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Abstract

Modified local meteorology owing to heterogeneities in the urban-rural surface can af-
fect urban air quality. In this study, the impacts of urban land-surface forcing on air qual-
ity during a high ozone (O3) episode in the Seoul metropolitan area, South Korea, are
investigated using a high-resolution chemical transport model (CMAQ). Under a fair5

weather condition, the temperature excess (urban heat island) significantly modifies
boundary layer characteristics/structures and local circulations. The modified boundary
layer and local circulations result in an increase in O3 levels in the urban area of 16 ppb
in the nighttime and 13 ppb in the daytime. Enhanced turbulence in the deepened ur-
ban boundary layer dilutes pollutants such as NOx, and this contributes to the elevated10

O3 levels through the less O3 destruction by NO in the NOx-rich environment. The ad-
vection of O3 precursors over the mountains near Seoul by the prevailing valley-breeze
circulation in the mid- to late morning results in the build-up of O3 over the mountains in
conjunction with biogenic volatile organic compound (BVOC) emissions there. As the
prevailing local circulation in the afternoon changes to urban-breeze circulation, the15

O3-rich air masses over the mountains are advected over the urban area. The urban-
breeze circulation exerts significant influences on not only the advection process but
also the chemical process under the circumstances in which both anthropogenic and
biogenic (natural) emissions play important roles in forming O3. The intrusion of the air
masses, characterized by low NOx and high BVOC levels and long OH chain length,20

from surroundings increases ozone production efficiency in the urban area, thus lead-
ing to more O3 production. The relatively strong vertical mixing in the urban boundary
layer embedded in the sea-breeze inflow layer reduces NOx levels, thus contributing to
the elevated O3 levels in the urban area.
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1 Introduction

Air pollution continues to be a critical problem in major cities around the world (Banta
et al., 2005). Urban areas are often characterized by the presence of large emissions of
pollutants such as nitrogen oxides (NOx = NO+NO2) and volatile organic compounds
(VOCs) (Wood et al., 2009). In the presence of sunlight, secondary pollutants such5

as ozone (O3) are formed through photochemical reactions involving NOx and VOCs.
The occurrence of high O3 episodes is related in a complex way to various factors
that include emissions of primary pollutants, chemical reactions, and meteorological
conditions.

Local circulations that arise from surface heterogeneity have been regarded as im-10

portant factors governing the advection and diffusion of pollutants (e.g. Fast et al., 2000;
Makar et al., 2010). In urbanized basin areas, the impacts of mountain-/valley-breeze
circulations on air quality have been extensively investigated (e.g. Lu and Turco, 1994;
Fast and Zhong, 1998; Fast et al., 2000). The upslope wind in the daytime can trans-
port pollutants toward mountains, and the pollutants can be blown back over a city or15

vented out of the boundary layer into the free atmosphere (Fast et al., 2000). In addi-
tion, the pollutants vented out of the boundary layer can be entrained downward as the
boundary layer grows, leading to an increase in pollutant concentration at the surface
(Fast and Zhong, 1998).

In urbanized coastal areas, sea-/land-breeze circulations and the associated recir-20

culation of pollutants can play important roles in the production and accumulation of
O3. Elevated O3 levels in urbanized coastal areas have been observed and modeled
in a number of studies, showing that the recirculation of pollutants by sea-/land-breeze
circulations is largely responsible for the elevated O3 levels (e.g. Banta et al., 2005; Oh
et al., 2006; Levy et al., 2008; Martins et al., 2012). As O3 precursors from urban areas25

are advected over water by land-breeze circulation and thereby O3 is photochemically
produced over water where it does not readily deposit, the O3-rich air mass can be
advected onto land by sea-breeze circulation (Martins et al., 2012). Makar et al. (2010)
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reported a similar phenomenon in which the recirculation of pollutants by lake-breeze
circulation leads to elevated O3 levels in the southern Great Lakes region of North
America.

In spite of the great concern about the impacts of local circulations arising from natu-
ral surface heterogeneities on air quality, the impacts of urban-induced/-modified local5

circulation have received less attention. Considering the poor air quality in cities where
large amounts of pollutants are emitted, the impacts of urban land-surface forcing on
local circulations and air quality need to be better understood. It is known that under
favorable weather conditions the horizontal temperature difference between urban and
rural areas (i.e. urban heat island (UHI)) can induce a local circulation called the urban-10

breeze circulation (or UHI circulation). The urban-breeze circulation, characterized by
convergent flow toward the city center in the lower boundary layer and divergent flow
toward the surroundings in the upper boundary layer, has been observed in many cities
such as St. Louis, USA (Wong and Dirks, 1978) and Toulouse, France (Hidalgo et al.,
2008) and also examined in numerical studies (e.g. Lemonsu and Masson, 2002; Miao15

et al., 2009). A few studies have addressed the impacts of urban land-surface forcing
on local meteorology and air quality. Sarrat et al. (2006) demonstrated that enhanced
turbulence owing to the UHI effect in Paris, France, dilutes pollutants more inside the
higher boundary layer. Some studies of the impacts of urbanization on air quality have
reported that O3 concentration in cities can increase by several ppb owing to urban-20

ization that causes increases in temperature and boundary layer height, a reduction
in wind speed, and so on (Civerolo et al., 2007; Wang et al., 2007; Jiang et al., 2008;
Wang et al., 2009). However, the previous studies did not pay enough attention to the
impacts of urban-induced/-modified local circulation on air quality.

In this study, we aim to examine the impacts of urban land-surface forcing on air25

quality in the Seoul metropolitan area, South Korea. Seoul is a megacity with a popu-
lation of about 10 million, and the Seoul metropolitan area is the largest urban area in
South Korea. The geographical features in the study area are complex. Seoul is located
in a basin surrounded by mountains to the north, east, and south and is open to the
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Yellow Sea to the west. That is, the study area is characterized by an urbanized basin
and coastal area. Thus, in the study area, several local circulations, such as urban-
breeze, valley-breeze, and sea-breeze circulations, can develop and interact with each
other under favorable weather conditions, which in turn can substantially affect air qual-
ity. Ryu and Baik (2012) conducted a case study of daytime local circulations and their5

interactions in the Seoul metropolitan area using a high-resolution mesoscale atmo-
spheric model (with a finest horizontal grid size of 0.333 km). They showed that urban-
breeze circulation strongly modifies and/or interacts with valley-breeze and sea-breeze
circulations under a weak synoptic-wind condition. The same case in which elevated
O3 levels occurred is chosen in the present study. It is expected that changes in bound-10

ary layer characteristics/structures and local circulations caused by urban land-surface
forcing have considerable impacts on pollutant concentrations. To examine the impacts
of urban land-surface forcing on local meteorology and air quality, a hypothetical sim-
ulation in which the urban surface is replaced with a non-urban surface (cropland) is
carried out and results of the hypothetical simulation are compared with those of the15

baseline simulation.

