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ABSTRACT

An urban canopy model (UCM), with detailed urban land-use and anthropogenic heat information, is required to repro-
duce and understand the urbanization process and its impact on regional climate and urban air quality. This study investigates 
the UCM impact on simulated meteorology and surface ozone in the coastal city of Busan using the WRF-SMOKE-CMAQ 
model coupled with (UCM case), and without the UCM (NOUCM case). The UCM and NOUCM case results suggest that 
UCM case generally produces warmer temperatures and deeper planetary boundary layer (PBL) heights, especially in the 
early morning and night time, than the NOUCM case. Owing to urban heating and enhanced turbulent mixing incorporation 
in the center of the city, the sea breeze in the UCM case tends to penetrate faster and more strongly than in the NOUCM case. 
After sea breeze arrival at the urban center, the urban heat island effect prevents its penetration further inland. In the UCM 
case in the late afternoon, local meteorological changes induce remarkable increases in simulated O3 concentrations over the 
downwind (up to 17.1 ppb) and downtown (up to 10.6 ppb) areas. This is probably due to an increase in temperature in the 
urban areas and the wind convergence zone movement due to the sea breeze interaction and offshore flows. The increase in 
O3 concentration in the late afternoon results in the model bias reduction under previously underestimated O3 conditions due 
to high NOx emissions. The simulated O3 concentrations in the UCM case are more similar to the observed O3 concentrations 
compared to those of the NOUCM case.
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1. InTRODUCTIOn

Urbanization results in a change in both regional cli-
mate and urban air quality (Wang et al. 2007; Heald and 
Spracklen 2015; Shi et al. 2015). Land-use changes, urban 
heat island (UHI), and anthropogenic heat from human ac-
tivities in cities modify the thermal characteristics of the 
planetary boundary layer (PBL), alter regional climate and 
affect the transport and dispersion of air pollutants (Wang et 
al. 2009; Liao et al. 2015). In urbanized coastal cities, com-
plex atmospheric circulations result from the interactions 
between the UHI effect and sea breezes. Several studies 

have suggested that the UHI influences the intensity, speed 
of propagation and onset time of the sea breeze (Ado 1992; 
Yoshikado 1994). The UHI effect can strengthen or weaken 
the sea breeze according to size of the urban area and its 
distance from the coast, while the sea breeze itself can also 
modify the UHI pattern (Freitas et al. 2007). These modified 
local circulations have an effect on air pollutant horizontal 
and vertical distributions and can occasionally lead to se-
vere air pollution in urban areas.

In order to understand the interaction between urban-
ization, meteorology and air quality in a coastal city, it is 
necessary to conduct the meteorological and air quality mod-
el coupled with an Urban Canopy Model (UCM). However, 
only few studies have considered the meteorological and air 
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quality modeling with a UCM. Yu et al. (2012) demonstrated 
that urbanization produces higher ozone values with a maxi-
mum of more than 20 ppb in Beijing-Tianjin-Hebei, and 14 
ppb in the Yangtze River Delta, using a Weather Research 
and Forecasting model with Chemistry (WRF/Chem) with 
a UCM. Kim et al. (2015) reported that the PM10 vertical 
dispersion over Greater Paris was improved by the incor-
poration of a UCM into meteorology (WRF) and chemis-
try-transport (Polair3D/Polyphemus) models. These studies 
have tended to focus on the urban-rural temperature gradient 
impact on air quality and do not pay enough attention to the 
influence of urban characteristics on both local meteorology 
(e.g., sea and land breeze circulation) and air quality.

The main aim of this study is to assess the UCM im-
pact, which considers detailed urban land types and urban 
heat, on predicted meteorological and O3 conditions during 
a high O3 episode at a coastal city. We run the Advanced 
WRF-Sparse Matrix Operator Kernel Emissions (SMOKE)-
Community Multiscale Air Quality (CMAQ) model both 
with and without the UCM and discuss the UCM impact on 

simulated local circulations, including the UHI, sea breeze 
and surface O3 concentrations. The physical and chemical 
processes associated with the simulated O3 concentrations 
are quantitatively determined using a process analysis with-
in CMAQ.

2. STUDy AReA, peRIOD, AnD MeTHODS
2.1 Study Area

Busan, which is the target area in this study, is the sec-
ond largest metropolis in South Korea, located on the south-
eastern tip of the Korean Peninsula (Fig. 1a). It is one of the 
most densely populated cities in Korea, with a population of 
approximately 3.6 million (as of 2014) in an area covering 
765.9 km2. The city is built upon a complex terrain with low 
and high mountains up to 750 m in altitude, in addition to a 
coastal area on its southeastern side facing the Korea Straits 
with an irregular coastline. Since the early 1990s, Busan has 
undergone rapid urbanization and industrialization, resulting 
in considerable urban expansion, including the construction 

(a)

(c)

(b)

(d)

Fig. 1. Maps showing (a) the five nested grid domains (D1 - 5) for the WRF modeling; (b) a precise topography, urban area, meteorological, and 
air quality monitoring sites; (c) spatial distributions of NOx; and (d) VOC emissions (kg day-1) in the study domain. Air quality monitoring sites are 
indicated as: urban downtown area (UDT), urban coastal area (UCA), and suburban area (SUB). Bu Gok (BG) and Yeon San (YS) sites are located 
in UDT and Dae Jeo (DJ) site is located in SUB. (Color online only)
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of commercial buildings, roads, and ports, especially along 
the coastline. Based on Landsat Thematic Mapper (TM) 
data interpretation, the proportion of urban land use in this 
city has increased continuously over time, from 20.6% in 
1985 to 24.2% in 2000. This equates to around 1.8% year-1 
across the entire Busan area (Park and Baek 2009). Further, 
the urban land use could be seen to account for 25.6% of all 
Busan in 2003 (Fig. 1b), based on land-use data from the 
Environmental Geographical Information System (EGIS) 
(http://egis.me.go.kr/egis/).

