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ABSTRACT

A microscale air pollutant dispersion model system is developed for emergency response purposes. The model includes
a diagnostic wind field model to simulate the wind field and a random-walk air pollutant dispersion model to simulate the
pollutant concentration through consideration of the influence of urban buildings. Numerical experiments are designed to
evaluate the model’s performance, using CEDVAL (Compilation of Experimental Data for Validation of Microscale Disper-
sion Models) wind tunnel experiment data, including wind fields and air pollutant dispersion around a single building. The
results show that the wind model can reproduce the vortexes triggered by urban buildings and the dispersion model simulates
the pollutant concentration around buildings well. Typically, the simulation errors come from the determination of the key
zones around a building or building cluster. This model has the potential for multiple applications; for example, the prediction
of air pollutant dispersion and the evaluation of environmental impacts in emergency situations; urban planning scenarios;
and the assessment of microscale air quality in urban areas.
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1. Introduction

Urbanization is a worldwide process through which hu-
man beings change the natural world. The natural/vegetated
land surface is converted to an urban land surface composed
of buildings. Large amounts of material and energy are con-
sumed in urban areas and pollutants and waste heat are re-
leased as a result. With urbanization taking place all around
the world, many related environmental problems occur over
urban areas from the regional to the building scale (e.g. Brit-
ter and Hanna, 2003; Britter et al., 2003; Ren et al., 2011).
Air pollutant dispersion at the microscale is very important
because it is closely related to the comfort and health of res-
idents in populated urban areas. However, the characteristics
of pollutant dispersion in urban areas at the local scale and
microscale is complicated because of the complex wind field
disturbed by buildings of various shapes (Walton et al., 2002;
Hanna et al., 2003; Shi et al., 2008; Xie et al., 2008; Boppana
et al., 2010; Fujiwara et al., 2011; Gu et al., 2011; Zhang et
al., 2011; Chung and Liu, 2013; Perret and Savory, 2013).
The SIRANE model (Soulhac et al., 2011, 2012) improved
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the conventional Gaussian model by integrating a box model
for street canyons and considering the fluxes at street inter-
sections.

Numerical simulation is an important method widely
used for the urban atmospheric environment and many mod-
els have been developed for microscale pollutant dispersion.
The “urbanized” Gaussian model is a conventional method
that tries to consider the impact of buildings by modifying the
horizontal and vertical diffusion parameters (McElroy, 1969;
Hanna, 1971). This method works well when the building
density is quite low (Hanna et al., 2003; Luhar et al., 2006;
Venkatram and Princevac, 2008), but fails in areas with high-
rise buildings.

The abilities of computational fluid dynamics (CFD)
methods (e.g., large-eddy simulation, direct numerical simu-
lation) are similar in terms of their representation of the wind
flow characteristics around buildings and urban canyons (Cai,
2000; Walton and Cheng, 2002; Walton et al., 2002; Cai et al.,
2004; Meroney, 2006, 2008; Shi et al., 2008; Gousseau et al.,
2011; Zhang et al., 2011; Aumond et al., 2012; Hertwig et al.,
2012; Inagaki et al., 2012; Saneinejad et al., 2012; Michioka
et al., 2013). However, such methods are usually quite ex-
pensive computationally, and less effective in an emergency
response setting.
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Regarding emergency responses at the urban neighbor-
hood scale (e.g., toxic gas leakages, airborne aerosol emis-
sions), information on air pollutant dispersion and evalua-
tions of the likely harm should be supported over a very short
timeframe (about 10–30 minutes) for a decision to made (van
de Walle and Turoff, 2008). A fast method is needed to sim-
ulate the wind flow/air dispersion around building clusters
with relatively high accuracy and less computational cost.
A few models have been developed for this purpose, e.g.,
QUIC (The Quick Urban and Industrial Complex dispersion
model system) developed by the Los Alamos National Lab-
oratory (www.lanl.gov/projects/quic/index.shtml) (Singh et
al., 2008). In this paper, an urban microscale air pollutiondis-
persion simulation model (hereafter, UMAPS) is established
and evaluated with wind tunnel experiments.