2 Methodology

2.1 Meteorology modeling system

As a meteorological model, the Advanced Research Weather Research and Forecast-
ing (WRF) model version 3.2 (Skamarock et al., 2008) is employed. For a better rep-20

resentation of urban-surface characteristics, a more physically-based urban canopy
model (Seoul National University Urban Canopy Model (SNUUCM), Ryu et al., 2011)
is adopted, which is coupled with the WRF model. The same experimental setup and
physics options used in Ryu and Baik (2012) are adopted in this study, except for the
domain with the horizontal grid size of 0.333 km. Four domains with horizontal grid25

sizes of 27, 9, 3, and 1 km are considered. There are 43 vertical layers below the
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model top of 20 hPa and 16 vertical layers below 2 km. The size of the lowest vertical
grid is ∼ 35 m. The same case, 24 June 2010, as that chosen in Ryu and Baik (2012)
is also chosen in the present study. The model is integrated for 72 h from 09:00 LT
(= UTC+9 h) 22 June 2010. As initial and boundary conditions, the National Centers
for Environmental Prediction (NCEP) final analysis data are used. To represent more5

realistic urban land-use/land-cover (LULC) in the study area, a LULC dataset based
on Geographic Information System (GIS) data is used (Fig. 1b). Further description of
the LULC dataset is given in Ryu and Baik (2012). To examine the impacts of urban
land-surface forcing, an additional simulation in which the urban LULC is assumed to
be cropland LULC is performed.10

2.2 Air quality modeling system

The Community Multiscale Air Quality (CMAQ) modeling system has been designed
to model multiple air quality issues (Byun and Schere, 2006). In the present study, the
CMAQ model version 4.7.1 is used. The output of the WRF-SNUUCM simulation is
provided as the meteorological input for the air quality simulation. In the air quality sim-15

ulation, three domains with horizontal grid sizes of 9, 3, and 1 km are adopted (Fig. 1a).
The initial and boundary conditions for the outermost domain are provided by the de-
fault profiles implemented in the CMAQ model. The output of each outer domain is then
used as the boundary conditions for each inner domain. The number of vertical layers
used is 29, and the same vertical layers from the lowest layer to the 22nd layer (eta20

level=0.63) as those used in the WRF-SNUUCM simulation are used. The simulation
also starts from 09:00 LT 22 June 2010, and the simulation data of 24 June 2010 are
used for analysis. The Statewide Air Pollution Research Center version 99 (SAPRC-
99) chemical mechanism (Carter, 2000) and the fifth-generation modal CMAQ aerosol
module (Foley et al., 2010) are used. The Yamartino scheme (Yamartino, 1993) for25

advection and the Asymmetric Convective Model version 2 (ACM2) vertical diffusion
scheme (Pleim, 2007) are adopted. The ACM cloud processor using the ACM method-
ology to compute convective mixing is used (Foley et al., 2010).
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The gridded and speciated hourly anthropogenic emission data for South Korea are
prepared using the Sparse Matrix Operator Kernel Emissions (SMOKE) system (Houy-
oux et al., 2000). Following Moon et al. (2006), an emission inventory is developed un-
der the 2007 Clean Air Policy Support System of South Korea. The detailed methods
for the spatial and temporal allocations of anthropogenic emissions for various source5

categories are described in Kim et al. (2008). In the present study, the emission data for
NOx and VOC are modified based on the emission inventory in 2008. The total annual
emissions of NOx (VOC) for each source category are adjusted according to the ratio
of total annual emissions of NOx (VOC) in 2008 to those in 2007. To prepare biogenic
VOC (BVOC) emissions, the Model of Emissions of Gases and Aerosols from Nature10

(MEGAN) (Guenther et al., 2006) is used. As examples, the NOx and isoprene emis-
sion rates are given in Fig. 1c, d, respectively. In the study area, the NOx emission rate
is very high, particularly near the center and southwestern regions of Seoul. That is,
the urban area is characterized by a NOx-rich area. Note that the emission rate shown
in Fig. 1c is the rate at a working hour (15:00 LT) and on a working day (Thursday).15

There are large forest areas near Seoul (Fig. 1b), and a significant amount of isoprene
can be correspondingly emitted from the forest areas (Fig. 1d). In addition, on 24 June
2010, the air temperature was high and solar radiation was strong. Hence, the isoprene
emission rate is estimated to be high.

To examine the impacts of urban land-surface forcing on air quality, an additional20

simulation whose meteorological input is provided by the output of the additional WRF
simulation in which the urban LULC is replaced with the cropland LULC is performed
(hereafter, NO-URBAN simulation). In this simulation, both the anthropogenic and bio-
genic emissions are set to be identical to those in the baseline simulation (hereafter,
URBAN simulation).25

2.3 Process analysis

The process analysis tool implemented in the CMAQ modeling system is used in
this study. It comprises the Integrated Process Rate (IPR) and Integrated Reaction
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Rate (IRR) analyses. The IPR analysis quantifies the contributions of individual physi-
cal/chemical processes, such as advection, diffusion, deposition, and gas-phase chem-
istry processes, to changes in pollutant concentrations. The details of the analysis
method are introduced by Jeffries and Tonnesen (1994), and the details of the way it
is implemented in the CMAQ modeling system are given in Gipson (1999). Note that5

in the present study the horizontal and vertical advection processes are integrated into
the total advection process (TADV) and the horizontal and vertical diffusion processes
are integrated into the total diffusion process (TDIF). The IRR analysis has been devel-
oped to provide quantitative information on individual chemical transformations (Jeffries
and Tonnesen, 1994; Gipson, 1999). In the present study, several chemical reactions10

are grouped together to calculate the hydroxyl radical (OH) chain length. The OH chain
length is the number of times that OH goes through the ROx (= OH+HO2+RO2+RO)
cycle before a termination reaction (Sheehy et al., 2010). It provides a measure of the
overall efficiency of a gas-phase chemical mechanism in converting NO to NO2 for O3
formation in the atmosphere (Zhang et al., 2009). In the present study, the OH chain15

length is calculated based on the calculation method used in Mao et al. (2010). The
IPR and IRR analyses are applied to the atmospheric boundary layer (ABL), and hourly
output of the IPR/IRR analysis is used.

