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Abstract

The exchange of reactive pollutants (NO, NO2, and O3) at the top 

(roof level) of a street canyon are investigated using the parallelized large-

eddy simulation model (PALM). The transport equations of NO, NO2, and 

O3 with simple photochemical reactions are combined within the LES 

model for this study. NO and NO2 are emitted from an area source located 

near the canyon floor, and O3 is included within the ambient air and inflow. 

A clockwise-rotating vortex appears in the street canyon and transports NO, 

NO2, and O3. NO and NO2 are transported along the ground and leeward 

wall and escape from the canyon at the roof level. O3 enters the canyon at 

the roof level and is transported along the windward wall. The mean O3

production rate is generally negative with large magnitudes at and near the 

roof level and near the windward wall. The chemical reactions reduce the 

mean NO and O3 concentrations in the canyon by 31% and 84%, 

respectively, and increase the mean NO2 concentration in the canyon by 

318%. The exchange of reactive pollutants at the roof level is significantly 

affected by small-scale eddies at the roof level and low- or high-speed 

streaks above the canyon. Air in the canyon with high NO and NO2

concentrations escapes from the canyon when low-speed air parcel appears 

due to small-scale eddies at the roof level or low-speed streak above the 

canyon. In contrast, air outside the canyon with a high O3 concentration 

enters the canyon when high-speed air parcel appears because of small-scale 
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eddies at the roof level or high-speed streak above the canyon. The time-

lagged correlation analysis reveals that NO, NO2, and O3 concentrations 

near the ground are affected by low- or high-speed streaks above the canyon 

but not significantly affected by small-scale eddies at the roof level.

Turbulent flow and reactive pollutant dispersion in the convective 

boundary layer (CBL) over flat and urban-like surfaces are investigated 

using the PALM with NO-NO2-O3 chemistry, with the urban-like surface 

represented by a block array. The CBL over a flat surface with and without 

ambient flow (FW and FNW cases, respectively) and the CBL over a block 

array with and without ambient flow (BW and BNW cases, respectively) are 

simulated. Wind shear in the entrainment zone increases the turbulence 

intensity and enhances the heat exchange in the entrainment zone. The 

urban-like surface induces greater wind shear in the entrainment zone, thus 

the largest turbulence intensity and heat exchange are found in the BW case. 

High NO concentration appears in updraft regions, whereas high O3

concentration appears in downdraft regions. The segregation of NO and O3

reduces the O3 decomposition in the CBL. The magnitude of the vertical 

gradients of NO, NO2, and O3 concentrations in the entrainment zone is 

smallest in the BW case, indicating that the largest reactive pollutant 

exchange occurs in the BW case. It seems that the greater wind shear in the 

entrainment zone induced by the urban-like surface also enhances the 

reactive pollutant exchange in the entrainment zone. The magnitude of the 



iii

O3 production rate in the entrainment zone is large due to the mixing of 

mixed layer air with air in the entrainment zone, especially around updraft 

regions. Since the segregation of NO and O3 interrupts the O3

decomposition, the turbulent component of the O3 production rate is 

generally positive in the CBL. The reduction of the O3 decomposition due to 

the segregation in the entrainment zone is smallest in the BW case. The 

effects of segregation on the chemical reactions are reduced due to the 

strengthened turbulent motions in the BW case.

Understanding turbulent flow and pollutant dispersion in urban areas 

is one of the important problems in urban meteorology and environmental 

fluid mechanics. In this study, we examine turbulent flow and pollutant 

dispersion in a densely built-up area in Seoul, South Korea, using PALM. In 

particular, we focus on vortex streets and associated pollutant dispersion 

behind high-rise buildings. The turbulence recycling method is used to 

produce inflow profiles. Vortices are generated near the high-rise buildings 

and propagate downstream forming vortex streets behind the high-rise 

buildings. To investigate characteristics of the vortex streets, spectral and 

correlation analyses are performed. The spectral analysis reveals that 

vortices have a non-dimensional vortex shedding frequency of 0.1–0.2, and 

this periodicity is weakened due to the influence of other buildings. The 

correlation analysis shows that vortices appear frequently in regions of 

negative pressure perturbation. The vertical turbulent momentum fluxes 
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induced by ejections and sweeps largely contribute to the total vertical 

turbulent momentum flux downstream of the high-rise buildings. Especially, 

ejections in the wake region are stronger compared to other regions because 

ejections are induced by vortices near the top of the high-rise buildings. It is 

found that pollutant dispersion is interrupted by both low-rise and high-rise 

buildings. Strong updrafts behind the high-rise buildings transport pollutant 

upward and increase the mean pollutant concentration at upper levels. 

Vortices forming the vortex streets play a role in pollutant mixing in such a 

way that the vortices eject air of high pollutant concentration from the wake 

region behind the high-rise buildings and entrain air of low pollutant 

concentration into the wake region. The mixing by vortices is verified by the 

correlation between vorticity and pollutant concentration.

The effects of turbulent coherent structures on daytime O3 air quality

in Seoul are investigated through a case study using the Weather Research 

and Forecasting-Community Multiscale Air Quality (WRF-CMAQ) model 

at a horizontal grid spacing of 50 m. In Seoul, sea breeze and convective 

structures are developed and air with high NOx and low O3 concentrations 

near the surface is transported upward by updrafts related to convective 

structures. Due to the different wind directions above and below the 

planetary boundary layer (PBL) top induced by the sea breeze, eddies at the 

PBL top are formed when updrafts related to convective structures reach 

above the PBL top. O3 precursors are transported upward above the PBL top 
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by updrafts related to convective structures and eddies at the PBL top, thus 

O3 concentration is high above it in the afternoon. An integrated process rate 

analysis is performed to examine the impacts of turbulent coherent 

structures on O3 concentration in detail. The large positive contribution of 

the chemical process to O3 concentration generally appears in updraft areas 

except near the surface because the O3 precursors are transported by 

updrafts. Below the height of ~1 km, the positive contribution of the 

horizontal advection process appears in updraft areas because O3

concentration in updraft areas is generally lower than that in other areas. 

Slightly above the PBL top, air with low O3 concentration diverges from 

updraft areas and air with high O3 concentration at upper level is transported 

downward by downdrafts around updraft areas. As a result, the 

contributions of the horizontal and vertical advection processes are negative 

and positive around updraft areas, respectively. 

We investigate the effects of cool roofs on turbulent coherent 

structures and O3 air quality in Seoul, South Korea using the WRF-CMAQ 

model simulation with a 50 m horizontal grid spacing. The large albedo of 

cool roofs decreases the air temperature, PBL height, and wind speed and 

weakens inflow of air with high O3 concentration into Seoul and convective 

structures. As a result, O3 concentration in Seoul decreases in areas with 

weakened inflow and increases in areas with lowered wind speed. The 

spatial distribution of O3 concentration also changes significantly. Lower-
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level air is transported upward above the PBL top by updrafts related to 

convective structures and eddies at the PBL top. Cool roofs reduce the 

appearance frequency of them; thus, the upward transport of lower-level air 

with low O3 concentration and high concentrations of O3 precursors is 

decreased. In the middle of the day, an increase in O3 concentration slightly 

above the PBL top is decreased due to the reduced transport of O3

precursors. In the late afternoon, O3 concentration slightly above the PBL 

top is increased because of inflow of upper-level air with high O3

concentration and the reduced upward transport of O3. To investigate the 

effects of cool roofs on O3 air quality in detail, an integrated process rate 

analysis is performed. The process analysis confirms that cool roofs 

decrease O3 concentration at lower level by reducing the inflow of air with 

high O3 concentration. The process analysis also shows that, slightly above 

the PBL top, divergent air with low O3 concentration from updraft areas and 

downward transport of air with high O3 concentration around updraft areas 

are reduced due to cool roofs.

Keywords: large-eddy simulation, turbulent flow, turbulent coherent 

structure, reactive pollutant dispersion, urban area, boundary 

layer, air quality

Student Number: 2013-20347
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1      Overview

We examine urban turbulent flow, boundary layer, and air quality 

using a large-eddy simulation (LES) model. Turbulent flow in and above a 

street canyon controls air quality in the street canyon and chemical reactions 

of reactive pollutants. In particular, turbulent structures affect the exchange 

of pollutants at the top (roof level) of the street canyon, thereby affecting 

chemical reactions of reactive pollutants. In chapter 2, the effects of 

turbulent structures on the exchange of reactive pollutants (nitric oxide (NO), 

nitrogen dioxide (NO2), and ozone (O3)) at the top of the street canyon and 

their chemical reactions are investigated using the LES model coupled with 

the transport equations of NO, NO2, and O3 with their chemical reactions.

Turbulent flow and air quality in the convective boundary layer 

(CBL) are affected by wind shear, heating, and surface roughness. In urban 

areas, buildings modify characteristics of turbulent flow and air quality in 

the CBL. The effects of an urbanlike surface on turbulent flow, dispersion

of reactive pollutants (NO, NO2, and O3), and their chemical reactions in the 

CBL are investigated in chapter 3.

High-rise buildings significantly change nearby turbulent flow and 

air quality in urban areas. For example, strong updrafts, wakes, and vortex 
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streets appear behind high-rise buildings and affect dispersion of pollutants.

In chapter 4, turbulent flow and passive pollutant dispersion in a densely 

built-up area in Seoul, South Korea are investigated, focusing on the effects 

of high-rise buildings.

In real urban areas, turbulent coherent structures, such as convective 

structures, can significantly affect dispersion and chemical reactions of 

reactive pollutants. To investigate the effects of turbulent coherent structures 

on daytime O3 air quality in Seoul, a high-resolution simulation is 

performed using the Weather Research and Forecasting-Community 

Multiscale Air Quality (WRF-CMAQ) model in chapter 5.

Radiative characteristics of roofs significantly affect the thermal 

environments in urban areas. For example, cool roofs (roofs with low 

albedo) in an urban area decrease air temperature. In chapter 6, the effects of 

cool roofs on turbulent coherent structures and O3 air quality in Seoul are 

investigated using the WRF-CMAQ model simulation.

The summary and conclusions of main results in this study are given

in Chapter 7.
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2 Large-eddy simulation of 
reactive pollutant exchange at 
the top of a street canyon

2.1  Introduction

With the increasing awareness of urban air pollution and its impacts 

on health, flow and pollutant dispersion in urban street canyons have been 

widely investigated in recent decades. Field observations (Rotach, 1995; 

Allwine et al., 2002; Nelson et al., 2011), wind tunnel experiments 

(Pavageau and Schatzmann, 1999; Kastner-Klein et al., 2001; Allegrini et 

al., 2013), and numerical model simulations (Baik and Kim, 2002; Kwak 

and Baik, 2012; Kim et al., 2012; Kwak and Baik, 2014; Park et al., 2015a; 

Park et al., 2016; Sanchez et al., 2016; Moradpour et al., 2018) have been 

performed to better understand flow and pollutant dispersion in street 

canyons. In particular, numerical modeling is a very useful tool for such 

investigations, because numerical models can provide data with high spatial 

and temporal resolutions. Comprehensive reviews of numerical modeling of 

flow and pollutant dispersion in street canyons are given in Li et al. (2006) 

and Zhong et al. (2016).

LES models have been used to study turbulent flow in urban street 

canyons. Cui et al. (2004) examined turbulent flow in a street canyon using 
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an LES model and found that a large clockwise-rotating vortex appears in a 

street canyon and flow is more turbulent near the windward wall than near 

the leeward wall. They also found that flow at the roof level is intermittent 

and multi-scale turbulent events affect flow at the roof level. Letzel et al. 

(2008) showed that turbulence generated by wind shear dominates at the 

roof level and makes the circulation in a street canyon intermittent and 

unstable. Park et al. (2012) examined turbulent flow in a street canyon with 

heating of the windward wall, canyon floor or leeward wall. Heating of the 

canyon floor or leeward wall strengthens a large clockwise-rotating vortex 

in the canyon. In contrast, heating of the windward wall makes the 

clockwise-rotating vortex small and induces updrafts near the windward 

wall. Heating of the windward wall, canyon floor or leeward wall increases 

both turbulent kinetic energy (TKE) and magnitude of vertical turbulent 

momentum flux at the roof level.

In addition to turbulent flow, passive pollutant dispersion in urban 

street canyons has been widely studied using LES models. Michioka et al. 

(2011) examined the process of pollutant removal from a street canyon 

using an LES model. They found that small vortices at the roof level and 

low-momentum fluid above the canyon dominate the process of pollutant 

removal from the street canyon. Chung and Liu (2013) examined the effects 

of aspect ratio (i.e., the ratio of building height to canyon width) on 

pollutant removal from street canyons. They found that when the aspect 
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ratio is larger than 0.5, the amount of pollutant escaped from the canyon 

decreases as the aspect ratio increases. When the aspect ratio is less than 0.5, 

pollutant escaped from the canyon re-enters the canyon and a change in 

aspect ratio does not affect the amount of escaped pollutant significantly. 

Liu and Wong (2014) noted that vertical turbulent pollutant flux is larger 

than vertical mean pollutant flux at the roof level, except near the windward 

wall. This means that pollutant emitted near the ground is escaped at the 

roof level by turbulent eddies rather than by mean flow.

The aforementioned LES studies investigated dispersion of passive 

pollutant. Pollutants emitted in real urban areas are, however, chemically 

reactive. Considering this point, LES studies of air pollution in street 

canyons which couple dynamics and chemistry have been performed 

(Grawe et al., 2007; Zhong et al., 2015). Baker et al. (2004) combined 

simple photochemical reactions of NO, NO2, and O3 within an LES model 

to examine dispersion of reactive pollutants in a street canyon. They found 

that NO and NO2 concentrations are high near the ground and leeward wall 

and O3 is entrained into the canyon near the windward wall, resulting in 

high O3 concentration near the windward wall. They also found that 

vigorous O3 decomposition occurs near the ground and windward wall, 

while the center of the canyon reaches a chemical equilibrium. Zhong et al. 

(2017) investigated reactive pollutant dispersion in a deep street canyon 

using an LES model coupled with complex chemistry of O3, NOx (= NO + 
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NO2), and volatile organic compounds (VOCs). They found that NO2 and 

O3 concentrations in the street canyon in the simulation with the complex 

chemical reactions are increased by approximately 30−40% compared to 

those in the simulation with simple chemistry of NO, NO2, and O3. They 

also found that mixing of chemical species is incomplete in the street 

canyon, i.e., chemical species are segregated from each other. This 

segregation of chemical species interrupts conversion of NO to NO2.

Kikumoto and Ooka (2012) examined dispersion of reactive pollutants at 

the roof level using an LES model and found that reactive pollutants escape 

from the canyon when flow speed becomes slow at the roof level. In 

contrast, entrance of reactive pollutants from outside the canyon occurs 

when flow speed becomes fast at the roof level. However, they did not 

investigate the effects of turbulent structures (e.g., small vortices and low-

or high-speed streaks) on reactive pollutant dispersion. Turbulent structures 

can significantly affect flow speed at the roof level and hence reactive 

pollutant dispersion. Along with the line of these previous LES studies and 

as an extension of those studies, it would be interesting to further investigate 

the relationship between turbulent structures and reactive pollutant exchange 

at the roof level. This motivates the present study.

In this study, the effects of turbulence on reactive pollutant 

exchange at the roof level are investigated. Descriptions of an LES model 
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and simulation design are presented in section 2.2. In section 2.3, the LES 

model is validated and simulation results are presented and discussed. 

2.2 Simulation design

The parallelized LES model (PALM, Maronga et al., 2015) version 

4.0 is used in this study. In PALM, the filtered Navier-Stokes equations 

under the Boussinesq approximation are used. The momentum equation, 

mass continuity equation, thermodynamic energy equation, and subgrid-

scale (SGS) TKE equation are solved. For the parameterization of SGS 

turbulent fluxes, the 1.5-order Deardorff (1980) scheme is used. The 

governing equations are solved numerically using a finite difference scheme 

on the staggered Arakawa C-grid (Arakawa and Lamb 1977). The third-

order Runge-Kutta scheme and the fifth-order upwind scheme (Wicker and 

Skamarock, 2002) are used for time integration and advection terms, 

respectively.

For this study, the transport equations of NO, NO2, and O3 are 

implemented into PALM. The simple photochemical reactions for NO, NO2, 

and O3 are as follows (Seinfeld and Pandis, 2006):

ONONO2 +®+ νh ,           (2.1)

MOMOO 32 +®++ ,             (2.2)
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223 ONONOO +®+ .           (2.3)

In Eq. (2.2), M denotes a molecule that absorbs energy and stabilizes O3, 

and hν denotes a photon of sunlight of frequency ν.

The filtered transport equations of NO, NO2, and O3 are expressed 

as:
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where ju (j = 1, 2, 3) represents the velocities in the j-directions. Brace 

represents the filtered variable and is omitted for convenience, except for the 

SGS flux terms. Double prime denotes the SGS variable. 
2NOJ , 1k , and 2k

are the photolysis rate of NO2 in Eq. (2.1), the rate constant in Eq. (2.3), and 



9

the rate constant in Eq. (2.2), respectively. NOS and 
2NOS denote the source 

terms of NO and NO2, respectively. Square bracket represents the pollutant 

concentration in ppb. The formation rate of O by Eq. (2.1) is approximately 

the depletion rate of O by Eq. (2.2) due to the high reactivity of O (pseudo-

steady-state approximation) (Seinfeld and Pandis, 2006). Therefore, 

]M][O][O[]NO[ 222NO2
kJ = .                                  (2.7)

By substituting Eq. (2.7) into Eq. (2.6), the following equation is obtained:
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The photolysis rate 
2NOJ and the rate constant 1k are calculated following 

previous studies (Shetter et al., 1988; Baker et al., 2004; Baik et al., 2007). 

2NOJ and 1k are specified as 0.00816 s–1 and 0.000458 ppb–1 s–1, 

respectively. Eqs. (2.4), (2.5), and (2.8) are combined within PALM to 

simulate dispersion of NO, NO2, and O3.

Fig. 2.1 shows the computational domain. Five two-dimensional 

street canyons with an aspect ratio of 1 are considered in the simulation, and 
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Fig. 2.1. An illustration of the computational domain. H and W represent the 

building height and the width of the street canyon, respectively. NO and 

NO2 are emitted in the source area located at the center of the computational 

domain.
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the building height (H) and street canyon width (W) are both 20 m. The 

computational domain size is 200 m × 30 m × 99 m in the x-, y-, and z-

directions. The grid intervals in the x- and y-directions are 0.25 m, and the 

grid interval in the z-direction is 0.25 m up to z = 40 m. Above z = 40 m, the 

grid interval in the z-direction increases by an expansion factor of 1.08 until 

it becomes 0.5 m. At the upwind (x = 0 m) and downwind (x = 200 m) 

boundaries, the cyclic boundary condition for velocity is applied. For 

reactive pollutant concentrations, the Dirichlet and radiation boundary 

conditions are applied at the upwind and downwind boundaries, respectively. 

The cyclic boundary condition is imposed for velocity and reactive pollutant 

concentrations at the side boundaries (y = 0 m and 30 m). Following Park et 

al. (2012), Monin-Obukhov similarity is employed in the momentum 

equation and the pollutant transport equations at the grid points closest to 

the solid surfaces. At the top boundary (z = 99 m), the Dirichlet boundary 

condition for velocity and the Neumann boundary condition for reactive 

pollutant concentrations are imposed. The ambient wind is directed along 

the x-direction, and a constant wind profile with a speed of 3 m s–1 is 

considered as the initial ambient wind profile. Isothermal condition is 

considered in the simulation, and the temperatures of air, building surface, 

and canyon floor are 300 K. For reactive pollutant dispersion, an area source 

located at the center of the computational domain is considered (Fig. 2.1), 

and the emission height is the lowest model source with uniform pollutant 
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fluxes of 40 ppb cell–1 s–1 (640 ppb m–2 s–1) and 4 ppb cell–1 s–1 (64 ppb m–2

s–1), respectively. Initial background and inflow NO and NO2 concentrations 

are 0 ppb. According to Baker et al. (2004), a NOx emission rate is 0.5 g 

km–1 per vehicle, thus the NOx emission rate in this study (281 μg s–1 m–1) 

corresponds to 2025 vehicles per hour. Initial background and inflow O3

concentrations are both 100 ppb. The LES model is run for 2 h, and data of 

the initial 90 min are excluded from the analysis for spin-up of the LES 

model. Flow and reactive pollutant concentrations in the street canyon are in 

a quasi-steady state for the final 30 min. Data of the final 30 min are 

analyzed in this study.

2.3   Results and discussion

2.3.1. Model validation

The present model for reactive pollutant dispersion should be 

validated using experiment data. However, direct validation of the model is 

not possible because there is no experiment that measure NO, NO2, and O3

concentrations in idealized street canyons. Instead, passive scalar 

concentration measurement of wind tunnel experiment and the sum of NO 

and NO2 concentrations in this simulation are compared for validation. In 

the transport equations of NO and NO2 (Eqs. (2.4) and (2.5)), the chemical 

reaction terms are identical but with opposite signs. Therefore, the chemical 
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reaction terms disappear when the two equations are added, and the sum of 

NO and NO2 concentrations can be regarded as passive pollutant 

concentration (Kikumoto and Ooka, 2012).

Fig. 2.2 shows vertical profiles of sum of time-averaged NO and 

NO2 concentrations in the simulation and passive scalar concentration 

measured in the wind tunnel experiment (Pavageau and Schatzmann, 1999) 

near the windward and leeward walls (at a distance of 0.03H from each 

wall). Here, the final 30 min data are used for the temporal average of the 

simulation. It is noted that the 30 min, the averaging time, is much larger 

than the turnover time of primary circulation (Cai et al., 2008) and the flow-

through time. The wind tunnel experiment of Pavageau and Schatzmann 

(1999) considered a line source located at the center of the street canyon. 

Therefore, a simulation with a line source in a street canyon is performed for 

the validation. The results of the simulation and the wind tunnel experiment 

are normalized by the concentration near the leeward wall at z = 0.08H

(Kikumoto and Ooka, 2012). The model slightly overestimates the pollutant 

concentration except near the ground. It seems that unresolved small-scale 

turbulence in the model and different turbulent characteristics of inflow 

between the simulation and the wind tunnel experiment cause the 

overestimation. In spite of the small overestimation, the simulation result 

and the wind tunnel data show good agreement, indicating that PALM 
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Fig. 2.2. Vertical profiles of sum of time-averaged NO and NO2

concentrations (the present simulation result) and passive scalar (the wind 

tunnel experiment result of Pavageau and Schatzmann (1999)) near the 

windward and leeward walls (0.03H from each wall). The results of the 

simulation and wind tunnel experiment are normalized by the concentration 

near the leeward wall at z = 0.08H (Kikumoto and Ooka, 2012). Solid and 

dashed lines represent the simulation result near the windward and leeward 

walls, respectively. Cross and open circle represent the wind tunnel 

experiment result near the windward and leeward walls, respectively.
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coupled with the transport equations of NO, NO2, and O3 can be reliably 

used to study turbulent flow and reactive pollutant dispersion.