2. The model

The model (UMAPS) is a building-resolved air pollu-
tant dispersion model system, which includes a diagnosis
model for wind fields around urban buildings (Wind Informa-
tion Field Fast Analysis Model, WIFFA) and a random-walk
air pollutant dispersion model (Nanjing University Random-
Walk Dispersion Model, NJU-RWM) to simulate the pollu-
tant transport in urban canopies or canyons.

2.1. WIFFA

WIFFA is responsible for calculating the wind fields for
the dispersion model. WIFFA includes two modules, a first-
guess wind field interpolation model and a mass conservation
wind model. The first-guess wind field interpolation model
supplies the initial conditions for the mass conservation wind
model, based on building morphology information and back-
ground wind speed/direction. The mass conservation model
calculates a more realistic wind field based on the mass con-
tinuity equation.

The impact of the building is considered via the method of
the QUICmodel (http://www.lanl.gov/projects/quic/quicurb.
shtml), in which the wind field around a building is charac-
terized by several key zones, including the upwind displace-
ment zone, the upwind cavity, the leeside cavity, the wake
zone, and the rooftop recirculation zone due to the prevailing
wind direction, and the reference wind speed is used for the
interpolation in different zones. Both the wind fields in the
leeside cavity and wake zone are determined by the method
of Röckle (1990). Wind fields in the upwind displacement
zone and upwind cavity are estimated by the method of Ba-
gal et al. (2004a, b), and the interpolation method of Pol et
al. (2006) is used for the rooftop recirculation zone.

The interaction among buildings causes the wind flow in
a street canyon to be more complicated than around a sin-
gle building. Oke (1988) classified the wind flow in a street
canyon into three types: isolated roughness flow, wake in-
terference flow, and skimming flow. For the isolated rough-
ness flow, the interpolation method for a single building is
used in our model. For the skimming flow and the wake in-

terference flow, the method of Kaplan and Dinar (1996) is
used.

The shapes of buildings in an urban area in the real
world are far more complicated than a cube or rectangle. In
UMAPS, all buildings are simplified to be a rectangle charac-
terized by the maximum building length, width and height, to
take advantage of the idealized interpolation schemes intro-
duced above. Also, all the above interpolation methods work
under the assumption that the inlet wind flow is perpendicular
to the building wall. When the inlet wind flow is not perpen-
dicular to the building wall, an adjustment is made using the
method of Kaplan and Dinar (1996).

Two schemes are used for wind profile interpolation in
WIFFA. The power profile method (Röckle, 1990) is used as
the QUICK-URB model when the building coverage is low
(buildings covering a fraction less than or equal to 35%, in the
current experiments) and the buildings distribution is sparse.
The interpolation equation is as follows:

u0(z) = u0(zref)

(

z
zref

)p

, (1)

whereu0(zref) is the reference wind speed,zref is the refer-
ence height,p is the power index,z is the vertical height,
andu0(z) is the interpolated wind speed at the height ofz.
When the building intensity is high (coverage greater than
35%), the urban canopy profile method (Macdonald, 2000)
is used, because the power method usually overestimates the
wind speed below the height of buildings. The equation of
the urban canopy profile is as follows:
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whereHcan is the height of the canopy (in this paper, its value
is set to the average building height of the whole simulation
domain),ucan is the wind speed at the top of the urban canopy,
d is the displacement height (in this paper, it is set as 0.7Hcan),
z0 is the roughness length (about 0.1–0.2Hcan), andα(z) is the
decay exponent, which is a function ofz and the building in-
tensity of the horizontal section at the height ofz (Macdonald,
2000).