3 Ozone episode

A high O3 episode that occurred on 24 June 2010 is chosen in this study. As reported20

in Ryu and Baik (2012), the weather condition during the episode was characterized
by weak synoptic wind, high temperature, and clear sky under a high-pressure system.
The wind speed observed at the 850 hPa level in the daytime was lower than 4 m s−1.
Under the favorable weather condition, several local circulations such as urban-breeze,
valley-breeze, and sea-breeze circulations developed in the daytime. The weak wind25

condition is particularly important for the development of relatively strong urban-breeze
circulation. The weather condition during the episode was also conducive to elevated
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O3 levels in conjunction with increased BVOC emissions. On 24 June 2010, high O3
concentrations, which exceed the Korean air quality standard of 100 ppb (1-h average),
were recorded in the Seoul metropolitan area. Note that the weather on the previous
day (i.e. 23 June 2010) was also hot and clear under the high-pressure system.

4 Results and discussion5

4.1 Model validation

Simulated O3 concentrations are validated against observed ones (Figs. 2 and 3). Fig-
ure 2a shows the diurnal variations of observed O3 concentrations at air quality mon-
itoring sites (marked by white circles in Fig. 1b) and of simulated O3 concentration
range at the corresponding locations. Note that all the analyses in this study are per-10

formed using simulation data in the innermost domain. The air quality monitoring sites
corresponding to the urban LULC are adopted for the validation. The model adequately
reproduces the maxima and minima of O3 concentration. Although the model overesti-
mates O3 concentrations in the late afternoon and in the evening, the model captures
the diurnal variation of O3 concentration on average. Figure 2b shows a relation be-15

tween the observed and simulated O3 concentrations and performance statistics. The
simulated O3 concentrations are well correlated with the observed ones. Following Lei
et al. (2007) and Khiem et al. (2010), the mean normalized bias error (MNBE) and
mean normalized gross error (MNGE) with observed O3 concentrations above a 40-
ppb threshold are calculated. The MNBE and MNGE are 7.6 % and 26.4 %, respec-20

tively, and satisfy the performance criteria recommended by the US Environmental
Protection Agency (USEPA): MNBE is within ±15 % and MNGE is less than or equal
to 35 % (USEPA, 1991). The mean bias error (MBE) is 3.8 ppb, and the root-mean-
square error (RMSE) is 20.5 ppb. Overall, the model performs well in simulating O3
concentration.25
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The horizontal distributions of the simulated O3 and NO2 concentrations at 15:00 LT
are compared with those of the observed ones (marked by circles) in Fig. 3a, c. The
model underestimates O3 concentrations and overestimates NO2 concentrations near
the city center where NOx emissions are high. However, the high O3 and relatively low
NO2 concentrations in the northern and southern regions of Seoul are well reproduced.5

Although O3 concentrations are underestimated in the southwestern region of Seoul
and in the southwestern region outside Seoul where the sea breeze prevails, the high
NO2 concentrations in those regions are well captured by the model.

4.2 Impacts of urban land-surface forcing on local meteorology

To understand the impacts of urban land-surface forcing on local meteorology, results10

of the URBAN simulation are compared with those of the NO-URBAN simulation. Fig-
ure 4 displays the diurnal variations of air temperature at 2 m and ABL height averaged
over the urban analysis area indicated by the rectangle in Fig. 1b. The urban analy-
sis area that covers Seoul is chosen because urban-breeze circulation develops well
and interacts strongly with other local circulations in this area. Note that only the grids15

corresponding to the urban LULC in the urban analysis area are used in the analyses.
Because of the distinctive urban-surface characteristics, such as low surface moisture
availability, large thermal inertia, and low albedo, the air temperature in urban areas can
be higher by several degrees than that in surrounding rural areas. During the episode,
the air temperature is higher in the URBAN simulation than in the NO-URBAN simula-20

tion (Fig. 4a). In this study, the difference in air temperature between the two simula-
tions is defined as the UHI intensity. Under the fair weather condition, a strong UHI with
an intensity of 4–6 ◦C appears in the nighttime. Because of the warmer and less sta-
bilized air in the urban area, the ABL height in the URBAN simulation remains higher
in the nighttime (Fig. 4b). After sunrise (∼05:10 LT), the ABL grows deeper in the UR-25

BAN simulation and hence the difference in ABL height between the two simulations
becomes larger. In the afternoon, the UHI intensity increases (e.g. 0.3 ◦C at 11:00 LT,
0.5 ◦C at 13:00 LT, and 0.9 ◦C at 15:00 LT). The difference in ABL height becomes very

25800

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/25791/2012/acpd-12-25791-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/25791/2012/acpd-12-25791-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 25791–25832, 2012

Impacts of urban
land-surface forcing

on air quality

Y.-H. Ryu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

large in the late afternoon and in the early evening, i.e. around sunset. For example,
the difference in ABL height is ∼900 m at 18:00 LT. Because of the large thermal inertia
of the urban surface, the urban surface cools off more slowly than the cropland does,
thus maintaining the deepened urban boundary layer.

Not only the ABL but also the wind in the urban area is significantly modified by5

urban land-surface forcing. Here, the wind induced and/or modified by urban-land sur-
face forcing is briefly mentioned. In both the URBAN and NO-URBAN simulations, the
valley-breeze circulation prevails in the mid- to late morning (∼08:00–11:00 LT). As
the UHI intensity increases in the afternoon, on the other hand, the prevailing local
circulation in the URBAN simulation turns to the urban-breeze circulation induced by10

the daytime UHI. In the afternoon, the valley-breeze circulation weakens because its
direction is opposite to the direction of the urban-breeze circulation. As an example,
the horizontal wind field in the afternoon is illustrated in Fig. 3a. It is seen that the
strong convergent flow that forms part of the urban-breeze circulation is predominant
in the northern and southeastern regions of Seoul that are not yet influenced by the15

sea breeze. However, in the NO-URBAN simulation, the valley-breeze circulation still
prevails in the afternoon (Fig. 3b).

