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Abstract. In this study, the Community Multiscale Air Qual- and early morning, where they then contribute to the day-
ity (CMAQ) modeling system is used to simulate the ozonetime Oz photochemical production. The sea-land circulation
(O3) episodes during the Program of Regional Integrated Explays an important role on the regional fdrmation and dis-
periments of Air Quality over the Pearl River Delta, China, in tribution over PRD. Sensitivity studies suggest thatfar-
October 2004 (PRIDE-PRD2004). The simulation suggestsnation is volatile-organic-compound-limited in the central
that O; pollution is a regional phenomenon in the Pearl River inland PRD, PRE, and surrounding coastal areas with less
Delta (PRD). Elevated §levels often occurred in the south- chemical aging (NQYNO,>0.6), but is NQ-limited in the
westerninland PRD, Pearl River estuary (PRE), and southernural southwestern PRD with aged air (WO, <0.3).

coastal areas during the 1-month field campaign. Three evo-
lution patterns of simulated surface @e summarized based
on different near-ground flow conditions. More than 75%
of days featured interactions between weak synoptic forcing;
and local sea-land circulation. Integrated process rate (IPR)
analysis shows that photochemical production is a dominan
contributor to @ enhancement from 09:00 to 15:00 local
standard time in the atmospheric boundary layer over mos
areas with elevated {bccurrence in the mid-afternoon. The

simulated ozone production efficiency is 2—8 @olecules ntration of ground-level §is of great environmental con
per NG, molecule oxidized in areas with highs@hem- céntration of grou evelsis ot great environmental o
cern due to its adverse impacts on human health and ecosys-

ical production. Precursors ofsQoriginating from differ- !
ent source regions in the central PRD are mixed during thetems’ as well as its greenhouse effect (NARSTO, 2000). The

i . . ~. Oz pollution in megacities and regional areas has been in-
course of transport to downwind rural areas during nighttime : i i
P gnig vestigated recently by many studies (Evtyugina et al., 2006;

Goncalves et al., 2009; Lei et al., 2007; Kimura et al., 2008;
Yu et al., 2009; Chang, 2008; Ran et al., 2009; Wang et al.,

Correspondence toY. Zhang 2009), in which the topics addressed includgpgbotochem-
BY

(yhzhang@pku.edu.cn) ical production, chemical sensitivity to precursors, roles of