Under rapid urbanization of the study area, a vari-
ety of gaseous pollutants (e.g., NOx, VOC, and CO) has 
been emitted predominantly as a result of human activi-
ties. The primary emission sources of these pollutants are 
on-road mobile sources (78731 ton yr-1, 50.5%), followed 
by non-road mobile sources such as shipping around port 
areas (27483 ton yr-1, 17.6%), and solvent utilization  
(27116 ton yr-1, 17.4%) [National Institute of Environmen-
tal Research (NIER) 2009]. The spatial distributions of area, 
mobile and point source emissions of NOx and VOC in the 
study area are shown in Figs. 1c and d, respectively. These 
emissions can be seen distributed mainly in the downtown 
and industrial areas, respectively. Additionally, vast NOx 
emissions derived from shipping processes (1733 ton yr-1) 
are concentrated on the coast near Busan Port, and contrib-
ute significantly to changes in O3 concentrations in both the 
coastal and downwind regions (Song et al. 2010).

2.2 Study period (6 - 8 August 2006)

Meteorological and air quality modeling was applied to 
the 6 - 8 August 2006, period which represent the most se-
vere episodic O3 days in the last ten years. Table 1 provides 
a statistical summary of meteorological variables, including 
surface temperature, solar radiation, and cloud cover, as well 
as O3 concentrations during these episodic days. These data 
are based on hourly O3 concentrations and meteorological 
variables (air temperature, solar radiation, and cloud cover) 
observed at several air quality and meteorological monitor-
ing sites (Fig. 1b) in the study area. On 7 and 8 August 2006, 
a daily maximum O3 concentration of > 120 ppb was record-
ed, and O3 concentrations exceeding the national ambient air 
quality standard of 100 ppb hr-1 were observed at most of the 
air quality monitoring sites (10 and 9 sites on the two days, 
respectively). During the episodic period, very high daily 

maximum temperatures, equal to or greater than 30°C, in-
tense insolation and a clear sky, favorable for photochemical 
O3 production, were consistently observed.

Figure 2 shows the surface weather maps for 6 - 8 Au-
gust 2006. The North Pacific High affected the Korean pen-
insula, resulting in stable and stagnant atmospheric condi-
tions with high temperatures and limited vertical mixing. The 
local circulations, including land and sea breeze circulations, 
were well developed under these weak synoptic weather 
conditions. Under such favorable meteorological conditions, 
significant O3 production and accumulation episodes occur 
frequently (NRC 1991; Liu et al. 1994; Oh et al. 2006).

2.3 Methods and Materials

The surface energy budget and local winds are altered 
due to the UCM impact on the urban meteorological system. 
The O3 simulation was quantified through analysis of the 
differences between model-predicted values derived from 
two sets of simulation scenarios: (1) the WRF-SMOKE-
CMAQ simulation coupled with the UCM, termed the UCM 
case; and (2) the same simulation without the UCM, termed 
the NOUCM case. To clarify the diurnal variation in dif-
ferences between the UCM and NOUCM cases, the entire 
simulation period was divided into four periods in consider-
ation of the typical diurnal variations in O3 concentrations: 
(1) the early morning after sunrise (06:00 - 10:00 LST); (2) 
around noon (11:00 - 15:00 LST); (3) the late afternoon until 
sunset (16:00 - 19:00 LST); and (4) at night (20:00 - 05:00 
LST). Integrated processes rate (IPR) analysis was applied 
to quantify the UCM contribution to the physical and chem-
ical processes relating to the predicted O3 concentrations. 
The IPR O3 concentration analysis includes examinations 
of the rates of gas-phase chemical production, horizontal 
transport, vertical transport, and dry deposition leading to 
net changes in O3 concentrations (Wang et al. 2010; Song et 
al. 2011; Kang et al. 2012). Busan was classified into three 
areas to assess the detailed contribution of the UCM under 
different urban and geographic conditions, such as urban or 
suburban, and coastal or inland areas: the urban coastal area 
(UCA), the urban downtown area (UDT), and suburban area 
(SUB), as shown in Fig. 1b. IPR analysis was applied to the 
15 AQ monitoring sites belonging to each of the three clas-
sification areas.

In order to evaluate the agreement between observed 

Date Averaged daily max. O3 
concentration (ppb)

Daily max. O3  
concentration (ppb)

The number of sites  
exceeding standard level

Daily max.  
temperature (°C)

Solar radiation 
(MJ m-2)

Daily mean Cloud 
cover (%)

6 August 73.7 ± 20.5 108 1 33.2 26.47 1.25

7 August 111.2 ± 39.4 192 10 33.9 26.08 1.25

8 August 99.5 ± 33.9 183 9 34.5 27.30 0.88

Table 1. Statistical summary of O3 and meteorological variables during the high O3 episodic days (6 - 8 August 2006).

http://egis.me.go.kr/egis/


Kang et al.880

(a)

(b)

(c)

Fig. 2. The surface weather maps for (a) 6 August, (b) 7 August, and (c) 8 August 2006. (Color online only)
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and predicted meteorological variable values, including sur-
face temperatures and wind speeds, and O3 concentrations, 
statistical performance was carried out for both the UCM 
and NOUCM cases at several monitoring sites (14 sites 
for the ME data and 20 sites for the AQ data) in the study 
domain across the entire simulation period (5 - 9 August 
2006). Root Mean Square Error (RMSE), Mean Bias Error 
(MBE), and Mean Absolute Error (MAE) were used in this 
study as model accuracy measures (Emery et al. 2001).