Under the influence of the high-pressure system, the sea-/land-breeze circulations
prevail on the episode day and the previous day. In the nighttime and in the early
morning, the land breeze dominates in the study area. The sea breeze starts to develop20

in the mid-morning on 24 June 2010 and penetrates inland. At 15:00 LT, the strong
westerly sea breeze in both simulations is apparent in Fig. 3a, b. At this time, the sea
breeze prevails in the western region outside Seoul and in the southwestern region
of Seoul (e.g. in region S marked by the rectangle with thick-grey line in Fig. 3e).
Furthermore, owing to urban land-surface forcing, the sea breeze penetrates further25

inland and is intensified in the URBAN simulation. The location of the sea-breeze front
at this time in the two simulations is given in Sect. 4.5.
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4.3 Impacts of urban-modified boundary layer on air quality

The ABL height influences significantly pollutant concentrations, and hence urban-
modified ABL can have considerable impacts on pollutant concentrations in urban ar-
eas. Figure 5 shows the diurnal variations of near-surface concentrations of O3, NOx,
Ox (= O3 +NO2 in this study), and CO averaged over the urban analysis area in the5

URBAN and NO-URBAN simulations. Note that the near-surface concentrations are
the concentrations at the lowest model level. On average, O3 concentration is 16 ppb
higher in the nighttime (from 00:00 to 05:00 LT and from 20:00 to 24:00 LT) and 13 ppb
in the daytime (from 06:00 to 19:00 LT) in the URBAN simulation than in the NO-
URBAN simulation. In the nighttime, the higher O3 concentration is primarily due to10

the less O3 destruction by NO in the deeper urban boundary layer through the reaction
NO+O3 → NO2 +O2. In the deepened urban boundary layer, the primary pollutants
such as NOx and CO are diluted and hence their near-surface concentrations become
lower (Fig. 5b, d), as demonstrated by Sarrat et al. (2006). The less O3 destruction by
NO is particularly prominent in the evening when simultaneously the urban boundary15

layer remains deep and there are massive emissions of NOx in conjunction with rush-
hour traffic. In the evening, the differences in NOx and CO concentrations between the
two simulations are large. The lower Ox level in the evening (and also at night and in
the morning) is therefore due to the lower NO2 concentration in the URBAN simulation.
In the shallow ABL in the NO-URBAN simulation, O3 is largely destructed by NO and20

its concentration decreases rapidly over time as the ABL height decreases, particularly
in the evening. In the morning, the differences in NOx and CO concentrations between
the two simulations are also large but the difference in O3 concentration is rather small.
In the morning, the near-surface O3 concentration increases significantly in both sim-
ulations. This is due to the mixing bringing down O3 from the previous day’s reservoir25

aloft (residual layer) as well as the chemical production. Although in the morning O3
is less destructed by NO in the deepened urban boundary layer, the rapid increase
in O3 concentration as a result of the mixing bringing down O3-rich air from above in
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both simulations leads to the small difference in O3 concentration. In the afternoon, the
difference in O3 concentration between the two simulations becomes large. For exam-
ple, O3 concentration is 6 ppb higher at 13:00 LT and 17 ppb at 16:00 LT in the URBAN
simulation than in the NO-URBAN simulation. Apart from the titration effect, more O3
is produced in the afternoon, as can be inferred from the higher Ox level in the URBAN5

simulation.
To evaluate the contributions of individual physical/chemical processes to changes

in O3 concentration, an IPR analysis is performed. Figure 6 shows the ABL-averaged
contributions of individual physical/chemical processes for the period from 12:00 to
16:00 LT when the chemical production of O3 is large. Based on the IPR analysis, the10

larger chemical production of O3 in the URBAN simulation is confirmed. The contribu-
tion of the advection process is also larger in the URBAN simulation. This implies that
the wind induced and/or modified by urban land-surface forcing also contributes to the
elevated O3 levels. While O3 in the residual layer is brought into the ABL in the morning
when the ABL grows rapidly, O3 is partially vented out of the ABL into the free atmo-15

sphere in the afternoon by intense upward motion (see the positive contribution of the
advection process above the ABL in Fig. 7b) and vigorous mixing (negative contribu-
tion of the diffusion process in Fig. 6) in the URBAN simulation. The upward transport
of O3 into the free atmosphere can lead to an increased lifetime of O3 there (Henne
et al., 2004) and possibly contribute to the long-range transport of O3. Relatively large20

difference in the contribution of the dry deposition process is found. The dry deposition
velocity averaged over the urban analysis area in the daytime in the NO-URBAN simu-
lation is almost 2 times that in the URBAN simulation (not shown). This results from the
change in land-surface characteristics, e.g. from the lesser vegetated surface (urban
surface) to the highly vegetated surface (cropland). As the urban surface is altered by25

the cropland, the stomatal resistance, mesophyl resistance, lower canopy resistance,
and other resistances are correspondingly altered. However, the effect of the dry depo-
sition process is confined to the lowest layer, so the difference in the contribution of the
dry deposition process in the ABL between the two simulations is small relative to that
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of the chemical or advection process. The more intense upward motion in the urban
area results in more O3 loss by the cloud process, but this contribution is very small.