2.3.2. Mean flow and concentration

Fig. 2.3 presents fields of time-averaged mean velocity vector, NO, 

NO2, and O3 concentrations, and the O3 production rate

( ]NO][O[]NO[ 312NO2
kJ - ) on the x–z plane at y = 15 m. Overbar 

represents the temporal average. A large clockwise-rotating vortex appears 

in the street canyon, and the reactive pollutants are transported by the large 

vortex. NO and NO2 are emitted near the ground and transported to the 

leeward wall (Fig. 2.3a and b). Then, NO and NO2 escape from the canyon 

at the roof level. O3 enters the street canyon at the roof level, after which O3

is transported downward along the windward wall (Fig. 2.3c). These results 

are consistent with those of Baker et al. (2004) and Baik et al. (2007). In and 

above the canyon, the mean O3 production rate is mostly negative (Fig. 3d). 

This is because NO concentration is higher than that of NO2. Due to higher 

NO concentration, the magnitude of the second term of the O3 production 

rate ( ]NO][O[ 31k- ) is larger than that of the first term ( ]NO[ 2NO2
J ). 

Additionally, the magnitude of the mean O3 production rate is large at and 

near the roof level and near the windward wall. At the roof level, air outside 
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Fig. 2.3. Fields of mean velocity vector, (a) NO, (b) NO2, and (c) O3

concentrations, and (d) the O3 production rate on the x–z plane at y = 15 m.
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the canyon with high O3 concentration enters the canyon and mixes with air 

inside the canyon with high NO concentration. As a result, the magnitude of 

the second term of the O3 production rate ( ]NO][O[ 31k- ) becomes large 

and so does the magnitude of the mean O3 production rate.

To evaluate the effects of the chemical reactions on the mean NO, 

NO2, and O3 concentrations, an additional simulation without the chemical 

reactions is conducted. For a quantitative comparison between the two 

simulations, the increase/decrease (in %) of mean reactive pollutant 

concentration due to the chemical reactions is calculated using:

100CE
nochem

nochemchem ´
><

><-><
=

c

cc
.                       (2.9)

Here, chemc and nochemc represent reactive pollutant concentrations in the 

simulations with and without the chemical reactions, respectively. Angle 

bracket represents the horizontal average. The horizontal average is taken 

over 90 m £ x £ 110 m and 0 m £ y £ 30 m. Fig. 2.4 shows vertical 

profiles of CE of NO, NO2, and O3. The mean NO and O3 concentrations in 

the street canyon decrease by 31% and 84% due to the chemical reactions, 

respectively. The mean NO2 concentration in the street canyon increases by 

318% because of the chemical reactions. In the street canyon, NO 
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Fig. 2.4. Vertical profiles of the increase/decrease of mean NO, NO2, and O3 

concentrations due to the chemical reactions.
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concentration is higher than NO2 concentration due to large emission rate of 

NO, i.e., NO has a larger denominator in Eq. (2.9) than NO2. As a result, the 

magnitude of CE of NO is smaller than that of NO2. Near the ground, the 

magnitudes of CE of NO and NO2 decrease because of high NO and NO2

concentrations near the ground. On the other hand, near the ground, the 

magnitude of CE of O3 increases. High NO and NO2 concentrations near the 

ground cause the vigorous decomposition of O3, contributing to the increase 

of the magnitude of CE of O3.

2.3.3. Turbulent flow and concentration

In this subsection, the effects of turbulence on reactive pollutant 

exchange and the chemical reactions are investigated. Fig. 2.5 shows fields 

of velocity vector, NO concentration, and O3 concentration on the x–z plane 

at y = 15 m at t = 5559, 5841, and 6626 s. Red and blue areas represent the 

regions where u′ is larger than 0.2 m s–1 and less than –0.2 m s–1, 

respectively. Fields of NO2 concentration are omitted because the 

distribution patterns of NO2 concentration are very similar to those of NO 

concentration. In this study, the perturbation is defined as a difference 

between a temporally non-averaged variable and the temporally averaged 

variable.
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In Fig. 2.5a and b, small eddies appear at the roof level. These small 

eddies are produced due to the strong wind shear at the roof level. For 

convenience, these small eddies at the roof level is named small-scale eddies 

because the size of these eddies are smaller than that of low- or high-speed 

streaks above the canyon in Fig. 2.5c−f. In Fig. 2.5a and b, small-scale 

eddies mainly induce sweep event that transports high-speed air parcel (u′ > 

0) downward (w′ < 0). As a result, air outside the canyon with high O3

concentration enters the canyon. Though small-scale eddies in Fig. 2.5a and 

b mainly induce sweeps, other small-scale eddies at different times induce 

ejection event that transports low-speed air parcel (u′ < 0) upward (w′ > 0). 

As a result, air in the canyon with high NO concentration escapes from the 

canyon. When high-speed streak appears above the canyon, sweep is 

induced and the entrance of air outside the canyon with high O3

concentration occurs (Fig. 2.5c and d). In contrast, low-speed streak above 

the canyon causes ejection event, and air in the canyon with high NO 

concentration escapes from the canyon (Fig. 2.5e and f). Here, low- and 

high-speed air parcels above the canyon in Fig. 2.5c−f are named low- and 

high-speed streaks, respectively, because they show streaky structures on 

the x–y plane. In general, the majority of low- and high-speed air parcels 

above the canyon exhibit streaky structures. Low- and high-speed streaks 

above the canyon are also reported in Kanda (2006). In Fig. 2.5, larger 
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Fig. 2.5. Fields of velocity vector, NO concentration (left column), and O3

concentration (right column) at t = (a, b) 5559, (c, d) 5841, and (e, f) 6626 s. 

Red and blue areas represent the regions where u′ is larger than 0.2 m s–1
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and less than –0.2 m s–1, respectively. Red dots in (a) indicate the locations 

of u for the two-point time-lagged correlation calculation.  
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amounts of reactive pollutants are exchanged at the roof level when low- or 

high-speed streaks appear above the canyon. It seems that the effect of low-

or high-speed streaks above the canyon on reactive pollutant exchange is 

larger than that of small-scale eddies at the roof level. This result is 

consistent with that of Michioka et al. (2011).

Fig. 2.6 shows fields of velocity vector and the O3 production rate 

on the x–z plane at y = 15 m at t = 5559, 5841, and 6626 s. The magnitude 

of the O3 production rate is large in the region where reactive pollutant 

exchange occurs. Small-scale eddies at the roof level induce mixing 

between airs in and above the canyon, and large negative values of the O3

production rate are seen at the place of this mixing (Fig. 2.6a). Additionally, 

vigorous ozone decomposition occurs in the region where air escapes from 

or enters the canyon when low- or high-speed streaks appear above the 

canyon, respectively (Fig. 2.6b and c). Therefore, we conclude that small-

scale eddies at the roof level and low- or high-speed streaks above the street 

canyon increase the magnitude of the O3 production rate. The magnitude of 

the O3 production rate is large at the edge of the region where air escapes 

from or enters the canyon because NO and O3 are mixed more thoroughly at 

the edge of the region than at the center of the region. This incomplete 

mixing is also reported in Garmory et al. (2009) and Zhong et al. (2017).
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Fig. 2.6. Fields of velocity vector and the O3 production rate at t = (a) 5559, 

(b) 5841, and (c) 6626 s. Red and blue areas represent the regions where u′

is larger than 0.2 m s–1 and less than –0.2 m s–1, respectively.
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The effects of small-scale eddies at the roof level and low- or high-

speed streaks above the canyon on reactive pollutant exchange at the roof 

level are investigated further using the joint probability density function 

(JPDF), which is defined as follows: 

)Δ5.0Δ5.0,Δ5.0Δ5.0(),(, yybyyxxaxxPyxf jjiijiba +<-+<-= ≤≤ .     

(2.10)

Here, a and b are the variables, 
i

x and xΔ are the center and spacing of 

bins for the variable a , and jy and yΔ are the center and spacing of bins 

for the variable b (Park and Baik, 2013).

Fig. 2.7 shows fields of the JPDF of u′ and w′, NO and O3

concentration perturbations, and the O3 production rate on the x–y plane at 

the roof level. Here, u and w represent the velocities in the x- and z-

directions, respectively. Prime denotes the perturbation. The spacings of 

bins for u′ and w′ are both 0.04 m s–1. The spacings of bins for NO and O3

concentration perturbations and the O3 production rate are 14 ppb, 4 ppb, 

and 0.18 ppb s–1, respectively. At the roof level, ejection events that 

transport low-speed air parcel (u′ < 0) upward (w′ > 0) and sweep events 

that transport high-speed air parcel (u′ > 0) downward (w′ < 0) are the most 

dominant events (Fig. 2.7a). Ejections occur the most frequently, while 
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Fig. 2.7. Fields of the joint probability density function of u′ and (a) w′, (b) 

NO and (c) O3 concentration perturbations, and (d) the O3 production rate. 

The data at z = 20 m are used.
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sweeps occur with the strongest magnitude of events. These results are

consistent with those of Kikumoto and Ooka (2012). Small-scale eddies at 

the roof level and low- or high-speed streaks above the canyon induce 

strong ejections or sweeps (Figs. 2.5 and 2.6) and significantly affect flow at 

the roof level.

NO and O3 concentration perturbations are significantly affected by 

ejections and sweeps (Fig. 2.7b and c). When u′ is negative at the roof level, 

NO and O3 concentration perturbations are generally positive and negative, 

respectively, due to the upward motion of ejections. Conversely, when u′ is 

positive at the roof level, sweeps usually occur and the downward motion of 

sweeps causes negative NO and positive O3 concentration perturbations. 

According to characteristics of ejection, the occurrence frequencies of NO 

and O3 concentration perturbations are large when u′ is negative at the roof 

level. In Fig. 2.7d, the JPDF of u′ and the O3 production rate is concentrated 

at (u′, O3 production rate) ~ (–0.15 m s–1, –0.1 ppb s–1) and (0 m s–1, –1.2 

ppb s–1). When frequent ejections occur, the low O3 production rate (–0.1

ppb s–1) appears at the center of the region where air escapes from the 

canyon. Ejections occur frequently at the roof level, so that the occurrence 

frequency becomes high at (u′, O3 production rate) ~ (–0.15 m s–1, –0.1 ppb 

s–1). The occurrence frequency at (u′, O3 production rate) ~ (0 m s–1, –1.2

ppb s–1) is high because vigorous O3 decomposition occurs at the edge of the 
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region where air escapes from or enters the canyon, with small magnitudes 

of u′ at the edge of the region.

To differentiate between the effect of small-scale eddies at the roof 

level and the effect of low- or high-speed streaks above the canyon, the two-

point time-lagged correlation is calculated using the following:

2
222

2
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222111

)),,,('()),,,('(

),,,('),,,('

tzyxβtzyxα

τtzyxβtzyxα
Rαβ

+
= .                         (2.11)

Here, τ represents the time lag, and ( 111 ,, zyx ) and ( 222 ,, zyx ) represent the 

locations of the variables α and β , respectively. Eq. (2.11) is used to 

calculate a correlation between the variable α at ( 111 ,, zyx ) and the variable 

β at ( 222 ,, zyx ) with the time lag τ .

Fig. 2.8 shows graphs of time-lagged correlations between u at 

points (x, y, z) = (100 m, 15 m, 25 m) and (100 m, 15 m, 20 m) and NO, 

NO2, and O3 concentrations at points (x, y, z) = (108 m, 15 m, 20 m) and 

(108 m, 15 m, 2 m). The locations of u are at z = H and 1.25H along the 

vertical line of the canyon center (red dots in Fig. 2.5a). At z = 1.25H, u is 

located sufficiently high, so that small-scale eddies at the roof level non-

significantly affect u at that level. Therefore, the time-lagged correlations 

with u at z = 1.25H are regarded as representing the effect of low- or high-
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Fig. 2.8. Graphs of time-lagged correlations between u at points (x, y, z) = 

(100 m, 15 m, 25 m) (left column) and (100 m, 15 m, 20 m) (right column) 

and NO, NO2, and O3 concentrations at points (a, b) (x, y, z) = (108 m, 15 m, 

20 m) and (c, d) (x, y, z) = (108 m, 15 m, 2 m).
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speed streaks above the canyon. The locations of NO, NO2, and O3

concentrations are at a distance of 0.1H from the windward wall at z = H

and 0.1H. For convenience, the time-lagged correlation between α at z = 1z

and β at z = 2z is denoted as ),( 21 zzRαβ .

),25.1(NO HHRu and ),25.1(
2NO HHRu in Fig. 2.8a and 

),(NO HHRu and ),(
2NO HHRu in Fig. 2.8b have negative peaks, while 

),25.1(
3O HHRu in Fig. 2.8a and ),(

3O HHRu in Fig. 2.8b have positive 

peaks. This means that air with negative u′ due to small-scale eddies at the 

roof level or low-speed streak above the canyon induces the escape of 

pollutants from the canyon, resulting in positive NO and NO2 and negative 

O3 concentration perturbations at the roof level. Similarly, when air with 

positive u′ appears due to small-scale eddies at the roof level or high-speed 

streak above the canyon, air frequently enters the canyon and negative NO 

and NO2 and positive O3 concentration perturbations are seen at the roof 

level. The magnitudes of the peaks of ),(NO HHRu , ),(
2NO HHRu , and 

),(
3O HHRu are larger than those of ),25.1(NO HHRu , ),25.1(

2NO HHRu , 

and ),25.1(
3O HHRu , respectively. This is because small-scale eddies at the 

roof level as well as low- or high-speed streaks above the canyon induce 

reactive pollutant exchange at z = H. In Fig. 2.8c, )1.0,25.1(NO HHRu ,

)1.0,25.1(
2NO HHRu , and )1.0,25.1(

3O HHRu show peaks. This means that 
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low- or high-speed streaks above the canyon affect NO, NO2, and O3

concentrations not only at the roof level but also near the ground (z = 0.1H). 

),25.1(NO HHRu , ),25.1(
2NO HHRu , and ),25.1(

3O HHRu have peaks at a 

time lag of ~6 s, while )1.0,25.1(NO HHRu , )1.0,25.1(
2NO HHRu , and 

)1.0,25.1(
3O HHRu have peaks at a time lag of ~37 s. )1.0,(NO HHRu , 

)1.0,(
2NO HHRu , and )1.0,(

3O HHRu do not show clear peaks (Fig. 2.8d). 

It seems that small-scale eddies at the roof level non-significantly affect NO, 

NO2 and O3 concentrations near the ground.
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3 Large-eddy simulations of 
reactive pollutant dispersion in 
the convective boundary layers 
over urbanlike and flat 
surfaces

3.1   Introduction

Turbulent flow and pollutant dispersion in CBL have received much 

attention, particularly as regards atmospheric turbulence and air pollution, 

being affected by factors such as wind shear, surface heat flux, and surface 

roughness (e.g., Sykes and Henn, 1989; Fedorovich, 2004; Conzemius and 

Fedorovich, 2006; Park and Baik, 2014). To better understand turbulent 

flow and pollutant dispersion in the CBL, many field observational (Miao 

and Chen, 2008; Zhang et al., 2016; Halios and Barlow, 2018) and 

numerical modelling (Petersen et al., 1996; Khanna and Brasseur, 1998; 

Petersen et al., 1999) studies have been made. 

Turbulent flow in the CBL and the entrainment process at the top of 

the CBL have been numerically investigated using LES models (Mason,

1989; Schmidt and Schumann, 1989; Sykes and Henn, 1989; Moeng and 

Sullivan, 1994; Kim and Park, 2003; Park and Baik, 2014). Sykes and Henn 

(1989) examined turbulent flow in the CBL over a flat surface, and found 
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that convective cells appear when the buoyancy effect is large and 

convective rolls appear when the effect of wind shear is large. It has been 

known that convective cells and rolls in the CBL play an important role in 

the transport of heat and momentum and affect the entrainment process at 

the CBL top (Moeng and Sullivan, 1994; Khanna and Brasseur, 1998; Kim 

and Park, 2003). Kim et al. (2003) showed that wind shear changes the 

characteristics of the entrainment zone, in which great wind shear induces 

wavelike motions and increases the thickness of the entrainment zone and 

the magnitude of the heat flux. Sühring et al. (2014) investigated the effects 

of surface heat-flux heterogeneities on the entrainment process at and near 

the CBL top, and found that an entrainment maximum appears over the 

stronger or weaker heated regions due to the secondary circulations induced 

by the heat-flux heterogeneities. Park and Baik (2014) examined the CBL 

over an urban-like surface, represented by a block array, and over a flat 

surface. According to Park and Baik (2014), convective rolls are more likely 

to appear in the CBL over the urban-like surface than over the flat surface; 

in addition, analysis of the spectral density of vertical velocity reveals 

turbulent eddies produced by the block array. The flow speed in the CBL 

decreases due to the block array, resulting in an enhancement of wind shear 

in the entrainment zone, and increased turbulence intensity and magnitude 

of heat flux in the entrainment zone.
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Not only turbulent flow but also the dispersion of passive and 

reactive pollutants in the CBL over a flat surface has been investigated using 

LES models (Schumann, 1989; Henn and Sykes, 1992; Krol et al., 2000; 

Vilà-Guerau de Arellano et al., 2004). According to Wyngaard and Brost 

(1984) and Moeng and Wyngaard (1984), passive scalar dispersion in the 

CBL is a superposition of bottom-up dispersion driven by the surface scalar 

flux and top-down dispersion driven by the entrainment scalar flux. Sorbjan 

(2005, 2006) found that statistical moments of passive scalars in the CBL 

depend on parameters such as the Richardson number and convective 

velocity, with wind shear in the CBL affecting vertical profiles of statistical 

moments of passive scalar and scalar flux in the entrainment zone. 

Schumann (1989) studied the dispersion of two reacting fluid constituents in 

the CBL over a flat surface, finding that the reacting fluid constituent 

emitted from the surface is transported upward by updrafts related to 

convective cells or rolls. As a result, the reacting fluid constituent emitted 

from the surface exhibits high concentration in updraft regions. In contrast, 

the reacting fluid constituent included in air is transported downward by 

downdrafts related to convective cells or rolls and exhibits high 

concentration in downdraft regions. Vilà-Guerau de Arellano et al. (2004) 

studied the effects of turbulent structures in the CBL, such as convective 

cells and rolls, on reactive pollutant dispersion, and showed that turbulent 

structures in the CBL lead to the segregation of reactive pollutants and 
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reduce the chemical reaction rate. Krol et al. (2000) considered many 

chemically reactive species (NO, NO2, O3, RH, etc.) in the CBL. Turbulent 

flow in the CBL generates concentration fluctuations of chemically reactive 

species throughout the CBL, resulting in chemically unstable areas. When 

the emissions of chemically reactive species are spatially inhomogeneous, 

the effects of the segregation of chemically reactive species on the relevant 

chemical reactions increase and the chemical reaction rate decreases.

The aforementioned LES studies investigated reactive pollutant 

dispersion in the CBL over a flat surface. Buildings in urban areas modify 

flow and reactive pollutant dispersion significantly, and the effects of 

buildings on reactive pollutant dispersion have been investigated using 

idealized simulations (e.g., Baker et al., 2004; Chung and Liu, 2012; Zhong 

et al., 2015). Zhong et al. (2016) reviewed reactive pollutant dispersion in 

street canyons, where Park and Baik (2014) showed that buildings in urban 

areas modify the characteristics of the CBL. However, to the best of the 

authors’ knowledge, there is no study that examines reactive pollutant 

dispersion in the CBL over an urban-like surface using a LES model despite 

its important implication to urban air pollution. The present study extends 

Park and Baik (2014) by taking account of reactive pollutants, and 

investigates turbulent flow and associated reactive pollutant dispersion in 

the CBL over an urban-like surface. In section 3.2, descriptions of the LES 
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model and simulation design are presented, and in section 3.3, the LES 

model results are presented and discussed. 

3.2 Simulation design

To simulate turbulent flow and reactive pollutant dispersion in the 

CBL, we use version 4.0 of the PALM coupled with the transport equations 

of NO, NO2, and O3 in this study. The simulation design used in this study 

is based on that of Park and Baik (2014). In this study, a CBL over a flat 

surface with no ambient wind (FNW case), a CBL over a flat surface with 

ambient wind (FW case), a CBL over a block array with no ambient wind 

(BNW case), and a CBL over a block array with ambient wind (BW case) 

are simulated. Fig. 3.1 shows the computational domain, and a block array 

is considered to imitate an urban-like surface (Park and Baik, 2014), The 

array in the BNW and BW cases are composed of rectangular blocks, with 

the height and width of the blocks 80 m and 320 m, respectively. The 

separation of the blocks is 320 m, and the aspect ratio of the urban-like 

canyon in the block array is 0.25; the plane area density of the block array is 

0.25. The size of the computational domain is 15,360 m ´ 15,360 m ´

1,940 m in the x-, y-, and z-directions, with grid spacings in the x- and y-

directions equal to 20 m. The grid spacing in the z-direction is 5 m up to z = 
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Fig. 3.1. Illustration of the computational domain and block array. 
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80 m and increases algebraically by an expansion factor of 1.08 until the 

grid spacing in the z-direction becomes 10 m. 

At the lateral boundaries, cyclic boundary conditions are applied for 

velocity, potential temperature, and reactive pollutants. At the top boundary, 

the zero-gradient boundary condition is applied for velocity. For potential 

temperature and reactive pollutants, vertical gradients of potential 

temperature and reactive pollutants at the top boundary are kept constant, 

which are calculated from initial profiles of potential temperature and 

reactive pollutants. At the grid points closest to the surface boundary (the 

ground and block surfaces), the Monin–Obukhov similarity with a 

roughness length of 0.1 m is employed in the momentum equation. Over the 

urban-like surface, the validity of the Monin–Obukhov similarity theory for 

momentum is not certain. Letzel et al. (2008) investigated the applicability 

of the Monin–Obukhov similarity theory for momentum to the simulation of 

turbulent flow near a cubical obstacle. They found that the LES results using 

the Monin–Obukhov similarity theory are well matched with the wind-

tunnel data. Therefore, we speculate that the Monin–Obukhov similarity 

theory for momentum is applicable over the urban-like surface. This issue, 

however, needs a thorough investigation. In all cases, a surface heat flux 

with a magnitude of 0.1 K m s−1, which is a moderate value in CBL studies 

using LES, is applied at the ground and the tops of the blocks. The initial 

potential temperature is set to be 300 K from the ground to z = 700 m and 
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increases consistent with a gradient of 0.015 K m−1 above z = 700 m. The 

initial potential temperature profile represents the well-developed CBL 

except the surface layer. The layer with constant potential temperature from 

the ground to z = 700 m represents a mixed layer, and the layer with 

constant vertical gradient of potential temperature above z = 700 m 

represents a capping inversion above the mixed layer. In many studies, 

similar initial potential temperature profiles are used to examine the CBL 

(e.g., Kim et al., 2003; Fedorovich, 2004). In the FW and BW cases, the 

initial ambient flow blows in the positive x-direction with a speed of 10 m 

s−1, which is strong enough to show wind shear effects in the CBL.