Introduction

Il'ropospheric ozone (§) is a secondary pollutant pro-
fluced through a series of photochemical reactions involv-
Ing mainly nitrogen oxides (NQ and volatile organic com-
pounds (VOCs) in the presence of sunlight. Elevated con-
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meteorological conditions, §source attributions and devel- et al. (2007), there are still very limited three-dimensional
opment of control strategy. (3-D) modeling studies to address these issues over the in-
The Pearl River Delta (PRD) is one of the most urban-land PRD region. Moreover, to develop effective strategies
ized and industrialized regions in southern China. This aredor O3 pollution control, our understanding o&/OC-NOy
contains three megacities (Guangzhou, Shenzhen, and Hordhemistry over the whole PRD needs to be improved through
Kong) and numerous medium and small cities, houses 4%nore observational and modeling studies.
of the total population of China, and produces about 19% of The Program of Regional Integrated Experiments of Air
China’s gross domestic product each year. As a consequend@uality over the Pearl River Delta, China, in October 2004
of the substantial economic development and increases i(PRIDE-PRD2004) obtained a comprehensive database of
air pollutant emissions, in recent years, the PRD has exQg, particulate matter, and other air pollutant measurements
perienced rapid deterioration of air quality. Photochemicalin this region (Zhang et al., 2008a), providing an ideal testbed
smog has been one of the most severe air quality issues in thier CTM application to thoroughly investigate the spatiotem-
PRD, where surface £Jevels exceeding the national hourly poral evolution and chemical characteristics of ground-level
standard of 200 ug/f(~0.093 ppm) are frequently observed Og pollution over the whole PRD region.
by air quality monitoring networks, especially in fall when  |n this paper, the US Environmental Protection Agency
northerly winds and clear sky conditions prevail (Wang et (EPA) Community Multiscale Air Quality (CMAQ) mod-
al., 2001, 2003; Zhang et al., 2007, 2008a). eling system is applied to simulatez@pisodes during the
The G; pollution in Hong Kong has raised much attention PRIDE-PRD2004 campaign. Our goal is to quantify the im-
over the past decade. Meteorological conditions have beepacts of different chemical and physical processes on ele-
found to be closely associated withg @ollution in Hong  vated G formation and to characterize the regionaldbem-
Kong and the Pearl River estuary (PRE) area. The synopical production over the entire PRD area. Section 2 describes
tic systems related to £&episodes in Hong Kong have been the modeling methodology. Section 3 presents and discusses
classified into three patterns: tropical cyclones, continentathe model performance, the spatiotemporal evolution of ele-
anticyclones, and low-pressure troughs (Huang, et al., 2005vated @, the influence of different processes op forma-
2006; Chan and Chan, 2000). The impacts of the complex totion, and the characteristics ofs@hemical production. A
pography, local circulations, and low mixing height on heavy summary of conclusions is provided in Sect. 4.
Os pollution were investigated (Liu and Chan, 2002; Ding et
al., 2004; Lam et al., 2005), and a conceptual model was de-
veloped to explain the effect of land—sea breezes on pollutan2  Methodology
transport, trapping, and accumulation (Lo et al., 2006). In ad-
dition, the local versus regional contributions tg €pisodes 2.1 Model setup and inputs
in Hong Kong have been widely investigated using chemical
transport models (CTMs) and a backward trajectory method/Ve use CMAQ (version 4.5, Byun and Schere, 2006) with
(Ding et al., 2004; Lam et al., 2005; Huang et al., 2005, 2006;the Statewide Air Pollution Research Center version 99
Wang et al., 2006; Zhang et al., 2007). The relative impor-(SAPRC-99) chemical mechanism (Carter, 2000) to simulate
tance of local production and of regional transport from in- Oz formation during the whole month of October 2004. The
land parts of the PRD was found to change under differentmodel is configured to have triple-nested domains (Fig. 1).
meteorological conditions and at different locations. Previ- The outer domain with a horizontal grid spacing of 36 km
ous studies have also addressed the relationship betwgen @overs the entire area of China, the 12-km grid-spacing in-
and its precursors. In Hong Kong, the photochemical forma-ner domain covers Guangdong, Hong Kong, and Macao, and
tion of Oz is generally believed to be VOC-limited (Chan and the innermost domain with a 4-km horizontal grid resolution
Yao, 2008). focuses on the PRD. All the grids have 13 layers vertically
However, Q pollution in the PRD region outside of Hong extending from the surface to an altitude-e17 km above
Kong and PRE has not yet been investigated adequately, aritie ground, with seven layers below 1 km and the first layer
only limited studies have been reported. Wang et al. (2005)hickness of~19 m. The outputs from the outer domains are
evaluated the importance of different emission sources orused to provide boundary conditions for the inner ones by
the concentrations of £and other pollutants for the whole one-way nesting. A spin-up period of 3 days (1-3 October)
PRD in March 2001. Wei et al. (2007) investigated the im- is used to minimize the influence of initial conditions.
pact of biogenic VOC emissions org@rmation. Zhang et The fifth-generation  Pennsylvania  State  Uni-
al. (2008b) and Shao et al. (2009) adopted an observationversity/National Center for Atmospheric Research
based model to investigates@roduction sensitivity to pre- (PSU/NCAR) Mesoscale Model (MM5, version 3.7)
cursors in Guangzhou. CTMs are useful tools for exploring(Grell et al., 1994) is used to simulate the meteorological
the spatiotemporal evolution ofgollution and assessing fields to drive CMAQ. MM5 is configured with the same
the roles of different atmospheric processes i f@ma- nested horizontal domains as those for CMAQ (except that
tion. In spite of the works by Wang et al. (2005) and Wei at least three grid cells are extended from each side of the
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al. (2008a) are also included in the update of the inventory.
In addition, the emissions are projected from the base year of
original datasets to the year 2004 to include the impacts from
the changes of economy, population and vehicle volume as
well as other activity parameters relating to emissions. In
this composite and high-resolution regional inventory, an-
thropogenic emissions of NQVOCs, CO, S@, NHz, and
PM are reported in three major source categories: point
1 v sources (mainly power generation and industrial sources),
el 8 S mobile sources (on-road and off-road vehicles, marine traf-
(b) fic, and aircraft), and area sources (e.g., domestic and com-
mercial fuel combustion, industrial processes, solvent evapo-
Fig. 1. (a) The 36-, 12-, and 4-km domains for CMAQ simula- ration loss, storage and transport of petroleum products, and
tion; (b) locations of monitoring sites in the 4-km domain. Two su- agricultural activities). The biogenic VOC and NO emissions
per sites are labeled in blue: S1-GDEMC, S2-Xinken; the PRD airare estimated by applying the Biogenic Emissions Inventory
guf“rt]y rr;o\r;\;tonqg nehtwo;kj are Iat;]eled '2 rzgd nl‘_me‘erD: l'T;]""”hYU’System version 3.09 (BEIS 3.09, Vukovich and Pierce, 2002)
-Luhu, 3-Wangingsha, 4-Huijingcheng, 5-Zimaling, 6-Donghu, 7- - . . .
Jinguowan, 8-Tap Mun, 9-Tsuen Wan. and 10-Tung Chung: theW|th a Chinese plantation survey dataset (Pearl River Delta