The contributions of individual processes in the vertical direction are examined. Fig-
ure 7 shows the vertical profiles of O3 and Ox concentrations and contributions of
individual processes to O3 and Ox concentrations averaged over the urban analysis5

area for the period from 12:00 to 16:00 LT. The O3 and Ox concentrations in the ABL
are higher in the URBAN simulation than in the NO-URBAN simulation (Fig. 7a, c). The
differences in the contribution of the chemical process to O3 and Ox concentrations be-
tween the two simulations are large in the surface layer and in the upper ABL. In the
URBAN simulation, the near-surface O3 concentration decreases less by the chemical10

process (Fig. 7b). Besides the less O3 destruction by NO, the larger chemical produc-
tion of Ox in the surface layer (Fig. 7d) implies that more O3 is produced there. In the
upper ABL, the large chemical production of O3 in the URBAN simulation results from
the upward transport of O3 precursors by both enhanced upward motion and turbu-
lence in the deepened urban boundary layer. Considering the larger contributions of15

the advection and diffusion processes to Ox concentration in the upper ABL (Fig. 7d)
relative to those to O3 concentration there (Fig. 7b), NO2 is transported to the upper
ABL by the advection and diffusion processes. Not only NO2 but also other precursors
are transported upward (not shown), and therefore more Ox as well as O3 can be pro-
duced in the upper ABL in the urban area. Therefore, the larger chemical production20

of O3 in the ABL in the URBAN simulation is attributed to the less O3 destruction by
NO, the more O3 production in the surface layer, and the more O3 production in the up-
per ABL owing to the upward transport of O3 precursors. Not only the urban-modified
boundary layer but also the urban-induced/-modified local circulation contributes to the
increase in the chemical production of O3 in the URBAN simulation. The impacts of25

urban-induced/-modified local circulation are described in detail in Sect. 4.4.
In the URBAN simulation, the advection process contributes to the increase in O3

concentration in the lower ABL (Fig. 7b). In the NO-URBAN simulation, the advection
process makes a negligible contribution in the lower ABL but a positive contribution
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in the upper ABL. The different contributions of the advection process are closely re-
lated to the prevailing local circulation: urban-breeze circulation versus valley-breeze
circulation. The detailed analysis results are presented in the following section.

In the URBAN simulation, the near-surface O3 concentration decreases less by the
dry deposition process. In the NO-URBAN simulation, the decrease in O3 concentration5

by the dry deposition and chemical processes in the surface layer is compensated by
the downward diffusion of O3 from the upper layers.

4.4 Impacts of urban-induced/-modified local circulation on air quality

As mentioned in Sect. 4.2, the prevailing local circulation in the mid- to late morning
in the study area is the valley-breeze circulation. As the sensible heat from the urban10

surface increases and accordingly the air temperature increases over time, the valley-
breeze circulation weakens and urban-breeze circulation starts to develop in the late
morning/early afternoon. As an example, Fig. 8 shows the vertical cross sections of
NO2 concentration, the results of the IPR analysis for NO2 and O3 concentrations,
and wind along the line M-N (depicted in Fig. 1d) at 11:00 LT when the valley-breeze15

circulation develops in both simulations. The cross section along the line M-N is chosen
to show a representative example of the valley-breeze and urban-breeze circulations.
The valley-breeze circulation is characterized by upslope flow along the mountain slope
and return flow in the upper ABL. In the URBAN simulation, it is found that the intensity
of upslope flow is weaker than that in the NO-URBAN simulation because of the higher20

air temperature in the urban valley (UHI effect). The wind field in the URBAN simulation
shows an onset of an urban-breeze circulation near the lower part of the mountain
(∼37◦27′ N). In both simulations, NO2 is advected over the mountain crest following
the upslope wind, thus showing positive contributions of the advection process there.
Because a larger amount of NO2 is advected over the mountain by the stronger upslope25

wind in the NO-URBAN simulation, the chemical production of O3 over the mountain is
larger (Fig. 8f). In both simulations, besides the advection of NO2 and other precursors
(not shown) by the valley-breeze circulation, the larger chemical production of O3 over
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the mountain in comparison with that in the urban area (cropland area) is a result of
the absence of massive NOx emissions and the presence of BVOC emissions. The
O3 concentration over the mountain is of course higher than that in the urban area
(cropland area) (not shown). The advection of NO2 in the mid- to late morning also
appears over other mountains in the study area.5

In the afternoon, the prevailing local circulations in the two simulations are different
from each other (for example, see Fig. 3a, b). As shown in the area-averaged concen-
tration (Fig. 5), the O3 concentration in the urban analysis area is generally higher in the
URBAN simulation than in the NO-URBAN simulation (compare Fig. 3a with Fig. 3b). In
particular, the difference in O3 concentration is large near the city boundaries (Fig. 3e).10

In general, the NO2 concentration is lower in the URBAN simulation particularly in the
regions where the convergent flow appears (Fig. 3f).

In both simulations, the sea breeze brings O3-rich air onto land. The advection of
O3 precursors by the land breeze in the nighttime and in the early morning leads to
the build-up of O3 over the Yellow Sea (not shown). It is seen that O3 concentration is15

high in the regions where the sea breeze prevails, except for the regions where NOx
emissions are high (e.g. region S) (Fig. 3a, b). The O3 concentration in region S is
also higher in the URBAN simulation than in the NO-URBAN simulation (Fig. 3e). The
detailed analysis results of the impacts of urban-modified sea breeze on air quality
are given in Sect. 4.5. The present section focuses on the impacts of urban-breeze20

circulation on air quality.
To get some insight into the reason for the elevated O3 levels in the presence of

urban land-surface forcing, the contributions of the advection and chemical processes
averaged in the lower ABL (from the surface to mid-ABL) are presented in Fig. 9. In
the lower ABL where the local circulations directly influence near-surface pollutant con-25

centrations, the O3 concentration in the regions near the city boundaries significantly
increases in the URBAN simulation but decreases in the NO-URBAN simulation by the
advection process (Fig. 9a, b). In the URBAN simulation, the O3-rich air is advected
over the urban area from the surroundings following the urban-breeze circulation. On
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the other hand, in the NO-URBAN simulation, O3 is advected toward the surroundings
by the valley-breeze circulation. Therefore, the difference in the contribution of the ad-
vection process to O3 concentration between the two simulations is large near the city
boundaries (Fig. 9e). Comparing Fig. 9c with Fig. 9d, difference in the contribution of
the chemical process between the two simulations is found (Fig. 9f). As O3 is less de-5

structed by NO in the URBAN simulation, the contribution of the chemical process is
larger in the URBAN simulation. Interestingly, the contribution of the chemical process
in the URBAN simulation is larger in the regions where the convergent flow prevails.
This indicates that more O3 is produced owing to the urban-breeze circulation.