NO and NO2 are emitted at the grid points closest to the ground. In 

the FNW and FW cases, the emission rates of NO and NO2 are 2.5 ppb cell–

1 s–1 and 0.25 ppb cell–1 s–1, respectively. In the BNW and BW cases, the 

emission rates of NO and NO2 are 3.333 ppb cell–1 s–1 and 0.3333 ppb cell–1

s–1, respectively. The emission rates in the BNW and BW cases are larger 

than those in the FNW and FW cases. However, the total emission amounts 

of NO and NO2 in the model domain are same in all cases because NO and 

NO2 are not emitted where blocks are present. Dry deposition of reactive 

pollutants at the ground and block surfaces is not considered in this study. In 

all cases, the initial background NO and NO2 concentrations are 0 ppb and 

the initial background O3 concentration is 50 ppb. The LES model is 

integrated for 2 h, and data of the last 600 s are used for analysis.
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3.3   Results and discussion

3.3.1. Turbulent flow, reactive pollutant 

concentration, and chemical reaction rate

The vertical profiles of temporally- and horizontally-averaged 

vertical turbulent heat flux, potential temperature, velocity component in the 

x-direction, and TKE in the FNW, FW, BNW, and BW cases are shown in 

Fig. 3.2. Here, u and w represent the velocity components in the x- and z-

directions, respectively, q denotes the potential temperature, and e

represents the TKE, with the overbar and angle bracket indicating temporal 

and horizontal averages, respectively. Prime denotes the perturbation, where 

the perturbation is defined as a deviation of the value of any variable from 

its horizontal average. For the temporal average, the last 600 s of simulation 

data are used. The CBL grows continuously, so that the CBL at the 

beginning and end of the averaging period can exhibit significantly different 

characteristics (e.g., potential temperature in the CBL and inversion height) 

if the average time period is too long. Therefore, we chose 600 s for the 

averaging period. In addition, our results show that the averaged vertical 

turbulent heat flux, potential temperature, velocity component in the x-

direction, and TKE calculated using an average time period of 300 s (or

1200 s) are very similar to those calculated using 600 s. Therefore, the
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Fig. 3.2. Vertical profiles of temporally- and horizontally-averaged (a) 

vertical turbulent heat flux, (b) potential temperature, (c) velocity 

component in the x-direction, and (d) TKE in the FNW, FW, BNW, and BW 

cases. 
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average time period of 600 s is acceptable to represent average 

characteristics of the CBL.

In all cases, the vertical turbulent heat flux decreases as the height 

increases in the mixed layer and shows a minimum in the entrainment zone 

(Fig. 3.2a). The vertical turbulent heat flux then increases with increasing

height until it is close to zero. Following Park and Baik (2014), the 

inversion height is defined as the height at which the minimum value of the 

vertical turbulent heat flux appears. Also, the thickness of the entrainment 

zone is defined as the difference between the two heights where the vertical 

turbulent heat flux is close to zero. Table 1 lists the inversion height, 

thickness of the entrainment zone, vertical turbulent heat flux at the 

inversion height, and convective velocity in all cases. The thicknesses of the 

entrainment zones in the FW and BW cases are larger than those in the 

FNW and BNW cases; in particular, the BW case shows the largest 

thickness of the entrainment zone (300 m). Furthermore, the magnitude of 

the minimum vertical turbulent heat flux at the inversion height is largest in 

the BW case (0.017 K m s−1). The thickness of the entrainment zone and the 

magnitude of the minimum vertical turbulent heat flux are related to the heat 

exchange in the entrainment zone (Park and Baik, 2014). Therefore, it is 

concluded that the heat exchange in the entrainment zone in the BW case is 

larger than that in the FNW, FW, and BNW cases.
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FNW FW BNW BW
Inversion height (m) 855 835 845 835

Thickness of 
entrainment zone (m)

180 220 170 300

wq¢ ¢< > at inversion 
height (K m s−1)

−0.015 −0.012 −0.014 −0.017

Convective velocity 
(m s−1)

1.41 1.40 1.40 1.40

Table 3.1. Inversion height, thickness of the entrainment zone, vertical 

turbulent heat flux at the inversion height, and convective velocity in the 

FNW, FW, BNW, and BW cases.
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In all cases, the surface layer, mixed layer, and entrainment zone 

appear clearly in the vertical profiles of the averaged potential temperature 

and velocity component in the x-direction (Fig. 3.2b and c). In the surface 

layer and mixed layer, the magnitude of < >u in the BW case is smaller 

than that in the FW case because of the presence of the block array, whereas 

the magnitudes of < >u in the free atmospheres are same (10 m s−1) in the 

FW and BW cases (Fig. 3.2c). As a result, the BW case displays greater 

wind shear in the entrainment zone than the FW case. According to Park and 

Baik (2014), wind shear in the entrainment zone enhances the heat exchange 

and increases turbulence intensity in the entrainment zone. Therefore, the 

largest magnitude of minimum vertical turbulent heat flux and the thickest 

entrainment zone appear in the BW case (Fig. 3.2a). The TKE in the 

entrainment zone is also largest in the BW case (Fig. 3.2d).

The effects of the horizontal grid spacing on turbulent flow in the 

CBL are examined by performing two additional simulations. Simulation 

settings are the same as those of the BW case except the computational 

domain size and the horizontal grid spacing. Considering the computing 

resources, the computational domain size of the additional simulations is 

reduced to 25% of the BW case, and the horizontal grid spacings of the 

simulations are 20 m and 10 m. The vertical profiles of vertical turbulent 

heat flux, potential temperature, velocity component in the x-direction, and 
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TKE in the two additional simulations are similar. Therefore, the horizontal 

grid spacing of 20 m is acceptable in simulating flow in the CBL over the 

urban-like surface.

Fig. 3.3 shows fields of vertical velocity, NO concentration, and O3

concentration at z = 400 m (middle of the mixed layer) and t = 7199 s in the 

FNW, FW, and BW cases. The BNW case shows fields similar to the FNW 

case, thus the fields in the BNW case are omitted. The fields of NO2

concentration are also omitted because they show spatial patterns similar to 

those of NO concentration. In the mixed layer, convective cells appear in the 

FNW case (Fig. 3.3a) and convective rolls appear in the FW and BW cases 

(Fig. 3.3b and c). The convective rolls in the BW case exhibit more line-

arranged structures than those in the FW case. The convective cells and rolls 

affect spatial distribution patterns of NO and O3 in all cases. In updraft 

regions, NO concentration is high and O3 concentration is low. This is 

because air near the ground with high NO concentration and low O3

concentration is transported by updrafts and the transported NO induces the 

O3 decomposition. In downdraft regions, NO concentration is low and O3

concentration is high due to the downward transport of air with low NO 

concentration and high O3 concentration in the free atmosphere. Since air 

with high NO concentration and air with high O3 concentration exist in 

updraft and downdraft regions, respectively, the two airs are segregated 
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Fig. 3.3. Fields of vertical velocity in the (a) FNW, (b) FW, and (c) BW 

cases, NO concentration in the (d) FNW, (e) FW, and (f) BW cases, and O3

concentration in the (g) FNW, (h) FW, and (i) BW cases at z = 400 m and t

= 7199 s.
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from each other. This segregation of NO and O3 interrupts O3

decomposition (Schumann, 1989). 

According to Vilà-Guerau de Arellano et al. (2004), the segregation 

between reactive pollutants affects the chemical reaction rate when the time 

scale of chemical reactions is smaller than the time scale of turbulent motion. 

Below the inversion height, the time scale of turbulent motion calculated 

following Deardorff (1970) is ~600 s. Following Vilà-Guerau de Arellano et 

al. (2004), the calculated time scales of NO and O3 for Eq. (2.3) are ~170 s 

and ~30 s, respectively, and the calculated time scale of NO2 for Eq. (2.1) is 

~120 s. The time scales of NO, NO2, and O3 are smaller than the time scale 

of turbulent motion. Therefore, the chemical reactions occur before 

turbulent motion mixes air homogeneously, i.e., the segregation of the 

reactive pollutants affects the chemical reactions.

The correlation between the vertical velocity and reactive pollutant 

concentrations is calculated for a quantitative analysis. Vertical velocity data 

and NO and O3 concentrations at z = 400 m and t = 7199 s are used for the 

calculation. The correlation between the vertical velocity and NO 

concentration is ~0.60 in all cases. This indicates that high NO 

concentration generally appears in positive vertical velocity (updraft) 

regions and low NO concentration generally appears in negative vertical 

velocity (downdraft) regions. In contrast, the correlation between the 

vertical velocity and O3 concentration is ~−0.55 in all cases. This indicates 
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that high O3 concentration generally appears in negative vertical velocity 

regions and low O3 concentration generally appears in positive vertical 

velocity regions. Therefore, the correlation analysis also reveals the 

segregation of NO and O3.

In Fig. 3.3, convective cells and rolls appear clearly in the CBL, but 

other large-scale coherent structures are not evident in the CBL. To evaluate 

the effects of large-scale coherent structures on flow and reactive pollutant 

dispersion in the CBL, the spectral analysis was performed. The power 

spectral densities in the FW and BW cases show peaks due to the convective 

rolls. However, the power spectral densities in the FNW and BNW cases do 

not show peaks. Instead, the power spectral density at small wavenumbers 

in the FNW and BNW cases is larger than that in the FW and BW cases. It 

seems that energy of convective cells appears at the power spectral density 

at small wavenumber. Therefore, we speculate that convective cells and 

rolls have the greatest effects on flow and reactive pollutant dispersion in 

the CBL and other large-scale coherent structures are less important in flow 

and reactive pollutant dispersion in the CBL. However, this issue needs a 

further investigation.

Fig. 3.4 shows vertical profiles of temporally- and horizontally-

averaged NO, NO2 and O3 concentrations and O3 production rate 

(
2NO 2 1 3< [NO ] [O ][NO]>J k- ) in the FNW, FW, BNW, and BW cases. 
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Fig. 3.4. Vertical profiles of temporally- and horizontally-averaged (a) NO 

concentration, (b) NO2 concentration, (c) O3 concentration, and (d) O3

production rate in the FNW, FW, BNW, and BW cases. 
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At z = 2.5 m, the averaged NO2 and O3 concentrations in all cases are ~60–

70 ppb and ~10 ppb, respectively. Although these concentration values 

appear in the idealized simulations, they also appear in observations of near-

surface NO2 and O3 concentrations in urban areas (Mavroidis and Ilia, 2012; 

Kwak et al., 2015). The averaged NO, NO2, and O3 concentrations do not 

change with height significantly in the mixed layer due to the convective 

mixing. In the entrainment zone, the averaged NO, NO2, and O3

concentrations vary greatly with height (Fig. 3.4a–c). The magnitudes of the 

vertical gradients of the averaged NO, NO2, and O3 concentrations in the 

FW and BW cases are smaller than those in the FNW and BNW cases in the 

entrainment zone. This indicates that the reactive pollutant exchange in the 

entrainment zone is larger in the FW and BW cases than in the FNW and 

BNW cases. In the entrainment zone, the BW case shows the smallest 

magnitudes of the vertical gradients of the averaged NO, NO2, and O3

concentrations, implying that the reactive pollutant exchange in the 

entrainment zone is largest in the BW case, as for the heat exchange. It 

seems that the strengthened turbulent motion induced by the urban-like 

surface causes the large reactive pollutant exchange. In all cases, the 

magnitude of the O3 production rate is large near the ground because of high 

NO concentration near the ground (Fig. 3.4d). The BW case shows a 

negative peak at z = 80 m (the block height). 
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To investigate the negative peak at z = 80 m in the BW case, fields 

of velocity vector and NO concentration at y = 8010 m and t = 6740 s in the 

BW case are shown in Fig. 3.5. A large vortex formed between the blocks 

transports air with high NO concentration upward. The transported NO 

decomposes O3, thus the negative peak in the vertical profile of the O3

production rate appears in the BW case. The O3 production rate in the mixed 

layer is nearly zero in all cases, implying that the mixed layer is close to a 

chemical equilibrium. The profile of the O3 production rate displays a 

negative peak in the entrainment zone in all cases because the reactive 

pollutant exchange in the entrainment zone induces O3 decomposition. 

To investigate the effects of turbulent flow on the chemical 

reactions, the averaged O3 production rate is divided as follows:

2 2NO 2 1 3 NO 2 1 3< [NO ] [O ][NO]> < ><[NO ]> < ><[O ]><[NO]>J k J k- = -

              
1 3< ><[O ] [NO] >k ¢ ¢- .          (3.1)

On the right-hand side of Eq. (3.1), the components of the averaged O3

production rate related to the perturbations of the photolysis rate of NO2

(
2NOJ ¢ ) and the rate constant (

1k ¢ ) are ignored. This is because the 

components of the averaged O3 production rate related to 
2NOJ ¢ and 

1k ¢ are 



53

Fig. 3.5. Fields of velocity vector and NO concentration at y = 8010 m and t

= 6740 s in the BW case.
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much smaller than the averaged O3 production rate in the mixed layer and 

entrainment zone. Below z = 940 m, the sum of the components of the

averaged O3 production rate related to 
2NOJ ¢ and 

1k ¢ is less than 15% of the 

averaged O3 production rate. The first and second terms on the right-hand 

side of Eq. (3.1) are related to the horizontally-averaged concentrations and 

the third term on the right-hand side of Eq. (3.1) is related to the 

concentration perturbations. Hereafter, the sum of the first and second terms 

of Eq. (3.1) (
2NO 2 1 3< ><[NO ]> < ><[O ]><[NO]>J k- ) and the third term 

of Eq. (3.1) (
1 3< ><[O ] [NO] >k ¢ ¢- ) are called the mean and turbulent 

components of the O3 production rate, respectively. 

Fig. 3.6 shows vertical profiles of the mean and turbulent 

components of the O3 production rate in the FNW, FW, BNW, and BW 

cases. In all cases, the mean component of the O3 production rate is 

generally negative due to high NO concentration near the ground (Fig. 3.6a). 

The vertical profile of the mean component displays a negative peak in the 

entrainment zone due to the reactive pollutant exchange. The magnitudes of 

the peaks in the FW and BW cases are smaller than those in the FNW and 

BNW cases. This is because the large reactive pollutant exchange due to the 

wind shear in the FW and BW cases decreases the magnitudes of the 

vertical gradients of the averaged NO, NO2, and O3 concentrations in the 

entrainment zone. Since the urban-like surface induces greater wind shear in
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Fig. 3.6. Vertical profiles of the (a) mean component, and (b) turbulent 

component of the O3 production rate in the FNW, FW, BNW, and BW cases.
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the entrainment zone, the BW case displays the peak with the smallest 

magnitude. The width of the peak is related to the thickness of the 

entrainment zone, i.e., the thickness of the layer in which the chemical 

reactions occur actively is related to the thickness of the entrainment zone. 

Therefore, the width of the peak is larger in the FW and BW cases than in 

the FNW and BNW cases and the largest width of the peak appears in the 

BW case. NO and O3 are segregated spatially, thus the signs of NO and O3 

concentration perturbations are generally opposite. As a result, the turbulent 

component of the O3 production rate is generally positive in all cases (Fig. 

3.6b). The turbulent component represents the effects of the segregation on 

the chemical reactions. The positive value of the turbulent component 

means that the O3 decomposition in the CBL is reduced due to the 

segregation. The vertical profiles of the turbulent component in all cases 

have positive peaks in the entrainment zone, indicating that the reduction of 

the O3 decomposition due to the segregation is greatest in the entrainment 

zone. In the FW and BW cases, the magnitude of the peak is smaller 

compared to the FNW and BNW cases, and the smallest magnitude of the 

peak appears in the BW case. It seems that the turbulent motion 

strengthened by the wind shear in the entrainment zone mixes the reactive 

pollutants and weakens the effects of the segregation on the chemical 

reactions. In all cases, the magnitude of the mean component is slightly 

larger than that of the turbulent component below the inversion height. The 
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differences between the magnitudes of the mean and turbulent components 

are less than 20% below the inversion height, except near the ground. These 

results indicate that the segregation of NO and O3 have important effects on 

the chemical reactions below the inversion height.

To examine the effects of block height, a simulation with doubled 

block height (160 m, double height case) was performed. In the double 

height case, the grid spacing in the z-direction is 5 m up to z = 160 m and 

increases algebraically by an expansion factor of 1.08 until the grid spacing 

in the z-direction becomes 10 m. Other simulation settings are identical to 

the BW case. In the CBL, the magnitude of < >u in the double height case 

is smaller than that in the BW case because of the higher block height. Since 

the magnitudes of < >u in the free atmospheres are almost same in the BW 

and double height cases, the double height case displays greater wind shear 

in the entrainment zone than the BW case. Due to the enhanced wind shear 

in the entrainment zone, the double height case shows the larger turbulence 

intensity and heat and reactive pollutant exchange in the entrainment zone.

Since the NO and NO2 emission rates and background O3

concentration can modify reactive pollutant dispersion and chemical 

reactions in the CBL, the effects of the NO and NO2 emission rates and 

background O3 concentration need to be examined. For this, two additional 

simulations were performed. One simulation has doubled NO and NO2



58

emission rates (6.666 ppb cell–1 s–1 for NO and 0.6666 ppb cell–1 s–1 for NO2,

double NOx case), and the other simulation has doubled O3 background 

concentration (100 ppb, double O3 case). Other simulation settings are 

identical to the BW case. The averaged NO and NO2 concentrations in the 

CBL are larger in the double NOx case than in the BW case. Compared to 

the BW case, the higher averaged NO concentration causes smaller 

averaged O3 concentration in the CBL. The averaged O3 concentration in the 

CBL in the double O3 case is larger than that in the BW case. Compared to 

the BW case, the higher O3 concentration causes smaller averaged NO 

concentration and larger averaged NO2 concentration in the CBL. Below the 

inversion height (z = 835 m), the averaged NO2 concentration in the double 

O3 case is larger than that in the double NOx case. This implies that the 

chemical reactions are more important than the emission rate for increasing 

NO2 concentration below the inversion height. In the double NOx case, the 

magnitude of the averaged O3 production rate near the ground is smaller 

than that in the BW case due to the decreased O3 concentration and 

increased NO2 concentration. In contrast, the magnitude of the averaged O3

production rate near the CBL top in the double NOx case is larger than that 

in the BW case due to the increased NO concentration. In the double O3

case, the magnitude of the averaged O3 production rate near the ground is 

larger than that in the BW case due to the increased O3 concentration.
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The effects of heterogeneous emission on reactive pollutant 

dispersion are examined. A simulation was performed in which the emission 

rate of NO is 13.333 ppb cell–1 s–1 in the central region (5760 m £ x £ 9600 

m and 5760 m £ y £ 9600 m) of the computational domain and 2.667 ppb 

cell–1 s–1 in the rest of the computational domain. The emission rate of NO2

is one-tenth of that of NO. The total emission amounts of NO and NO2 in 

the computational domain are the same as those in the BW case. Other 

simulation settings are identical to the BW case. In the heterogeneous 

emission case, high NO and low O3 concentrations appear in the range from 

y = 5760 m to 9600 m due to the heterogeneous emission. The 

heterogeneous emission changes the spatial distribution of the reactive 

pollutants, which induces the greater reduction of the O3 decomposition due 

to the segregation.

3.3.2. Reactive pollutant exchange and chemical 

reaction in the entrainment zone

Fig. 3.7 shows fields of vertical velocity, NO concentration 

perturbation, and vertical turbulent NO flux ([NO] w¢ ¢ ) at z = 850 m (the 

inversion height) and t = 7199 s in the FNW, FW, and BW cases. At z = 850 

m, strong updrafts and downdrafts tend to appear above updraft regions of 

the convective cells and rolls (Fig. 3.7a–c). Also, the positive NO
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Fig. 3.7. Fields of vertical velocity in the (a) FNW, (b) FW, and (c) BW 

cases, NO concentration perturbation in the (d) FNW, (e) FW, and (f) BW 

cases, and vertical turbulent NO flux in the (g) FNW, (h) FW, and (i) BW 

cases at z = 850 m and t = 7199 s. The areas where the vertical velocity > 

0.2 m s–1 at z = 400 m are indicated in green.
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concentration perturbation at z = 850 m generally appear above updraft 

regions of the convective cells and rolls, due to the upward transport of NO 

(Fig. 3.7d–f). As a result, the magnitude of [NO] w¢ ¢ at z = 850 m is large 

above updraft regions of the convective cells and rolls (Fig. 3.7g–i). At z = 

850 m, NO2 and O3 also show characteristics similar to NO, except that the 

sign of the O3 concentration perturbation (vertical turbulent O3 flux) is 

opposite to that of NO concentration perturbation (vertical turbulent NO 

flux).

Fig. 3.8 shows fields of the O3 production rate at z = 850 m and t = 

7199 s in the FNW, FW, and BW cases. In centers of strong updraft regions, 

air with high NO concentration transported by strong updrafts is not mixed 

well with air with high O3 concentration at z = 850 m. Therefore, the 

magnitude of the O3 production rate is generally small in centers of strong 

updraft regions (Fig. 3.8a–c). Around strong updraft regions, air with high 

NO and NO2 concentrations transported by strong updrafts is mixed with air 

with high O3 concentration at z = 850 m. As a result, the magnitude of the 

O3 production rate is generally large around strong updrafts regions.
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Fig. 3.8. Fields of the O3 production rate at z = 850 m and t = 7199 s in the 

(a) FNW, (b) FW, and (c) BW cases. The areas where the vertical velocity > 

0.1 m s–1 at z = 850 m are indicated in green. The black line in Fig. 3.8b 

represents the location of graphs in Fig. 3.9.
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The O3 production and decomposition occur alternatively, 

especially in the FW and BW cases (Fig. 3.8b and c). To examine the 

alternating O3 production and decomposition, the graphs of NO, NO2, and 

O3 concentration perturbations and the magnitudes of the positive  

(
2NO 2[NO ]J ) and negative ( 1 3[O ][NO]k- ) terms of the O3 production rate 

at z = 850 m, y = 1810 m, and t = 7199 s in the FW case are analyzed (Fig. 

3.9). At z = 850 m, the averaged NO and NO2 concentrations are similar (47 

ppb for NO and 43 ppb for NO2). However, the magnitude of the NO 

concentration variation is larger than that of the NO2 concentration variation 

(Fig. 3.9a) because the magnitudes of the NO and NO2 concentration 

variations are related to the averaged NO and NO2 concentrations in the 

mixed layer. Since the magnitude of the NO concentration variation is larger 

than that of NO2, NO concentration is generally larger (smaller) than NO2

concentration when NO and NO2 concentrations are at local maximums 

(minimums) (Fig. 3.9a). Therefore, the magnitude of the negative term of 

the O3 production rate ( 1 3[O ][NO]k- ) tends to be larger (smaller) than the 

magnitude of the positive term of the O3 production rate (
2NO 2[NO ]J ) 

when NO and NO2 concentrations are at local maximums (minimums) (Fig. 