After the first-guess interpolation, an initial wind field is
created and the wind speed at the grids that are inside the
buildings are set to zero, but the interaction of the wind fields
between “building-impact” grids and background grids are
not considered. The mass conservation equation is taken
into account to obtain a more realistic wind field from the
first-guess result. Mass-conservation wind models have been
widely used to simulate the wind field over complex terrain
for air pollutant dispersion (Goodin et al., 1980; Ross et al.,
1988; Jiang et al., 2001). The model used in UMAPS was
originally developed by Jiang et al. (2001), and the building
influence is considered as a very sharp topography.
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2.2. NJU-RWM

The random-walk method is widely used in air pollutant
dispersion simulations, which tracks tracer particles through
advection by the mean wind field and diffusion by atmo-
spheric turbulence. The turbulence movement is estimated by
calculating the probability distribution of particle movement,
which is simulated by a random number. A large number of
particles are used to statistically simulate the distribution of
pollutant mass, and concentrations are calculated by the dis-
tribution of tracer particles. This method is also widely used
in urban dispersion simulations (e.g., Delay and Bodin, 2001;
Wang and Mu, 2011). NJU-RWM is a random-walk model
developed by Jiang et al. (1999). The model has been mod-
ified to consider the influence of buildings and verified by
Zhang and Jiang (2006).

3. Wind tunnel experiment database and nu-
merical case design

3.1. Wind tunnel experiment database and numerical ex-
periment settings

The CEDVAL (Compilation of Experimental Data for
Validation of Microscale Dispersion Models, http://www.
mi.uni-hamburg.de/CEDVALValidation Data.427.0.html)
database is selected for the model evaluation in this paper.
The CEDVAL experiments were carried out at Hamburg
University, and include mean wind field, turbulence, and air
pollutant concentration measurements for single buildings
and building clusters. This database is widely used for the
development and evaluation of microscale numerical models
(Di Sabatino et al., 2008; Castelli and Reisin, 2011; Parente
et al., 2011; Vardoulakis et al., 2011).

The A1-1 and A1-5 wind tunnel experiments in CEDVAL
are used to evaluate the performance of the wind field simu-
lation by UMAPS around a single building; the numerical
experiments are named SA1-1 and SA1-5, respectively. The
model uses Cartesian coordinates and a regular cubic grid
is deployed. The horizontal simulation domain is 450 m in
the inlet wind velocity direction (x direction), 200 m in the
crosswind direction (y direction), and 100 m in the vertical
direction (z direction). The grid resolution is 1 m. The in-
let wind profile for the numerical experiments is set as the
same power-exponent profiles as in the wind tunnel setting,
as follows:

u(z) = Uref

(

z
Href

)p

, (3)

whereHref is the reference height, which is 100 m in A1-
1/SA1-1 and 125 m in A1-5/SA1-5;Uref is the inlet wind
speed at the height ofHref, which is 6.0 m s−1 in A1-1/SA1-1
and 5.85 m s−1 in A1-5; andp is the power exponent param-
eter, which is 0.21 in all experiments.

In the A1-5 wind tunnel experiment, four sources are
placed on the ground near the leeside wall of the build-
ing. The pollutant concentration observations are represented
by dimensionless concentration, defined asK = cm×Uref×

H2/Qs, wherecm is the pollutant concentration,Uref is the
reference wind speed, as in Eq. (3), andQs is the total mass
of pollutant release.H is the building height. In the numer-
ical experiments, the wind field is simulated by WIFFA, and
then NJU-RWM is deployed to simulate the air pollutant dis-
persion. A total of 400 000 particles are released to simulate
the pollutant dispersion in NJU-RWM.

3.2. Performance evaluation

To evaluate the performance of the model system, the fol-
lowing statistical parameters are employed:

MN = Xi(i = o,p) ; (4)

E = Xo−Xp ; (5)

RE = |(Xo−Xp)/Xo| ; (6)
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Here, Xo is the observed variable (wind speed, wind com-
ponents, or pollutant concentration) andXp is the respective
modeled one. MN is the mean value;E is the mean error be-
tween simulations and observations, RE is the relative sim-
ulation error; RMSE is the root-mean-square error;R is the
correlation coefficient; FAC2 is the factor of two of obser-
vations;N(0.5 6 Xp/Xo 6 2.0) is the data number under the
condition(0.5 6 Xp/Xo 6 2.0); N is the total data number;
HR is the hit rate; andA is the threshold value of relative
error.