sites labeled in green numbers (11-Kaiping and 12-Duanfen) areenwronmental protection planning committee, 2006). The

used to investigate the air quality in the southwestern inland anod.ef"’luIt BEIS emls_S|on fa}ctors and the hourly meteorological
coastal areas of the PRD, although no observation data were cofi€lds from MMS5 simulations are used.
lected at these sites during the PRIDE-PRD2004 campaign. The As shown in Table 1, mobile sources and power generation
PRD region is the gray area on the map; the names of some sukpoint sources contribute about 47% and 39%, respectively, of
regions are abbreviated: ZS-Zhongshan, ZH-Zhuhai, HK-Hongthe total NQ emissions in the PRD, whereas mobile sources,
Kong, PRE-Pearl River estuary. evaporation losses of solvents and petroleum, and biogenic
sources are the three largest contributors to VOC emissions,
accounting for 38%, 24% and 23%, respectively. Spatially,
CMAQ domain) and with 34 vertical layers. The one-way poth NG, and VOC emissions are found to concentrate over
nesting simulations are performed with the following physicsthe inland urban areas of Guangzhou, Foshan, and Dong-
options: the mixed-phase microphysics, the Grell cumulusguan; the coastal areas of Dongguan and Shenzhen; and the
scheme, the medium-range forecast model's boundary layeiirban core of Hong Kong (Fig. 2).
scheme, the rapid radiative transfer model longwave scheme,
and the Noah land-surface model. The National Centers fop.2 Model evaluation protocol
Environmental Protection (NCEPY &1° global reanalysis
data, the NCEP global surface and upper air observatioPredicted meteorological fields (including winds, tempera-
data, and observations measured in the atmospheric boundire, and humidity) are examined against the hourly obser-
ary layer (ABL) during the PRIDE-PRD2004 campaign are vations obtained during October 2004 for each domain. Per-
used to prepare the initial and boundary conditions for theformance statistics for the MM5 simulations are calculated
MMS5 simulations. The four-dimensional data assimilation using the Metstat statistical analysis package (Emery et al.,
technique (“grid nudging”) is used to nudge 3-D winds, 2001).
temperature and humidity at six-hour intervals, and surface The simulation of @ formation during 4-31 October is
winds at three-hour intervals. evaluated against observations made at two super sites of the
The gridded and speciated hourly emission inputs forPRIDE-PRD2004 campaign (Zhang et al., 2008a) and mea-
CMAQ are prepared using the Sparse Matrix Operator Ker-surements collected simultaneously at the ten regular surface
nel Emissions (SMOKE) model (version 2.3, Houyoux et sites of the PRD air quality monitoring network (see site lo-
al., 2000). The TRACE-P anthropogenic emissions inven-cations in Fig. 1b). Note that the platform of the super site
tory (Streets et al., 2003) with® X 1° resolution is used for at Guangdong Provincial Environmental Monitoring Center
the outer 36-km domain. Inventory inputs (to SMOKE) of (GDEMC) sits on the roof of a 17-story buildingy50 m
anthropogenic emissions for the inner domains are basedbove the ground, in the urban center of Guangzhou City.
on an inventory compiled by the Hong Kong Environmen- The other super site of Xinken is a seaside rural site. The lev-
tal Protection Department (P. Louie, personal communica-els of O; and NQ, were measured by TECO commercial in-
tion, 2006), which has been applied in modeling studies suctstruments TECO 49C and 42C, respectively, at the super sites
as Huang et al. (2005, 2006). Emission estimations in PRDand stations of PRD air quality monitoring network (Zhang
area from several recent studies, including biomass burningt al., 2008b). Two kinds of measurement techniques for
emissions by Cao et al. (2005), vehicular emissions by Songnon-methane hydrocarbons (NMHCs) were adopted at the
and Xie (2006) and anthropogenic VOCs emissions by Liu etsuper sites. One was canister sampling followed by analysis
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j ¢ Table 1. Summary of annual emissions of NGind VOCs by
. » source category over the PRD in 2004 (kilotons/yr).
04 0.8 Source category NO© VOCs
02 0.4 Power generation point source 294 34
Mobile source 349 545
U 0.0 U0 Industrial source 52 20
mol/s mol/s Domestic & commercial fuel combustion source 36 73
) o . . Solvent & petroleum evaporation source 0 345
Fig. 2. NOy (a) and VOC (b) emissions in the 4-km grid at Agriculture source & others 11 105
12:00 local standard time (LST) on 16 October 2004. Biogenic sourceé 6 328
Total 748 1450