3.9b). Since local maximums and minimums of NO and NO2 concentrations 

appear alternatively, the alternating O3 production and decomposition occur 

in the entrainment zone. In the FNW and BNW cases, the averaged NO 
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Fig. 3.9. Graphs of (a) NO, NO2, and O3 concentrations and (b) the 

magnitudes of the positive (
2NO 2[NO ]J ) and negative ( 1 3[O ][NO]k- ) 

terms of the O3 production rate at z = 850 m, y = 1810 m, and t = 7199 s in 

the FW case.
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concentration is higher than the averaged NO2 concentration, and the 

turbulence intensity is smaller than that in the FW and BW cases. As a result, 

NO2 concentration higher than NO concentration appears rarely, and areas 

where O3 production occurs also appear rarely, compared to the FW and 

BW cases.

3.3.3 Effects of the chemical reactions

Additional simulations without the chemical reactions for NO, NO2, 

and O3 are performed to examine the effects of the chemical reactions on 

NO, NO2, and O3 concentrations. Fig. 3.10 shows fields of differences in O3

concentration between the simulations with and without the chemical 

reactions at z = 850 m and t = 7199 s in the FNW and BW cases. The 

difference in O3 concentration is negative in almost all areas in Fig. 3.10, 

i.e., O3 concentration decreases due to the chemical reactions. In the FNW 

and BW cases, the magnitude of the concentration difference is large in 

updraft regions at z = 400 m because updrafts transport air with low O3

concentration upward due to the chemical reactions. This distribution 

pattern of the O3 concentration difference appears in the mixed layer and 

entrainment zone in all four cases.
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Fig. 3.10. Fields of differences in O3 concentration between the simulations 

with and without the chemical reactions at z = 850 m and t = 7199 s in the 

(a) FNW and (b) BW cases. The areas where the vertical velocity > 0.2 m s–

1 at z = 400 m are indicated in red.
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To compare the changes of NO, NO2, and O3 concentrations due to 

the chemical reactions quantitatively, the variable CE (chemical effect), 

defined by Han et al. (2018), is calculated from

chem

nochem

< >
100 1

< >

c
CE

c

æ ö
= ´ -ç ÷

è ø
.                                                             (3.5)

Here, chemc denotes the reactive pollutant concentration in the simulation 

with the chemical reactions and nochemc denotes the reactive pollutant 

concentration in the simulation without the chemical reactions. The vertical 

CE profiles of NO, NO2, and O3 in the FNW, FW, BNW, and BW cases are 

presented in Fig. 3.11. Noting that below the inversion height, the chemical 

reactions increase the averaged NO2 concentration by 360% in all cases (Fig. 

3.11b). The chemical reactions decrease the averaged NO and O3

concentrations by 35% and 74% below the inversion height, respectively 

(Fig. 3.11a and c). Below the inversion height, the mean and turbulent 

components of the O3 production rate have opposite signs because of the 

spatial segregation of NO and O3 (Fig. 3.6). Therefore, the O3

decomposition rate in the CBL is decreased significantly, i.e., NO and O3

are less consumed and NO2 is less produced. As a result, the CE values of 

NO and O3 increase and the CE value of NO2 decreases. When the reactive 
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Fig. 3.11. Vertical CE profiles of (a) NO concentration, (b) NO2

concentration, and (c) O3 concentration in the FNW, FW, BNW, and BW 

cases.
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pollutant exchange is large because of the wind shear in the entrainment 

zone, the magnitudes of the vertical gradients of the averaged reactive 

pollutants become small. Consequently, the magnitudes of the vertical CE 

gradients in the FW and BW cases are smaller than those in the FNW and 

BNW cases, and the BW case shows the smallest magnitudes of the vertical 

CE gradients due to the enhanced wind shear in the entrainment zone.

The different NO and NO2 emission rates and background O3

concentration change the CE values of NO, NO2, and O3. In the double NOx

case, the CE magnitudes of NO and NO2 are smaller than those in the BW 

case because NO and NO2 concentrations increase significantly, but the 

changes of NO and NO2 concentrations due to the chemical reactions do not 

increase much. In contrast, the CE magnitude of O3 in the double NOx case 

is larger than that in the BW case because the increased NO concentration 

induces active O3 decomposition. In the double O3 case, the CE magnitudes

of NO and NO2 below the inversion height are larger than those in the BW 

case because the higher background O3 concentration increases the changes 

of NO and NO2 concentrations due to the chemical reactions. In contrast, the 

CE magnitude of O3 in the double O3 case is smaller than that in the BW 

case due to the increase of O3 concentration.
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4 Large-eddy simulation of vortex 
streets and pollutant dispersion 
behind high-rise buildings

4.1   Introduction

Many investigations have been devoted to better understand flow 

and pollutant dispersion in urban areas (e.g., Britter and Hanna, 2003; 

Rotach et al., 2004; Edussuriya et al., 2011; Nakayama et al., 2013; 

Panagiotou et al., 2013). One of the crucial factors that affect flow and 

pollutant dispersion in urban areas is buildings. In particular, high-rise 

buildings modify flow and pollutant dispersion significantly. Wind tunnel 

experiments (Heist et al., 2004, 2009) and observation studies in real urban 

areas (Gowardhan et al., 2007; Nelson et al., 2007; Hanna and Chang, 2015) 

revealed that updrafts occurring behind high-rise buildings transport 

pollutants upward. Moreover, vortices generated continuously on both sides 

of high-rise buildings, a phenomenon known as vortex shedding, propagate 

downstream of the high-rise buildings and affect flow and pollutant 

dispersion. 

A high-rise building can be simplified as a column of a tall height 

mounted on a flat surface, and there have been many studies on flow 

structures behind the column (e.g., Fröhlich and Rodi, 2004; Palau-Salvador 
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et al., 2010; Sattari et al., 2012; Sumner, 2013). Kawamura et al. (1984) 

experimentally studied flow around a finite-height circular column and 

observed that a pair of trailing vortices is shed at top of the column and 

interacts with the downwash flow behind the column. They pointed out that 

no periodic vortex shedding occurs if the ratio H/d is smaller than a critical 

value where H and d are the column height and width, respectively (see also 

Sumner et al. (2004)). More detailed results were presented for a finite-

height square column by Wang and his co-workers who performed 

experiments on flow structures around the square column for different H/d

(Wang et al., 2004; Wang et al., 2006; Wang and Zhou, 2009). Wang et al.

(2004) found that for small H/d, two types of vortices are dominant flow 

structures in the wake region. One is tip vortices generated near side edges 

at the top face of the column, and the other is base vortices generated near 

the bottom plane. On the other hand, for large H/d, vortex streets are 

generated at mid-height of the column and interact strongly with the tip and 

the base vortices. Wang et al. (2006) pointed out that strong shear in a 

boundary layer enhances the base vortices and updrafts behind the column 

which weaken the tip vortices. Park and Lee (2002) also performed 

experiments on flow structures around a finite-height circular column in 

boundary layers with various wind profiles and found that vortex formation 

is strongly influenced by shear in boundary layers.
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While flow structures behind a finite-height column have well been 

investigated, pollutant dispersion behind the column has only received 

attention recently (Rossi et al., 2010; Gousseau et al., 2012; Rossi and 

Iaccarino, 2013). According to Rossi and Iaccarino (2013), periodic 

fluctuations of pollutant concentration occur in the wake region due to 

vortex streets, and they affect turbulent fluxes of pollutant in the streamwise, 

spanwise, and vertical directions. Nonetheless, there has been little study on 

pollutant dispersion behind high-rise buildings in real urban areas where 

other buildings affect flow around high-rise buildings (Hanna and Chang, 

2015; Kwak et al., 2015). Therefore, it is worthy to investigate turbulent 

flow and pollutant dispersion behind high-rise buildings in real urban areas.

Recently, LES models have been widely used to investigate 

turbulent flow and pollutant dispersion in real urban areas. An LES study by 

Xie and Castro (2009) on turbulent flow in a real urban area found that 

Reynolds stress and root-mean-square velocity fluctuations reach maximum 

at top of high-rise buildings. Letzel et al. (2012) studied air ventilation on 

pedestrian level in Hong Kong and found that local ventilation is improved 

by vertical flow around a high-rise building. Nakayama et al. (2011) and 

Kanda et al. (2013) suggested new aerodynamic parameterizations for real 

urban surfaces and showed that the variability of building heights is crucial 

for the aerodynamic parameterizations. Nakayama et al. (2011) and Kanda 

et al. (2013) also insisted that because high-rise buildings increase the 
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variability of building heights significantly, aerodynamic parameterizations 

in urban areas perform poorly if contributions of high-rise buildings to drag 

formation are not well considered. Nozu and Tamura (2012) investigated 

pollutant dispersion in a real urban area where many high-rise buildings 

exist and found that time-averaged mean concentration in the wake regions 

does not change significantly in the vertical direction due to strong updrafts 

behind the high-rise buildings. Furthermore, they mentioned that vortex 

shedding and intermittent air entrainment occur in the wake boundary 

regions leading to fluctuations of pollutant concentration. Park et al. (2015b) 

performed an LES on turbulent flow in a real urban area and found that 

vortices appear behind high-rise buildings and interact strongly with 

updrafts in the turbulent wake regions. All of these LES studies, however, 

did not analyze in detail vortex streets behind high-rise buildings. Especially,

there are very little studies on the relationship between vortex streets and 

pollutant dispersion.

In this study, we extend the study of Park et al. (2015b) by focusing 

on vortex streets behind high-rise buildings to investigate impacts of vortex 

streets on turbulent flow and pollutant dispersion in a real urban area. In 

section 4.2, a simulation design is described. In section 4.3, simulation 

results are presented and discussed. 
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4.2   Simulation design

In this study, we use PALM 3.10 version to simulate turbulent flow 

and pollutant dispersion in a real urban area. Simulation settings used in this 

study are similar to those of Park et al. (2015b). Here, we choose an urban 

area in Seoul, South Korea, where buildings are densely built-up. Fig. 4.1

shows an elevation field of the computational domain. The size of the 

computational domain is 4320 m × 1440 m × 1040 m in the x- (east–west), 

y- (south–north), and z- (vertical) directions, and the number of grid points 

is 864 × 288 × 132. Here, z represents the height above sea level. The 

horizontal grid size is 5 m, and the thinnest and widest streets in the 

computational domain are resolved by 1 grid cell and about 9 grid cells, 

respectively. The vertical grid size is 5 m up to z = 250 m and increases 

algebraically by a factor of 1.08 up to z ~ 325 m. Above z ~ 325 m, the 

vertical grid size is 10 m. The grid resolutions of this study are equal to 

those of Park et al. (2015c) whose results match well with observation data. 

Two idealized simulations with a square tall building above a flat surface 

are performed to evaluate the grid resolution effects. The grid resolutions in 

the simulations are 5 m and 2.5 m. Both cases show similar mean flow 

around and behind the building, although side wall recirculation zones of 

the building are not captured well in the 5 m resolution case. Also, the 
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Fig. 4.1. Elevation field of the computational domain. The inner rectangle 

with a black solid line indicates the main domain of interest. Regions 1 and 

2 represent the upstream and downstream areas of the high-rise buildings, 

respectively. Black dashed line located at x = 960 m indicates the location of 

the y–z plane pollutant emission source.
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vertical profiles of vertical turbulent momentum flux and TKE in the 5 m 

resolution case agree fairly well with those in the 2.5 m resolution case. 

Except near the ground, the ratio of temporally and horizontally averaged 

subgrid-scale TKE to temporally and horizontally averaged grid-scale TKE 

in the 5 m and 2.5 m resolution cases are less than 0.06 and 0.04, 

respectively. Although the ratio in the 2.5 m resolution case is smaller than 

that in the 5 m resolution case, the 5 m resolution case can resolve most of 

eddies induced by the square tall building. Thus, we speculate that the 5 m 

resolution would be reasonable for our purpose, although simulations with 

higher resolution in the real urban area are not performed due to computing 

resource limitation. 

The main domain of interest is indicated by a black solid line, 

ranging from x = 1440 to 3360 m and from y = 240 to 1200 m. Digital 

elevation data are used to generate 5-m gridded elevation data of the main 

domain. The mean height and height standard deviation in the main domain 

are 71 m above sea level and 20 m, respectively. The plan area density of 

the main domain is 0.49. In the main domain, we focus particularly on 

turbulent flow and pollutant dispersion in the wake regions behind two high-

rise buildings located at (x, y) ~ (1870 m, 540 m) and (1920 m, 740 m). For 

convenience, the high-rise buildings located at (x, y) ~ (1870 m, 540 m) and 

(1920 m, 740 m) are named building A and building B, respectively. The 

heights of buildings A and B are 206 and 167 m above the ground level, 
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respectively. Region 1, located upstream of the main domain, is compared 

with region 2, located downstream of the high-rise buildings, to investigate 

turbulent characteristics of the wakes behind the high-rise buildings. 

Outside the main domain, buffer regions are added to maintain continuity of 

the elevation at the lateral boundaries of the main domain. Regular arrays of 

buildings are added in the buffer regions to maintain turbulence intensity 

(Park et al., 2015b). The height and width of the array buildings are 20 and 

40 m, respectively.

To generate realistic flow, the turbulence recycling method (Lund et 

al., 1998; Kataoka and Mizuno, 2002; Park et al., 2015b) is used. At each 

time step, inflow data at the west boundary (x = 0 m) are produced by 

adding turbulent signals and time-invariant inflow vertical profiles. The 

turbulent signals are calculated by subtracting a line average along the y-

direction on the y–z plane at x = 480 m from original variables on the same 

y–z plane. The inflow vertical profiles and initial turbulence are obtained 

from a precursor simulation. For the precursor simulation, westerly 

geostrophic wind at a speed of 10 m s–1 is initially imposed on a flat surface. 

The mean wind direction turns clockwise as the height increases due to the 

Coriolis force and the surface friction force. As a result, southwesterly wind 

becomes the dominant mean wind direction in the precursor simulation. The 

precursor simulation is conducted for 10 h, and horizontally and temporally 

averaged vertical profiles of the last 30 min simulation data are used as the 
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inflow vertical profiles of the main simulation (Park et al., 2015b). Fig. 4.2

shows calculated vertical profiles of velocities, and velocity variances. Here, 

v represents velocity in the y-direction. Overbar and angle bracket denote 

temporal and horizontal averages, respectively. 2

u
σ and 2

v
σ represent 

variances of velocities in the x- and y-directions, respectively. The velocity 

in the x-direction increases with height, and the velocity in the y-direction 

decreases above z ~ 200 m. The velocity variances have maxima near the 

surface and then decrease with height in general.

At the east boundary (x = 4320 m), the radiation boundary condition 

is imposed for velocity and the Neumann boundary condition for scalar 

concentration. At the south boundary (y = 0 m) and north boundary (y = 

1440 m), the cyclic boundary condition is imposed for velocity and scalar 

concentration. At the top boundary (z = 1040 m), the Dirichlet boundary 

condition is imposed for velocity and the Neumann boundary condition for 

scalar concentration. The Monin–Obuhkov similarity with a roughness 

length of 0.1 m is used at the bottom and building surfaces for the velocity 

components (Park et al., 2015b). In this study, the thermodynamic energy 

equation is not considered. A flat surface is in front of the east boundary to 

avoid counter flow which can stop the model run due to the radiation 

boundary condition at the outflow boundary. For pollutant dispersion, a 

passive scalar is emitted from the y–z plane source at x = 960 m with a 
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Fig. 4.2. Horizontally and temporally averaged vertical profiles of velocities 

in the (a) x-direction and (b) y-direction and variances of velocities in the (c) 

x-direction and (d) y-direction.
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uniform scalar flux 5 g m–2 s–1. After the precursor simulation, additional 

integration over 1 h is performed, and simulation data of the last 30 min are 

analyzed in this study.

4.3  Results and discussion

4.3.1. Vortex streets and turbulence characteristics

Time-averaged mean velocity vector and vertical velocity fields on the x–y

and x–z planes are analyzed. The time average is taken for the last 30 min. 

Mean horizontal velocity vector and vertical velocity fields at z = 102.5 m, 

which is above the average height of the main domain (z ~ 71 m), are 

presented in Fig. 4.3a. We clearly see that updrafts and downdrafts occur 

strongly behind and in front of the buildings, respectively. Particularly in the 

region where buildings are densely built-up (x = 1800–2160 m, y = 600–840 

m), strong updrafts and downdrafts are observed. Such strong vertical 

motions are also well observed in the vertical plane at y = 557.5 m (Fig.

4.3b). Also, updrafts and downdrafts are strong behind and in front of high-

rise building A. These flow patterns are similar to what has been observed 

around a finite-height cylinder (Wang et al., 2004; Palau-Salvador et al., 

2010).
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Fig. 4.3. (a) Fields of mean horizontal velocity vector and vertical velocity 

(color) on the x–y plane at z = 102.5 m. (b) Fields of mean velocity vector 

and vertical velocity (color) on the x–z plane at y = 557.5 m. The red lines in 

(a) and (b) indicate the y and x positions of cross-section in (b) and (a), 

respectively.
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Fields of velocity perturbation vector and pressure perturbation on 

the x–y plane at z = 197.5 m and x–z plane at y = 822.5 m at t = 3056 s are 

shown in Fig. 4.4. Vorticity contours are also indicated in Fig. 4.4. In this 

study, we define the perturbation as a deviation of an original variable from 

the time-averaged variable. In Fig. 4.4a and b, we see that clockwise 

vortices are generated on the northern side of high-rise buildings A and B

while anticlockwise vortices are generated on the southern side of buildings 

A and B. Here, vorticities in the z-direction near clockwise and 

anticlockwise vortices are generally negative and positive, respectively. It is 

also observed that pressure perturbations near the vortices are mostly 

negative. These vortices propagate downstream behind the high-rise 

buildings and form vortex streets. It is observed that when compared to the 

vortex streets from building B, the vortex streets from building A do not 

appear clearly due to disturbances from buildings in the upstream area of 

building A. This is clearly seen in the fields of pressure perturbation 

contours. On the vertical plane, both anticlockwise and clockwise vortices 

appear behind the high-rise buildings and pressure perturbations near the 

vortices are also mostly negative (Fig. 4.4c). Here, vorticities in the y-

direction near clockwise and anticlockwise vortices are generally positive 

and negative, respectively.



83



84

Fig. 4.4. Fields of velocity perturbation vector and pressure perturbation 

(color) (a, b) on the x–y plane at z = 197.5 m and (c) on the x–z plane at y = 

822.5 m at t = 3056 s. The red line in (b) indicates the cross-section line for 

(c). Green contour lines in (a, b) and (c) represent the vorticities in the z-

and y-directions ( zw and yw ), respectively. Solid and dashed lines represent 

contours with values 0.45 s−1 and –0.45 s−1, respectively.
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To further investigate characteristics of the vortex streets, the power 

spectral density of pressure perturbation is calculated at three different 

heights (z = 147.5, 197.5, and 247.5 m) at points (x, y) = (2037.5 m, 827.5 

m) and (2077.5 m, 757.5 m) (Fig. 4.5). These points are located in the wake 

region behind high-rise building B. The power spectral density is plotted as 

a function of the non-dimensional frequency ( Ufd / ) where f is the 

dimensional frequency, d is the width of high-rise building B normal to 

wind direction (35 m), and U is the free stream velocity which is equal to

the initially imposed geostrophic wind speed (10 m s–1). Fig. 4.5a shows that 

the power spectral density has peaks in the frequency range Ufd / = 0.1–

0.2, similar to the results of idealized experiments (Sumner et al., 2004; 

Bourgeois et al., 2011). However, the peaks in Fig. 4.5a are broader than 

those in other studies because turbulent disturbances from other buildings 

perturb flow around building B and interrupt the periodic formation of 

vortices. Also, a broad peak can appear in the power spectrum when a fully 

turbulent boundary layer envelops a cylinder (Huber, 1988). We see that the 

peaks at z = 197.5 and 247.5 m in Fig. 4.5b are not clear compared to those 

in Fig. 4.5a. This seems to be due to interruption on the periodic formation 

of vortices by turbulent disturbance from a building located at (x, y) ~ (1970 

m, 720 m) which is tall with a height of approximately 110 m and is very 

close to building B. The peak at z = 147.5 m in Fig. 4.5b is clearer than that 
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Fig. 4.5. Power spectral densities of pressure perturbation at different 

heights z = 247.5 (blue), 197.5 (green), and 147.5 (red) m at points (a) (x, y) 

= (2037.5 m, 827.5 m) and (b) (x, y) = (2077.5 m, 757.5 m).
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in Fig. 4.5a because of the vortex street behind the building located at (x, y) 

~ (1970 m, 720 m).

As displayed in Fig. 4.4, vortices appear frequently in the regions of 

negative pressure perturbation as observed in other study (Saeedi et al., 

2012). The relation between vortices and pressure perturbation can be 

investigated quantitatively by the two-point time-averaged correlation 

),( βαR defined as:

,
))('())('(

)(')('
))(),((

22 yx

yx
yx

βα

βα
βαR º                                           (4.1)

where )()()(' xxx ααα -= and )()()(' yyy βββ -= . Here, α and β are 

variables of interest, x is the location of a reference point, y is the location 

of the variable of interest β , the prime denotes the perturbation. Using Eq. 

(4.1), we compute a correlation between perturbation of the variable α at the 

reference point x and perturbation of the variable β at the location y .

Fig. 4.6 shows correlation fields of ),(
z

ωpR , ),( upR , and 

),( vpR on the x–y plane at z = 247.5 m at two reference points (x, y) = 

(2037.5 m, 827.5 m) and (2077.5 m, 757.5 m) on the northern and southern 

sides of the wake region of building B, respectively. Here, p represents the 

pressure, and 
z

ω denotes vorticity in the z-direction. By observing 



88

Fig. 4.6. Correlation fields on the x–y plane at z = 247.5 m for (a, b) 

),( zωpR , (c, d) ),( upR , and (e, f) ),( vpR with reference points at (x, y) = 

(2037.5 m, 827.5 m) (left column) and at (x, y) = (2077.5 m, 757.5 m) (right 

column). The black dots indicate the reference points.
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simulation results, we carefully chose the two reference points where 

clockwise and anticlockwise vortices frequently pass, respectively. In this 

way, these reference points can be indications of centers of vortices. The 

correlation can be interpreted as follows: because ),(
z

ωpR is positive in 

Fig. 4.6a around the reference point (x, y) = (2037.5 m, 827.5 m) where 

clockwise vortices with 0<
z

ω pass, the pressure perturbation at this 

reference point is negative with a correlation value of approximately 0.4. 

This interpretation works for ),( upR and ),( vpR as well in such a way 

that the correlation is zero at the reference point while there are strong 

positive and negative correlations around the reference point as shown in 

Fig. 4.6c and e. Similarly, we see in Fig. 4.6b that ),(
z

ωpR is negative at 

the reference point (x, y) = (2077.5 m, 757.5 m) where anticlockwise 

vortices with 0>
z

ω pass so that the pressure perturbation at this reference 

point is negative. The correlation value at the reference point is –0.3. 