3. MODeL DeSCRIpTIOnS AnD InpUT DATA
3.1 Meteorological Model

The meteorological model used in this study is the WRF 
version 3.1, a non-hydrostatic model designed for numerical 
weather prediction on scales ranging from meters to thou-
sands of kilometers, developed by the National Center for 
Atmospheric Research (Skamarock et al. 2008; Advanced 
Research WRF 2009). The computational domain in the 
WRF consists of 43 sigma vertical layers from the surface to 
100 hPa and five nested domains: downscaled from 81-km 
grids that cover Northeast Asia (D1, 48 × 44 array), 27-km 
grids (D2, 88 × 76 array), 9-km grids (D3, 79 × 76 array), 
3-km grids (D4, 70 × 70 array), and 1-km grids (D5, 61 × 
61 array) that include Busan and its surroundings, spanning 
34.9 - 35.4°N and 128.7 - 129.4°E (Figs. 1a and b).

The initial/lateral boundary conditions were gener-
ated from the National Center for Environmental Prediction 
(NCEP) final analysis (FNL) data on 1.0 × 1.0 degree grids 
at every 6 h and the global sea surface temperature (SST) 
data on 0.5 degrees which was acquired daily. The follow-
ing physical options were employed within the WRF simula-
tions: the WRF Single-Moment 6-Class (WSM6) scheme for 
microphysics (Hong and Lim 2006); the Yonsei University 
(YSU) PBL scheme (Hong et al. 2006); the RRTM longwave 
radiation scheme (Mlawer et al. 1997), the Dudhia short-
wave radiation schemes (Dudhia 1989); the Kain-Fritsch 
cumulus schemes (for only D1 and D2) (Kain 2004), and 
the Noah Land Surface Model (Noah LSM) (Chen and Du-
dhia 2001). The geographical data is used for D1 - D3 com-
prises the default downloadable data from the United States 
Geological Survey (USGS), including 25-category land use 
information. High resolution land use and topographic data 
were used for D4 and D5 obtained through the EGIS, from 
the Korean Ministry of Environment (KME), and the Shuttle 
Radar Topography Mission (SRTM) 3 s (http://www2.jpl.
nasa.gov/srtm/) from the National Aeronautics and Space 
Administration (NASA), respectively. The WRF simula-
tions were performed over a 168-h period beginning at 00:00 
Universal Time Coordinated (UTC) 3 August to 00:00 UTC 
10 August 2006 with an initial spin-up time of 24 h.

3.2 UCM

Several meteorological variables under lower bound-
ary conditions, including surface sensible and latent heat 
fluxes, and surface skin temperatures on roofs, walls, and 
roads, were simulated using a single-layer UCM to obtain 
a detailed estimation of the meteorological conditions in 
the complex urban environment. This UCM, when coupled 
with a WRF- Noah LSM, considers shadowing, reflections 
and radiation trapping in a street canyon (Tewari et al. 2007; 
Chen et al. 2011). In the UCM, the structures and charac-
teristics of the urban area are basically parameterized using 
UCM variables, including building height, building cover-
age ratio and the heat capacity of roofs, roads and building 
walls, with reference to three urban categories: low inten-
sity residential; high intensity residential; and commercial/
industrial/transportation. More detailed descriptions of the 
UCM are given in Kusaka et al. (2001) and Kusaka and 
Kimura (2004).

The UCM was only applied to the finest model domain 
(D5) in this study, covering Busan and its surroundings. The 
GIS data for the 3D building structures and classifications 
(e.g., residential, industrial, and commercial) in Busan were 
provided by the Ministry of Land, Transport and Maritime 
Affairs (MLTM) in Korea. Three urban categories for the 
UCM simulations were classified based on the respective 
properties corresponding to building area and classifica-
tions. For the residential building types, a dominant urban 
category for each urban grid is high intensity residential if 
the building area fraction within a grid is equal or greater 
than 30%, otherwise it is low intensity residential. The urban 
canopy parameters for the urban categories are used from the 
default table distributed with WRF model. Figure 3 shows 
the dominant land use distribution and three urban catego-
ries in the study domain including the GIS building structure 
data. The urban areas are concentrated near the coast and in 
the center of the city, which is situated in a valley between 
mountains (Fig. 1b). The three urban categories, low inten-
sity residential, high intensity residential, and commercial/
industrial/transportation, together comprise 51.6, 33.3, and 
15.1% of the total urban area, respectively.

3.3 Air Quality Model

The air quality model is the CMAQ version 4.6 (http://
www.cmaq-model.org/), which is used to evaluate the spa-
tio-temporal variability in the surface O3 concentrations on 
the studied episodic days (6 - 8 August 2006). The CMAQ 
developed by the U.S. Environment Protection Agency 
(EPA) is a 3D Eulerian photochemical model designed to 
understand the complex atmospheric chemistry and phys-
ics interactions (Byun and Ching 1999). The CMAQ do-
mains comprise a coarse domain (3-km grids, 64 × 64 array) 
and a nested fine domain covering Busan city (1-km grids,  
55 × 55 array). The model consists of 25 vertical layers from 
the surface to a height of 20 km. The meteorological inputs 

http://www2.jpl.nasa.gov/srtm/
http://www2.jpl.nasa.gov/srtm/
http://www.cmaq-model.org/
http://www.cmaq-model.org/
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for CMAQ were calculated from the WRF outputs, using 
the Meteorology-Chemistry Interface Processor (MCIP). 
For the chemical speciation process, the CB04 gas-phase 
chemistry mechanism was employed.