Figure 10 shows the vertical cross sections of O3 concentration, contributions of the10

advection and chemical processes, and wind along the line M-N at 15:00 LT. In the UR-
BAN simulation, the urban-breeze circulation develops in the urban area adjacent to
the mountain. Another well-developed urban-breeze circulation is found in the northern
region of the cross section (∼37◦40′ N). It is clearly seen that following the convergent
flow the O3-rich air is advected over the urban area from the surroundings (Fig. 10c), as15

seen in the horizontal distribution of the contribution of the advection process (Fig. 9a).
The O3-rich air over the mountain is a result of the supply of NO2 from the urban area
by the valley-breeze circulation in the mid- to late morning and BVOC emissions from
the forest area. As the prevailing local circulation in the afternoon turns to the urban-
breeze circulation, O3 over the mountain is brought into the urban area. Thus, under20

the circumstances in which both anthropogenic and biogenic (natural) emissions play
important roles in forming O3, the urban-breeze circulation that prevails against the
valley-breeze circulation contributes substantially to the elevated O3 levels in the ur-
banized basin area by recirculating the pollutants. This implies that urban land-surface
forcing can exacerbate air pollution problems in urban areas, particularly those adja-25

cent to mountains.
In the NO-URBAN simulation, on the other hand, the valley-breeze circulations still

prevail in the southern and northern regions of the cross section (see Figs. 8b and 10b).
Therefore, O3 is advected toward the surroundings in the lower ABL, showing negative
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contributions of the advection process there (Fig. 10d). However, the convergent flow
toward the basin in the upper branch of the valley-breeze circulation brings the O3-rich
air over the cropland area, thus yielding positive contributions of the advection process
in the upper ABL. This recirculation can contribute to an increase in near-surface O3
concentration. Ozone in the upper ABL diffuses downward, as can be inferred from5

the large negative contribution of the diffusion process in the upper ABL (Fig. 7b). In
addition, O3 aloft can be entrained as the ABL in the basin grows over time. These
results are consistent with the findings of previous studies of the impacts of valley-
breeze circulation on air quality (e.g. Fast and Zhong, 1998). However, the recirculated
O3 tends to stay in the upper ABL, exhibiting the relatively large vertical gradient of10

O3 concentration (Fig. 10b). In contrast, in the presence of urban land-surface forcing,
the direct advection of O3-rich air from the surroundings occurs in the lower ABL and
thereby contributes greatly to the elevated O3 levels in the urban area.

In the URBAN simulation, a noticeable result is that the contribution of the chemi-
cal process is also large in the regions where the convergent urban breeze prevails15

(Fig. 10e). To understand the increase in O3 production in these regions, an IRR anal-
ysis is performed (Fig. 11). Over the mountain and in the regions where the urban
breeze prevails, the OH chain length is long (Fig. 11a). The long OH chain length in the
air mass over the mountain is attributed to the low NOx and high BVOC levels, as can
be inferred from the emission fields (Fig. 1c, d). Here, a NOx level below ∼15 ppb (daily20

averaged NOx level over the surrounding rural area) is considered as the low NOx level.
This air mass is characterized by high O3, low NOx, high BVOC, and high oxygenated
VOC levels, and the OH level in the air mass is of course high (not shown). As the
air mass that has different characteristics moves toward the urban area following the
convergent flow, the rate of reactions between OH and VOCs (

∑
i
ki [OH][VOCi ], here-25

after denoted by k[OH][VOC]) increases in the regions where the urban breeze prevails
(Fig. 11c). The reactions between OH and VOCs further produce peroxy radicals such
as HO2 and RO2. As the peroxy radicals oxidize NO to NO2 (Fig. 11e), more O3 can
be produced there (Fig. 10e). In the NO-URBAN simulation, the supply of NO2 over
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the mountain by the valley-breeze circulation occurs continuously and thereby more
O3 is produced over the mountain where massive NOx emissions are absent (Fig. 10f).
However, there are no significant changes in the contribution of the chemical process
and in the chemical reaction rates associated with the valley-breeze circulation in the
cropland area (Figs. 10f and 11b, d, f). Therefore, it is found that the changes in the5

contribution of the chemical process and in the chemical reaction rates associated with
local circulation occur considerably when urban land-surface forcing is present.

In the city center where NOx emissions are high, the OH chain length is short in
both simulations (Fig. 11a, b). In the NOx-rich area such as the city center, OH is
predominantly removed by the reaction with NO2 (Seinfeld and Pandis, 2006). Thus,10

the chemical production of O3 is smaller in the city center than in the surroundings.
However, in the upper urban boundary layer in the city center (∼37◦35′ N), the slightly
increased NO2 production from peroxy radicals (Fig. 11e) and the increased O3 pro-
duction (Fig. 10e) are seen in the URBAN simulation. The upward transport of O3
precursors by the rising motion of the urban-breeze circulation is responsible for the15

increased O3 production in the upper urban boundary layer.

4.5 Ozone production efficiency

The ozone production efficiency (OPE) can be defined as the number of O3 molecules
photochemically produced by a molecule of NOx before it is lost from the NOx-O3 cycle
(Zaveri et al., 2003). The OPE is first introduced by Liu et al. (1987) and has been exten-20

sively used to study air quality (e.g. Nunnermacker et al., 2000; Kleinman et al., 2002;
Daum et al., 2003; Zaveri et al., 2003; Lei et al., 2007). The OPE has been reported to
range from 2–8 in urban areas to 46 (Wood et al., 2009). In the present analysis, the
net chemical production of Ox instead of O3 is used to ignore the titration reaction of O3
by NO. Following Lei et al. (2007), the OPE is calculated as the ratio of net chemical25

production of Ox to that of NOz, i.e. P(Ox)/P(NOz), where NOz is the NOx oxidation
products. The near-surface OPE as a function of near-surface NOx concentration in
the urban analysis area is depicted in Fig. 12. The k[OH][VOC] is represented by color.
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In both simulations, the OPE tends to decrease as NOx concentration increases, as
previously demonstrated in many studies for polluted areas (e.g. Kleinman et al., 2002;
Lei et al., 2007). As can be expected from the higher O3 concentration in the URBAN
simulation, the average OPE in the URBAN simulation (6.9) is higher than that in the
NO-URBAN simulation (6.0). The average k[OH][VOC] is also higher in the URBAN5

simulation (10.4 ppb h−1) than in the NO-URBAN simulation (9.4 ppb h−1). In particular,
air masses characterized by high OPE (>∼6), relatively low NOx level (<∼20 ppb), and
high k[OH][VOC] (>∼10 ppb h−1) appear in the URBAN simulation. Such air masses
are also seen in the NO-URBAN simulation but to a lesser extent relative to those in
the URBAN simulation.10