4. Results

The simulated results are first interpolated to the measure-
ment points of the wind tunnel experiments for the evalua-
tion. The CEDVAL A1-1 and A1-5 experiments relate to the
wind fields and pollution dispersion around a single building;
the building size is 20 m in thex direction, 30 m in they di-
rection, and the height is 35 m. The simulation results show
that UMAPS captures the wind field structures well com-
pared to the wind tunnel experiments. In both the numerical
simulations and wind tunnel observations, the displacement
point occurs at aboutx/H = −1.0 to 1.3, and the stagnation
point occurs atz/H = 0.7. The reattachment point is at the
location ofx/H = 2.2, and the wind speed in the windward
vortex is less than 2.0 m s−1 (Fig. 1). These results are con-
sistent with the simulations reported in Singh et al. (2008).
The vertical leeside cavity vortex and the horizontal double-
eyed vortex are represented well in the simulations (Fig. 2).
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Fig. 1. The wind velocities at the crossing sectiony/H = 0:
(a) CEDVAL observations; (b) numerical simulations. A: wind
cavity; B: roof-top circulation; C: leeside cavity and wakezone.

 

Fig. 2. The wind velocities at the crossing section ofz/H =
0.28: (a) CEDVAL observations; (b) numerical simulations. A:
wind cavity; B: lateral wall zone; C: leeside cavity and wake
zone.

A clockwise vortex appears and the vortex eye occurs at the
location of (x/H = 0.9 andz/H = 0.9) in the vertical section.
In the horizontal section, the eyes of the symmetric vortexes

occur at (x/H = 0.7, y/H = ±0.6), compared to (x/H = 0.7,
y/H =±0.4) in the wind tunnel experiments. The wind speed
in the leeside cavity is less than 1.5 m s−1, and the wind speed
increases to 3.0 m s−1 at heights greater than the leeside cav-
ity.

To analyze the model performance in a more detailed
way, the evaluation parameters are calculated not only for the
wholey/H = 0 section, but also for the key zones, including
the windward zone, the leeside zone, and the rooftop zone,
as shown in Fig. 1. The model simulation for this section is
good, with a mean RE of 6.4% andR = 0.96. Table 1 lists
the statistical parameters of wind speed in different zones,
and shows that the model performs better in the windward
zone and rooftop zone, as compared to the leeside zone. The
RE of the leeside zone is 21.3%, compared to a 5.4% in the
windward zone and 3.7% in the rooftop zone. Figure 3 il-
lustrates the vertical profile ofu andw at different locations
in they/H = 0 section. The simulation represents the block-
ing of wind by the building, the upward motion before the
building, and the downward motion behind the building. For
they/H = 0 section, the model overestimates the total wind
speed andu component slightly, with a maximumE of 0.34
m s−1. The larger simulation errors ofu occur in the leeside
profiles at the level betweenz/H = 0.8 and 1.2. This area
is the transition area from the leeside cavity and wake zone
to the background flow, and the model describes a sharper
transition compared to the tunnel experiment.

For the wind tunnel observations and numerical simula-
tions of wind fields in thez/H = 0.28 section (Fig. 2), the RE
of the whole section is 1.4% andR = 0.91. Three key zones
are again selected for a more detailed evaluation (the wind-
ward zone, leeside zone and lateral-wall zone), as shown in
Fig. 2, and the related evaluation parameters are listed in Ta-
ble 2. The largest simulation error happens in the windward
area, where the average wind speed of the wind tunnel exper-
iment is 2.55 m s−1, while that of the simulation is 1.88 m
s−1. The RE is 25.1%, compared to 5.2% in the leeside zone,
4.9% in the lateral-wall zone, and 1.4% for the whole sec-
tion. Figure 4 illustrates the horizontal profile ofu andv at
different locations atx/H = −1.6,−1,−0.5,0,0.5,1,2, and
3. The modeled horizontal wind components are consistent
with the simulations. The largest error ofu is of 0.25 m s−1,
which occurs atx/H = 3.0; and the largest RMSEs ofu are
about 0.63 m s−1 and 0.61 m s−1, occurring atx/H = −1.0
andx/H = 3.0, where the frontal eddy and leeside vortex oc-
cur, respectively. The largest MD ofv is only 0.01 m s−1,
but with a large RMSE of about 1.17 m s−1, which happens
at x/H = −0.5. The errors of the windward zone come from

Table 1.Comparison of measurements and simulations in sectiony/H = 0 in experiment SA1-1.