The initial and boundary conditions in the coarse do-
main were calculated from the default profile distributed 
with CMAQ by the U.S. EPA, but those for surface NO2, 
SO2, CO, and O3 were derived from surface background data 
observed at the respective monitoring sites (total 16 sites) 
closest to the four coarse domain boundaries during Au-
gust, 2006. SMOKE version 2.7 (http://www.smoke-model.
org/version2.7/html/index.html), developed by the MCNC 
Environmental Modeling Center (EMC), was used to pre-
pare the hourly gridded emission inputs. The anthropogenic 
emission inventory in this study including area, mobile 
and point-source emissions, was developed using the 2007 
Clean Air Policy Support System (CAPSS) by the NIER, 
Korea. Additionally, the biogenic emissions were estimat-
ed using the Biogenic Emission Inventory System (BEIS) 
v3.14 with the land-use data from EGIS and the vegetation 
data from Forest Information System (FGIS) provided by 
the Korea Forest Service (http://fgis.forest.go.kr/fgis/). The 
WRF-MCIP outputs were also used to vertically allocate 
major point sources and calculate the biogenic emissions for 
consideration alongside the meteorological conditions dur-
ing the episodic days. The CMAQ modeling was conducted 
from 00:00 UTC on 4 August to 00:00 UTC on 10 August 
2006 (6 days) with an initial spin-up period of 24 h.

4. ReSULTS AnD DISCUSSIOn
4.1 Difference Between UCM and nOUCM in Terms of 

Temperature, Wind Speed, and pBL Height

Figure 4 shows the spatial distributions of the dif-

ferences between UCM and NOUCM cases (UCM minus 
NOUCM) for averaged 2 m temperatures, PBL heights and 
10 m wind speeds over the periods (06:00 - 10:00, 11:00 - 
15:00, 16:00 - 19:00, and 20:00 - 05:00 LST) on 7 August 
2006. The black line grids indicate the urban areas that were 
reclassified into the three UCM urban categories.

The 2 m temperatures across the entire domain in 
the UCM case were generally warmer, especially in the 
urban areas within the black line grids, than those of the 
NOUCM case, except for around noon (11:00 - 15:00 LST)  
(Fig. 4a). The spatial temperature averages were changed 
using the UCM, +0.32°C (-0.32 to +2.07°C), +0.18°C 
(-0.61 to +2.86°C), and +0.46°C (-0.39 to +4.81°C) for the 
06:00 - 10:00, 16:00 - 19:00, and 20:00 - 05:00 LST periods, 
respectively. In contrast, around noon when the air tempera-
ture reached its maximum (33.9°C at 14:36 LST on 7 August 
2006), the difference between both simulations was small 
(-0.03°C). The relatively large increases in the temperatures 
during the early morning and nighttime are likely caused 
by the UCM storing more incoming radiation and adding 
more anthropogenic heat during the daytime, which pre-
vents rapid cooling after sunset. The surface temperatures 
are strongly associated with the changes in near-surface 
heat fluxes related to the urban environments, including an-
thropogenic heat release, urban surface characteristics, and 
building distribution (Zehnder 2002; Grossman-Clarke et al. 
2005). The spatial net surface heat flux averages, represent-
ing the sum of the sensible heat flux, the latent heat flux and 
the ground heat flux, increase in the UCM case, by 17.3%  
(25.1 W m-2), 1.5% (6.8 W m-2), 16.4% (28.8 W m-2), and 
89.6% (19.5 W m-2) compared to the NOUCM case, for the 
06:00 - 10:00, 11:00 - 15:00, 16:00 - 19:00, and 20:00 - 
05:00 LST periods, respectively.

Figures 4b and c indicate that the PBL heights and wind 

(a) (b)

Fig. 3. Distribution of (a) the dominant land use and (b) three urban categories (low and high intensity residential, commercial/industrial/transporta-
tion) in Busan and its surroundings. (Color online only)

http://www.smoke-model.org/version2.7/html/index.html
http://www.smoke-model.org/version2.7/html/index.html
http://fgis.forest.go.kr/fgis/
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speeds in the UCM case were on average higher than those 
in the NOUCM case. The PBL height spatial average for the 
UCM case was compared with those for the NOUCM case 
in all areas except for the ocean. The maximum and mini-
mum increases in the UCM case were found to be 77.0 m 
in the early morning (06:00 - 10:00 LST) and 5.7 m around 

noon (11:00 - 15:00 LST), respectively. These increases in 
the UCM case were attributable mainly to a rise in surface 
temperature along the center of this city (Fig. 4a), which in 
turn enhanced turbulent mixing. Additionally, the sea breeze 
development, which is generated by horizontal temperature 
gradients between the land and sea, started earlier and was 

(a) (b) (c)