To examine the characteristics of the air masses yielding the high OPE, the scatter
diagrams for region A in the two simulations are shown in Fig. 13a, b. In Fig. 13, the
color of outer circles indicates k[OH][VOC] at 11:00 LT and the color of inner circles
indicates that at 15:00 LT. Region A is characterized as being directly influenced by the
urban-breeze circulation (see Fig. 3e). The OPE in region A is higher in the URBAN15

simulation (8.8 on average) than in the NO-URBAN simulation (6.0 on average). The air
masses in region A are characterized by relatively low NOx level and high k[OH][VOC],
which are similar to the air masses in the surroundings (e.g. mountainous areas where
BVOC emissions are significant). Previously, the significantly high OPE was observed
in regions with high isoprene emissions (e.g. Luria et al., 2000; Ryerson et al., 2001).20

As compared with k[OH][VOC] at 11:00 LT (6.7 ppb h−1 on average), it is confirmed
that owing to the advection of the air masses from the surroundings k[OH][VOC] in-
creases significantly at 15:00 LT (12.0 ppb h−1 on average). This advection effect is
also confirmed by comparing the results in region A with those in region C where the
urban-breeze circulation is less predominant. The difference in k[OH][VOC] at 15:00 LT25

between the URBAN and NO-URBAN simulations in region C is not as evident as that
in region A. On the other hand, the air masses in region A in the NO-URBAN simulation
are characterized by low OPE, high NOx level, and low k[OH][VOC] relative to those
in the URBAN simulation. From the scatter diagram, it is found that the increase in
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the chemical production of O3 associated with the urban-breeze circulation examined
through the example in Figs. 10 and 11 also occurs in other regions where the urban-
breeze circulation prevails. Thus, it is concluded that the increase in OPE in the urban
area is largely attributed to the advection of the air masses from the surroundings by
the urban-breeze circulation.5

For region C where NOx emissions are high, the OPE and k[OH][VOC] in the after-
noon are slightly higher in the URBAN simulation than in the NO-URBAN simulation
(Fig. 13c, d). Region C coincides with the city center and reveals relatively strong UHI
intensity (not shown). The difference in ABL height in region C is also large. That is, the
dilution effect in the deepened urban boundary layer is large in region C. As a result, the10

NOx level in this region is lower in the URBAN simulation than in the NO-URBAN sim-
ulation. A decrease in NOx level can reduce the amount of OH terminated and thereby
increase the OPE. Yet, owing to the still high NOx level, the dilution effect associated
with the urban-modified boundary layer appears to be small relative to the advection
effect associated with the urban-induced/-modified local circulation examined for re-15

gion A.
However, the dilution effect can be large in the regions where the sea breeze prevails

(e.g. region S). As demonstrated by Ryu and Baik (2012), the depth of the sea-breeze
inflow layer can increase significantly in the urban area owing to the UHI effect. When
comparing Fig. 13e with Fig. 13f, an increase in OPE, a decrease in NOx level, and an20

increase in k[OH][VOC] are found in the URBAN simulation. To examine the impacts of
the urban-modified sea breeze, the vertical cross sections of NOx and O3 concentra-
tions and wind along the line E-F (Fig. 1c) are presented in Fig. 14. The location of the
sea-breeze front is indicated by blue arrow. The NOx level in region S is significantly
lower in the URBAN simulation than in the NO-URBAN simulation. The relatively strong25

mixing in the urban boundary layer embedded in the sea-breeze inflow layer contributes
markedly to the decreased NOx level. In Fig. 14c, an elevated O3 level behind region
S is seen. Even though the O3-rich air is advected following the sea-breeze inflow, O3
is largely destructed by NO in the urban area where NOx emissions are high (e.g. in
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region S). In region S, the less O3 destruction by NO and relatively high OH level (not
shown) result in the higher O3 concentration and the higher OPE. In addition to region
S, a deepened urban boundary layer, a decrease in NOx level, and an increase in O3
concentration in region C in the URBAN simulation are seen in Fig. 14a, c.

5 Summary and conclusions5

In this case study, the impacts of urban land-surface forcing on air quality in the
Seoul metropolitan area were examined. Under the fair weather condition, the tem-
perature excess (urban heat island) significantly modifies the boundary layer charac-
teristics/structures and local circulations. On average, the O3 concentration is 16 ppb
higher in the nighttime and 13 ppb in the daytime in the URBAN simulation than in the10

NO-URBAN simulation even though the emissions are the same in both simulations.
Owing to the intense heating from the urban surface, the turbulent mixing is enhanced
and the boundary layer height correspondingly increases. Pollutants are more diluted
and well mixed in the deepened urban boundary layer, and this results in less O3 de-
struction by NO. Therefore, the O3 concentration is higher in the URBAN simulation15

than in the NO-URBAN simulation. This dilution effect dominates especially in the late
afternoon, in the nighttime, and under the influence of the sea breeze.

The urban-breeze circulation is induced by the urban heat island, and this circulation
prevails in the afternoon against the valley-breeze circulation that is predominant in
the mid- to late morning. The change in prevailing local circulation from the valley-20

breeze circulation to the urban-breeze circulation in the afternoon acts to effectively
recirculate pollutants. In the mid- to late morning, pollutants such as NO2 are advected
over the mountains by the upslope wind. This contributes to the build-up of O3 over the
mountains in conjunction with BVOC emissions there. As the prevailing local circulation
in the afternoon turns to the urban-breeze circulation that is opposite to the valley-25

breeze circulation, the O3-rich air over the mountains is brought into the urban area.
Hence, the O3 concentration in the regions where the urban breeze prevails increases
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directly by the advection of the O3-rich air. In addition, the intrusion of the air masses,
characterized by low NOx and high BVOC levels and long OH chain length, from the
surroundings by the urban-breeze circulation increases ozone production efficiency
in the urban area, thus yielding more O3 production. It is concluded that the urban-
breeze circulation that prevails against the valley-breeze circulation exerts significant5

influences on both the advection and chemical processes under the circumstances
in which both anthropogenic and biogenic (natural) emissions play important roles in
forming O3. Furthermore, the upward transport of pollutants by the rising motion of the
urban-breeze circulation contributes to the increase in the chemical production of O3
in the upper urban boundary layer.10