),( upR and ),( vpR in Fig. 4.6d and f also confirm the correlations 

between the vortices and the negative pressure perturbation.

Correlations of ),(
y

ωpR , ),( upR , and ),( wpR are also 

investigated on the x–z plane at y = 832.5 m at two reference points at (x, z) 

= (2022.5 m, 167.5 m) and (2022.5 m, 247.5 m) in Fig. 4.7. Here, yω

denotes vorticity in the y-direction. Similar to Fig. 4.6, the two reference 

points correspond to the points where anticlockwise and clockwise vortices 
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Fig. 4.7. Correlation fields on the x–z plane at y = 832.5 m for (a, b) 

),( yωpR , (c, d) ),( upR , and (e, f) ),( wpR with reference points at (x, z) = 

(2022.5 m, 167.5 m) (left column) and at (x, z) = (2022.5 m, 247.5 m) (right 

column). The black dots indicate the reference points. 



91

frequently pass, respectively. In Fig. 4.7a and b, positive and negative 

values of ),(
y

ωpR imply that pressure perturbation at these reference 

points is negative due to the anticlockwise and clockwise vortices, 

respectively. This is confirmed by the correlations ),( upR and ),( wpR in 

Fig. 4.7c–f. Therefore, we can conclude that the vortices and the negative 

pressure perturbation have correlations with a value of approximately 0.4. 

Correlation fields near high-rise building A are also checked. Their 

correlations are less than those near building B due to interruption by 

disturbances from low-rise buildings around high-rise building A.

Now we investigate the effect of high-rise buildings A and B on 

vertical turbulent momentum flux using the joint probability density 

function (JPDF) of velocity perturbations u′ and w′. Fig. 4.8 shows fields of 

the JPDF of u′ and w′ and fields of the JPDF multiplied by u′w′ on the x–y

plane at z = 247.5 m in region 1 (Fig. 4.8a and b) and in region 2 (Fig. 4.8c 

and d). Region 1 and region 2 are located upstream of the main domain and 

downstream of the high-rise buildings, respectively (Fig. 4.1). The number 

of bins for u′ and w′ is 50, and aΔ is 0.2 m s–1. In region 1, the most 

dominant events are found in the second and fourth quadrants where 

ejections (u′ < 0, w′ > 0) and sweeps (u′ > 0, w′ < 0) occur, respectively (Fig. 

4.8a). These two main events transport momentum downward (Fig. 4.8b). 

Region 2 also has dominant events of ejections and sweeps (Fig. 4.8c) but in 
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Fig. 4.8. Fields of the joint probability density function of u′ and w′ (left 

column) and the fields of the joint probability function of u′ and w′ 

multiplied by u′w′ (right column) in (a, b) region 1 and (c, d) region 2. The 

data at z = 247.5 m are used. 
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a wider area of the field (Fig. 4.8d), which indicates that stronger events 

occur more frequently and contribute more significantly to the vertical 

turbulent momentum flux in region 2. Additionally, the contribution of 

ejections to the total vertical turbulent momentum flux increases 

significantly compared to that in region 1. In region 1, the vertical turbulent 

momentum fluxes induced by ejections and sweeps contribute 55% and 

75% of the total vertical turbulent momentum flux, respectively, while in 

region 2, the vertical turbulent momentum fluxes induced by ejections and 

sweeps contribute 86% and 79% of the total vertical turbulent momentum 

flux, respectively. These results are consistent with those of Park et al.

(2015b) for turbulent flow in a densely built-up urban area. However, results

of the JPDF under different wind conditions and urban morphologies can be 

different from these results.

Fig. 4.9 shows fields of sgn(w′) × max(0, –u′w′) on the x–z plane. 

Here, only ejection and sweep events are shown with positive and negative 

values, respectively (Park et al., 2015b). Black contour lines represent 

contours of negative pressure perturbation with –6 Pa which can be an 

indication of vortices. Fig. 4.9a shows that a vortex located at an upper level 

(x, z) ~ (2100 m, 275 m) induces an ejection event. Also, Fig. 4.9b shows 

that a vortex located at an upper level (x, z) ~ (2110 m, 260 m) induces an 

ejection event, and the ejection event is stronger than that in Fig. 4.9a. This 

is because in Fig. 4.9b, updrafts under the vortex, which is located at (x, z) ~ 
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Fig. 4.9. Fields of velocity perturbation vector and sgn(w′) × max(0, –u′w′) 

on the x–z plane at (a) y = 832.5 m at t = 3360 s, (b) y = 812.5 m at t = 3008 
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s, and (c) at y = 882.5 m at t = 3592 s. Black contour lines represent the 

contours of pressure perturbation with the contour level –6 Pa.
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(2100 m, 225 m), enhance the ejection. Similarly, Fig. 4.9c shows that an 

upper level vortex located at (x, z) ~ (2140 m, 240 m) induces a stronger 

ejection compared to that in Fig. 4.9a because an anticlockwise vortex at a 

lower level at (x, z) ~ (2125 m, 160 m) enhances the ejection. Therefore, we 

see that ejections can be induced by upper level vortices and enhanced by 

updrafts and lower level vortices. As a result, ejections become the most 

dominant event as confirmed in Fig. 4.8.

In the simulation, buildings have artificial stair-stepped walls to 

coincide with grid edges. Therefore, the effects of the stair-stepped walls on 

the simulated flow need to be examined. To evaluate the effects of the 

artificial stair-stepped walls, two idealized simulations with a square tall 

building above a flat surface are performed. One simulation considers the 

square tall building coincided with the grid mesh (coincided case), and the 

other simulation considers the square tall building rotated 30° (rotated case). 

Here, the square tall building in the rotated case has the artificial stair-

stepped walls due to the 30° rotation. Inflow perpendicular to a front face of 

the building is considered in both cases. It is found that the mean flow 

patterns around and behind the building in the coincided and rotated cases 

show some differences such as flow asymmetry and weak backflow behind 

the building in the rotated case. However, important mean flow patterns 

such as decrease of wind speed behind the building and strong updrafts and 

downdrafts behind and in front of the building appear in both cases. It is 
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also found that detailed turbulent flow patterns and vortex street 

characteristics in the rotated case are somewhat different from those in the 

coincided case. However, the vortex streets behind the building and the 

periodic vortex generation appear in both cases generally. Thus, we 

speculate that the effects of the artificial stair-stepped walls can modify the 

mean and turbulent flows in the simulation for the real urban area, but the 

main findings of this study (e.g., periodic vortex shedding behind the high-

rise buildings interrupted by other buildings) would not be changed 

significantly. 

Two idealized simulations are compared to get an insight into the 

effects of the low-rise buildings on turbulent flows near the high-rise 

buildings. The setting of one simulation is the same as that of the coincided 

case. The setting of the other simulation is the same as that of the coincided 

case except the morphology of the bottom surface (a square tall building and 

a low-rise cube building array). Above the mid-height of the square tall 

building, the idealized simulation with the square tall building and the low-

rise building array exhibits broader peaks in the power spectral density of 

pressure perturbation, but the effects of the low-rise building array on mean 

and turbulent flows around and behind the square tall building are not 

significant. In the main domain, small street canyons with 1 grid box across 

exist, and flows in the small street canyons may not be resolved well. 

However, the idealized simulation results with low-rise buildings reveal that 



98

flows above the mid-height of the tall building are not so sensitive to the 

low-rise buildings. Therefore, we speculate that the impacts of the small 

street canyons on turbulent flows in the wake regions above the mid-height 

of the tall buildings, our main interest in this study, are not significant. An 

in-depth investigation through high-resolution simulations with the real 

urban morphology is needed to better understand the effects of the low-rise 

buildings on turbulent flows near the high-rise buildings.

4.3.2. Pollutant dispersion

In this section, we investigate pollutant dispersion in the main 

domain to examine effects of high-rise buildings. In the simulation, a 

passive scalar is emitted from the y-z plane source to consider a pollutant 

which is transported from other areas. Fig. 4.10 shows time-averaged mean 

velocity vector and mean pollutant concentration fields on the x–y and x–z

planes. At z = 102.5 m, transport of pollutant is interrupted by buildings, 

thus the mean concentration decreases significantly downstream of the 

buildings (Fig. 4.10a). In particular, the mean concentration downstream of 

building B is much lower than that in other regions. On the other hand, the 

mean concentration at z = 207.5 m behind buildings A and B is higher than 

the mean concentration in other regions (Fig. 4.10b). This is due to effects 

of pollutant accumulation due to low wind speed behind the high-rise 
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Fig. 4.10. Fields of mean velocity vector and mean pollutant concentration 

(color) on the x–y plane at (a) z = 102.5 m and (b) z = 207.5 m and on the x–

z plane at (c) y = 557.5 m and (d) y = 762.5 m. A pollutant is emitted from 

the y–z plane source at x = 960 m.
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buildings and pollutant transport by updrafts behind the high-rise buildings 

as seen from the vertical distributions of the mean pollutant concentration in 

Fig. 4.10c and d. The pollutant transported by the updrafts consequently 

increases the concentration in the upper region, similar to what has been 

reported by other studies (Heist et al., 2004; Gowardhan et al., 2007; Nozu 

and Tamura, 2012). Below z ~ 150 m, the pollutant concentration behind 

building B (Fig. 4.10d) is lower than that behind building A (Fig. 4.10c) 

because pollutant dispersion is strongly interrupted by densely built-up low-

rise buildings in front of high-rise building B as shown in Fig. 4.10a. 

Therefore, upward transport of pollutant behind building B does not 

increase significantly the pollutant concentration in the upper region.

To investigate effects of high-rise buildings more clearly, an 

additional simulation without high-rise buildings is conducted. In the 

additional simulation, the building close to building B (located at (x, y) ~ 

(1970 m, 720 m)) and high-rise buildings A and B are removed, and the 

height of the terrain is replaced by the mean height in the main domain (z ~ 

71 m). Fig. 4.11 shows fields of mean velocity vector of the original 

simulation and fields of differences in the mean concentration between the 

two simulations. Positive and negative values of the concentration 

difference mean an and a decrease of the mean concentration due to the 

high-rise buildings, respectively. At z = 102.5 m, the concentration increases 

in front of high-rise building B because air ventilation is interrupted by 
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Fig. 4.11. Fields of mean velocity vector of the original simulation and 

mean concentration difference (color) between the simulations with and 

without the high-rise buildings on the x–y plane at (a) z = 102.5 m and (b) z

= 207.5 m and on the x–z plane at (c) y = 557.5 m and (d) y = 762.5 m. A 

pollutant is emitted from the y–z plane source at x = 960 m.
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building B (Fig. 4.11a). On the contrary, the concentration decreases south 

of building B because updrafts occur south of building B (Fig. 4.3a) and 

transport pollutant upward. At z = 207.5 m, there is less effect of the high-

rise buildings on the concentration in general, but just behind building A, 

there is a significant increase in the concentration due to the upward 

transport of pollutant (Fig. 4.11b). The increase of the concentration behind 

building A is also clearly displayed in Fig. 4.11c. Moreover, because strong 

updrafts transport pollutant from a low level to a high level behind high-rise 

buildings A and B, the concentration decreases in the wake region at the low 

level behind the high-rise buildings (Fig. 4.11c and d). 

Fig. 4.12 shows fields of perturbations of pollutant concentration 

and velocity vector on the x–y and x–z planes at three different times. Black 

contour lines represent contours of the negative pressure perturbation with –

6 Pa as an indicator of vortices. In Fig. 4.12, it is observed that frequent 

mixing occurs due to the vortices. For example, the anticlockwise vortex 

labeled as 1 in Fig. 4.12 entrains air with low pollutant concentration from 

south to north where a region of high pollutant concentration exists (Fig.

4.12a, c, and e). As a result, the magnitude of the pollutant concentration 

perturbation decreases (i.e., the pollutant is well-mixed) in this region. 

Similarly, in Figs 4.12b, d, and f, vortex labeled as 2 entrains air of low-

concentration pollutant from the downstream area toward the high-

concentration region. The role of vortices for mixing agrees with the results 
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Fig. 4.12. Fields of velocity perturbation vector and pollutant concentration 

perturbation (color) on the x–y plane and the x–z plane (a) at z = 197.5 m 

and t = 3306 s, (b) at y = 832.5 m and t = 3306 s, (c) at z = 197.5 m and t = 
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3312 s, (d) at y = 842.5 m and t = 3312 s, (e) at z = 197.5 m and t = 3318 s,

and (f) at y = 852.5 m and t = 3318 s. A red line in (a), (c), and (e) indicates 

the cross-section line for (b), (d), and (f), respectively. The black contour 

lines represent the pressure perturbation with the contour level –6 Pa.
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of Rossi and Iaccarino (2013) and Lodato and Rossi (2013) that 

perturbations induced by vortices play an important role in pollutant 

dispersion in all directions. It is also noticeable that below z ~ 130 m, black 

contour lines of negative pressure perturbation do not appear. This means 

that no vortex street is generated at low level (z < 130 m) and that 

concentration perturbation at the low level is not affected significantly.

Using the correlation between vorticity in the z-direction and 

concentration ),( cωR
z

, we can also quantify relations between the vortices 

and the concentration perturbation. In Fig. 4.13, two reference points are 

located at (x, y) = (2037.5 m, 827.5 m) and (2077.5 m, 757.5 m) same as in 

Fig. 4.6. In Fig. 4.13a, clockwise vortices ( 0<
z

ω ) pass the reference point. 

Thus, the correlation ),( cωR
z

can be interpreted in such a way that 

positive and negative values of ),( cωR
z

represent negative and positive 

values of the concentration perturbation, respectively. In Fig. 4.13b, 

anticlockwise ( 0>
z

ω ) vortices pass the reference point. Thus, the 

correlation ),( cωR
z

can be interpreted in such a way that negative and 

positive values of ),( cωR
z

represent negative and positive values of the 

concentration perturbation in Fig. 4.13b, respectively. We see in Fig. 4.13a 

that values of ),( cωR
z

are negative and positive in the upstream and 

downstream areas of the reference point, respectively. At z = 247.5 m, the 

mean concentration is high in the wake region behind building B. Thus, as 
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Fig. 4.13. Correlation fields on the x–y plane at z = 247.5 m for ),( cωR z

with reference points at (a) (x, y) = (2037.5 m, 827.5 m) and (b) (x, y) = 

(2077.5 m, 757.5 m). The black dots indicate the reference points.



107

the clockwise vortex propagates downstream, it entrains the low 

concentration air into the wake region while ejecting the high concentration 

air of the wake region. This means that the concentration perturbation is 

positive and negative in the upstream and downstream areas of centers of 

the clockwise vortices, respectively, as shown by the correlation ),( cωR
z

with values of approximately 0.1. This implies that vortex streets are 

responsible for mixing in the wake region behind the high-rise buildings. 

However, the magnitude of ),( cωR
z

is small, implying that the relationship 

between the vortices and pollutant dispersion is less relevant and that the 

relationship between the vortices and pollutant dispersion is therefore more 

complex and irregular than the relationship between the vortices and 

pressure perturbation. This behavior is similarly observed behind building A. 

However, in Fig. 4.13b, only positive values of ),( cωR
z

in the upstream 

area of the reference point appear, and the mixing behavior by the vortices is 

not clearly observed. It seems that the building near building B (located at (x, 

y) ~ (1970 m, 720 m)) interrupts mixing by the vortices.
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5  Large-eddy simulation of urban 
meteorology and air quality 
using the WRF-CMAQ model at 
finite grid spacing

5.1   Introduction

Urban air pollution is one of the important environmental problems 

in modern society. In urban areas, reactive pollutants such as NOx and 

VOCs are emitted directly and secondary pollutants such as O3 and sulfuric 

acid are formed. Among these pollutants, O3 formed by photochemical 

reactions involving NOx and VOCs is treated as a major air pollutant 

because O3 poses serious hazards including respiratory hazards to humans. 

Many observations (Zaveri et al., 2003; Zhang et al., 2008; Mao et al., 2010) 

and numerical simulations (Civerolo et al., 2007; Hogrefe et al., 2007; Tao 

et al., 2018) have been performed to investigate dispersion and chemical 

reactions of O3 in urban areas. 

Air quality models have been widely used to study O3 air quality in 

urban areas. Li et al. (2011) performed an air quality model simulation on 

dispersion and chemical reactions of O3 and found that high NOx

concentration in an urban area depresses O3 production. They also found 

that O3 production in the urban area is more sensitive to VOCs 
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concentration than NOx concentration. Ryu et al. (2013a) investigated the 

impacts of an urban heat island on O3 concentration in an urban area using 

an air quality model. They found that the urban heat island increases the 

boundary layer height in the urban area and induces convergent flow toward 

the urban area. As a result, NOx in the urban boundary layer is diluted and 

air with low NOx and high VOCs concentrations is transported from the 

surrounding areas to the urban area, resulting in an increase of O3

concentration in the urban area. As anthropogenic heat emission in the urban 

area is enhanced, O3 concentration in the urban area increases (Ryu et al., 

2013b). Zhang et al. (2007) showed that high O3 concentration in a coastal 

urban area can be caused by sea/land breezes and associated recirculation of 

reactive pollutants. The land breeze transports reactive pollutants including 

O3 precursors from the coastal urban area to the sea, and O3 is formed over 

the sea. Then, air with high O3 concentration over the sea is transported to 

the coastal urban area by the sea breeze, resulting in high O3 concentration 

in the coastal urban area.

While the aforementioned simulation studies show that larger-scale 

flows, such as sea/land breezes and urban breeze, affect reactive pollutant 

dispersion in urban areas, smaller-scale turbulent flows also can 

significantly affect reactive pollutant dispersion. Particularly, convective 

structures in the CBL and involved vertical motions can have great effects 

on dispersion and chemical reactions of reactive pollutants in the CBL. 
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Schumann (1989) examined the effects of convective structures in the CBL

on reactive pollutant dispersion over a flat surface. It was found that 

concentration of a bottom-up diffusing reactive pollutant (emitted at the 

surface) is high in updraft areas induced by convective structures because 

updrafts transport the bottom-up diffusing reactive pollutant near the surface 

upward. In contrast, concentration of a top-down diffusing reactive pollutant 

(initially included in air) is high in downdraft areas induced by convective 

structures because downdrafts transport the top-down diffusing reactive 

pollutant at upper level downward. Therefore, the bottom-up and top-down 

diffusing reactive pollutants are spatially separated in the CBL and the 

chemical reaction rate of the reactive pollutants is reduced (Vilà-Guerau de 

Arellano et al., 2004). Han et al. (2019) investigated the effects of an 

idealized building array on convective structures and reactive pollutant 

dispersion in the CBL. When ambient wind exists, wind shear and turbulent 

flows at and near the CBL top are enhanced due to the building array. Thus, 

reactive pollutant exchange at and near the CBL top becomes vigorous.

Previous studies generally investigated the effects of convective 

structures on dispersion and chemical reactions of reactive pollutants under 

ideal conditions. Realistic conditions, such as real morphology, spatially 

inhomogeneous pollutant emission, and synoptic weather forcing, can 

significantly change convective structures and dispersion and chemical 

reactions of reactive pollutants. However, to the authors’ knowledge, there 
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is no study investigating the effects of convective structures on air quality in 

real urban areas. In this study, the effects of turbulent coherent structures, 

such as convective structures, on dispersion and chemical reactions of O3 in 

a real urban area are investigated. In section 5.2, the model and simulation 

design are described and the model simulation is validated. The results are 

presented and discussed in section 5.3. 

5.2. Methodology and validation

5.2.1. Meteorology model

The WRF model version 3.8.1 (Skamarock et al., 2008) is used as a 

meteorology model in this study. Five domains with horizontal grid 

spacings of 31.25 km, 6.25 km, 1.25 km, 0.25 km, and 50 m are considered. 

There are 72 vertical layers, and the number of vertical layers below 2 km is 

41. The lowest vertical grid spacing is ~43 m, and the vertical grid spacing 

increases with height. The Dudhia shorwave radiation scheme (Dudhia, 

1989), the Rapid Radiative Transfer Model (RRTM) longwave radiation 

scheme (Mlawer et al., 1997), the Noah land surface model (Chen and 

Dudhia, 2001), and the WRF single-moment 6-class microphysics scheme 

(Hong and Lim, 2006) are used. The Kain-Fritsch scheme (Kain, 2004) is 

used to parameterize subgrid-scale cumulus convection, and it is used only 

for the outermost two domains with horizontal grid spacings of 31.25 and 
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6.25 km. The Seoul National University Urban Canopy Model (SNUUCM) 

(Ryu et al., 2011) is used to represent urban effects on meteorological 

variables. In the outermost three domains with horizontal grid spacings of 

31.25, 6.25, and 1.25 km, the Yonsei University (YSU) planetary boundary 

layer (PBL) scheme (Hong et al., 2006) is used. 

In the innermost two domains with horizontal grid spacings of 0.25 

km and 50 m, the WRF model is run in the LES mode to accurately simulate 

turbulent flows. According to Rai et al. (2017) and Cuchiara and 

Rappenglück (2018), turbulent quantities in the PBL calculated using results 

of the WRF-LES model are well matched with observed turbulent quantities, 

indicating that the WRF-LES model accurately reproduces turbulent flows 

in the PBL. The 1.5-order TKE closure is used in the LES mode of the WRF 

model (Deardorff, 1980; Moeng, 1984) to calculate eddy diffusivities for 

heat and momentum.

Following Ryu and Baik (2013), the Shuttle Radar Topography 

Mission (SRTM) data with a 3 s resolution (~90 m) (Farr et al., 2007) are 

used for topography data and geographic information system data with a 4 

m resolution produced by the Korea Ministry of Environment are used for 

high-resolution land-use/land-cover data (Fig. 5.1b). The gridded 

anthropogenic heat data over South Korea (Lee and Kim, 2015) are used in 

this study. The WRF model is integrated for 39 hours from 0900 LT (= UTC 

+ 9 h) 4 June to 2400 LT 5 June 2010. For the initial and boundary 
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Fig. 5.1. (a) Domains of CMAQ simulation with terrain height and (b) land-

use/land-cover in the innermost domain. The boundary of Seoul is indicated 

by the black solid line in (a). The white and black dots in (b) indicate the 

locations of air quality monitoring stations (AQMSs) and automatic weather 

stations (AWSs), respectively. The orange in (b) dot indicates the location 
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of Junggu AQMS. The black solid line in (b) indicates the vertical cross-

section line for Figs. 5.6, 7b, and 11.
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conditions, the National Centers for Environmental Prediction (NCEP) final 

analysis data (1° ´ 1°) are used.

5.2.2. Air quality model

The CMAQ model version 5.2 (Byun and Schere, 2006) is coupled 

with the WRF-LES model to simulate air quality. Three domains with 

horizontal grid spacings of 1.25 km, 0.25 km, and 50 m are considered for 

air quality simulation (domains 1, 2, and 3, respectively), and the innermost 

domain covers a central area of Seoul, the largest city in South Korea (Fig. 