Fig. 4. Spatial distributions of the differences between UCM and NOUCM cases (UCM - NOUCM) for (a) 2 m temperature, (b) PBL height, and 
(c) 10 m wind speed during the four periods (06:00 - 10:00, 11:00 - 15:00, 16:00 - 19:00, and 20:00 - 05:00 LST) on 7 and 8 August 2006. (Color 
online only)
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stronger due to the warmer surface temperatures in the ur-
ban center. Owing to this process, the wind speed over the 
land in the UCM case increased on average by 0.2 m s-1, but 
reached up to 2.1 m s-1 greater than in the NOUCM case 
(Fig. 4c). Similar to the surface temperature, the differences 
in both PBL height and wind speed between the UCM and 
the NOUCM cases were greater in the urban grid cells than 
in the non-urban grid cells. In the urban grid cells, deeper 
PBL heights were predicted, by factors of 8.3 (06:00 - 10:00 
LST) to 29.4 (20:00 - 05:00 LST), compared with the non-
urban grid cells. The wind speed also shows large differenc-
es between the urban and non-urban areas, by factors of 9.8 
(20:00 - 06:00 LST) to 16.4 (16:00 - 19:00 LST). In contrast, 
negative differences in PBL height and wind speed were 
produced as a result of the decrease in the UCM case in the 
outskirts of the city during the afternoon. In particular, the 
PBL height and wind speed spatial distributions during the 

late afternoon (16:00 - 19:00 LST) showed strong decreases 
and increases around the northeastern administrative bound-
ary of Busan, due to changes in the wind convergence zone 
location. The changes in suburban regions, which were not 
directly affected by the UCM model, are related to the local 
winds, namely the land-sea circulation, in this domain.

Figure 5 indicates the horizontal wind distributions, 
including the wind vectors and the wind convergence zone, 
indicated by the thick black line, at 10:00, 15:00, and 19:00 
LST on 7 August 2006, and compares the dominant lo-
cal flows between the UCM case and the NOUCM case. 
At 10:00 LST, both the UCM and NOUCM case indicated 
that the sea breeze, shown as southeasterly and southerly 
winds, began to develop along the shoreline and penetrated 
into the center of Busan. The wind convergence zone in the 
urban center was formed by the interaction between this sea 
breeze and the light offshore winds of less than 2 m s-1. The 

(a) (b)

Fig. 5. Spatial distributions of surface winds for the (a) NOUCM case and (b) UCM case at 10:00, 15:00, and 19:00 LST on 7 August 2006. The 
shaded colors and thick black line indicate wind speeds (m s-1) and the wind convergence zone, respectively. (Color online only)
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valley winds began simultaneously over the inland subur-
ban regions due to the complex topography characterized 
by various slopes and mountains (see Fig. 1b). However, 
when compared with the NOUCM case, the sea breeze and 
offshore winds over Busan were approximately 1.5 - 2.5 and 
0.5 - 2.0 m s-1 stronger, respectively, in the UCM case linked 
to the warmer surface temperatures in the urban center. Af-
ter 5 hours (15:00 LST), the sea breeze in the NOUCM case 
extended to the inland northwestern regions of Busan, and 
thereby combined with the valley winds over the suburban 
areas. In contrast, the valley winds still remained in the 
northwestern region at 15:00 LST in the UCM case although 
the UCM case had stronger southeasterly winds associated 
with the sea breeze than the NOUCM case. This difference 
between the UCM case and the NOUCM case could be ex-
plained by the weaker sea breeze penetration. These simu-
lation results are in agreement with the findings of Freitas 
et al. (2007), who reported that the UHI accelerates the sea 
breeze toward the center of São Paolo. At 19:00 LST, both 
the UCM and NOUCM cases showed the sea breeze pro-
gression into the suburban regions, despite the presence of 
strong winds inside the city in the UCM case.

4.2 Difference Between UCM and nOUCM in Terms of 
Surface O3 Concentrations

Meteorological changes not only directly influence the 
simulated O3 concentrations but also affect emission pro-
cessing at the biogenic and point sources, another input for 
the O3 simulations (Cheng et al. 2008). However, the emis-
sion changes produced by UCM implementation were small 
in this study because the biogenic and point sources are 
concentrated in the suburban and rural regions where no ap-
preciable meteorological changes occur. This study is con-
cerned primarily with the meteorological changes impact on 
O3 simulations when applying the UCM without regard for 
emission changes.

Figure 6 and Table 2 indicate the simulated and ob-
served O3 concentration spatial distributions at 10:00, 15:00, 
19:00, and 05:00 LST for the UCM and NOUCM cases. The 
summary for changes in O3 concentrations with meteoro-
logical variables between the two simulations, respectively, 
during the same periods are shown in Fig. 4 (06:00 - 10:00, 
11:00 - 15:00, 16:00 - 19:00, and 20:00 - 05:00 LST). The 
results for both O3 simulations are in good agreement with 
the observations, except for at 19:00 LST. The relatively low 
O3 concentrations in the downtown area over the entire day 
were caused by O3 titrations with significant NOx emissions 
from mobile sources under a NOx-saturated environment, 
in both the simulated and observed cases (Sillman 1999; Jo 
and Park 2005). The mean O3 differences between the UCM 
case and the NOUCM case showed positive values over the 
land area, with the exception of the 11:00 - 15:00 LST pe-
riod. The O3 concentrations in the UCM case increased by 

an average of 1.53 ± 2.10, 0.35 ± 2.94, and 3.16 ± 4.64 ppb 
during 06:00 - 10:00, 16:00 - 19:00, and 20:00 - 05:00 LST, 
respectively.