MNobs (m s−1) MNsim (m s−1) E RE RMSE (m s−1) R

Windward cavity 2.59 2.73 0.14 5.4% 0.40 0.93
Leeside cavityand wake zone 1.41 1.71 0.30 21.3% 0.71 0.90
Roof-top circulation 4.58 4.75 0.17 3.7% 0.59 0.90
y/H = 0 3.28 3.49 0.21 6.4% 0.55 0.96
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Fig. 3.The vertical profiles of wind components (u andw) at the plane ofy/H = 0 in A1-1 and SA1-1.

Table 2.Comparison of measurements and simulations in sectionz/H = 0.28 in experiment A1-1 and SA1-1.

MNobs (m s−1) MNsim (m s−1) E RE RMSE (m s−1) R

Windward zone 2.51 1.88 −0.63 25.1% 0.79 0.76
Leeside cavity and wake zone 2.48 2.61 0.13 5.2% 0.38 0.95
Lateral wall zone 3.45 3.28 −0.17 4.9% 0.46 0.94
z/H = 0.28 2.81 2.77 0.04 1.4% 0.47 0.91

the overestimation of the area of the frontal eddy, based on
Röckle (1990).

Figures 5 and 6 illustrate the horizontal distribution of
the dimensionless concentrationK in the horizontal sections
of z/H = 0.08, z/H = 0.28 andy/H = 0 in A1-5 and SA1-
5. High concentration occurs in the leeside cavity circulation
and lateral-wall-side circulation, and the maximum concen-
tration appears in these area instead of the middle axis of the
circulations. This is because the vortex structure in the lee-
side cavity may cause the pollutant to be concentrated and a
flow reversal in the background wind direction would bring
the pollutant windward into the lateral-wall-side circulations.
Behind the leeside cavity, the concentration decreases with
distance dramatically, and the decreasing trend in numeri-
cal simulations is higher than that in the wind tunnel experi-
ments.

In the wind tunnel experiments and numerical simulation
results, the pollutant concentration in thez/H = 0.08 sec-
tion is higher than that in thez/H = 0.28 section because
the pollutant source is on the ground. The maximum of the
dimensionless concentrationK is 70.4 forz/H = 0.08 and
21.5 forz/H = 0.28 in the wind tunnel experiment, but 92.7
and 32.1 in the numerical simulations. This demonstrates the
model overestimates the peak value of the pollutant concen-
tration but underestimates the dispersion area. The maximum
appears just at the corner of the leeside wall and lateral side
wall in the wind tunnel experiment, but it appears at the lo-
cation just behind the leeside wall in the simulation. This is
due to the overestimation of the lateral-wall-side circulations
in WIFFA.

For the results of the vertical section, both the wind tun-
nel experiment and the numerical simulations show that high
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Fig. 4. The horizontal profiles of wind components (u andv) at the plane ofz/H = 0.28 in A1-1 and SA1-1.

concentration occurs near the leeside wall area in the lee-
side cavity. Under the combined influence of the leeside cav-
ity vortex and rooftop vortex, high concentration also occurs
over the building roof. The largest simulation error appears
in the transition zone from the leeside cavity vortex to the
background wind flow. In this area, the model underestimates
the pollutant concentration due to the overestimation of wind
speed.

