been
made to provide the suitable inlet conditions for LES over many years and results of the recent development in
engineering fields can be found in an overall review by Tabor and Baba-Ahmadi (2010). Xie and Castro (2008)
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developed the synthetic method of turbulence generation in order to implement dynamic spatial boundary conditions
derived from the unsteady output of much larger-scale computations coupled with the new small-scale turbulence
inflow method. Xie (2011) reported that the dispersion in an urban region was found sensitive to the variation of
wind direction through LES of flow and dispersion in an oblique wind over the DAPPLE site.

Moreover, influence of the stability of inflow boundary layers on near-field dispersion is a much more complex
topic in contrast to the neutral case. This is because the height of an internal boundary layer, which is generated by
each local surface condition, grows with increasing fetch. The rate of the growth depends on the roughness and the
stability. The influence of the atmospheric stability on dispersion in urban configurations has been investigated by
wind tunnel and field experiments (Higson et al., 1995; Uehara et al., 2000; Santos et al., 2005; Yassin 2013).
Meanwhile, several research studies have been conducted on the reproduction of the influence of atmospheric
stability on near-field dispersion using CFD (Zhang et al., 1996; Baklanov, 2000; Santos et al. 2009; Xie, 2010;
Cheng and Liu, 2011b; Mavroidis et al., 2012). As reported by Santos et al. (2009), stability conditions significantly
affect plume spread and concentration levels around buildings by the intermediary of TKE level generated by
temperature gradients. Recently, Xie et al. (2013) investigated thermal stratification effects of approach flows on
dispersion over a group of staggered cubes and the DAPPLE site using LES, wind-tunnel and field experiments.
They performed a number of numerical experiments including cases with various bulk Richardson number Ry, and
concluded that stratification effects on dispersion in weakly unstable conditions are not negligible.

Additionally, some researchers also indicated that the influence of solar radiation has significant influence on
pollutant diffusion inside street canyons (Sini et al. 1996, Smith et al., 2001; Xie et al., 2005). These studies reveal
that the differential heating of street surfaces due to solar radiation can largely influence the flow’s capability to
transport and exchange pollutants.

5.2 Unresolved obstacles

Many obstacles affect near-field dispersion in urban environments. Generally, since it is difficult to explicitly resolve
them all by grids used in CFD, some kind of modeling should be introduced. Canopy models have been developed
for representing surface roughness effect of obstacles on wind profiles for a long time. Recently, the canopy models
have widely been used in order to consider the aerodynamic effects of various unresolved obstacles. In the canopy
models, extra terms designed to represent the drag and increased turbulence due to obstacles, are added to governing
equations. For example, trees are common obstacles in urban environment. The presence of trees induces a decrease
in wind velocity and changes in TKE. In the literature, several canopy models have been developed in order to model
the forested areas effects, with different formulations for additional source terms in TKE and dissipation rate
equations (Svensson and Haggkvist 1990; Green 1992; Hiraoka, 1993; Liu et al. 1996; Sanz 2003; Katul et al. 2004;
Mochida et al. 2008). Mochida et al. (2008) optimized the model coefficients used in the tree canopy models by
comparing numerical results with field measurements of wind velocity and TKE around trees. The influence of trees
on pollutant diffusion inside street canyons has been investigated both experimentally (Gromke et al., 2007; 2009)
and by numerical models (Gromke et al., 2008; Buccolieri et al., 2009; 2011).

Furthermore, the modeling of traffic, which is the main pollution source in a street, is also important. Effects of
moving vehicles on dispersion around street canyons have been investigated experimentally (Baker and Hargreaves,
2001; Ahmad et al., 2002). As pointed out by Baker and Hargreaves (2001), there is a large variability between
individual concentration time series with moving vehicles in wind tunnel, because of a normal feature of the
turbulent wind and vehicle wake system where the turbulence length scale is greater than the vehicle/wake scale.
Therefore, ensemble averaging is required to evaluate the concentration. The ensemble-averaged properties in
experiments can only be compared with RANS CFD results. A 3-D Eulerian-Lagrangian approach to moving
vehicles that takes into account the traffic-induced flow and turbulence was proposed by Jicha et al. (2000) for
pollutant dispersion in a street canyon. Mochida and Lun (2008) extended the methodology of the canopy model to
incorporate the aerodynamic effect of the moving vehicles based on the k-& model, in which extra terms were added
in the transport equations. On the other hand, an explicit treatment of moving vehicles can be undertaken by
computations using the moving finite element/control volume method (e.g. Fluidity, 2012). This method allows
arbitrary movement of the mesh with time dependent problems like a passing vehicle. Venetsanos et al. (2002)
studied the impact of various factors that may affect the exhaust plume dispersion, different driving environments,
car speeds and meteorological conditions, by CFD computations performed in a moving coordinate system with the
car and site geometry being fully resolved.