5.1a). Unless otherwise noted, data of domain 3 are analyzed in the present 

study. Note that domains 1, 2, and 3 for air quality simulation correspond to 

domains with horizontal grid spacings of 1.25 km, 0.25 km, and 50 m for 

meteorology simulation, respectively. The vertical layers in the air quality 

simulation are the same as those in the meteorology simulation.

The Statewide Air Pollution Research Center (SAPRC) version 2007 

chemical mechanism for gas-phase chemistry (Carter, 2010) and the sixth-

generation modal CMAQ aerosol module (AERO6) for the aerosol process 

(Appel et al., 2013) are used. The eddy diffusivity for heat calculated from 

the WRF-LES model is used as the eddy diffusivity for reactive pollutants 

in the CMAQ model simulation. The PBL height calculated following Hong 

et al. (2006) using the WRF-LES model simulation data is used as the PBL 
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height in the CMAQ model simulation. The CMAQ model is integrated for 

39 hours starting from 0900 LT 4 June 2010, and the last 24-h data (data of 

5 June 2010) are analyzed. For the initial and boundary conditions of the 

outermost domain (domain 1), the default concentration profiles of the 

CMAQ modeling system are used. To estimate anthropogenic and biogenic 

pollutant emissions, the Sparse Matrix Operator Kernel Emissions 

(SMOKE) system (Houyoux et al., 2000) and the Model of Emissions of 

Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006) are used, 

respectively. For an anthropogenic emission inventory, the 2007 Clean Air 

Policy Support System (CAPSS) data (Moon et al., 2006) updated by Ryu et 

al. (2013a) are used. Various data (e.g., emission measurement data, amount 

of fuel combustion data, and vehicle number data) from approximately 150 

organizations in South Korea were utilized to generate the CAPSS data. For 

example, activity data for mobile emission sources were compiled from the 

Korea Automobile Manufacturers Association (KAMA), the Korea 

Association for National Gas Vehicles (KANGV), and other organizations 

(Lee et al., 2011). The anthropogenic emissions are spatially and temporally 

allocated following Kim et al. (2008).
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5.2.3. Model validation

Fig. 5.2a shows the diurnal variations of simulated and observed 

near-surface air temperatures averaged over 5 automatic weather stations 

(AWSs, black dots in Fig. 5.1b) on 5 June 2010. The WRF-LES model 

slightly underestimates the air temperature near the surface, but the diurnal 

variation pattern of the simulated air temperature is similar to that of the 

observed air temperature. The mean bias and root-mean-square error of the 

simulated air temperature are −1.1 and 1.5°C, respectively. Fig. 5.2b shows 

the diurnal variations of simulated and observed near-surface wind speeds 

averaged over the 5 AWSs on 5 June 2010. The WRF-LES model 

overestimates the wind speed near the surface but captures the diurnal 

variation pattern of the observed wind speed. In urban areas, the wind speed 

decreases in the presence of buildings. However, this effect is not well 

represented in an urban canopy model. This seems to be related to the 

overestimation of the simulated near-surface wind speed. The mean bias and 

root-mean-square error of the simulated wind speed are 1.3 and 2.0 m s−1, 

respectively. These comparison results show that the WRF-LES model 

reproduces the near-surface air temperature and wind speed well.
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Fig. 5.2. Diurnal variations of simulated (lines) and observed (dots) (a) air 

temperatures and (b) wind speeds near the surface on 5 June 2010. 
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Fig. 5.3a shows the diurnal variations of simulated and observed O3

concentrations near the surface on 5 June 2010. In Fig. 5.3a, the dots 

represent the observed O3 concentrations at 12 air quality monitoring 

stations (AQMSs, 11 white dots and one orange dot in Fig. 5.1b), and the 

shading represents the range of simulated O3 concentrations at the locations 

corresponding to the observation sites. The blue and red lines represent the 

observed and simulated O3 concentrations averaged over the locations of the 

12 AQMSs, respectively. Although the daily maximum averaged O3

concentrations in the simulation and observation appear at slightly different 

times (1300 LT in the simulation and 1500 LT in the observation), the 

diurnal variation patterns of the simulated and observed O3 concentrations 

are generally similar. The mean bias and root-mean-square error of the 

simulated O3 concentration are −1.1 and 13 ppb, respectively. Fig. 5.3b 

shows a scatter plot of the simulated O3 concentration versus the observed 

O3 concentration on 5 June 2010. The simulation and the observation show 

good agreement. The correlation between the simulated and observed O3

concentrations is 0.74. These comparison results show that the WRF-LES-

CMAQ model reproduces O3 concentration in Seoul well.
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Fig. 5.3. (a) Diurnal variations of simulated and observed O3 concentrations 

near the surface on 5 June 2010. The dots indicate the observed O3

concentrations, and the shading indicates the range of simulated O3

concentration at the locations corresponding to the observation sites. The 

blue and red lines indicate the observed and simulated O3 concentrations, 
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respectively. (b) Scatter plot of simulated O3 concentrations versus observed 

O3 concentrations on 5 June 2010.
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5.3. Results and discussion

5.3.1. Turbulent flows and O3 air quality

In this subsection, the development of convective structures in Seoul 

is investigated and their effects on O3 air quality are analyzed. During the 

simulation period, synoptic weather forcing is weak, thus sea breeze and 

convective structures are well-developed. Fields of air temperature at 2 m 

and horizontal wind vector at 10 m in the second innermost domain are 

shown in Fig. 5.4 to present the sea breeze and convective structures. The 

purple contour lines represent the contours of vertical velocity with 0.5 m 

s−1 at the second lowest model level (z ~ 100 m, z: height above the sea 

level), and the blue lines indicate the Han River. At 0900 LT, the horizontal 

wind in Seoul is weak and convective structures due to surface heating 

appear in the central area of Seoul. Updrafts related to convective structures 

in the central area of Seoul are weak because of weak surface heating (Fig. 

5.4a). At 1200 LT, the sea breeze blows in Seoul and the horizontal wind 

speed increases (Fig. 5.4b). Convective structures are developed in Seoul 

and surrounding areas, and updrafts related to convective structures are 

enhanced. Due to enhanced updrafts related to convective structures, air 

converges to updrafts areas. At 1800 LT, the sea breeze still blows in Seoul 

and further becomes enhanced, but convection in Seoul and updrafts related 

to convective structures are weakened (Fig. 5.4c). Updraft areas at 1800 LT 
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Fig. 5.4. Fields of air temperature at 2 m and horizontal wind vector at 10 m 

in the second innermost domain at (a) 0900, (b) 1200, and (c) 1800 LT. The 

purple contour lines represent the contours of vertical velocity with 0.5 m 

s−1 at the second lowest model level, and the blue lines indicate the Han 

River.
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are significantly reduced compared to those at 1500 LT.

To investigate the effects of the sea breeze and convective structures 

on O3 dispersion in Seoul, fields of O3 concentration and horizontal wind 

vector at the second lowest model level at 0900, 1200, 1500, and 1800 LT 

are shown in Fig. 5.5. O3 concentration in updraft areas is lower than that in 

other areas because air with low O3 concentration near the surface is 

transported upward. In particular, the low O3 concentration in updrafts areas 

is clearly seen at 1200 and 1500 LT (Fig. 5.5b and c) because convective 

structures are well-developed and updrafts appear in wider areas. In the 

morning and late afternoon, the effects of convective structures on O3

concentration are small because convection in Seoul is weak (Fig. 5.5a and 

d).

The vertical cross-sections of O3 concentration and wind vector at 

0900, 1200, 1500, and 1800 LT along the black solid line in Fig. 5.1b are 

shown in Fig. 5.6. The blue lines represent the PBL height. The PBL height 

at and near 37° 32′N are low because the Han River exists there. At 0900 

LT, O3 concentration below the PBL top does not change much with height 

and vertical motions related to convective structures are weak (Fig. 5.6a). 

Therefore, the effects of convective structures on O3 concentration are small. 

At 1200 LT, vertical motions due to convective structures are strengthened 

and the upward transport of air with low O3 concentration due to updrafts 

related to convective structures is clearly seen (Fig. 5.6b). Additionally,
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Fig. 5.5. Fields of O3 concentration and horizontal wind vector at the second 

lowest model level at (a) 0900, (b) 1200, (c) 1500, and (d) 1800 LT. The 

black contour lines represent the contours of vertical velocity with 0.5 m s−1. 

The blue lines indicate the Han River and its tributaries.
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Fig. 5.6. Vertical cross-sections of O3 concentration and wind vector at (a) 

0900, (b) 1200, (c) 1500, and (d) 1800 LT along the black solid line in Fig. 

5.1b. The black contour lines represent the contours of vertical velocity with 

0.5 m s−1, and the blue lines represent the PBL height.



128

clockwise-rotating eddies at the PBL top appear and mix air above and 

below the PBL top. For example, a clockwise-rotating eddy at the PBL top 

appears at 37° 34.1′N and mixes air above the PBL top with air below it. At 

1200 and 1500 LT, wind directions above and below the PBL top are 

different (southeasterly wind above the PBL top and northwesterly wind 

below it). Therefore, wind shear at the PBL top is great and clockwise-

rotating eddies can be formed at the PBL top when updrafts related to 

convective structures reach above the PBL top. It seems that the sea breeze 

is largely responsible for the different wind directions above and below the 

PBL top. The strengthened mixing of air due to the wind shear at the PBL 

top is also reported in a study of ideal CBL (Han et al., 2019). At 1500 LT, 

convective structures and associated updrafts are further developed (Fig. 

5.6c). Vertical motions at and above the PBL top are enhanced and 

clockwise-rotating eddies at the PBL top appear more frequently. At 37° 

33.7′N, a clockwise-rotating eddy at the PBL top appears and O3

concentration is high at and near the PBL top. At 1800 LT, convection in 

Seoul and vertical motions related to convective structures are weakened 

and clockwise-rotating eddies do not appear at the PBL top (Fig. 5.6d). This 

seems to be because wind directions just above and below the PBL top are 

similar (northwesterly wind just above and below the PBL top). In the 

region between z ~ 1.3 km and z ~ 2.3 km, O3 concentration is high because 

O3 formed in the afternoon still remains.
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NOx concentration and wind vector on the horizontal plane and 

vertical cross-section are also analyzed. Fig. 5.7 shows fields of NOx

concentration and horizontal wind vector at the second lowest model level 

and the vertical cross-sections of NOx concentration and wind vector along 

the black solid line in Fig. 5.1b at 1200 LT. Contrary to O3 concentration, 

NOx concentration in updraft areas is higher than that in other areas because 

updrafts transport air with high NOx concentration near the surface upward 

(Fig. 5.7a). The northern part of the central area of Seoul exhibits lower NOx

concentration than that in the southern part of the central area of Seoul. This 

is because the westerly to northwesterly sea breeze transports air with low 

NOx concentration from the northwest of Seoul to the central area of Seoul. 

The eddy at 37° 34.1′N also mixes air above and below the PBL top, and 

NOx and other O3 precursors below the PBL top are transported upward 

above the PBL top (Fig. 5.7b).

To quantitatively compare O3 concentration in updraft and 

downdraft areas, the vertical profiles of area-averaged O3 concentration at 

0900, 1200, 1500, and 1800 LT are shown in Fig. 5.8. The solid and dashed 

lines represent the O3 concentrations averaged over updraft areas larger than 

0.1 m s−1 (w+) and downdraft areas smaller than −0.1 m s−1 (w−), 

respectively. Below z ~ 0.3 km, the area-averaged O3 concentration in 

downdraft areas is higher than that in updraft areas because downdrafts 

transport air with high O3 concentration at upper level downward and 
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Fig. 5.7. (a) Fields of NOx concentration and horizontal wind vector at the 

second lowest model level at 1200 LT. (b) Vertical cross-sections of NOx

concentration and wind vector along the black solid line in Fig. 5.1b at 1200 

LT. The black contour lines in (a) and (b) represent the contours of vertical 

velocity with 0.5 m s−1. The blue lines in (a) indicate the Han River and its 

tributaries, and the blue lines in (b) represent the PBL height.



131

Fig. 5.8. Vertical profiles of area-averaged O3 concentration at 0900, 1200, 

1500, and 1800 LT. The solid and dashed lines represent the O3

concentrations averaged over updraft areas larger than 0.1 m s−1 (w+) and 

downdraft areas smaller than −0.1 m s−1 (w−), respectively.
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updrafts transport air with low O3 concentration near the surface upward. 

The difference between the area-averaged O3 concentrations in updraft and 

downdraft areas decreases with height, indicating that the effects of vertical 

motions related to convective structures on O3 concentration are reduced as 

height increases. The differences between the area-averaged O3

concentrations averaged in the 5 lowest model levels (z < ~0.24 km) are 1.9, 

2.8, 4.1, and 3.6 ppb at 0900, 1200, 1500, and 1800 LT, respectively. The 

difference between the area-averaged O3 concentrations averaged in the 5 

lowest model levels increases from 0900 LT to 1500 LT due to the 

development of convective structures. It does not change much from 1500 

LT to 1800 LT, indicating that the effects of convective structures on O3

concentration at lower level are still sustained in the late afternoon. 

From 0900 LT to 1200 LT, the area-averaged O3 concentrations in 

updraft and downdraft areas below z ~ 0.5 km are increased significantly by 

the chemical production of O3 because O3 precursors are abundant at lower 

level due to the low PBL height. From 1200 LT to 1500 LT, the area-

averaged O3 concentrations at and near the PBL top (z ~ 1.2–2.3 km) 

increase significantly, and the maximum area-averaged O3 concentration at 

1500 LT appears at z ~ 1.9 km, slightly above the PBL top. This is because 

O3 precursors are transported upward by updrafts related to convective 

structures and clockwise-rotating eddies at the PBL top. As a result, the 

chemical production of O3 becomes vigorous at and above the PBL top. 
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Furthermore, the wind speed at and near the PBL top is generally lower than 

the wind speed above and below the PBL top, thus O3 can accumulate at and 

near the PBL top. From 1500 LT to 1800 LT, the decrease of the area-

averaged O3 concentrations above z ~ 1.3 km is small, indicating that O3

formed in the afternoon at upper level can stay in the atmosphere for a long 

time.

To examine the effects of grid spacing on the simulation results, 

vertical O3 concentration profiles at the location of Junggu AQMS (the 

orange dot in Fig. 5.1b, located in a highly urbanized area) from the 

simulation results of domains 1, 2, and 3 are shown in Fig. 5.9. At 0900 LT, 

the differences between the vertical O3 concentration profiles of domains 1, 

2, and 3 are small. At 1500 LT, the differences between the vertical O3

concentration profiles of domains 1, 2, and 3 are large, implying that the 

effects of the turbulent flows (updrafts related to convective structures and 

eddies at the PBL top) on O3 concentration vary depending on the grid 

spacing. In particular, O3 concentration above z ~ 2.1 km in domain 3 is 

larger than those in domains 1 and 2 because O3 precursors are transported 

upward by updrafts related to convective structures and eddies at the PBL 

top which are resolved well at 50 m grid spacing (domain 3).
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Fig. 5.9. Vertical O3 concentration profiles at the location of Junggu AQMS 

indicated by the orange dot in Fig. 5.1b at 0900 and 1500 LT.
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5.3.2. Process analysis

To evaluate the effects of convective structures on the contributions 

of chemical, horizontal advection, vertical advection, and diffusion 

processes to O3 concentration, an integrated process rate (IPR) analysis 

(Gipson, 1999) is performed. Fig. 5.10 shows fields of the contributions of 

chemical, horizontal advection, and vertical advection processes to O3

concentration and horizontal wind vector at the second lowest model level 

and the 36th model level (z ~ 1.7 km) at 1500 LT. At this time, the 

horizontally-averaged PBL height is ~1.5 km. At the second lowest model 

level, the magnitude of the negative contribution of the chemical process in 

updraft areas is larger than that in other areas because the upward transport 

of air with high NOx concentration near the surface induces O3

decomposition (Fig. 5.10a). When air in other areas is transported to updraft 

areas, the positive contribution of the horizontal advection process generally 

appears in updraft areas because O3 concentration in updraft areas is lower 

than that in other areas, as shown in Fig. 5.5 (Fig. 5.10c). The negative 

contribution of the vertical advection process appears in updraft areas 

because updrafts transport air with low O3 concentration near the surface 

upward (Fig. 5.10e).

Slightly above the PBL top, the magnitude of the positive 

contribution of the chemical process in updraft areas is generally larger than
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Fig. 5.10. Fields of the contributions of (a, b) chemical process, (c, d) 

horizontal advection process, and (e, f) vertical advection process to O3

concentration and wind vector at the (a, c, e) second lowest model level and 

(b, d, f) 36th model level at 1500 LT. The black contour lines represent the 
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contours of vertical velocity with 0.5 m s−1. The green lines indicate the Han 

River and its tributaries.
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that in other areas due to the transport of O3 precursors (Fig. 5.10b). The 

contribution of the horizontal advection process around updraft areas is 

generally negative because air with low O3 concentration diverges from 

updraft areas (Fig. 5.10d). This divergent flow and the associated negative 

contribution of the horizontal advection process can be seen clearly in an 

updraft area located at (~127° 3.7′E, ~37° 34′N). The contribution of the 

vertical advection process in updrafts areas is generally negative, similar to 

that at the second lowest model level (Fig. 5.10f). In contrast, the 

contribution of the vertical advection process around updraft areas is 

generally positive because the maximum O3 concentration at 1500 LT 

appear at z ~ 1.8 km and downdrafts around updrafts areas transport air with 

high O3 concentration at and near z = 1.8 km downward.

Fig. 5.11 shows the vertical cross-sections of the contributions of 

chemical, horizontal advection, and vertical advection processes to O3

concentration and wind vector along the black solid line in Fig. 5.1b at 1500 

LT. In the region between z ~ 0.2 km and the PBL top, the contribution of 

the chemical process is generally positive (Fig. 5.11a). In particular, the 

large positive contribution of the chemical process appears in updraft areas 

due to the transport of O3 precursors, as shown in Fig. 5.10. Since these 

updrafts and clockwise-rotating eddies at the PBL top transport O3

precursors above the PBL top, the contribution of the chemical process 

above the PBL top is also positive. Due to the positive contribution of the 
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Fig. 5.11. Vertical cross-sections of the contributions of (a) chemical 

process, (b) horizontal advection process, and (c) vertical advection process 

to O3 concentration and wind vector along the black solid line in Fig. 5.1b at 

1500 LT. The black contour lines represent the contours of vertical velocity 

with 0.5 m s−1, and the green lines indicate the PBL height.
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chemical process above the PBL top, the maximum O3 concentration at 

1500 LT appears slightly above the PBL top (Fig. 5.8). Below the PBL top, 

the contributions of the horizontal and vertical advections are generally 

positive and negative in updraft areas, respectively, as shown in Fig. 5.10 

(Fig. 5.11b and c). Above the PBL top, the mixing of air by clockwise-

rotating eddies at the PBL top affects the contribution of the vertical 

advection process. For example, updraft of the eddy at 37° 33.8′N transports 

air just below the PBL top upward. Since O3 concentration at 1500 LT is 

highest slightly above the PBL top, the transport of air from just below the 

PBL top to slightly above the PBL top causes the negative contribution of 

the vertical advection process. These results clearly show that clockwise-

rotating eddies at the PBL top mix air above the PBL top with air below it. 

To quantitatively compare the contributions of chemical, horizontal 

advection, vertical advection, and total diffusion processes to O3

concentration in updraft and downdraft areas, temporally- and area-averaged 

vertical profiles of the contributions of chemical, vertical advection, 

horizontal advection, and total diffusion processes to O3 concentration for 

the period from 1145 LT to 1215 LT and from 1445 LT to 1515 LT are 

shown in Fig. 5.12. Here, the total diffusion process indicates the sum of the 

horizontal and vertical diffusion processes.

For the period from 1145 LT to 1215 LT, the positive contribution 

of the chemical process averaged over the updraft areas is larger than that 
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Fig. 5.12. Vertical profiles of the contributions of chemical (CHEM), 

vertical advection (VADV), horizontal advection (HADV), and total 

diffusion (TDIF) processes to O3 concentration averaged over updraft areas 

larger than 0.1 m s−1 (w+) and downdraft areas smaller than −0.1 m s−1 (w−) 

and the period (a) from 1145 LT to 1215 LT and (b) from 1445 to 1515 LT. 

The solid and dashed lines represent the contributions in the updraft and 

downdraft areas, respectively.
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averaged over the downdraft areas above z ~ 0.2 km due to the O3

precursor transport (Fig. 5.12a). Below z ~ 1.5 km (near the PBL top at 1200 

LT), the contribution of the vertical advection process averaged over the 

updraft areas is negative except near the surface due to the upward transport 

of air with low O3 concentration near the surface. The contribution of the 

horizontal advection process averaged over the updraft areas for the period 

from 1145 LT to 1215 LT is positive below z ~ 1 km because of the low O3

concentration in updraft areas. In contrast, the contribution of the horizontal 

advection process averaged over the downdraft areas is negative except near 

the surface. Above z ~ 1.5 km, the contributions of the horizontal and 

vertical advection processes averaged over the updraft and downdraft areas 

are close to zero because turbulent flows above the PBL top are not strong. 

For the period from 1445 LT to 1515 LT, similar characteristics are 

seen in the temporally- and area-averaged contributions of the chemical, 

horizontal advection, and vertical advection processes at lower level, except 

that the magnitudes of the temporally- and area-averaged contributions of 

the horizontal advection process are increased (Fig. 5.12b). This is because 

the difference between the area-averaged O3 concentrations in updraft areas 

and other areas increases. The magnitudes of the temporally- and area-

averaged contributions of the horizontal and vertical advection processes are 

generally larger than those for the period from 1145 LT to 1215 LT. This is 

because convective structures are strengthened, vertical motions at and near 
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the PBL top are enhanced, and clockwise-rotating eddies at the PBL top 

appear more frequently. Above z ~ 1.9 km, the contribution of the vertical 

advection process averaged over the updraft areas is positive. For the period 

from 1445 LT to 1515 LT, the maximum O3 concentration appears at z ~ 1.9 

km, thus upward transport of air at z ~ 1.9 km induces the positive 

contribution of the vertical advection process. Similar results are seen in the 

contribution of the vertical advection process averaged over the downdraft 

areas, except that the sign of the contribution of the vertical advection 

process averaged over the downdraft areas is opposite to that averaged over 

the updraft areas.
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6  Large-eddy simulations for 
analyzing cool roof effects on 
urban meteorology and air 
quality using the WRF-CMAQ 
model

6.1   Introduction

Urban heat island (UHI), which is a phenomenon that air 

temperature in urban areas is higher than that in surrounding areas, is a 

major environmental problem caused by urbanization. UHIs are induced by 

modified urban land surface and anthropogenic heat emission in urban areas 

(Oke, 1982, 1995; Grimmond, 2007; Rizwan et al., 2008). Urban land 

surface is impervious, and fraction of vegetation cover in urban areas is 

small. Additionally, anthropogenic materials covering urban land surface, 

such as asphalt and concrete, usually have low albedos. Therefore, cooling 

due to evapotranspiration is reduced and sunlight is well absorbed by urban 

land surface. Also, anthropogenic heat emitted from traffic and industrial 

facilities increases air temperature in urban areas. Many strategies, such as 

cool roofs, green roofs, and urban parks, are suggested to mitigate UHIs. 