In the morning (06:00 - 10:00 LST), the O3 concen-
trations in the UCM case rose significantly by 10.66 and  
8.18 ppb over the urban grids, shown by the black line grid 
cells, and the southeast coast of the city, respectively. The 
former increases are linked to the increase in surface tem-
perature and PBL heights in these areas (see Fig. 4a). The 
high O3 concentrations seen over the coastal area were com-
monly observed due to the high O3 precursor concentrations 
emitted from ships in the Busan port (Song et al. 2010). The 
UCM case predicted higher O3 concentrations along the 
southeast coast compared with the NOUCM case. This may 
be caused by the recirculation of a polluted air mass loaded 
with more O3 produced over the urban center during the pre-
vious day in the UCM case. In contrast, during the afternoon 
hours (11:00 - 15:00 LST), O3 concentrations in the UCM 
case decreased with little to no change (-0.26 ± 1.52 ppb) 
compared with those in the NOUCM case during this time.

In the late afternoon (16:00 - 19:00 LST) remarkable 
increases in O3 concentrations of up to 17.13 ppb, over the 
downwind region near the wind convergence zone (present-
ed in Fig. 5) are seen in the mean O3 differences. This is 
attributable mainly to the change in the wind convergence 
zone location linked to sea breeze penetration under the 
UCM, as mentioned in section 4.1. The O3 concentrations in 
the downtown region in the UCM case were slightly higher 
(up to 10.58 ppb) than those for the NOUCM case, resulting 
in a positive O3 difference, due to more active photochemi-
cal production of O3 under increased temperatures in this 
area in the UCM case. As a result, these increases in O3 
concentrations in the downtown and downwind area lead 
to a slight improvement in O3 prediction accuracy in the 
UCM case, although both the UCM and NOUCM simula-
tions failed to reproduce the extreme high O3 events of more 
than 180 ppb. During the nighttime hours (20:00 - 05:00 
LST), the O3 concentrations in the UCM case were higher 
than those in the NOUCM case in most land areas. This may 
be the effect of relatively lower surface NO concentrations 
resulting from the greater PBL height in the UCM case, lim-
iting the O3 destruction process in the form of O3 titration 
during the nighttime.

For a detailed diurnal comparison between the UCM 
and NOUCM cases, time-series plots of simulated and ob-
served O3 concentrations at three air quality monitoring 
sites (shown in Fig. 1) during 5 - 9 August 2006 are given in  
Fig. 7. Two selected urban sites (YS and BG), and a down-
wind site (DJ) are located in the downtown and wind con-
vergence area downwind of the sea breeze, respectively. 
Both the YS and BG sites are directly affected by the UCM 
modeling. The comparison shows that the UCM case was 
in slightly better agreement with the observations compared 
with the NOUCM case in the late afternoon and nighttime, 
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(a) (b) (c)

Fig. 6. Spatial distributions of (a) O3 difference between the UCM and NOUCM cases (UCM - NOUCM) during the four periods (06:00 - 10:00, 
11:00 - 15:00, 16:00 - 19:00, and 20:00 - 05:00 LST), and simulated O3 for (b) the NOUCM case and (c) the UCM case at 10:00, 15:00, 19:00 LST 
on 7 August and 05:00 LST on 8 August 2006. Colored dots in (b) and (c) indicate observed O3 concentrations. (Color online only)

Variables 06:00 - 10:00 LST 11:00 - 15:00 LST 16:00 - 19:00 LST 20:00 - 05:00 LST
2m temperature (°C) 0.32 ± 0.42 -0.03 ± 0.19 0.18 ± 0.31 0.46 ± 0.69

PBL heights (m) 76.99 ± 114.57 5.73 ± 70.33 45.00 ± 117.88 30.63 ± 66.44
10 m wind speed (m s-1) 0.15 ± 0.31 0.16 ± 0.37 0.18 ± 0.46 0.15 ± 0.31

O3 (ppb) 1.53 ± 2.10 -0.26 ± 1.52 0.35 ± 2.94 3.16 ± 4.64

Table 2. Summary for changes on meteorological variables (2 m temperature, PBL heights, and 10 m wind 
speed) and O3 concentrations between the NOUCM and the UCM cases during the four periods (06:00 - 
10:00, 11:00 - 15:00, 16:00 - 19:00, and 20:00 - 05:00 LST) on 7 and 8 August 2006.
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despite both simulations failing to predict the peak O3 con-
centrations on 7 and 8 August 2006. In particular, the ob-
served O3 concentrations in the two urban sites (YS and BG) 
remained at 30 - 40 ppb despite a decrease in air temperature 
and solar radiation in the late afternoon. In the UCM case, 
these phenomena were well depicted as a result of the added 
anthropogenic heat in the urban area under the UCM. In con-
trast, the O3 concentrations in the NOUCM case decreased 
dramatically after the daily maximum temperature was re-
corded between 14:00 - 15:00 LST. These trends are also 
seen at the DJ site, although the differences in O3 concentra-
tions between the UCM and NOUCM cases are smaller than 
those in the urban sites.

Table 3 indicates the relative changes in O3 concentra-
tions calculated from IPR analysis at the surface level for 
the three types of air quality monitoring sites in Busan: ur-
ban coastal area (UCA), urban downtown area (UDT), and 
suburban area (SUB) during the four time periods on 7 Au-
gust 2006. It should be noted that the main IPR processes 
are: horizontal transport (HTRA; the sum of horizontal ad-
vection and diffusion), vertical transport (VTRA; the sum 
of vertical advection and diffusion), dry deposition (DEPO), 

and gas-phase chemical production/destruction (CHEM), 
which can all lead to changes in the O3 concentrations. On 7 
August, O3 chemical loss under both the UCM and NOUCM 
cases is greater than production during the entire day; due to 
O3 + NO titration by high NOx emissions in the surface layer 
(Song et al. 2010). At the UCA and UDT sites O3 chemical 
loss was reduced in the UCM case during the late afternoon 
compared with the NOUCM case (16:00 - 19:00 LST). This 
may be an effect of the increases in PBL height and tem-
perature. In effect higher temperatures under the UCM case 
induced greater O3 chemical production, while a higher PBL 
with intense vertical mixing led to a dilution of ambient NO 
concentrations, resulting in lower O3 titration. The HTRA in 
the UCM case tended to increase at the coastal and down-
town sites. In particular, a significant increase in HTRA un-
der the UCM case at UDT is attributable to the transport of 
high O3 concentrations and its precursors (e.g., NOx, VOCs) 
emitted from coastal industrial facilities and Busan port by a 
stronger sea breeze during the daytime. In the late afternoon 
HTRA is reduced in the UCM case due to the prevention 
of sea breeze penetration inland. In this case, the VTRA is 
increased under the UCM case.

