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Abstract. Modified local meteorology owing to hetero- embedded in the sea-breeze inflow layer reduceg liséels,
geneities in the urban—rural surface can affect urban air qualthus contributing to the elevateds@vels in the urban area.
ity. In this study, the impacts of urban land-surface forcing
on ozone air quality during a high ozone g)Cepisode in
the Seoul metropolitan area, South Korea, are investigated

using a high-resolution chemical transport model (CMAQ). 1 Introduction

Under fair weather conditions, the temperature excess (urban

heat island) significantly modifies boundary layer character-Air pollution continues to be a critical problem in major cities
istics/structures and local circulations. The modified bound-around the world (Banta et al., 2005). Urban areas are often
ary layer and local circulations result in an increase ife- characterized by the presence of large emissions of pollutants
els in the urban area of 16 ppb in the nighttime and 13 ppb insuch as nitrogen oxides (NG= NO + NO) and volatile

the daytime. Enhanced turbulence in the deep urban bound?rganic compounds (VOCs) (Wood et al., 2009). In the pres-
ary layer dilutes pollutants such as N@nd this contributes ~ence of sunlight, secondary pollutants such as ozoged@

to the elevated @levels through the reduceds@estruc-  formed through photochemical reactions involving Néhd

tion by NO in the NQ-rich environment. The advection of VOCs (e.g. Duncan et al., 2010). The occurrence of high O
Os precursors over the mountains near Seoul by the prevailepisodes is related in a complex way to various factors that
ing valley-breeze circulation in the mid- to late morning re- include emissions of primary pollutants, chemical reactions,
sults in the build-up of @over the mountains in conjunction and meteorological conditions.

with biogenic volatile organic compound (BVOC) emissions ~ Local circulations that arise from surface heterogeneity
there. As the prevailing local circulation in the afternoon have been regarded as important factors governing the ad-
Changes to urban-breeze circulation, therdh air masses vection and diffusion of pollutants (e.g. Fast et al., 2000;
over the mountains are advected over the urban area. Thiakar et al., 2010). In urbanized basin areas, the impacts
urban-breeze circulation exerts significant influences on noff mountain-/valley-breeze circulations on air quality have
only the advection of @but also the chemical production been extensively investigated (e.g. Lu and Turco, 1994; Fast
of O3 under the circumstances in which both anthropogenicand Zhong, 1998; Fast et al., 2000). The upslope wind in the
and biogenic (natural) emissions play important roles gn O daytime can transport pollutants toward mountains, and the
formation. As the air masses that are characterized by lowpollutants can be blown back over a city or vented out of the
NOy and high BVOC levels and long OH chain length are ad- boundary layer into the free atmosphere (Fast et al., 2000). In
vected over the urban area from the surroundings, the ozonaddition, the pollutants vented out of the boundary layer can
production efficiency increases in the urban area. The relbe entrained downward as the boundary layer grows, leading

atively strong vertical mixing in the urban boundary layer to an increase in pollutant concentration at the surface (Fast
and Zhong, 1998).
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In urbanized coastal areas, sea-/land-breeze circulationsharacterized by an urbanized basin and coastal area. Thus,
and the associated recirculation of pollutants can play im-in the study area, several local circulations, such as urban-
portant roles in the production and accumulation af Bl- breeze, valley-breeze, and sea-breeze circulations, can de-
evated @ levels in urbanized coastal areas have been obvelop and interact with each other under favorable weather
served and modeled in a number of studies, and it has beetonditions, which in turn can substantially affect air quality.
shown that the recirculation of pollutants by sea-/land-breezdRyu and Baik (2012) conducted a case study of daytime local
circulations is largely responsible for the elevategll€vels  circulations and their interactions in the Seoul metropolitan
(e.g. Banta et al., 2005; Oh et al., 2006; Levy et al., 2008;area using a high-resolution mesoscale atmospheric model
Martins et al., 2012). As ®precursors emitted from urban (with a finest horizontal grid size of 0.333 km). They showed
areas are advected over water by land-breeze circulation anthat urban-breeze circulation strongly interacts with valley-
thereby @ is photochemically produced over water where breeze and sea-breeze circulations under a weak synoptic-
it does not readily deposit, thes®@ich air mass can be ad- wind condition. The same case in which elevategl€vels
vected onto land by sea-breeze circulation (Martins et al.occurred is chosen in the present study. It is expected that
2012). Makar et al. (2010) reported a similar phenomenonchanges in boundary layer characteristics/structures and lo-
in which the recirculation of pollutants by lake-breeze circu- cal circulations caused by urban land-surface forcing have
lation leads to elevated{devels in the southern Great Lakes considerable impacts on pollutant concentrations. To exam-
region of North America. ine the impacts of urban land-surface forcing on local mete-

In spite of the great concern about the impacts of localorology and air quality, a hypothetical simulation in which
circulations arising from natural surface heterogeneities orthe urban surface is replaced with a non-urban surface (crop-
air quality, the impacts of urban-induced/-modified local cir- land) is carried out and results of the hypothetical simulation
culation have received less attention. Considering the pooare compared with those of the baseline simulation.
air quality in cities where pollutant emissions are high, 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 tempera2 Methodology
ture difference between urban and rural areas (i.e. urban heat
island (UHI)) can induce a local circulation called the urban- 2.1 Meteorology modeling system
breeze circulation (or UHI circulation). The urban-breeze cir-
culation, characterized by convergent flow toward the city As a meteorological model, the Weather Research and Fore-
center in the lower boundary layer and divergent flow towardcasting (WRF) model version 3.2 (Skamarock et al., 2008)
the surroundings in the upper boundary layer, has been ohis employed. For a better representation of urban-surface
served in many cities such as St. Louis, USA (Wong andcharacteristics such as large thermal inertia and increased
Dirks, 1978), and Toulouse, France (Hidalgo et al., 2008),drag owing to buildings, a more physically based urban
and also examined in numerical studies (e.g. Lemonsu andanopy model (Seoul National University Urban Canopy
Masson, 2002; Miao et al., 2009). A few studies have ad-Model (SNUUCM), Ryu et al., 2011) is adopted, which is
dressed the impacts of urban land-surface forcing on locatoupled with the WRF model. The Yonsei University plan-
meteorology and air quality. Sarrat et al. (2006) demonstrateetary boundary layer scheme (Hong et al., 2006) is used as
that enhanced turbulence owing to the UHI effect in Paris,a boundary layer parameterization scheme, and other exper-
France, dilutes pollutants more inside the deeper boundarimental setup and physical parameterization options used in
layer. Some studies of the impacts of urbanization on airthe present study are the same as those used in Ryu and Baik
quality have reported that{£xoncentration in cities can in- (2012), except for the domain with the horizontal grid size of
crease by several ppb owing to urbanization that causes ind.333 km. Four domains with horizontal grid sizes of 27, 9, 3,
creases in temperature and boundary layer height, a redu@nd 1 km are considered. There are 43 vertical layers below
tion in wind speed, and so on (Civerolo et al., 2007; Wangthe model top of 20 hPa and 16 vertical layers below 2 km.
et al., 2007, 2009; Jiang et al., 2008). However, the previousThe size of the lowest vertical grid 135 m. The same case,
studies did not pay enough attention to the impacts of urban24 June 2010, as that chosen in Ryu and Baik (2012) is also
induced/-modified local circulation on air quality. chosen in the present study. The model is integrated for 72 h