6 Model evaluation
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6.1 Evaluation of CFD models

Validation process is an essential part of model evaluation to provide qualitative and quantitative views of the model
(Blocken and Gualtieri, 2012). For many users, it is most important to determine the accuracy and confidence of the
model results. Unfortunately, it is very difficult to determine how to validate based on accuracy because pollutant
concentrations around buildings can vary by orders of magnitude in time and space. For comparison with wind
tunnel data, the German VDI Guideline on wind field models (VDI, 2005) requires a certain hit rate for a number of
specific test cases. For example, for wind components at specific points behind a building, the guideline requires a
hit rate of q > 66%, with an allowed deviation D=0.25. Other typical values are given by Chang & Hanna (2004).
Recently, based on accumulated knowledge from the meteorological field, the COST Action 732 (2005-2009)
proposed and tested a new protocol for evaluation and quality assurance of numerical models for micro-scale urban
meteorology (Britter and Schatzmann, 2007). This document assists in the establishment and execution of a model
evaluation exercise for the use of microscale meteorological models in the prediction of the flow and/or the
dispersion of pollutants within and near an urban canopy layer. The proposed evaluation protocol has several distinct
elements: a scientific evaluation process, a verification process, the provision of appropriate and quality assured
validation data sets, a model validation process, and an operational evaluation process that reflects the needs and
responsibilities of the model user. Issues with the validation of urban flow and dispersion CFD models from a
meteorological viewpoint have been overviewed by Schatzmann et al. (1997) and Schatzmann and Leitl (2002;
2011).

It is also important to determine which variables should be used for evaluation. The maximum concentration is a
key metric for most air quality applications. However, low values of concentration need to be accurately calculated
because they may significantly affect population exposure assessments. For example, the lethality of low
concentrations may not be as great, but because the dilute plume covers a greater area, it can still affect many people.
Furthermore, accurate prediction of plume location and coverage is very important when developing and evaluating
urban dispersion models, but it poses a difficult challenge (Brown, 2004). From this viewpoint, statistical analysis
based on various metrics recommended in previous studies (Chang and Hanna, 2004; COST Action 732, 2009) has
limitations in use for evaluating plume location or coverage; this type of analysis is helpful in estimating the errors in
models, but it can lead to misleading conclusions due to the limited experimental data set (Santiago et al., 2010).

Time-averaged concentration, which is relatively easy to obtain in experiments, is often used for evaluations.
However, concentration fluctuations around buildings are very important, particularly when plume contains toxic,
flammable, or odorous components. The prediction results are often required in terms of percentile exceedances,
rather than absolute maximum results. This makes the results more robust, and probably more realistic for
assessment manners. In such cases, LES, which can directly evaluate a specific percentile of concentration, has a
great advantage when compared to the RANS approach. When using LES,; it should be noted that evaluation time for
obtaining statistical average values is quite important (Schatzmann and Leitl, 2011; Harms et al., 2011).

6.2 Measurements data for validation

In order to perform high quality validation and uncertainty evaluation, reliable experimental data are indispensable.
In particular, it is important that the required boundary conditions, such as inflow conditions, are carefully provided
for computations. As pointed out by Schatzmann and Leitl (2011), atmospheric variability may be critical when CFD
results are compared with field measurement data. Since field experiments are generally treated as a set of individual
realisations, sufficiently large ensembles of observations over the range of external parameters, such as wind
direction, should be obtained to provide useful statistical information. In this sense, very few dispersion studies have
ever really produced sufficiently large datasets to meet this condition. The constraint is felt particularly strongly in
short-range urban dispersion because of the high degree of inherent natural variability, coupled with confounding
factors such as traffic conditions (Belcher et al., 2012). Therefore, it is recommended that validation data based on a
combination of field and boundary layer wind tunnel experiments are provided.