(a)

(b)

(c)

Fig. 7. Time-series plots of O3 concentrations simulated from the UCM and NOUCM cases, and observed O3 concentrations at (a) BG, (b) YS, and 
(c) DJ during 5 - 9 August 2006.
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4.3 Statistical evaluation for the UCM and nOUCM 
Simulations

Table 4 provides the RMSE, MBE, and MAE of the 
meteorological variables of 2 m temperature and 10 m wind 
speed, and the O3 concentrations within the first vertical 
layer for the UCM and NOUCM cases for the entire simu-
lation period excluding the spin-up time (the first 48 h). A 
comparison of the UCM and NOUCM cases over the entire 

period indicated that the UCM case was slightly better than 
the NOUCM case for the 2 m temperature and O3 concen-
trations, but slightly worse for the 10 m wind speeds. The 
NOUCM case showed a tendency toward a weak cold bias 
(MBE < 0.0°C) during all periods, whereas the UCM case 
showed a reduced cold bias due to the addition of anthro-
pogenic heats and urban thermal effects by the UCM. In 
contrast, the 10 m wind speeds from both simulations tend 
to over-predict compared with measurements and the UCM 

(a)
06:00 - 10:00 LST 11:00 - 15:00 LST 16:00 - 19:00 LST 20:00 - 05:00 LST

nOUCM UCM (DIFF) nOUCM UCM (DIFF) nOUCM UCM (DIFF) nOUCM UCM (DIFF)

CHEM -33.4 -39.9 (-6.5) -81.8 -81.9 (-0.2) -150.2 -140.2 (10.1) -48.3 -59.6 (-11.3)

HTRA 24.5 32.4 (7.9) 0.0 6.8 (6.8) 59.0 88.9 (29.9) 37.7 50.8 (13.0)

VTRA 20.8 35.8 (15.1) 172.9 178.9 (6.0) 143.7 119.0 (-24.7) 20.8 31.5 (10.6)

DEPO -6.2 -12.4 (-6.2) -21.9 -37.3 (-15.4) -16.4 -27.0 (-10.6) -1.7 -3.2 (-1.5)

(b)
06:00 - 10:00 LST 11:00 - 15:00 LST 16:00 - 19:00 LST 20:00 - 05:00 LST

nOUCM UCM (DIFF) nOUCM UCM (DIFF) nOUCM UCM (DIFF) nOUCM UCM (DIFF)

CHEM -24.4 -25.4 (-0.9) -40.3 -40.5 (-0.3) -82.1 -73.8 (8.2) -38.9 -34.4 (4.6)

HTRA 71.2 119.4 (48.2) 111.2 175.8 (64.6) 107.6 64.0 (-43.6) -1.6 19.5 (21.1)

VTRA -41.4 -86.7 (-45.3) 147.9 111.0 (-36.9) 220.7 307.1 (86.5) 69.1 53.0 (-16.1)

DEPO -10.0 -16.7 (-6.7) -34.1 -45.5 (-11.4) -26.8 -33.1 (-6.3) -2.9 -4.6 (-1.6)

(c)
06:00 - 10:00 LST 11:00 - 15:00 LST 16:00 - 19:00 LST 20:00 - 05:00 LST

nOUCM UCM (DIFF) nOUCM UCM (DIFF) nOUCM UCM (DIFF) nOUCM UCM (DIFF)

CHEM -21.1 -23.4 (-2.3) -45.9 -46.6 (-0.8) -84.6 -83.4 (1.1) -26.0 -32.9 (-6.9)

HTRA 51.7 52.8 (-1.1) -97.6 -115.6 (-17.9) -82.7 -96.8 (-14.1) 19.0 20.7 (1.7)

VTRA -38.5 -34.8 (3.7) 98.4 131.1 (32.7) 164.6 172.4 (7.8) 2.6 7.2 (4.5)

DEPO -6.0 -9.9 (-4.0) -19.0 -29.2 (-10.3) -19.4 -25.9 (-6.5) -1.0 -2.2 (-1.2)

Table 3. Comparison of the integrated processes rate (IPR) of O3 between the UCM and NOUCM case during the four periods 
(06:00 - 10:00, 11:00 - 15:00, 16:00 - 19:00, and 20:00 - 05:00 LST) on 7 and 8 August 2006. (a) Urban coastal sites (UCA); 
(b) Urban downtown sites (UDT); (c) Suburban sites (SUB).