In this study, we aim to examine the impacts of urban land-from 09:00 LT & UTC + 9 h) 22 June 2010. The National
surface forcing on ozone air quality in the Seoul metropoli- Centers for Environmental Prediction (NCEP) final analyses
tan area, South Korea. Seoul is a megacity with a populatiorare used for the initial and boundary conditions. To represent
of about 10 million, and the Seoul metropolitan area is themore realistic urban land use/land cover (LULC) in the study
largest urban area in South Korea. The geographical featuregrea, an LULC data set based on Geographic Information
in the study area are complex. Seoul is located in a basiBystem (GIS) data is used (Fig. 1b). Further description of
surrounded by mountains to the north, east, and south and he LULC data set is given in Ryu and Baik (2012). To exam-
open to the Yellow Sea to the west. That is, the study area isne the impacts of urban land-surface forcing, an additional
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Fig. 1. (a) Domain configuration of the CMAQ model simulation with terrain height (shadg@j)Land use/land cover (LULC) in the
innermost domain. Only dominant LULCs are indicated in the legend. The white circles indicate air quality monitoring sites whose data are

used for the validation. The rectangle indicates the urban analysis area, and the thick line indicates the administrative boundafg)of Seoul.
NOx and(d) isoprene emission rates at 15:00 LT 24 June 2010 in the innermost domain.

simulation in which the urban LULC is assumed to be crop-to the 22nd layer (eta levet 0.63) as those used in the WRF-

land LULC is performed. SNUUCM simulation are used. The model is also integrated
from 09:00 LT 22 June 2010, and the simulation data of 24
2.2 Air quality modeling system June 2010 are used for analysis. The Statewide Air Pollution

Research Center version 99 (SAPRC-99) chemical mecha-
The Community Multiscale Air Quality (CMAQ) modeling nism (Carter, 2000) and the fifth-generation modal CMAQ
system has been designed to represent multiple air qualitperosol module (Foley et al., 2010) are used. The Yamartino
issues (Byun and Schere, 2006). In the present study, thecheme (Yamartino, 1993) for advection and the Asymmet-
CMAQ model version 4.7.1 is used. The output of the WRF-ric Convective Model version 2 (ACM2) vertical diffusion
SNUUCM simulation is provided as the meteorological input scheme (Pleim, 2007) are adopted. The ACM cloud proces-
for the air quality simulation. In the air quality simulation, sor using the ACM methodology to compute convective mix-
three domains with horizontal grid sizes of 9, 3, and 1 km areing is used (Foley et al., 2010).
adopted (Fig. 1a). The initial and boundary conditions forthe The gridded and speciated hourly anthropogenic emission
outermost domain are provided by the default profiles imple-data for South Korea are prepared using the Sparse Matrix
mented in the CMAQ model. The default profiles for some Operator Kernel Emissions (SMOKE) system (Houyoux et
relevant species are given in Table S1 (Supplement). The outal., 2000). Following Moon et al. (2006), an emission inven-
put of each outer domain is then used as the boundary cortory is developed under the 2007 Clean Air Policy Support
ditions for each inner domain. The number of vertical layersSystem of South Korea. The detailed methods for the spatial
used is 29, and the same vertical layers from the lowest layer
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and temporal allocations of anthropogenic emissions for varintegrated into the total diffusion process (TDIF). The IRR
ious source categories are described in Kim et al. (2008). Iranalysis has been developed to provide quantitative infor-
the present study, the gridded and speciated hourly anthramation on individual chemical transformations (Jeffries and
pogenic emission data are derived from the emission invenTonnesen, 1994; Gipson, 1999). In the present study, several
tory in 2007. Among the anthropogenic emission data, thechemical reactions are grouped together to calculate the hy-
NOyx and VOC emission data are updated. The amounts otlroxyl radical (OH) chain length. The OH chain length is
NOy (VOC) emitted are adjusted according to the ratio of the number of times that OH goes through the,R& OH

the total annual emissions of NQVOC) in 2008 to those in  + HO2 + RO, + RO) cycle before a termination reaction
2007 because the only total annual emissions of RMDC) (Sheehy et al., 2010). It provides a measure of the overall
in 2008 are available at present. As compared with the totakfficiency of a gas-phase chemical mechanism in converting
annual emissions in 2007, the total annual emissions gf NO NO to NG, for O3 formation in the atmosphere (Zhang et al.,
(VOC) in 2008 are reduced by 37 % (12 %) in Seoul. The to-2009). In the present study, the OH chain length is calculated
tal annual emissions of NQVOC, CO, and SQin Seoul, based on the calculation method used in Mao et al. (2010).
which are used in the present study, are given in Fig. SIThe IPR and IRR analyses are applied to the atmospheric
(Supplement). To prepare biogenic VOC (BVOC) emissions,boundary layer (ABL), and hourly outputs of the IPR/IRR
the Model of Emissions of Gases and Aerosols from Na-analysis are used.

ture (MEGAN) (Guenther et al., 2006) is used. As examples,

the NQ and isoprene emission rates are given in Fig. 1c, _

d, respectively. In the study area, the N@mission rate is 3 ©Ozone episode

very high, particularly in the region near the city center and _ | . . . .
in t%e sgoutfwwestern )r/egion of geoul. That is, tge urban are _h'gh O episode that qccurred on 24_June 2010is chosen in
is characterized by a N@&ich area. Note that the emission this ;tgdy. AS. reportedlln Ryu and Baik (20.12)’ the weather
rate shown in Fig. 1c is the rate at 15:00 LT on a Weekdaycondltlon during the episode was characterized by weak syn-

(Thursday). There are large forest areas near Seoul (Fig. 1b ’ptIC wind, h|tgh te_mperqtu(;e, an% Cliar skydurldﬁlr agglgnp
and a significant amount of isoprene can be correspondingl ressure system. 1he wind speed observed at the a

emitted from the forest areas (Fig. 1d). On 24 June 2010,6\/eI in the dayFime was Iowerthan_4 m's pnderfavorable

the maximum air temperature and the maximum hourly av_weather conditions, several local C|rculat.|ons s_uch as urban-
eraged global solar radiation observed at Seoul Meteorolog.preeze’ val!ey—breeze, and sea-br(_aeze_ cwculatpps d.eveloped
ical Observatory were 30°€ and 839 W m2, respectively. in the daytime. The weak synoptic-wind condition is par-