Several experimental datasets based on wind tunnel tests are available on the internet. For example, CEDVAL
(2002), which was provided at the Meteorological Institute, Hamburg University, is a compilation of mainly wind
tunnel datasets that can be used for validation of numerical dispersion models. All datasets within CEDVAL follow a
high quality standard in terms of complete documentation of boundary conditions and quality assurance during
measurements. The database will be extended step by step by more complex configurations. On the other hand, the
DAPPLE project is mostly a field-based campaign targeted at central London, aiming to understand the influence of
urban traffic and urban junction topographies on the dispersion of pollutants (Arnold et al., 2004; Wood et al., 2009).
Detailed wind tunnel experiments were also performed in order to study flow and pollutant dispersion in the real
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urban environment (Carpentieri et al., 2009). The experimental set up allowed the measurement of flow and
dispersion around a small-scale model of the DAPPLE site, as well as the estimation of mean and turbulent fluxes in
the urban canopy (Carpentieri and Robins, 2010; Carpentieri et al., 2012). In this study, comprehensive and detailed
flow and dispersion datasets were collected that were suitable for model evaluation work at all levels from the
empirical model to CFD (DAPPLE Datasets, 2008). It is expected that the reliability of CFD models will be clarified
and established by performing cross comparisons using these datasets.

7 Conclusions

This article documented the current modeling and computational methods in CFD simulations of near-field pollutant
dispersion around buildings in order to give a perspective on CFD modeling and give some insights into future
directions for practical applications. First, previous CFD studies of near-field pollutant dispersion around buildings,
conducted with different research purposes, configurations, boundary conditions, and modeling approaches, were
reviewed. These delivered an overview of CFD applications to near-field pollutant dispersion in the urban
environment in recent years. Next, key features of near-field pollutant dispersion around buildings from previous
studies, i.e., three-dimensionality of mean flow, unsteadiness of large-scale flow structure, and anisotropy of
turbulent scalar fluxes, were identified and discussed. This review highlights that it is important to choose
appropriate numerical models and boundary conditions by understanding their inherent strengths and limitations.
Finally, the importance of model evaluation was emphasized. Since pollutant concentrations around buildings can
vary by orders of magnitudes in time and space, the model evaluation should be performed carefully, while paying
attention to their uncertainty. It was reconfirmed that the quantification of uncertainty was a cornerstone activity of
any verification and validation program.

Applications of CFD to near-field pollutant dispersion around buildings have been rapidly increased in recent
years, as presented in this review. Furthermore, its range is widely expanded to include various factors such as plume
with strong negative and positive buoyancies, chemical reactions and fine particle dispersions. Clearly, CFD has
considerable potential, as demonstrated by recent scientific accomplishments in this area. However, in order to use it
appropriately, sufficient attention to the model theory and implementation is required. A previous review paper on
past achievements and future challenges in Computational Wind Engineering (CWE) concluded with the following
remarks (Stathopoulos, 2002):

“In spite of some interesting and visually impressive results produced with Computational Wind Engineering, the
numerical wind tunnel is still virtual rather than real. Its potential however, is extremely high and its progress
should be monitored carefully. Many more parallel studies — numerical and experimental — will be necessary in
order to increase the present level of confidence in the computational results. Practitioners should be warned about
the uncertainties of the numerical wind tunnel results and urged to exercise caution in their utilization. Finally, more
effective efforts should be made in the numerical simulation of fluctuating flow field and the numerical evaluation of
peak values of variables necessary for design.”

In the past decade, CFD has become a more accessible tool due to the continued progress of modeling studies and
the rapid increase of computational resources. In particular, for the prediction of the pedestrian wind environment,
CFD has already been a viable method using several practical guidelines. However, for near-field pollutant
dispersion around buildings, it is still needed to discern the applicability of CFD further with paying careful attention
to the above quote. As demonstrated in this paper, inevitably, high quality CFD is often time consuming and costly.
The validity of the level of expertise required and the time (cost) involved should be carefully evaluated on the basis
of its purposes by comparing them with those of other assessment methods.
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