Variables Statistics
06:00 - 10:00 LST 11:00 - 15:00 LST 16:00 - 19:00 LST 20:00 - 05:00 LST entire period

nOUCM UCM nOUCM UCM nOUCM UCM nOUCM UCM nOUCM UCM

2 m temperature
(°C )

RMSE a +1.66 +1.91 +1.73 +1.77 +2.02 +1.96 +1.52 +1.85 +2.67 +1.95

MBE b -0.15 +0.62 -1.29 -1.32 -1.46 -1.14 -0.68 +0.24 -0.83 -0.24

MAE c +1.36 +1.63 +1.53 +1.57 +1.80 +1.74 +1.35 +1.66 +1.47 +1.65

10 m wind speed
(m s-1)

RMSE +0.91 +1.37 +1.05 +1.32 +1.10 +1.52 +1.12 +1.60 +1.08 +1.48

MBE +0.17 +0.92 -0.11 +0.61 +0.91 +0.80 +0.39 +1.09 +0.14 +0.86

MAE +0.71 +1.13 +0.87 +1.13 0.00 +1.28 +0.89 +1.31 +0.85 +1.21

O3 concentration
(ppb)

RMSE +13.2 +15.2 +24.9 +24.8 +31.5 +30.0 +20.4 +16.5 +22.4 +20.9

MBE +8.1 +11.0 +2.9 +2.4 -1.5 -0.3 -4.7 +1.5 - 0.1 +3.4

MAE +10.8 +13.0 +18.9 +18.8 +22.9 +21.5 +15.2 +12.3 +16.3 +15.3

Table 4. Statistical evaluation of observed and predicted meteorological variables (2 m temperature and 10 m wind speed) and 
O3 concentrations within the first vertical layer for the NOUCM and UCM cases at several monitoring sites (14 meteorological 
monitoring sites and 20 air quality monitoring sites) during the entire simulation period.

Note: a: RMSE: root mean square error; b: MBE: mean bias error; c: MAE: mean absolute error.
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case has larger errors than the NOUCM case over the entire 
period owing to the sea breeze reinforcement. For the O3 
concentrations, the UCM case has smaller bias errors (MAE 
and MBE) and RMSE than the NOUCM case over the entire 
period, with the exception of during 06:00 - 10:00 LST.

Figure 8 presents the temporal variation in MBE val-
ues for surface temperature, wind speed, and O3 concentra-
tions for the UCM and NOUCM cases. Compared with the 
NOUCM case, the UCM case temperature showed warm 
bias of up to 2.3°C during most of the simulation periods, 
especially in the late afternoon and nighttime (Fig. 8a). At 
the same time, the ability of the UCM case to simulate O3 
concentrations was significantly improved in the late af-
ternoon and nighttime, with smaller MBE values than the 
NOUCM case (see Fig. 8c). This improvement in O3 predic-
tion of the UCM case during the late afternoon is attributable 
to more O3 production with regard to the increase in surface 
temperature and PBL heights under the under-predicted O3 
conditions. As a result, UCM application led to a slight im-
provement in the O3 simulation in the late afternoon and 
nighttime despite both the improvement and deterioration 
of the meteorological simulation results.

5. COnCLUSIOn

The impact of the UCM with detailed urban land-use 

and urban heats on meteorology and surface O3 concentra-
tions in the coastal urban area of Busan were evaluated in 
this study using the WRF-SMOKE-CMAQ model. The dif-
ferences between simulations with and without the UCM, 
termed the UCM case and the NOUCM case, respectively, 
showed the changes in local meteorological factors as well as 
surface O3 concentrations caused by UCM implementation.

The UCM case surface temperatures are generally 
warmer than in the NOUCM case, especially during the 
early morning (06:00 - 10:00 LST) and nighttime (20:00 
- 05:00 LST) on the episodic days. This urban heating ef-
fect from the UCM results in greater PBL heights of up to  
77.0 m in the early morning, due to turbulent mixing en-
hancement in the urban area. This modifies the local circu-
lations within the Busan metropolitan area. In the UCM case 
the sea breeze and offshore winds, which are the prevailing 
flows in the study area, are stronger due to the stronger con-
vergence caused by higher temperatures in the city center. 
The UHI effects induce faster and stronger sea breeze pen-
etration, but after sea breeze arrival at the urban center, its 
penetration further inland is limited.

These changes in meteorological conditions lead to 
slight changes in the O3 distribution across the study area. 
The surface O3 concentrations predicted by the UCM case, 
compared with the NOUCM case, increase by on average 
1.53, 0.35, and 3.2 ppb for the 06:00 - 10:00, 16:00 - 19:00, 

(a)

(b)

(c)

Fig. 8. Time-series plots of mean bias error in the NOUCM and UCM cases for (a) surface air temperature, (b) wind speed at the meteorological 
monitoring sites, and (c) O3 concentrations at the air quality monitoring sites in the study domain during 6 - 8 August 2006.
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and 20:00 - 05:00 LST, respectively. However, in the late 
afternoon (16:00 - 19:00 LST), remarkable increases in O3 
concentrations over the downwind (up to 17.1 ppb) and 
downtown areas (up to 10.6 ppb) are simulated in the UCM 
case. These are likely due to an increase in temperature and 
PBL heights in the urban areas and wind convergence zone 
movement with respect to the changing sea breeze and off-
shore flow interaction. The increase in O3 concentrations in 
the late afternoon contributes to reducing the CMAQ model 
bias for underestimating O3 conditions. The simulated O3 
concentrations in the UCM case are more similar to the ob-
served O3 concentrations than those of the NOUCM.

This study demonstrates that a UCM can represent 
the detailed urban canopy and urban heat effects, and also 
has the potential to more accurately simulate meteorologi-
cal factors and air pollutants. In order to reproduce accurate 
local meteorological conditions and air quality in an urban 
area, development and improvement of urban surface pa-
rameterizations within the UCM is needed based on specific 
urban morphology derived from high-resolution GIS data.
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