Because the air temperature was high and solar radiation Wa&cularly important for the development of relatively strong

strong, the isoprene emission rate is estimated to be high urban-breeze circulation. The weather condition during the
To examine the impacts of urban land-surface forcing on?_plsoqti was also(;:(l)srl;jggve o e_levat%j@;fliln cozn(j)ligc-h_ h
air quality, an additional simulation is performed whose me—c')On Wi m;:retgse hich emlss(;otrr:s.K n une lit ' tlg
teorological input is provided by the output of the additional d 3 gonfig(;a |obns,1v¥] Ich exceed he orearclj ag qu?h' y; an—l
WRF simulation in which the urban LULC is replaced with ard o ppb (1-h average), were recorded in the Seou

the cropland LULC (hereafter, NO-URBAN simulation). In metropolitan area. Note that the weather on the previous day

this simulation, both the anthropogenic and biogenic emis-{(-€- 23 June 2010) was also hot and clear under the high-

sions are set to be identical to those in the baseline simulatioR' €SSUre system.
(hereafter, URBAN simulation).

) 4 Results and discussion
2.3 Process analysis

4.1 Model validation
The process analysis tool implemented in the CMAQ model-
ing system is used in this study. It comprises the integratedsimulated @ concentrations are validated against observa-
process rate (IPR) and integrated reaction rate (IRR) analtions (Figs. 2 and 3). Figure 2a shows the diurnal varia-
yses. The IPR analysis quantifies the contributions of indi-tions of observed @concentrations at air quality monitoring
vidual physical/chemical processes, such as advection, difsites (marked by white circles in Fig. 1b) and range of simu-
fusion, deposition, and gas-phase chemistry processes, fated G concentration at the lowest model level at the corre-
changes in pollutant concentrations. The details of the analsponding locations. Note that all the analyses in this study
ysis method are introduced by Jeffries and Tonnesen (1994/re performed using simulation data in the innermost do-
and the details of the way it is implemented in the CMAQ main. The air quality monitoring sites corresponding to the
modeling system are given in Gipson (1999). Note that inurban LULC are adopted for the validation. The model ade-
the present study the horizontal and vertical advection proquately reproduces the maxima and minima gicOncentra-
cesses are integrated into the total advection process (TADWion. Although the model overestimateg @bncentrations in
and that the horizontal and vertical diffusion processes arghe late afternoon and in the evening, the model captures the

Atmos. Chem. Phys., 13, 21722194 2013 www.atmos-chem-phys.net/13/2177/2013/
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(a) MNGE is less than or equal to 35% (USEPA, 1991). The
180 el b e mean bias error (MBE) is 3.8 ppb, and the root-mean-square
R g'aiQ ) - error (RMSE) is 20.5 ppb. Overall, the model performs well

. {_— OBS average . . in simulating G concentration.

‘é 140 7 cMAQ average ; i i Figure 3a, ¢ shows the horizontal distributions of observed

= 120 agrts : - and simulated @and NG concentrations at 15:00 LT. The

2 100 - | B model underestimatesz@oncentrations and overestimates

= 80 ! i NO, concentrations in the regions where N€missions are

§ ] high, such as in the city center. The measurement heights

g 607 i lower than the lowest model level could be responsible to

S 40 4, i r some extent for the discrepancies, particularly for the pollu-
o0 1 i .- i tants exhibiting large concentration variations in the vertical

o = H—. : g direction near the surface. However, the highadd the rel-
' T T T T T ! . . .
0 3 6 9 12 15 18 21 24 atively !ow NGO, concentrations in the northern and south-
time (LT) ern regions of Seoul are well reproduced. Althoughdon-

centrations are underestimated in the southwestern region of
Seoul and in the southwestern region outside Seoul where
the sea breeze prevails, the high Né@ncentrations in those
regions are well captured by the model.

—~
(*)
~—"

180 - L

] - I 4.2 Impacts of urban land-surface forcing on local
120 - - 5 meteorology

To understand the impacts of urban land-surface forcing on
B local meteorology, results of the URBAN simulation are
MNBE=76 & compared with those of the NO-URBAN simulation. Fig-

simulated O, concentration (ppb)

mggE: 2_68'4j ure 4 displays the diurnal variations of air temperature at 2m
RMSE = 20.57 and ABL height averaged over the urban analysis area in-

dicated by the rectangle in Fig. 1b. The urban analysis area
that covers Seoul is chosen because urban-breeze circulation
develops well and interacts strongly with other local circula-
Fig. 2. (a) Diurnal variations of observed and simulated near- tions in this area. Note that only the grids corresponding to
surface @ concentrations on 24 June 2010. The dots indicate thethe urban LULC in the urban analysis area are used for all re-
observed @ concentrations at air quality monitoring sites marked |ated analyses. Because of the distinctive urban-surface char-
in Fig. 1b, and shading indicates the range of simulatgd@cen-  acteristics, such as low surface moisture availability, large
tration at the corresponding locations. The thin and thick lines rep-tharmal inertia, and low albedo, the air temperature in ur-
resent average ob_served and simulatgd:@ncentra_tionS, reSPEC-  han areas can be higher by several degrees than that in sur-
tively. (b) Scatter diagram of observeds@oncentrations and sim- rounding rural areas. During the episode, the air tempera-

lated 24 ] 2010. The MNBE and MNGE refer to th . . . . . .
wared ones on une N an refer to eture is higher in the URBAN simulation than in the NO-

mean normalized bias error and mean normalized gross error, re- > . . . -
spectively, and their units are %. The MBE and RMSE refer to the URBAN simulation (Fig. 4a). Under fair weather conditions,
mean bias error and root-mean-square error, respectively, and thefh€ nighttime air temperature in the URBAN simulation is
units are ppb. 4—6°C higher than that in the NO-URBAN simulation. Be-
cause of the warmer and less-stabilized air in the urban area,
the ABL height in the URBAN simulation remains higher in
diurnal variation of @ concentration on average. Figure 2b the nighttime (Fig. 4b). After sunrise<(05:10 LT), the ABL
shows a relation between the observed and simulated Ogrows deeper in the URBAN simulation and hence the dif-
concentrations and performance statistics. The observed arfdrence in ABL height between the two simulations becomes
simulated @ concentrations are well correlated with each larger. In the afternoon, the difference in air temperature be-
other. Following Lei et al. (2007) and Khiem et al. (2010), tween the two simulations increases (e.g.°C&t 11:00 LT,
the mean normalized bias error (MNBE) and mean normal-0.5°C at 13:00 LT, and 0.9C at 15:00 LT) and the difference
ized gross error (MNGE) with observedz@oncentrations in ABL height increases correspondingly. The difference in
above a 40-ppb threshold are calculated. The MNBE andABL height becomes very large in the late afternoon and in
MNGE are 7.6 % and 26.4 %, respectively, and satisfy thethe early evening, i.e. around sunset. For example, the differ-
performance criteria recommended by the US Environmen-ence in ABL height is~ 900 m at 18:00 LT. Because of the
tal Protection Agency (USEPA): MNBE is withiil5% and  large thermal inertia of the urban surface, the urban surface