This study demonstrated that urban land-surface forcing can increase O3 concentra-
tion in the urban area under the fair weather condition that is conducive to both strong
urban heat island and elevated O3 levels. The results presented in this study suggest
that urban impacts on local meteorology and air quality can be significant under favor-
able weather conditions.15
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Fig. 1. (a) Domain configuration of the CMAQ model simulation with terrain height (shaded).
(b) Land-use/land-cover (LULC) in the innermost domain. The white circles indicate air quality
monitoring sites whose data are used for the validation. The rectangle indicates the urban anal-
ysis area. (c) NOx and (d) isoprene emission rates at 15:00 LT 24 June 2010 in the innermost
domain.
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Fig. 2. (a) Diurnal variations of observed and simulated near-surface O3 concentrations on
24 June 2010. The dots indicate the observed O3 concentrations at air quality monitoring sites
marked in Fig. 1b, and shading indicates the simulated O3 concentration range at the cor-
responding locations. The thin and thick lines represent average observed and simulated O3
concentrations, respectively. (b) Scatter diagram of observed O3 concentrations and simulated
ones on 24 June 2010. The MNBE and MNGE refer to the mean normalized bias error and
mean normalized gross error, respectively, and their units are %. The MBE and RMSE refer to
the mean bias error and root-mean-square error, respectively, and their units are ppb.
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Fig. 3. Horizontal distributions of (a) O3 and (c) NO2 concentrations and horizontal wind at
the lowest model level at 15:00 LT in the URBAN simulation. The circles in (a) and (c) show
the observed O3 and NO2 concentrations, respectively. (b) and (d) are the same as (a) and
(c), respectively, but for the NO-URBAN simulation. (e) Differences in O3 concentration and
horizontal wind between the two simulations (URBAN minus NO-URBAN). (f) is the same as
(e) but for NO2. The concentration units are ppb. Region A, region C, and region S are marked
in (e) by the three rectangles with thin-black line, the rectangle with thick-blue line, and the
rectangle with thick-grey line, respectively.
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(a)

(b)

Fig. 4. Diurnal variations of (a) air temperature at 2 m and (b) atmospheric boundary layer (ABL)
height averaged over the urban analysis area in the URABN and NO-URBAN simulations.
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(a) (b)

(c) (d)

Fig. 5. Diurnal variations of near-surface concentrations of (a) O3, (b) NOx, (c) Ox (= O3+NO2),
and (d) CO averaged over the urban analysis area in the URBAN and NO-URBAN simulations.
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URBAN NO-URBAN

Fig. 6. Time-integrated contributions of individual processes averaged in the ABL over the
urban analysis area for the period from 12:00 to 16:00 LT in the URBAN and NO-URBAN sim-
ulations.
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Fig. 7. 4 h-average vertical profiles of (a) O3 and (c) Ox concentrations and contributions of
individual processes to (b) O3 concentration and (d) Ox concentration averaged over the urban
analysis area for the period from 12:00 to 16:00 LT. Note that the solid (dashed) lines in (b) and
(d) indicate the results of the URBAN (NO-URBAN) simulation. The same abbreviations for the
processes as those in Fig. 6 are used.
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Fig. 8. Vertical cross sections of (a) NO2 concentration, (c) contribution of the advection pro-
cess to NO2 concentration, (e) contribution of the chemical process to O3 concentration, and
wind along the line M-N in Fig. 1d at 11:00 LT in the URBAN simulation. (b), (d), and (f) are the
same as (a), (c), and (e), respectively, but for the NO-URBAN simulation. The color of circles
on the x-axis corresponds to the color of the LULC in Fig. 1b.
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Fig. 9. Horizontal distributions of column-averaged contributions of the (a) advection process
and (c) chemical process to O3 concentration in the lower ABL at 15:00 LT in the URBAN simu-
lation. (b) and (d) are the same as (a) and (c), respectively, but for the NO-URBAN simulation.
(e) and (f) show differences in the contributions of the advection and chemical processes be-
tween the two simulations, respectively. The units are ppb h−1. The horizontal winds are the
winds at the lowest model level.
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Fig. 10. Vertical cross sections of (a) O3 concentration, (c) contribution of the advection pro-
cess, (e) contribution of the chemical process to O3 concentration, and wind along the line M-N
in Fig. 1d at 15:00 LT in the URBAN simulation. (b), (d), and (f) are the same as (a), (c), and (e),
respectively, but for the NO-URBAN simulation. The color of circles on the x-axis corresponds
to the color of the LULC in Fig. 1b.
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Fig. 11. Vertical cross sections of (a) OH chain length, (c) rate of reactions between OH and
VOCs, (e) NO2 production from the reactions between NO and peroxy radicals (HO2 and RO2),
and wind along the line M-N in Fig. 1d at 15:00 LT in the URBAN simulation. (b), (d), and (f)
are the same as (a), (c), and (e), respectively, but for the NO-URBAN simulation. The color of
circles on the x-axis corresponds to the color of the LULC in Fig. 1b.
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Fig. 12. Scatter diagrams of ozone production efficiency (OPE, calculated as P(Ox)/P(NOz))
and NOx concentration at 15:00 LT in the urban analysis area in the (a) URBAN and (b) NO-
URBAN simulations. The color of circles indicates the rate of reactions between OH and VOCs
(denoted by k[OH][VOC]). The unit of k[OH][VOC] is ppb h−1.
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Fig. 13. Scatter diagrams of ozone production efficiency (OPE, calculated as P(Ox)/P(NOz))
and NOx concentration at 15:00 LT in the (a) URBAN and (b) NO-URBAN simulations in re-
gion A, the (c) URBAN and (d) NO-URBAN simulations in region C, and the (e) URBAN and (f)
NO-URBAN simulations in region S. The values of average OPE are the values at 15:00 LT. The
color of outer (inner) circles indicates the rate of reactions between OH and VOCs, denoted by
k[OH][VOC], at 11:00 (15:00) LT. The unit of k[OH][VOC] is ppb h−1.
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Fig. 14. Vertical cross sections of (a) NOx and (c) O3 concentrations and wind along the line
E-F in Fig. 1c at 15:00 LT in the URBAN simulation. (b) and (d) are the same as (a) and (c),
respectively, but for the NO-URBAN simulation. The blue arrow indicates the location of the
sea-breeze front.
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