Among them, the cool roof strategy, which is a strategy to lower air 

temperature by increasing albedo of roofs, is often used in many urban areas 



145

because it is easy to apply and its application cost is low. Many studies have 

investigated the mitigation effects of cool roofs on UHIs (Akbari et al., 2001, 

2012; Konopacki, 2001; Oleson et al., 2010; Li et al., 2014). By reviewing 

former studies, Santamouris (2014) found that air temperature in urban areas 

decreases by 0.2°C as the albedo of roofs increases by 0.1.

Cool roofs also influence flow and boundary layer characteristics in 

urban areas, but only a few studies investigate the effects of cool roofs on 

flow and boundary layer (Li et al., 2014; Georgescu, 2015; Sharma et al., 

2016; Chen and Zhang, 2018; Song et al., 2018). Cool roofs decrease near-

surface air temperature and reduce surface heating. Therefore, PBL is 

stabilized, i.e., TKE in the PBL and PBL height are decreased and vertical 

motions in the PBL are weakened (Georgescu, 2015; Sharma et al., 2016; 

Chen et al., 2018). As a result, vertical momentum exchange between upper-

level air with high speed and lower-level air with low speed is weakened; 

thus, the wind speeds at upper and lower levels are increased and decreased, 

respectively (Sharma et al., 2016). Local-scale flows in urban areas can also 

be affected by cool roofs. For example, Chen et al. (2018) found that 

decreased surface temperature due to cool roofs reduces temperature 

difference between an urban area and a lake, causing weakened lake breeze. 

Exchanges of heat and moisture between the urban area and lake are 

weakened, and air temperature and relative humidity in the urban area are 

affected. Additionally, phenomena induced by cool roofs, such as reduced 
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vertical mixing, stabilized PBL, and decreased air temperature, can decrease 

probability of precipitation. According to Song et al. (2018), cool roofs 

decrease and increase the maximum convective available potential energy in 

an urban core area and surrounding areas, respectively. This implies that the 

probabilities of precipitation are decreased and increased in the urban core 

area and surrounding areas, respectively, due to cool roofs.

Cool roofs and modified meteorological characteristics can affect air 

quality in urban areas. However, there are very few studies on the effects of 

cool roofs on air quality in urban areas (Taha, 1997, 2008; Fallman et al., 

2016; Touchaei et al., 2016; Epstein et al., 2017). Decreased PBL height, 

weakened vertical motions in PBL, and lowered wind speed in urban areas 

induced by cool roofs cause air stagnation, resulting in increases of pollutant 

concentrations in urban areas. Additionally, decreased air temperature can 

affect chemical reactions of pollutants, and inflow of pollutants into urban 

areas can be affected by local-scale flows (e.g., sea/land breezes) modified 

by cool roofs. Due to these changes by cool roofs, concentrations of primary 

pollutants, such as NOx, usually increase (Fallman et al., 2016; Epstein et al., 

2017; Falasca and Curci, 2018). Concentration changes in secondary 

pollutants (e.g., O3) due to cool roofs are depend on various factors, such as 

locations of urban areas and weather conditions, because chemical 

productions of pollutants also significantly contribute to concentrations of 

secondary pollutants. For example, Taha found that cool roofs decrease O3
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concentration in southern California because the lowered air temperature 

weakens chemical production of O3 (Taha, 1997, 2008, 2015). In contrast, 

cool roofs increase O3 concentration in Milan due to the reduced vertical 

mixing and lowered wind speed (Falasca and Curci, 2018).

Previous cool roof studies show that cool roofs modify larger-scale 

flows (e.g., lake breeze) and dispersion and chemical reactions of pollutants 

in urban areas. However, the effects of cool roofs on smaller-scale flows 

(e.g., convective structures) and dispersion and chemical reactions of 

pollutants have not been investigated, to the authors’ knowledge. According 

to Han et al. (2019) (study of the chapter 5), the smaller-scale turbulent 

flows significantly affect O3 air quality in an urban area. Therefore, it would 

be valuable to investigate how cool roofs change the smaller-scale turbulent 

flows and dispersion and chemical reactions of pollutants. In this study, we 

extend the study of Han et al. (2019) by considering cool roofs to examine 

the effects of cool roofs on turbulent coherent structures (e.g., convective 

structures) and dispersion and chemical reactions of O3 in an urban area. In 

section 6.2, descriptions of the model and simulation design are given. The 

simulation results are described and discussed in section 6.3.
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6.2. Methodology

In this study, the CMAQ model version 5.2 (Byun and Schere, 2006) 

coupled with the WRF model version 3.8.1 (Skamarock et al., 2008) is used. 

The simulation settings of the WRF model and CMAQ model simulations 

are identical to those in the Han et al. (2019) except that an additional 

simulation with cool roofs is performed. Three computational domains are 

considered in the CMAQ model simulation, and the domain configuration is 

shown in Fig. 6.1a. The horizontal grid spacings of the three domains are 

1.25 km, 0.25 km, and 50 m. Data of the innermost domain are analyzed in 

this study, except in Fig. 6.2, which presents flows and air temperature in 

Seoul and surrounding areas. In the innermost two domains with horizontal 

grid spacings of 0.25 km and 50 m, the results calculated from the LES 

mode of the WRF model are used as the meteorology input data to provide 

accurate input data for the CMAQ model simulation. For the eddy 

diffusivity for reactive pollutants in the innermost two domains of the 

CMAQ model simulation, the eddy diffusivity for heat from the WRF-LES 

model is used. The CMAQ model is integrated for 39 h from 0900 LT to 

2400 LT 5 June 2010, and the simulation data of 5 June 2010 are analyzed 

in this study.

Two simulations, with conventional and cool roofs (CONV and 

COOL cases, respectively), are performed to examine the effects of cool 
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Fig. 6.1. (a) Domains of the CMAQ simulation with terrain height and (b) 

land use/land cover in the innermost domain (domain 3). The black solid 

line in (b) indicates the vertical cross-section line.
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roofs on air quality in an urban area. In the CONV case, the albedo of roofs 

in the urban area is 0.2. In the COOL case, the albedo of roofs is increased 

from 0.2 to 0.85 to present cool roofs. This roof albedo increase is applied to 

the urban (represented by residential and industrial/commercial in Fig. 6.1b) 

land-use/land-cover (LULC) types. In the residential and 

industrial/commercial LULC types, the urban fractions are 0.9 and 0.95, 

respectively. 

6.3. Results and discussion

6.3.1. Turbulent flows and O3 air quality

To investigate the effects of cool roofs on turbulent flow in Seoul 

and surrounding areas, fields of air temperature at 2 m and horizontal wind 

vector at 10 m in the second innermost domain at 0900 and 1200 LT in the 

CONV and COOL cases are shown in Fig. 6.2. The differences between the 

COOL and CONV cases (COOL case – CONV case) are also shown in Fig. 

6.2. The purple lines represent the contours of vertical velocity of 0.5 m s−1

at the second lowest model level in the CONV and COOL cases, and the 

blue lines indicate the Han River. In the simulation period, the weather is 

calm and clear and sea-breeze and convective structures clearly appear in 

the afternoon. At 0900 LT, the air temperature at 2 m in the CONV case is 

generally higher than that in the COOL case but the near-surface air flows in 
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Fig. 6.2. Fields of air temperature at 2 m and horizontal wind vector at 10 m 

in the second innermost domain at 0900 LT in the (a) CONV and (c) COOL 

cases and at 1200 LT in the (b) CONV and (d) COOL cases. Differences in 

air temperature at 2 m and horizontal wind at 10 m between the COOL and 
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CONV cases at (e) 0900 and (f) 1200 LT. The purple lines in (a), (b), (e), 

and (f) represent the contours of vertical velocity of 0.5 m s−1 at the second 

lowest model level in the CONV case, and the purple lines in (c) and (d) 

represent those in the COOL case. The blue lines indicate the Han River.
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the CONV and COOL cases are similar (Fig. 6.2a, c, and e). At 1200 LT, 

the westerly to northwesterly sea breeze, convective structures, and 

convergent flows to updraft areas related to convective structures appear in 

both cases (Fig. 6.2b and d). Due to the lower air temperature in the COOL 

case, updrafts related to convective structures in the COOL case are weaker 

and appear in narrower areas compared to those in the CONV case, 

indicating that cool roofs weaken convective structures. As a result, 

convergent flows to updraft areas in the COOL case are weaker than those 

in the CONV case. Updrafts related to convective structures and convergent 

flows to updraft areas in the CONV and COOL cases appear in different 

locations, causing significantly different small-scale flows (Fig. 6.2f). 

The air temperature at 2 m, PBL height, wind speed at 10 m, and 

squared vertical wind speed at the second lowest model level averaged over 

the urban LULC type in the CONV and COOL cases are compared (Fig. 

6.3). Due to the increased albedo of cool roofs, the averaged air temperature 

at 2 m and PBL height in the COOL case are generally lower than those in 

the COOL case, especially in the daytime (Fig. 6.3a and b). In the early 

morning and nighttime, the magnitudes of differences of the averaged near-

surface air temperature and PBL height are decreased significantly because 

there is very little or no sunlight to be reflected by cool roofs. The daily 

averaged differences between the averaged air temperatures at 2 m and PBL 

height in the COOL and CONV cases are −0.80°C and −230 m, respectively. 
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Fig. 6.3. Diurnal variations in (a) air temperature at 2 m, (b) PBL height, (c) 

wind speed at 10 m, and (d) squared vertical wind at the second lowest 

model level averaged over the urban LULC type in the CONV and COOL

cases.
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The smaller air temperature in the COOL case causes the weaker inflows of 

air into the central area of Seoul and lowers the averaged wind speed at 10 

m (Fig. 6.3 c). The daily averaged difference between the averaged wind 

speeds at 10 m in the COOL and CONV cases is −0.17 m s−1. The squared 

vertical wind speed in the COOL case is also smaller in the daytime, 

implying that convective structures are significantly weakened by cool roofs. 

The daily averaged difference between the averaged squared vertical wind 

speed in the COOL and CONV cases is −0.032 m2 s−2.

To examine the effects of cool roofs on O3 dispersion in Seoul, O3

concentration and horizontal wind vector at the second model level at 0900 

and 1200 LT are compared (Fig. 6.4). The black contour lines represent the 

contours of vertical velocity of 0.5 m s−1 in the CONV and COOL cases. At 

0900 LT, inflow of air with high O3 concentration from the northwest of 

Seoul is weaker in the COOL case; thus, the region where the weaker inflow 

appears (at and near (~126° 58.7′E, ~37° 33.1′N)) shows lower O3

concentration in the COOL case (Fig. 6.4e). In the CONV and COOL cases, 

convective structures begin to develop, and the COOL case shows less-

developed convective structures (Fig. 6.4a and c). The effects of convective 

structure on O3 dispersion are small at this time. At 1200 LT, westerly to 

northwesterly inflow (sea breeze) into Seoul in the CONV case is stronger 

and blows farther south area of Seoul (at and near (~126° 59′E, ~37° 32′N)) 

(Fig. 6.4b and d). It seems that the decreased near-surface air temperature 
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Fig. 6.4. Fields of O3 concentration and horizontal wind vector at the second 

model level at 0900 LT in the (a) CONV and (c) COOL cases and at 1200 

LT in the (b) CONV and (d) COOL cases. Differences in O3 concentration 

and horizontal wind between the COOL and CONV cases at (e) 0900 and (f) 
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1200 LT. The black contour lines in (a) and (b) represent the contours of 

vertical velocity of 0.5 m s−1 in the CONV case and the black contour lines 

in (c), (d), (e), and (f) represent those in the COOL case. The Blue lines 

indicate the Han River and its tributaries.
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due to cool roofs weakens the sea breeze. As a result, lower O3

concentration appears at and near (~126° 59′E, ~37° 32′N) in the COOL 

case. In contrast, O3 concentration at and near (~126° 3.6′E, ~37° 33.5′N) in 

the COOL case is higher than that in the CONV case. At and near (~126° 

3.6′E, ~37° 33.5′N), the near-surface wind speed in the COOL case is slow 

and causes O3 accumulation. In the CONV and COOL cases, O3

concentration in the updraft areas related to convective structures is lower 

than that in other areas because updrafts transport air with low O3

concentration near the surface upward. Since locations of updraft areas 

related to convective structures are different in the CONV and COOL cases, 

the spatial distribution of O3 concentration in the CONV and COOL cases 

are significantly different. In particular, O3 concentration in updraft areas of 

the COOL case is lower than that in the CONV case. Fig. 6.4 shows that 

turbulent flows modified by cool roofs have a great influence on the O3

concentration and O3 concentration may increase or decrease depending on 

what turbulent flow changes appear.

To compare the effects of convective structures on O3 dispersion in 

the CONV and COOL cases, vertical cross-sections of O3 concentration and 

wind vector at 0900 and 1500 LT in the CONV and COOL cases along the 

black solid line in Fig. 6.1b are shown in Fig. 6.5. The blue lines represent 

the PBL height. At 0900 LT, the vertical distributions of O3 in the CONV 

and COOL cases are similar because the boundary layer characteristics (air 
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Fig. 6.5. Vertical cross-sections of O3 concentration and wind vector at 0900 

LT in the (a) CONV and (c) COOL cases and at 1500 LT in the (b) CONV 

and (d) COOL cases along the black solid line in Fig. 6.1b. The black 

contour lines represent the contours of vertical velocity of 0.5 m s−1, and the 

blue lines represent the PBL height.
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temperature, wind speed, and PBL height) in the CONV and COOL cases 

are generally similar and the effects of convective structures on O3

concentration are weak (Fig. 6.5a and c). At 1500 LT, air with low O3

concentration is transported upward above the PBL top by updrafts related 

to convective structures in the CONV and COOL cases (Fig. 6.5b and d). In 

the COOL case, vertical motions related to convective structures are weaker 

and have less impact on O3 dispersion than those in the CONV case. In 

addition, a clockwise-rotating eddy at the PBL top appears at ~37° 33.7′N in 

the CONV case and air with low O3 concentration below the PBL top is 

transported above it by the eddy at the PBL top. In the afternoon, wind 

blows in different directions just above and below the PBL top, mainly due 

to the sea breeze. Therefore, great wind shear appears at the PBL top and 

updrafts related to convective structures can cause clockwise-rotating eddies 

at the PBL top when they reached above the PBL top. In the COOL case, 

clockwise-rotating eddies at the PBL top appear only rarely because wind 

shear at the PBL top is smaller than that in the CONV case (Fig. 6.4d). As a 

result, the transport of air with low O3 concentration over the PBL top in the 

COOL case is weaker than that in the CONV case.

The effects of cool roofs on NOx dispersion are also examined. Fig. 

6.6 shows fields of NOx concentration and horizontal wind vector at the 

second model level at 1200 LT and vertical cross-sections of NOx

concentration and wind vector at 1500 LT in the CONV and COOL cases. 
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Fig. 6.6. Fields of NOx concentration and horizontal wind vector at the 

second model level at 1200 LT in the (a) CONV and (b) COOL cases. 

Vertical cross-sections of NOx concentration and wind vector at 1500 LT in 

the (c) CONV and (d) COOL cases along the black solid line in Fig. 6.1b. 

The black contour lines represent the contours of vertical velocity of 0.5 m 

s−1. The blue lines in (a) and (b) indicate the Han River and its tributaries, 

and the blue lines in (c) and (d) represent the PBL height.



162

Inflow of air with low NOx concentration in the COOL case is weaker and 

causes higher NOx concentration in Seoul compared to that in CONV case 

(Fig. 6.6a and b). At and near (~126° 3.6′E, ~37° 33.5′N), the low wind 

speed in the COOL case induces high NOx concentration. In addition, the 

averaged PBL height in the COOL case (1.2 km) is lower than that in the 

CONV case (1.6 km); thus, NOx in the PBL is less diluted in the COOL case. 

Slightly above the PBL top, NOx concentration in the COOL case is lower 

than that in the CONV case because cool roofs weaken the NOx transport 

above the PBL top. Similar to NOx, other O3 precursors that are abundant 

near the surface are transported above the PBL top by updrafts related to 

convective structures and eddies at the PBL top; thus, the COOL case shows 

low concentrations of O3 precursors above the PBL top.

To quantitatively evaluate the effects of cool roofs on O3

concentration, diurnal variation in O3 concentration at the second lowest 

model level and vertical profiles of O3 concentration at 0900, 1200, 1500, 

and 1800 LT averaged over the urban LULC type in the CONV and COOL 

cases are shown in Fig. 6.7. The dashed and solid lines in Fig. 6.7b represent 

the averaged O3 concentrations in the CONV and COOL cases, respectively. 

Due to the weaker inflow of O3 into Seoul in the COOL case, the averaged 

near-surface O3 concentration in the COOL case is generally lower than that 

in the CONV case (Fig. 6.7a). From 0000 LT to 0300 LT and from 2100 LT 

to 2400 LT, the difference of the averaged near-surface O3 concentration is 
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Fig. 6.7. (a) Diurnal variations in O3 concentration at the second lowest 

model level and (b) vertical profiles of O3 concentration at 0900, 1200, 1500, 

and 1800 LT averaged over the urban LULC type in the CONV and COOL 

cases. The dashed and solid lines in (b) represent averaged O3 concentration 

in the CONV and COOL cases, respectively.
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not small though there is no sunlight to be reflected by cool roofs. This is 

because inflow of air with high O3 concentration at these time periods is 

weakened due to cool roofs. The daily averaged difference between the 

averaged near-surface O3 concentrations in the COOL and CONV cases is 

−3.3 ppb. At 0900 and 1200 LT, inflow of air into Seoul and convective 

structures are less-developed and the magnitudes of the differences between 

the averaged O3 concentrations in the COOL and CONV cases are relatively 

small compared to those at 1500 and 1800 LT (Fig. 6.7b). Due to the 

upward transport of O3 precursors by updrafts related to convective 

structures and eddies at the PBL top, the averaged O3 concentration in the 

CONV case is increased largely at z ~ 1.3–2.3 km (at and near the PBL top 

in the CONV case) from 1200 LT to 1500 LT. Cool roofs reduce O3

precursor transport above the PBL top; thus, increase in the averaged O3

concentration at and near the PBL top is decreased. As a result, the averaged 

O3 concentration at 1500 LT in the COOL case at z ~ 1.3–2.3 km is lower 

than that in the CONV case. At 1800 LT, the upward transport of air with 

low O3 concentration and reduced chemical production of O3 decrease the 

averaged O3 concentration in the CONV case above z ~ 1.3 km. In contrast, 

the averaged O3 concentration in the COOL case is increased above z ~ 1.3 

km because the upward transport of air with low O3 concentration is reduced 

and locally existing air with high O3 concentration at upper level is 

transported. As a result, the magnitude of the difference of the averaged O3
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concentration is generally decreased above z ~ 1.3 km. The temporal 

changes of the vertical profiles of the averaged O3 concentration shows that 

the effects of cool roofs on O3 concentration is a complex one that requires 

consideration of both turbulent flow and chemical reactions of pollutants.

6.3.2. Process analysis

To examine the effects of cool roofs on dispersion and chemical 

production of O3 in detail, an integrated process analysis (Gipson, 1999) is 

performed. Fig. 6.8 compares the contributions of the chemical, horizontal 

advection, and vertical advection processes to O3 concentration in the 

CONV and COOL cases slightly above the PBL top at 1500 LT. The 

averaged PBL heights in the CONV and COOL cases are 1.63 and 1.19 km, 

respectively; thus, fields of the contributions to O3 concentration in the 

CONV and COOL cases at the 36th (z ~1.69 km) and 27th (z ~1.25 km) 

model levels are shown in Fig. 6.8, respectively. In the COOL case, the 

positive contribution of the chemical process slightly above the PBL height 

is generally smaller than that in the CONV case due to the weaker upward 

transport of O3 precursors (Fig. 6.8a and b). In particular, updraft areas 

related to convective structures with the large positive contribution of the 

chemical process are narrow in the COOL case. Low-level air with low O3

concentration is transported upward by updrafts related to convective 
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Fig. 6.8. Fields of the contributions of the (a, b) chemical process, (c, d) 

horizontal advection process, and (e, f) vertical advection process to O3

concentration and wind vector in the (a, c, e) CONV and at the 36th model 

level (b, d, f) COOL cases at the 27th model level at 1500 LT. The black 
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contour lines represent the contours of vertical velocity of 0.5 m s−1. The 

green lines indicate the Han River and its tributaries.
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structures and diverges at upper level. Therefore, the negative contributions 

of vertical and horizontal advection processes appear in and around updraft 

areas related to convective structures, respectively (Fig. 6.8c–f). The 

negative contributions of the vertical advection process in updraft areas and 

horizontal advection process around updraft areas appear less frequently and 

in narrower areas in the COOL case. This implies that the upward transport 

of air with low O3 concentration and divergent flow from updraft areas are 

weakened due to cool roofs. In the CONV case, the contribution of the 

vertical advection process around updraft areas is generally positive because 

downdrafts appear around updraft areas and transport downward air with 

high O3 concentration at and near z ~ 1.7 km (Fig. 6.7). In the COOL case, 

the positive contribution of the vertical advection process around updraft 

areas appears less frequently and in narrower areas compared to that in the 

CONV case because O3 concentration above z ~ 1.2 km is generally lower 

than that at z ~ 1.2 km.

Fig. 6.9 shows vertical cross-sections of the contributions of the 

chemical, horizontal advection, and vertical advection processes to O3

concentration and wind vector in the CONV and COOL cases at 1500 LT. 

Below the PBL top, the contributions to O3 concentration in the CONV and 

COOL cases show similar characteristics, except that the vertical motions 

related to convective structures are weaker in the COOL case. In updraft 

areas, the large positive (or negative) contribution of the chemical (or 
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Fig. 6.9. Vertical cross-sections of the contributions of the (a, b) chemical 

process, (c, d) horizontal advection process, and (e, f) vertical advection 

process to O3 concentration and wind vector in the (a, c, e) CONV and (b, d, 

f) COOL cases at 1500 LT along the black solid line in Fig. 6.1b. The black 

contour lines represent the contours of vertical velocity of 0.5 m s−1, and the 

green lines indicate the PBL height.
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vertical advection) process generally appears below the PBL top due to the 

chemical production of O3 (or upward transport of air with low O3

concentration) (Fig. 6.9a, b, e, and f). Since O3 concentration in updraft 

areas is low, the advection of air to updraft areas causes the positive 

contribution of the horizontal advection process (Fig. 6.9c and d). Slightly 

above the PBL height, the contribution of the chemical process in the COOL 

case is generally smaller than that in the CONV case, as shown in Fig. 6.8 

(Fig. 6.9a and b). The magnitudes of the contributions of the vertical and 

horizontal advection processes in the COOL case slightly above the PBL top 

are generally smaller than those in the CONV case because updrafts related 

to convective structures and eddies at the PBL top appear less frequently in 

the COOL case (Fig. 6.9c–f). For example, an updraft at ~37° 31′N and an 

eddy at ~37° 33.7′N cause the considerable contribution of the vertical and 

horizontal advection processes.