0 30 60 90 120 150 180
observed O; concentration (ppb)
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Fig. 3. Horizontal distributions ofa) O3 and(c) NO» concentrations and horizontal wind at the lowest model level at 15:00 LT in the
URBAN simulation. The circles irfa) and(c) show the observed £and NG concentrations, respectivel§p) and(d) are the same as
(a) and (c), respectively, but for the NO-URBAN simulatiofe) Differences in @ concentration and horizontal wind between the two
simulations (URBAN minus NO-URBAN)(f) is the same ae) but for NO,. The concentration units are ppb. Region A, region C, and
region S are marked ife) by the three rectangles with a thin black line, with a thick blue line, and with a thick grey line, respectively.

cools off more slowly than the cropland does, thus maintain-lation in the URBAN simulation turns to the urban-breeze
circulation induced by the daytime UHI. In the afternoon,
Not only the ABL but also the wind in the urban area is the valley-breeze circulation weakens because its direction is
significantly modified by urban land-surface forcing. Here, opposite to the direction of the urban-breeze circulation. As
based on the analysis results reported in Ryu and Bailkan example, the horizontal wind field in the afternoon is il-
(2012), the wind induced and/or modified by urban land- lustrated in Fig. 3a. It is seen that the strong convergent flow
surface forcing is briefly mentioned. In both the URBAN that forms part of the urban-breeze circulation is predomi-
and NO-URBAN simulations, the valley-breeze circulation nant in the northern and southeastern regions of Seoul that
are not yet influenced by the sea breeze. In contrast, in the

ing the deep urban boundary layer.

prevails in the mid- to late morning~(08:00-11:00 LT). In

the afternoon, on the other hand, the prevailing local circu-

Atmos. Chem. Phys., 13, 21722194 2013
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4.3 Impacts of urban-modified boundary layer on air
quality

The ABL height significantly influences pollutant concentra-
tions, and hence the urban-modified ABL can have consid-
erable impacts on pollutant concentrations in urban areas.
Figure 5 shows the diurnal variations of near-surface con-
centrations of @, NOy, Ox (= O3 + NO> in this study), and

CO averaged over the urban analysis area in the URBAN and
NO-URBAN simulations. Note that the near-surface concen-
trations are referred to as the concentrations at the lowest
model level. On average,f&xoncentration is 16 ppb higher

in the nighttime (from 00:00 to 05:00 LT and from 20:00 to
24:00 LT) and is 13 ppb higher in the daytime (from 06:00 to
19:00 LT) in the URBAN simulation than in the NO-URBAN
simulation. In the nighttime, the highers@oncentration is
primarily due to the reduced {destruction by NO in the
deeper urban boundary layer. Note that in this case study
the urban area is found to be in a N®&aturated (or VOC-
limited) regime by systematically examining the sensitivities
of O3 to its precursor emissions (not shown). In the deep
urban boundary layer, the primary pollutants such as NO
and CO are diluted and hence their near-surface concentra-
tions become lower (Fig. 5b, d), as demonstrated by Sar-
rat et al. (2006). The reduceds@estruction by NO is par-
ticularly prominent in the evening when simultaneously the
urban boundary layer remains deep andyNfnissions are
high in conjunction with rush-hour traffic. In the evening, the
differences in NQ and CO concentrations between the two
simulations are large. The loweg@vel in the evening (and
also at night and in the morning) is therefore due to the lower
NO, concentration in the URBAN simulation. In the shallow

mospheric boundary layer (ABL) height averaged over the urbanABL in the NO-URBAN simulation, @ destruction by NO

analysis area in the URBAN and NO-URBAN simulations.

is enhanced and, consequentlyy €ncentration decreases
rapidly over time as the ABL height decreases, particularly in
the evening. In the morning, the differences in N&ahd CO

NO-URBAN simulation, the valley-breeze circulation pre- concentrations between the two simulations are also large,
vails in the afternoon (Fig. 3b).
Under the influence of the high-pressure system, the seamorning, the near-surfaces@oncentration increases signif-

/land-breeze circulations prevail on the episode day and thécantly in both simulations. One of the reasons for the in-

previous day. In the nighttime and in the early morning, thecrease is the mixing bringing downzGrom the previous
land breeze dominates in the study area. The sea breeze staéigy’s reservoir aloft (residual layer). The downward verti-
to develop in the mid-morning on 24 June 2010 and pene-<al mixing of G; from the residual layer dominates in both
trates inland. At 15:00 LT, the strong westerly sea breeze irsimulations, leading to the small difference ig Gncentra-
both simulations is apparent in Fig. 3a, b. At this time, the sedion between the two simulations, so the effect of the reduced
breeze prevails in the western region outside Seoul and in th®z destruction by NO in the URBAN simulation seems to be
southwestern region of Seoul (e.g. in region S marked by thensignificant. In addition to the downward vertical mixing of
rectangle with a thick grey line in Fig. 3e). Furthermore, ow- Os, the horizontal advection of £and the chemical produc-
ing to urban land-surface forcing, the sea breeze penetratdfon of Oz contribute to the increase inz@oncentration in
further inland and is intensified in the URBAN simulation. both simulations. In the afternoon, the difference gmdn-
The location of the sea-breeze front at this time in the twocentration between the two simulations becomes large. For

simulations is given in Sect. 4.5.

www.atmos-chem-phys.net/13/2177/2013/

but the difference in @concentration is rather small. In the

example, Q concentration is 6 ppb higher at 13:00 LT and is
17 ppb higher at 16:00 LT in the URBAN simulation than in
the NO-URBAN simulation. Apart from the reduced Qe-
struction by NO, the chemical production 0§ @ enhanced
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Fig. 6. Time-integrated contributions of individual processes aver-
aged in the ABL over the urban analysis area for the period from

Fig. 5. Diurnal variations of near-surface concentration$s)fO3, 12:00 to 16-00 LT in the URBAN and NO-URBAN simulations

(b) NOx, (c) Ox (= O3 + NOy), and(d) CO averaged over the
urban analysis area in the URBAN and NO-URBAN simulations.