In they/H = 0 section, both the wind tunnel experiment
and numerical simulation show the highest concentration ap-
pearing in the ground corner of the leeside wall, with the
maximum being 66.7 in the wind tunnel experiment and 62.5
in the numerical simulation. On the roof top level, both in the
wind tunnel experiment and the numerical simulation, there
is a high concentration at the leeside corner, with a maximum
K of 1.66 in the experiments and 0.82 in the numerical sim-

ulation results. The numerical simulation shows a low pol-
lutant concentration at the lowest model layer (at the height
of 1 m). This is because, in the RWM, the tracer particle will
bounce back when it encounters the surface or building walls.
Such an influence can increase when the vertical resolution is
coarse and add several buffer levels between the ground and
the lowest layer.

Table 3 shows the evaluation parameters for the dimen-
sionless pollutant concentration. The model slightly under-
estimates the concentration for all three sections. The RE
is 10.8% for the vertical section and 35.1% for the hori-
zontal section. However, the model represents the horizon-
tal concentration distribution better; theR values of section
z/H = 0.08 and 0.28 are 0.77 and 0.70, respectively, which
are greater than the value of 0.60 for sectiony/H = 0. For
all sections, the FAC2s and HRs are greater than 50% and

Table 3.Comparison of dimensionless concentration in A1-5 and SA1-5.

MNobs MNsim E RMSE FAC2 R HR

z/H = 0.08 5.08 4.53 −0.55 6.1 84.6% 0.77 68.5%
z/H = 0.28 3.67 2.38 −1.29 3.31 79.9% 0.71 69.8%
y/H = 0 2.18 1.69 −0.49 3.20 81.6% 059 70.7%
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Fig. 5. The dimensionless pollutant concentration in the hori-
zontal section: (a) wind tunnel experiment result in A1-5 at
z/H = 0.08 (the circles indicate the locations of sources); (b)
numerical simulation result in SA1-5 atz/H = 0.08; (c) wind
tunnel experiment result in A1-5 atz/H = 0.28; (d) numerical
simulation result in SA1-5 atz/H = 0.28.

y

H
Fig. 6.The dimensionless pollutant concentration in the vertical
sectiony/H = 0: (a) wind tunnel experiment result in A1-5; (b)
numerical simulation result in SA1-5.

60%, which have been used as threshold values for model
evaluations in previous research (e.g., Vardoulakis et al.,
2011; Parente et al., 2011). This means that the model is
reliable for pollutant dispersion simulation.

5. Summary

UMAPS is a microscale air pollutant model system devel-
oped for air pollutant dispersion simulation under emergency
release conditions. It includes a diagnostic wind field model
(WIFFA) and a random-walk air pollutant dispersion model
(NJU-RWM) to simulate the wind fields and pollutant con-
centration in detail, through consideration of the influence of
urban buildings. The wind field model is composed of two
parts: an interpolation model, to obtain the first-guess fields
of different zones around a building or street canyon; and a
mass conservation wind model, to obtain a detailed wind field
in the whole simulation domain. NJU-RWM reproduces the
air pollutant dispersion by releasing tracer particles.

The CEDVAL database is used to evaluate the model’s
performance. The wind field and pollutant dispersion experi-
ments around a single building are used to evaluate the simu-
lation results. The simulation error, relative error, correlation
coefficient, and root-square simulation error are used to eval-
uate the model’s performance. The comparisons show that
the model can reproduce the wind fields and pollutant dis-
persion around a typical rectangular building. Generally,the
model overestimates the wind speed and underestimates the
pollutant concentration. The largest uncertainty relatesto the
determination of the size of the key zones and the simplifi-
cation of the complex building shape. This indicates that the
definition parameters of the key zones around the building are
important for model performance. Evaluations of the model’s
performance over more complex and realistic conditions will
be carried out in the next stage of model development.

UMAPS is a simple and fast model, which does not de-
mand much computational resource and can work on a per-
sonal computer. It also works well with operational meteoro-
logical observations or numerical weather predictions. This
model has the potential for multiple applications; for exam-
ple, to predict air pollutant dispersion and evaluate environ-
mental impacts in emergency response situations, in urban
planning scenarios, and for assessing microscale air quality
in urban areas.
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