To quantitatively evaluate the effects of cool roofs on the 

contributions of the chemical, horizontal advection, and vertical advection 

processes, vertical profiles of the contributions averaged over the urban 

LULC types and for the period from 1445 LT to 1515 LT are shown in Fig. 

6.10. Below z ~ 0.7 km, the contribution of the horizontal advection process 

in the COOL case is smaller than that in the CONV case, while the 

contribution of the chemical process in the CONV and COOL cases are 

similar and the contribution of the vertical advection process in the COOL 
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Fig. 6.10. Vertical profiles of the contributions of the CHEM, VADV, and 

HADV to O3 concentration averaged over the urban LULC type and for the 

periods from 1445 to 1515 LT. The dashed and solid lines represent the 

averaged contributions of individual processes to O3 concentration in the 

CONV and COOL cases, respectively.
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case is larger than that in the CONV case. This confirms that O3

concentration at lower level in the COOL case is decreased mainly due to 

the weaker inflow of air with high O3 concentration to Seoul. From z ~ 1 km 

to z ~ 2 km, the contribution of the horizontal advection process is negative 

because of the divergent air with low O3 concentration from updraft areas. 

The divergent flow at upper level is weaker in the COOL case, causing the 

smaller magnitude of the contribution of the horizontal advection process

from z ~ 1 km to z ~ 2 km. Because of the weaker convective structures in 

the COOL case, the magnitude of the contribution of the vertical advection 

process in the COOL case below z ~ 0.7 km is generally smaller than that in 

the CONV case, implying that the amount of O3 transported from lower 

level to upper level by convective structures is decreased due to cool roofs. 

From z ~ 1 km to z ~ 1.7 km, the contribution of the vertical advection 

process in the CONV case is positive because air with high O3 concentration 

is transported downward by downdrafts around updraft areas. This positive 

contribution of the vertical advection process at upper level does not appear 

in the COOL case. Above z ~ 1 km, the chemical process in the COOL case 

is smaller than that in the CONV case, meaning that cool roofs decrease the 

chemical production of O3 at upper level. Fig. 6.10 confirms that the 

phenomena induced by cool roofs (weakened convective structures, 

decreased appearance frequency of eddies at the PBL top, and weakened 



173

upward transport of O3 precursors) significantly affect O3 concentration 

below and above the PBL top.
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7    Summary and conclusions

In chapter 2, we investigated the exchange of reactive pollutants at 

the roof level of an urban street canyon using PALM. NO, NO2, and O3

were concerned in PALM, and their transport equations with simple 

photochemical reactions were combined within PALM. A large clockwise-

rotating vortex in the street canyon transports the reactive pollutants. As a 

result, NO and NO2 emitted near the ground are transported along the 

leeward wall and escape from the canyon at the roof level. O3 in the ambient 

air enters the canyon at the roof level and is transported along the windward 

wall. The mean O3 production rate is mostly negative both in and above the 

canyon, and the magnitude of the O3 production rate is large at and near the 

roof level and near the windward wall. Due to the photochemical reactions 

of NO, NO2, and O3, the mean NO and O3 concentrations in the canyon 

decrease by 31% and 84%, respectively. The chemical reactions result in an 

increase of 318% in the mean NO2 concentration in the canyon. 

Both small-scale eddies at the roof level and low- or high-speed 

streaks above the canyon significantly affect the exchange of reactive 

pollutants at the roof level. When low-speed air parcel appears at the roof 

level due to small-scale eddies or low-speed streak above the canyon, air in 

the canyon with high NO and NO2 concentrations frequently escapes from 
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the canyon. On the other hand, air outside the canyon with high O3

concentration frequently enters the canyon when high-speed air parcel 

appears at the roof level due to small-scale eddies at the roof level or high-

speed streak above the canyon. When air escapes from or enters the canyon,

the magnitude of the O3 production rate becomes large. The analysis of the 

JPDF also confirms the effects of small-scale eddies at the roof level and 

low- or high-speed streaks above the canyon on the exchange of reactive 

pollutants and their chemical reactions. It seems that low- or high-speed 

streaks above the canyon have a greater influence than small-scale eddies at 

the roof level, i.e., air is exchanged more substantially when low- or high-

speed streaks appear above the canyon. Additionally, the two-point time-

lagged correlation analysis shows that both small-scale eddies at the roof 

level and low- or high-speed streaks above the canyon affect NO, NO2, and 

O3 concentrations at the roof level. However, only low- or high-speed 

streaks above the canyon significantly affect NO, NO2, and O3

concentrations near the ground.

In chapter 3, we investigated turbulent flow and associated reactive 

pollutant dispersion in the CBL over a block array representing an urban-

like surface and a flat surface using PALM that includes the transport 

equations for NO, NO2, and O3. The CBL over a flat surface with and 

without ambient flow (FW and FNW cases, respectively) and the CBL over 
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a block array with and without ambient flow (BW and BNW cases, 

respectively) were simulated and compared. 

Compared to the FNW and BNW cases, the FW and BW cases show 

the larger turbulence intensity and heat exchange due to the wind shear in 

the entrainment zone. In the entrainment zone, the urban-like surface 

enhances the wind shear, thus the BW case shows the largest turbulence 

intensity and heat exchange. In the CBL, NO and O3 are spatially segregated 

from each other, and NO and O3 concentrations are relatively high in 

updraft and downdraft regions, respectively. In the entrainment zone, the 

BW case shows the smallest magnitude of the vertical gradients of the 

averaged NO, NO2, and O3 concentrations, indicating that the reactive 

pollutant exchange in the entrainment zone is largest in the BW case. It 

seems that the wind shear enhanced by the urban-like surface in the 

entrainment zone induces larger reactive pollutant exchange in the 

entrainment zone. All cases show negative peaks in the O3 production rate 

in the entrainment zone because the reactive pollutant exchange in the 

entrainment zone induces the vigorous O3 decomposition. The turbulent 

components of the O3 production rate represents the effects of segregation 

on the chemical reactions. The turbulent component shows positive peaks in 

the entrainment zone, and the magnitude of the positive peaks is smallest in 

the BW case. This result represents that the reduction of the O3

decomposition due to the segregation in the entrainment zone is smallest in 
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the BW case. It seems that the effects of segregation on the chemical 

reactions are reduced due to the strengthened turbulent motions in the BW 

case.

Strong updrafts and downdrafts in the entrainment zone generally 

appear above updraft regions in the mixed layer. The magnitude of the O3

production rate is large around strong updraft regions due to the mixing of 

air from the mixed layer and air in the entrainment zone. In the FW and BW 

cases, the O3 production and decomposition appear alternatively in the 

entrainment zone because the O3 production and decomposition tend to 

occur when NO and NO2 concentrations decrease and increase, respectively. 

Below the inversion height, the chemical reactions increase the averaged 

NO2 concentration in all cases by 360%, whereas the chemical reactions 

decrease the averaged NO and O3 concentrations in all cases by 35% and 

74%, respectively.

In chapter 4, we investigated turbulent flow and associated pollutant 

dispersion in an approximated representation of a real urban area using 

PALM. Urban flow structures, such as strong updrafts and downdrafts, 

turbulent wakes, and vortex streets appear in front and downstream of the 

high-rise buildings. The non-dimensional vortex shedding frequency 

computed from the power spectral density of pressure perturbation lies in 

the range of 0.1 to 0.2. This range agrees with previous studies in idealized 

situations, but the peaks are broader due to interruption by disturbances 
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induced by other buildings. Also, we found that there is a correlation 

between pressure perturbation and vortices because vortices appear in 

regions of negative pressure perturbation. The vertical turbulent momentum 

flux was investigated by means of the joint probability density function of u′

and w′. It was found that in the downstream area of the high-rise buildings, 

ejection and sweep are the main events and they become stronger in the 

wake region than in the upstream area. Especially, ejection is the most 

dominant event in the wake region because ejection is induced by upper 

level vortices and strengthened by updrafts and lower level vortices. At a 

low level, the mean pollutant concentration behind the high-rise buildings is 

low due to slow flow around the high-rise buildings. On the other hand, 

strong updrafts behind the high-rise buildings transport pollutant upwards so 

that the mean pollutant concentration at an upper level increases behind the 

high-rise buildings. The vortex streets are responsible for mixing in such a 

way that the vortices eject air with high pollutant concentration in the wake 

region while they entrain air with low pollutant concentration into the wake 

region. The mixing by vortices was also confirmed quantitatively by 

correlations between the vorticity in the z-direction and the concentration. 

From the correlations, it was confirmed that the pollutant concentration 

perturbation is positive and negative in the place where air is ejected from 

and entrained into the wake region by the vortices, respectively.
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In chapter 5, we investigated the effects of turbulent coherent 

structures on daytime O3 air quality in a megacity, Seoul through the very 

high-resolution WRF-CMAQ model simulation. In the daytime, convective 

structures appear in Seoul and surrounding areas and eddies at the PBL top 

are formed when updrafts related to convective structures reach above the 

PBL top. Updrafts related to convective structures transport air with high 

NOx and low O3 concentrations near the surface upward. Eddies at the PBL 

top mix air above and below the PBL top. Due to the upward transport of O3

precursors and low wind speed at and near the PBL top, O3 concentration at 

and near the PBL top is increased significantly in the afternoon. In the late 

afternoon, convection in Seoul are weakened and updraft areas are reduced. 

The process analysis also shows the impacts of turbulent coherent structures 

on O3 concentration in the afternoon. Below z ~ 0.1 km, the chemical 

decomposition of O3 occurs actively in updraft areas because of the upward 

transport of air with high NOx concentration near the surface. Since O3

concentration in updraft areas is generally lower than that in other areas, the 

contribution of the horizontal advection process is positive in updraft areas. 

Slightly above the PBL top, the large positive contribution of the chemical 

process to O3 concentration generally appears in updraft areas because of 

the O3 precursor transport by updrafts. The negative contribution of the 

horizontal advection process appears around updraft areas due to the 

divergent air with low O3 concentration from updraft areas. On the other 



180

hand, the positive contribution of the vertical advection process appears 

around updraft areas because downdrafts around updraft areas transport air 

with high O3 concentration above the PBL top downward. The magnitudes 

of the contributions of the horizontal and vertical advection processes are 

increased as convective structures are strengthened, vertical motions at and 

near the PBL top are enhanced, and eddies at the PBL top appear more 

frequently.

In chapter 6, the effects of cool roofs on turbulent coherent structures 

and ozone air quality in Seoul are investigated using the WRF-CMAQ 

model simulation with a 50 m horizontal grid spacing. Due to the increased 

albedo of cool roofs, the air temperature, PBL height, and wind speed in 

Seoul are decreased, especially in the daytime. Additionally, inflow of air 

into Seoul and convective structures are weakened. The spatial flow patterns 

in Seoul are also changed significantly because locations of inflow of air 

into Seoul and convective structures are changed. The modified flows and 

turbulent coherent structures due to cool roofs influence ozone air quality in 

Seoul. In areas with weakened inflow of air, O3 concentration decreases. In 

contrast, O3 concentration increases in areas with the lowered wind speed. 

O3 concentration in updraft areas related to convective structures is lower 

than that in other areas because air with low O3 concentration is transported 

upward. Cool roofs change locations of updraft areas; thus, the spatial 

distribution of O3 concentration in Seoul is also changed significantly. Air 
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below the PBL top are transported above the PBL top by updrafts related to 

convective structures and eddies at the PBL top. Appearance frequencies of 

them are decreased due to cool roofs, reducing the upward transport of air 

with low O3 concentration and high concentrations of O3 precursors below 

the PBL top. In the middle of the day, the reduced upward transport of O3

precursors decreases the O3 concentration increase slightly above the PBL 

top. In the late afternoon, cool roofs induce the inflow of locally existing air 

with high O3 concentration and reduced upward transport of air with low O3

concentration, increasing O3 concentration above the PBL top. To 

quantitatively evaluate the effects of cool roofs on ozone air quality in detail, 

a process analysis is performed. The process analysis confirms that cool 

roofs reduce the horizontal advection of O3 and decrease O3 concentration at 

lower level. At upper level, the process analysis shows that divergent air 

with low O3 concentration from updraft areas and upward transport of air 

with low O3 concentration are reduced due to cool roofs.
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초 록

PALM (PArallelized Large-eddy simulation Model) 모형을 이용하여

도로 협곡 지붕 높이에서의 반응성 오염물질(NO, NO2, O3)의 출입에

대해 연구하였다. 이를 위해 NO, NO2, O3 의 수송방정식과 간단한

광화학 반응이 PALM 모형에 결합되었다. NO 와 NO2 는 협곡 지표

근처의 면 배출원에서 방출되었으며, O3 는 대기 중에 포함되어있었다. 

도로 협곡에는 시계방향으로 회전하는 소용돌이가 나타났으며, NO, 

NO2, O3 를 수송하였다. NO 와 NO2 는 지표와 풍상측 건물 벽을 따라서

수송되었고 지붕 높이에서 협곡 밖으로 빠져나갔다. O3 는 지붕

높이에서 협곡 안으로 들어왔으며 풍하측 건물 벽을 따라서

수송되었다. 지붕 높이 근처와 풍하측 건물 벽에서는 평균 O3 생성률이

음의 값을 나타냈으며, 절대값이 컸다. 화학 반응은 협곡 안의 평균

NO 와 O3 농도를 각각 31%, 84% 감소시켰으며, NO2 농도를 318% 

증가시켰다. 지붕 높이의 작은 소용돌이와 협곡 위의 띠 형태의 느린

공기(low-speed streak)와 띠 형태의 빠른 공기(high-speed streak)가 지붕

높이의 반응성 오염물질 출입에 큰 영향을 미쳤다. 작은 소용돌이에

의해서 속도가 느린 공기가 지붕 높이에 나타나거나 띠 형태의 느린

공기가 협곡 위에 나타날 때 협곡 안의 NO 와 NO2 농도가 높은 공기는

협곡 밖으로 빠져나갔다. 반대로, 작은 소용돌이에 의해서 속도가 빠른

공기가 지붕 높이에 나타나거나 띠 형태의 빠른 공기가 협곡 위에

나타날 때 협곡 밖의 O3 농도가 높은 공기가 협곡 안으로 들어왔다. 

시차 상관관계 분석(time-lagged correlation analysis)을 통해 띠 형태의

느린 공기나 빠른 공기가 지표 근처의 NO, NO2, O3 의 농도에 영향을

미치지만, 작은 소용돌이는 큰 영향을 미치지 못한다는 것을 보였다.



205

PALM 모형을 이용하여 평평한 지표와 도시와 유사한 지표 위의

대류경계층(CBL: Convective Boundary Layer) 내의 난류 흐름과 반응성

오염물질 분산에 대해서도 연구하였다. 도시와 유사한 지표는 블록

배열(block array) 지형으로 나타냈다. 평평한 지표에서 배경 바람이

존재하는 경우(FW 경우)와 존재하지 않는 경우(FNW 경우), 도시와

유사한 지표에서 배경 바람이 존재하는 경우(BW 경우)와 존재하지

않는 경우(BNW 경우)를 수치모의 하였다. 유입역(entrainment 

zone)에서의 바람 시어는 유입역에서의 난류 강도와 강화시켰고

열교환을 활발하게 만들었다. 도시와 유사한 지표는 유입역에서의

바람 시어를 강화하였고, 따라서 유입역에서의 가장 강한 난류와 가장

활발한 열교환이 BW 경우에 나타났다. 상승기류가 나타나는

지역에서는 NO 농도가 높았으며 하강기류가 나타나는 지역에서는 O3

농도가 높았다. NO 와 O3 의 공간적인 분리는 CBL 내에서의 O3 의

분해를 방해하였다. 유입역에서의 NO, NO2, O3 농도의 기울기는 BW 

경우가 가장 작았는데, 이는 BW 경우 가장 활발한 반응성 오염물질의

교환이 이루어지고 있다는 것을 의미한다. 도시와 유사한 지표로 인한

유입역에서의 강한 바람 시어가 유입역에서의 반응성 오염물질의

교환을 강화시킨 것으로 추정된다. 유입역에서는 혼합층(mixed-

layer)의 공기와 유입역에서의 공기가 서로 섞이기 때문에 유입역에서

O3 생성률의 절대값은 컸으며, 특히 상승기류가 나타는 지역 주변에서

컸다. NO 와 O3 의 공간적인 분리가 O3 의 분해를 방해하기 때문에, 

이를 나타내는 O3 생성률의 난류 부분은 보통 양의 부호였다. 

유입역에서 공간적인 분리로 인한 O3 의 분해를 방해하는 정도는 BW 

경우 가장 작았다. BW 경우의 강화된 난류 활동 때문에 공간적인

분리가 화학 반응에 미치는 영향이 줄어들었다.
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PALM 모형을 이용하여 서울 도시 지역에서의 난류 흐름과

오염물질 분산을 연구하였다. 특히, 높은 건물 후면의 와열(vortex 

street)와 이와 연관된 오염물질 분산에 초점을 맞추었다. 입력 바람

수직 분포를 생성하기 위해 난류 재활용 방법(turbulence recycling 

method)이 사용되었다. 높은 건물 근처에서 소용돌이가 생성되었으며, 

이 소용돌이는 풍하층으로 진행하며 높은 건물 후면에 와열을

생성하였다. 와열의 특성을 조사하기 위해, 스펙트럼 분석과 상관관계

분석을 수행하였다. 스펙트럼 분석을 통해 무차원화된 소용돌이 생성

진동수가 0.1-0.2 라는 것을 알 수 있었으며, 이러한 주기적인 생성은

높은 건물 주변의 다른 건물들에 의해 방해받았다. 상관관계 분석은

소용돌이가 음의 압력 편차가 나타나는 지역에 자주 나타난다는

사실을 보였다. ejection 과 sweep 은 높은 건물 후면 풍하측에서의 총

수직 난류 운동량 플럭스에 크게 기여하였다. 특히, 높은 건물 꼭대기

높이에 나타난 소용돌이에 의해 유발된 후류 지역의 ejection 은 다른

지역의 ejection 보다 강하였다. 오염물질 분산은 낮은 건물과 높은

건물에 의해 방해받았다. 높은 건물 후면의 강한 상승기류는

오염물질을 위로 수송하여 상층의 오염물질 농도를 증가시켰다. 

와열을 이루는 소용돌이는 후류 지역 안의 오염물질 농도가 높은

공기와 후류 지역 바깥의 오염물질 농도가 낮은 공기를 섞었다. 이러한

소용돌이에 의한 공기의 섞임은 와도와 오염물질 농도의 상관관계

분석에 의해 입증되었다.

서울 지역의 낮 시간 동안의 오존 대기질에 난류 구조가 미치는

영향을 50 m 수평 격자를 고려한 WRF-CMAQ (Weather Research and 

Forecasting-Community Multiscale Air Quality) 모형을 이용하여

조사하였다. 서울 지역에는 낮 시간 동안 해풍과 대류 구조가
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발달하였다. 해풍의 영향으로 인해 행성경계층(PBL: Planetary 

Boundary Layer) 높이 위와 아래는 바람 방향이 달랐기 때문에, 대류

구조의 강한 상승기류가 행성경계층 높이 위까지 도달하면

행성경계층 높이에서는 소용돌이가 나타났다. 대류 구조의

상승기류와 행성경계층 높이에서의 소용돌이에 의해서 지표 근처의

O3 전구물질 농도가 높고 O3 농도가 낮은 공기가 행성경계층 높이

위까지 수송되었고, 이로 인해 오후에는 행성경계층 위 또한 O3 농도가

높았다. 난류 구조가 O3 농도에 미치는 영향을 보다 자세히 분석하기

위해서 과정 분석(process analysis)를 수행하였다. 지표 근처를

제외하면, 상승기류가 나타나는 지역은 O3 전구물질이 수송되기

때문에 O3 의 화학적 생성이 활발하였다. 1 km 이하의 높이에서는, 

상승기류가 나타나는 지역은 O3 농도가 주변 지역보다 낮기 때문에

수평 이류에 의해 O3 농도가 증가하였다. 행성경계층 위에서는, 

상승기류가 나타나는 지역 주변은 O3 농도가 수평이류에 의해

감소하고 수직 이류에 의해서 증가하였다. 이는 상승기류가 나타나는

지역에서 O3 농도가 낮은 공기 발산하며, 보다 상층의 O3 농도가 높은

공기가 상승기류가 나타나는 지역 주변의 하강기류에 의해서

수송되기 때문이다.

지붕의 반사도를 증가시켜 도시 열섬을 완화시키는 방법인 쿨

루프는 도시 지역의 난류 흐름과 대기질에 영향을 미칠 수 있다. 

쿨루프가 서울 지역의 난류 구조와 오존 대기질에 미치는 영향을 50 m 

수평 격자를 고려 WRF-CMAQ 모형을 이용하여 조사하였다. 맑고

바람이 약한 기상 조건에서, 쿨 루프는 서울 지역의 평균 기온을 0.8°C, 

행성경계층 높이를 230 m, 풍속을 0.17 m s−1 감소시켰다. 쿨 루프로

인해 감소한 기온 때문에 서울 지역으로 유입되는 흐름과 서울 지역의
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대류 구조가 약화되었으며, 행성경계층 높이에서의 소용돌이가

나타나는 빈도도 줄어들었다. 서울 지역으로 유입되는 공기는 대체로

O3 농도가 높기 때문에, 서울 지역으로 유입되는 흐름의 약화는 평균

O3 농도를 3.3 ppb 감소시켰다. 대류 구조가 약화되고

행성경계층에서의 소용돌이 출현 빈도가 줄어들었기 때문에, 이들에

의해 행성경계층 위으로 수송되는 O3 전구물질의 양이 줄어들었다. 그

결과 행성경계층 위에서의 O3 의 화학적 생성이 줄어들었다. 쿨 루프가

O3 대기질에 미치는 영향을 보다 자세히 분석하기 위해, 과정 분석을

수행하였다. 과정 분석을 통해, 행성경계층 위에서 일어나는

상승기류가 나타나는 지역에서의 O3 농도가 낮은 공기의 발산과

상승기류가 나타나는 지역 주변의 하강기류에 의한 O3 농도가 높은

공기의 하강이 쿨 루프에 의해 약화된다는 사실을 알 수 있었다. 또한

과정 분석은 쿨 루프가 대류 구조나 행성경계층 높이에서의

소용돌이로 인한 O3 농도 변화를 줄인다는 것도 보여주었다.

주요어: 큰 에디 모의, 난류 흐름, 난류 구조, 반응성 오염물질 분산, 

도시 지역, 경계층, 대기질

학번: 2013-20347
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