(urban surface) to the highly vegetated surface (cropland). As
in the afternoon, as can be inferred from the highgilével the urban surface is altered by the cropland, the stomatal re-
in the URBAN simulation. sistance, mesophyl resistance, lower canopy resistance, and

To evaluate the contributions of individual physi- other resistances are correspondingly altered. However, the
cal/chemical processes to changes i dncentration, an effect of the dry deposition process is confined to the lowest
IPR analysis is performed. Figure 6 shows the ABL-averagedayer, so the difference in the contribution of the dry deposi-
contributions of individual physical/chemical processes fortion process in the ABL between the two simulations is small
the period from 12:00 to 16:00 LT, when the chemical pro- relative to that of the chemical or advection process. In the
duction of G is found to be large. Based on the IPR analy- URBAN simulation, Q concentration slightly decreases by
sis, the enhanced chemical production afi@the URBAN  the cloud process, which is likely due to the intense upward
simulation is confirmed. The contribution of the advection motion in the urban area. In the cloud process, the effects
process is also larger in the URBAN simulation. This implies of clouds on photolysis rates, convective and nonconvective
that the advection of @by the wind induced and/or modified mixing and scavenging by clouds, agueous-phase chemistry,
by urban land-surface forcing also contributes to the elevatednd wet deposition are included (Zhang et al., 2009).

O3 levels. While Q in the residual layer is brought into the Figure 7 shows the vertical profiles ofs@nd G, con-
ABL in the morning when the ABL grows rapidly,43s par-  centrations and contributions of individual processes 30 O
tially vented out of the ABL into the free atmosphere in the and Q, concentrations averaged over the urban analysis area
afternoon by intense upward motion (see the positive contrifor the period from 12:00 to 16:00 LT. Thes@nd Q, con-
bution of the advection process above the ABL in Fig. 7b) centrations in the ABL are higher in the URBAN simulation
and vigorous mixing (negative contribution of the diffusion than in the NO-URBAN simulation (Fig. 7a, c). The differ-
process in Fig. 6) in the URBAN simulation. The upward ences in the contribution of the chemical process $ca@d
transport of Q into the free atmosphere can lead to an in- Oy concentrations between the two simulations are large in
creased lifetime of @there (Henne et al., 2004) and possi- the surface layer and in the upper ABL. In the URBAN simu-
bly contribute to the long-range transport of.@ relatively lation, the chemical loss of £1s reduced in the surface layer
large difference in the contribution of the dry deposition pro- (Fig. 7b) and the chemical production of;@ enhanced
cess is found in Fig. 6. The daytime-averaged dry depositiorthere (Fig. 7d). In the upper ABL, the enhanced chemical
velocity averaged over the urban analysis area in the NOproduction of Q in the URBAN simulation results from the
URBAN simulation is almost 2 times that in the URBAN upward transport of @precursors by both enhanced upward
simulation (not shown). This results from the change in land-motion and turbulence in the urban boundary layer. Consid-
surface characteristics, e.g. from the lesser vegetated surfaeging the larger contributions of the advection and diffusion
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(a) (b) the large decrease ing@oncentration by dry deposition and
“““ ¢ chemical processes in the surface layer is compensated by
the downward vertical mixing of @from the upper layers.

24 4
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4.4 Impacts of urban-induced/-modified local
circulation on air quality
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R N As mentioned in Sect. 4.2, the prevailing local circulation in

Os coneentration (ppb) process contribution (ppb h) the mid- to late morning in both simulations is the valley-
© breeze circulation. As the sensible heat from the urban sur-
face increases and accordingly the air temperature increases
over time in the URBAN simulation, the valley-breeze cir-
culation weakens and urban-breeze circulation starts to de-
velop in the late morning/early afternoon. As an example,
Fig. 8 shows the vertical cross sections of Nédncentra-
tion, the results of the IPR analysis for N@nd G concen-

trations, and wind along the line M—N (depicted in Fig. 1d)

A PARRSAREE A ARRRRASA at 11:00 LT, when the valley-breeze circulation develops in
O, concentration (ppb) process contribution (ppb h') both simulations. The cross section along the line M—N is
chosen to show representative examples of the valley-breeze
trations, and contributions of individual processetip O con- and urban-breeze circulations. The valley-breeze circulation

centration andd) Ox concentration averaged over the urban anal- IS charactenzed. by upslope flow along the mounta.m slope
ysis area for the period from 12:00 to 16:00 LT. Note that the @nd return flow in the upper ABL. In the URBAN simula-
solid (dashed) lines iifb) and (d) indicate the results of the UR-  tion, it is found that the intensity of upslope flow is weaker
BAN (NO-URBAN) simulation. The same abbreviations for the than that in the NO-URBAN simulation owing to the higher
processes as those in Fig. 6 are used. air temperature in the urban valley (UHI effect). At the same
time, the wind field in the URBAN simulation shows an
onset of an urban-breeze circulation near the lower part of
processes to QPconcentration in the upper ABL (Fig. 7d) the mountain £ 37°27 N). In both simulations, N@is ad-
relative to those to @ concentration there (Fig. 7b), NO vected over the mountain crest following the upslope wind,
is transported to the upper ABL by the advection and diffu- thus showing positive contributions of the advection process
sion processes. Others@recursors such as VOCs are also there. Because of the smaller amount ofNfat is advected
transported upward (not shown). So, the chemical producbhy the weaker upslope wind, the contribution of the chemical
tion of Oy as well as the chemical production of; @an process to @ concentration over the mountain is smaller in
be enhanced in the upper ABL in the URBAN simulation. the URBAN simulation than in the NO-URBAN simulation.
In addition to the urban-modified boundary layer, the urban-In both simulations, in addition to the advection of Ny
induced local circulation contributes to the enhanced chemithe valley-breeze circulation, the enhanced chemical produc-
cal production of @in the URBAN simulation. The impacts tion of O3 over the mountain in comparison with the chemi-
of urban-induced/-modified local circulation are described incal production of @ in the urban area (cropland area) is due
detail in Sect. 4.4. to very low NG, emissions and high BVOC emissions. The
In the URBAN simulation, the advection process con- O3 concentration over the mountain is of course higher than
tributes to the increase ing@oncentration in the lower ABL  that in the urban area (cropland area) (not shown). The ad-
(Fig. 7b). In the NO-URBAN simulation, the advection pro- vection of NG in the mid- to late morning also appears over
cess makes a negligible contribution in the lower ABL but other mountains in the study area.
a positive contribution in the upper ABL. The different con-  In the afternoon, the prevailing local circulations in the
tributions of the advection process between the two simulatwo simulations are different from each other (for example,
tions are closely related to the different prevailing local cir- see Fig. 3a, b). As shown in the area-averaged concentra-
culations: urban-breeze circulation versus valley-breeze cirtion (Fig. 5), @ concentration in the urban analysis area is
culation. The detailed analysis results are presented in thgenerally higher in the URBAN simulation than in the NO-
following section. URBAN simulation (compare Fig. 3a with Fig. 3b). In partic-
The near-surface removal og®y dry depositionis less in  ular, the difference in @concentration is large in the regions
the URBAN simulation than in the NO-URBAN simulation, near the city boundaries (Fig. 3e). Likewise, the difference in
which can contribute to the near-surfacg €ncentration  NO, concentration is large in the regions near the city bound-
in the URBAN simulation. In the NO-URBAN simulation, aries (Fig. 3f).
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Fig. 7. 4-h-average vertical profiles ¢&) O3 and(c) Ox concen-
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Fig. 8. Vertical cross sections ¢a) NO, concentration(c) contribution of the advection process to l€oncentration(e) contribution of

the chemical process tog@oncentration, and wind along the line M—N in Fig. 1d at 11:00 LT in the URBAN simulat®n(d), and(f)

are the same gg), (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.

In both simulations, the sea breeze bringsr@@h aironto  sented in Fig. 9. In the lower ABL where the local circu-
land. The advection of ©precursors by the land breeze in lations directly influence near-surface pollutant concentra-
the nighttime and in the early morning results in the build-up tions, & concentration in the regions near the city bound-
of Oz over the Yellow Sea (not shown). Theg @oncentration  aries significantly increases in the URBAN simulation but
is high in the regions where the sea breeze prevails, exceptecreases in the NO-URBAN simulation by the advection
for the regions where NQemissions are high (e.g. region process (Fig. 9a, b). In the URBAN simulation, the-fich
S) (Fig. 3a, b). The @concentration in region S is higher air is advected over the urban area from the surroundings
in the URBAN simulation than in the NO-URBAN simula- following the urban-breeze circulation. On the other hand,
tion (Fig. 3e). The detailed analysis results of the impacts ofin the NO-URBAN simulation, @ is advected toward the
urban-modified sea breeze on ozone air quality are given irsurroundings by the valley-breeze circulation. Therefore, the
Sect. 4.5. difference in the contribution of the advection process to O

To get some insight into the reason for the elevated O concentration between the two simulations is large in the re-
levels in the presence of urban land-surface forcing, the congions near the city boundaries (Fig. 9e). Comparing Fig. 9c
tributions of the advection and chemical processes averagedith Fig. 9d, differences in the contribution of the chemical
in the lower ABL (from the surface to mid-ABL) are pre- process are found between the two simulations (Fig. 9f).
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Fig. 9. Horizontal distributions of column-averaged contributions of(#jeadvection process ar{d) chemical process to4xoncentration

in the lower ABL at 15:00 LT in the URBAN simulatior{b) and (d) are the same a&) and(c), respectively, but for the NO-URBAN
simulation. (e) and (f) show the differences in the contributions of the advection and chemical processes between the two simulations,
respectively. The units are ppbh. The horizontal winds are the winds at the lowest model level.

Figure 10 shows the vertical cross sections af @n-  vection process (Fig. 9a). Thes@ich air over the mountain
centration, contributions of the advection and chemical pro-results from the supply of N©by the valley-breeze circu-
cesses, and wind along the line M—N at 15:00 LT. In thelation in the mid- to late morning and from BVOC emis-
URBAN simulation, the urban-breeze circulation developssions from the forest area. As the prevailing local circula-
in the urban area adjacent to the mountain. Another well-tion in the afternoon turns to the urban-breeze circulatien, O
developed urban-breeze circulation is found in the northerrover the mountain is brought into the urban area. Thus, under
region of the cross section~37°40 N). It is clearly seen the circumstances in which both anthropogenic and biogenic
that following the convergent flow thegich air is advected (natural) emissions play important roles irg @rmation,
over the urban area from the surroundings (Fig. 10c), as seethe urban-breeze circulation that prevails against the valley-
in the horizontal distribution of the contribution of the ad- breeze circulation can substantially contribute to elevated O
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Fig. 10. Vertical cross sections ¢&) O3 concentration(c) contribution of the advection procegs) 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 simulaf®n(d), and(f) are the same gg), (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.

levels in the urbanized basin area by recirculating pollutantsnegative contribution of the diffusion process in the upper
This implies that urban land-surface forcing can exacerbatéABL (Fig. 7b). In addition, @ aloft can be mixed as the
air pollution problems in urban areas, particularly those ad-ABL in the basin grows over time. These results are con-
jacent to mountains. sistent with the findings of previous studies of the impacts of
In the NO-URBAN simulation, on the other hand, the valley-breeze circulation on air quality (e.g. Fast and Zhong,
valley-breeze circulations still prevail in the southern and 1998). However, the recirculatecs@nds to stay in the up-
northern regions of the cross section (see Figs. 8b and 10bper ABL, exhibiting the relatively large vertical gradient of
Therefore, @ is advected toward the surroundings in the Os concentration (Fig. 10b).
lower ABL, showing negative contributions of the advection In the URBAN simulation, an interesting result is that
process there (Fig. 10d). However, the convergent flow tothe contribution of the chemical process is large in the re-
ward the basin in the upper branch of the valley-breeze cirgions where the urban breeze prevails (Fig. 10e). To un-
culation brings the @vrich air into the cropland area, thus derstand the enhanced chemical production gfifbthese
showing positive contributions of the advection process inregions, an IRR analysis is performed (Fig. 11). Over the
the upper ABL. This recirculation can contribute to an in- mountain and in the regions where the urban breeze pre-
crease in near-surfaces@oncentration. Ozone in the upper vails, the OH chain length is long (Fig. 11a). The long OH
ABL diffuses downward, as can be inferred from the large chain length in the air mass over the mountain is attributed
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Fig. 11. Vertical cross sections ¢a) OH chain length(c) rate of reactions between OH and VO@s) NO, production from the reactions
between NO and peroxy radicals (H@nd RGQ), and wind along the line M-N in Fig. 1d at 15:00 LT in the URBAN simulati¢a), (d),
and(f) are the same &), (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.

to the low NQ, and high BVOC levels, as can be inferred hanced there (Fig. 10e). In the NO-URBAN simulation, the

from the emission fields (Fig. 1c, d). Here, a N@evel be-
low ~ 15 ppb (daily averaged NQevel over the surround-
ing rural area) is considered as the low NIBvel. This air
mass is characterized by highgJow NOy, high BVOC,

supply of NG over the mountain by the valley-breeze cir-
culation occurs continuously and thereby the chemical pro-
duction of G is enhanced over the mountain where ;NO
emissions are very low (Fig. 10f). However, there are no sig-

and high oxygenated VOC levels, and the OH level in thenificant changes in the contribution of the chemical process
air mass is of course high (not shown). As the air massand in the chemical reaction rates associated with the valley-
that has different characteristics moves toward the urbarbreeze circulation in the cropland area (Figs. 10f and 11b, d,
area following the convergent flow, the rate of reactions be-f).
tween OH and VOCsY k;[OHI][VOC;], hereafter denoted

by k[OH][VOC]) increases in the regions where the urban
breeze prevails (Fig. 11c). The reactions between OH an
VOCs further produce peroxy radicals such as;H#0d RG
and oxygenated VOCs. As the peroxy radicals oxidize NO
to NO, (Fig. 11e), the chemical production o®an be en-

In the city center where NQemissions are high, the OH
chain length is short in both simulations (Fig. 11a, b). In
éhe NQ-rich area such as in the city center, OH is pre-
dominantly removed by the reaction with N(Seinfeld and
Pandis, 2006). Thus, the chemical production gfi@the
city center is reduced relative to that in the surroundings.
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However, in the upper urban boundary layer in the city center (a) URBAN
(~37°35 N), the slightly enhanced chemical production of e
NO, from peroxy radicals (Fig. 11€) and the enhanced chem- T A ko[gEH]=[V6d%] o4l
ical production of @Q (Fig. 10e) are seen in the URBAN sim- [
ulation. The upward transport ofzQprecursors (both NO 3 20 7 i
and VOCSs) by the rising motion of the urban-breeze circula- sz_ 16  ° L
tion is responsible for the enhanced chemical production of g: A [
Ogz in the upper urban boundary layer. Note that due to the & 2] &*‘. a
co-location of anthropogenic sources of jénd VOCs the 8 ] ,.;ae', L
transport of anthropogenic VOCs is found to be similar to o ST
that of NQ; (not shown). 4 T
0 20 40 60 80 100
4.5 Ozone production efficiency (b) NO-URBAN
The ozone production efficiency (OPE) can be defined as 241 Serace ggﬁ;f&lm 5
the number of @ molecules photochemically produced by 20 ] s
a molecule of NQ before it is lost from the NQ@-O3 cycle 3 [
(Zaveri et al., 2003). The OPE was first introduced by Liu et sz_ 16 -
al. (1987) and has been used to study air quality (e.g. Nun- § 12 ] s
nermacker et al., 2000; Kleinman et al., 2002; Daum et al., a ‘& . i
2003; Zaveri et al., 2003; Lei et al., 2007). The OPE has been 8 ": $°° -
reported to range from 2—8 in urban areas to 46 (Wood et al., . 353.{;{\»5*:/:.;;. o
2009). In the present analysis, the net chemical production L I S S e
of Oy instead of Q is used not to take into account the con- 0 20 40 60 80 100

NO; (ppb)

version between N®and G. Following Lei et al. (2007), COHIVOC) (opb 1)
pp

the OPE is calculated as the ratio of net chemical production
of Oy to that of NQ, i.e. P(Q)/P(NQ,), where NQ is the 6 7 8 910 Mz 3
NO oxidation products. The near-surface OPE as a functiorig 12 scatter diagrams of ozone production efficiency [OPE, cal-
of near-surface N@concentration in the urban analysis area cyjated as P(Q/P(NO;)] and NG, concentration at 15:00 LT in the
is depicted in Fig. 12. Thé[OH][VOC] is represented by urban analysis area in tifa) URBAN and(b) NO-URBAN simu-
color. In both simulations, the OPE tends to decrease s NOlations. The color of circles indicates the rate of reactions between
concentration increases, as previously demonstrated in mangH and VOCs (denoted fOH][VOC]). The unit of k[OH][VOC]
studies for polluted areas (e.g. Kleinman et al., 2002; Lei etis ppb 2.
al., 2007). As can be expected from the highgr@ncentra-
tion in the URBAN simulation, the average OPE in the UR-
BAN simulation (6.9) is higher than that in the NO-URBAN the surroundings (e.g. in the mountainous areas where BVOC
simulation (6.0). The averaggOH][VOC] is also higher  emissions are significant). Previously, the significantly high
in the URBAN simulation (10.4 ppbtt) than in the NO-  OPE was observed in regions with high isoprene emissions
URBAN simulation (9.4 ppbhl). In particular, air masses (e.g. Luria et al., 2000; Ryerson et al., 2001). As compared
characterized by high OPE>(~6), a relatively low NQ with kK[OH][VOC] at 11:00 LT (6.7 ppb h' on average), it
level (< ~ 20 ppb), and higik[OH][VOC] (> ~ 10 ppb 1) is confirmed that owing to the advection of the air masses
appear in the URBAN simulation. Such air masses are alsdrom the surrounding&[OH][VOC] increases significantly
seen in the NO-URBAN simulation but to a lesser extent rel-at 15:00 LT (12.0 ppbh! on average). This advection effect
ative to those in the URBAN simulation. is also confirmed by comparing the results in region A with
To examine the characteristics of the air masses yieldinghose in region C where the urban-breeze circulation is less
the high OPE, the scatter diagrams in region A in the twopredominant. The difference WiOH][VOC] at 15:00 LT be-
simulations are shown in Fig. 13a, b. In Fig. 13, the colortween the URBAN and NO-URBAN simulations in region C
of outer circles indicate8[OH][VOC] at 11:00 LT and the is not as evident as that in region A. The air masses in re-
color of inner circles indicates that at 15:00 LT. Region A gion A in the NO-URBAN simulation are characterized by
is characterized as being directly influenced by the urbaniow OPE, a high NQlevel, and lowk[OH][VOC] relative to
breeze circulation (see Fig. 3e). The OPE in region A isthose in the URBAN simulation. From the scatter diagram,
higher in the URBAN simulation (8.8 on average) than in it is found that the enhanced chemical production gfa3-
the NO-URBAN simulation (6.0 on average). The air massessociated with the urban-breeze circulation examined through
in region A are characterized by a relatively low N@vel the example in Figs. 10 and 11 is also revealed in other re-
and highk[OH][VOC], which are similar to the air masses in gions where the urban-breeze circulation prevails. Thus, it is
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thereby increase the OPE. Yet, owing to the still highyNO

(a) URBAN (b) NO-URBAN
Ry N reg;on Al " N reg;on A level, the dilution effect associated with the urban-modified
51 average OPE = 8.8 15 ] average OPE = 6.0 boundary layer appears to be small relative to the advection
- @ average KIOHIIVOC] [~ average K[OH][VOC] effect associated with the urban-breeze circulation examined
2121 <& =67 at1100LT | O 45 =65 at1100LT | in region A.
T =12.0 at 1500 LT g =9.7 at1500LT g
3 o 3 ol i However, the dilution effect can be large in the regions
& % @ % where the sea breeze prevails (e.g. in region S). As demon-
67 R 61 G5 strated in Ryu and Baik (2012), the depth of the sea-
3 R 3 R breeze inflow layer can increase significantly in the urban
0 20 40 60 80 100 0 20 40 60 8 100 area owing to the UHI effect. When comparing Fig. 13e
(C)18 e (d)18 - with Fig. 13f, higher OPE, a lower NQlevel, and higher
region C region C k[OH][VOC] are found in the URBAN simulation. To exam-
15 1 average OPE = 6.1 15 - average OPE = 5.8 ine the impacts of the urban-modified sea breeze, the verti-
S, average kgﬂ%’g’g S, average kgﬂf(‘)’gg i cal cross sections of NOand G concentrations and wind
£ =100at 1500LT | £ =97 at1500LT along the line E-F (Fig. 1c) are presented in Fig. 14. The
S 9 S o - location of the sea-breeze front is indicated by a blue ar-
* <4858, * . . row. The NG level in region S is significantly lower in the
®] o UETe ®] w L URBAN simulation than in the NO-URBAN simulation. The
3 et 3 e relatively strong mixing in the urban boundary layer embed-
0 20 40 60 80 100 0 20 40 60 80 100 ded in the sea-breeze inflow layer contributes markedly to
(6)18 L (f)m L the low NG, level. An elevated @level behind region S is
region 8 region 8 seen in Fig. 14c. Even though theg-@ch air is advected fol-
15 average S[SEI][V 503C ] 15 average ﬁgi][\fo% , lowing the sea-breeze inflow,s&oncentration decreases in
Sl 250 attioolT | S 58 atoolt | the urban area where N@missions are high (e.g. in region
g =82 at1soolt | & =76 at1soLT S). In region S, the reducedsz@lestruction by NO and the
g k. g 1 r relatively high OH level (not shown) result in the highy O
6 o o 6 i concentration and the high OPE. In addition to region S, in
w. 4 ° B SR region C a deeper boundary layer, a lower,Nével, and a
3 T T 3 T T

0

T T
20 40 60 80

100

0

T T
20 40 60 80 100

higher & concentration in the URBAN simulation than in

NO, (ppb) NO, (ppb) the NO-URBAN simulation are seen in Fig. 14.

KIOH]IVOC] (ppb h)
TTTTT 1
6 7 8 9 10 11 12 13

Fig. 13. Scatter diagrams of ozone production efficiency [OPE, 5 Summary and conclusions
calculated as P(Q/P(NO,)] and NG concentration at 15:00 LT

in the (2) URBAN and(b) NO-URBAN simulations in region A, | . . :
) N . n thi he im f urban land-surf forcin
the (¢) URBAN and(d) NO-URBAN simulations in region C, and this case study, the impacts of urban land-surface forcing

the () URBAN and(f) NO-URBAN simulations in region S. The on .ozodneUaIIjqu?ll'ty n thﬁ SeOUIdm.etrOporllltan area were ex-
values of average OPE are the values at 15:00 LT. The color O]amlng - Under fair weather con |t|(_)ns, the Femperature ex-
outer (inner) circles indicates the rate of reactions between OH an§€SS in the urban area (urban heat island) significantly mod-

VOCs, denoted by[OH][VOC], at 11:00 (15:00) LT. The unit of  ifies the boundary layer characteristics/structures and local
k[OH][VOC] is ppbh1. circulations. On average,g&oncentration is 16 ppb higher

in the nighttime and is 13 ppb higher in the daytime in the

URBAN simulation than in the NO-URBAN simulation even
concluded that the high OPE in the urban area is largely atthough the emissions in the two simulations are the same as
tributed to the advection of the air masses from the surroundeach other. Owing to the intense heating from the urban sur-
ings by the urban-breeze circulation. face, the turbulent mixing is enhanced and the boundary layer

For region C where NQ emissions are high, the OPE heightincreases correspondingly. Pollutants are more diluted

and k[OH][VOC] in the afternoon are slightly higher in and well mixed in the deep urban boundary layer, and this
the URBAN simulation than in the NO-URBAN simulation results in reduced §destruction by NO. Therefore,J@on-
(Fig. 13c, d). Region C coincides with the city center and iscentration is higher in the URBAN simulation than in the
characterized by relatively strong UHI intensity (not shown). NO-URBAN simulation. This dilution effect dominates es-
The ABL height in region C is high. That is, the dilution ef- pecially in the late afternoon, in the nighttime, and under the
fect in the urban boundary layer is large in region C. As ainfluence of the sea breeze.
result, the NQ level in this region is lower in the URBAN The urban-breeze circulation is induced by the urban heat
simulation than in the NO-URBAN simulation. A decrease island, and this circulation prevails in the afternoon against
in NOy level can reduce the amount of OH terminated andthe valley-breeze circulation that is predominant in the mid-
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(a) NO, URBAN at 1500 LT (b) NO, NO-URBAN at 1500 LT
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Fig. 14. Vertical cross sections &) NOy and(c) O3z 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 gg) and(c), respectively, but for the NO-URBAN simulation. The blue arrow indicates the location of
the sea-breeze front.

to late morning. The change in prevailing local circulation  This study demonstrated that urban land-surface forcing
from the valley-breeze circulation to the urban-breeze circu-can increase @concentration in the urban area under the fair
lation in the afternoon acts to effectively recirculate pollu- weather conditions that are conducive to both strong urban
tants. In the mid- to late morning, pollutants such asp;NO heat island and elevatedz@evels. In this study, we exam-
are advected over the mountains by the upslope wind. Thisned one case in which the large-scale synoptic forcing was
contributes to the build-up of £over the mountains in con- weak. The degrees of the impacts of urban land-surface forc-
junction with BVOC emissions there. As the prevailing lo- ing on local meteorology and air quality can vary depending
cal circulation in the afternoon turns to the urban-breezeon the magnitude of large-scale synoptic forcing. Thus, fur-
circulation that is opposite to the valley-breeze circulation, ther studies under various synoptic conditions are desired.
the Gs-rich air over the mountains is brought into the ur-

ban area. Hence,{xoncentration in the regions where the

urban breeze prevails increases directly by the advection opupplementary material related to this article is

the Qs-rich air. In addition, the advection of the air masses, available online at: http://www.atmos-chem-phys.net/13/
characterized by low N@and high BVOC levels and long 2177/2013/acp-13-2177-2013-supplement.pdf

OH chain length, from the surroundings by the urban-breeze

circulation increases the ozone production efficiency in the

urban area, thus enhancing chemical production gf IO

is concluded that the urban-breeze circulation that prevails
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