using gas chromatography (GC) combined with mass Spec+ the annual biogenic emissions are estimated based on the mean
trometry (MS) and flame ionization detection (FID) for C2- emjssion amounts in the October, 2004.

C12 species (Liu et al., 2008b), and the other was on-line
GC-FID for C3-C12 species (Wang et al., 2008a). The can-
ister measurements usually collected three samples per desome other processes (such as cloud processes, aerosol pro-
at GDEMC and two samples per day at Xinken during thecesses, and emissions) at each model grid cell. Details of
entire campaign, whereas the on-line observations are onlyPR analysis can be found elsewhere (Jeffries and Tonnesen,
available in the second half of the month. The simulated1994; Jang et al., 1995; Gipson, 1999). Recent applications
concentrations of all NMHC-related species in the SAPRC990f the IPR in CMAQ model have been reported by Xu et
mechanism are summed together for comparison with canisal. (2008), Yu et al. (2009), Gongalves et al. (2009), Wang et
ter NMHCs observations, and C2 species are not included iral. (2009), and Zhang et al. (2009a, b).
the simulated values when those values are compared with For the IPR analysis, we first assess the roles of various
the on-line NMHCs observations. atmospheric processes ins@rmation in ABL at the two

The performance is judged by statistical measures, includsuper sites, GDEMC and Xinken, and at the Donghu sta-
ing the correlation coefficient, normalized mean bias (NMB), tion. The G pollution at GDEMC represents a typical sit-

and normalized mean error (NME), defined as uation in Guangzhou urban areas (source region), whereas
N that at Xinken, a rural site with less local emissions, reflects
3 (C.S _Cg)) the influences of pollutants transported from upwind areas
1 1

1100% (1) (Guangzhou and Dongguan under northgrly winds; She_n—
N zhen and Hong Kong under southerly winds). Donghu is
_lC;O an urban site in Jiangmen City, locate®0 km downwind
- of the urban areas of Guangzhou and Foshan under northerly
N wind conditions. The maximum £Jevels were recorded at
Y|ci—c?| Donghu during the campaign. We then investigate the in-
NME = =1 .100% 2) fluences of different processes (precursor emissions, physi-
3o cal transport, and gas-phase chemistry) on the formation and
= evolution of regional @ pollution over the PRD.

NMB = =2

1

whereC; andC{ represent simulated and observed concen-2.4 Ozone production efficiency calculation
trations at a same monitoring site for the same hour, respec-

tively, and N is the total number of such data pairs of interest Ozone production efficiency (OPE) is defined as the
number of molecules of © formed per NQ removed

2.3 Integrated process rate analysis from atmospheric ozone-forming oxidation cycles [i.e.,
P(03)/P(NO;)] (Seinfeld and Pandis, 2006). OPE is an im-
Production of @ is the net result of interactions of the var- portant measure for determining the efficiency of the catalyst
ious atmospheric processes involved (e.g., chemistry, transNO, in Oz formation and for indicating the £VOC-NOy
port, deposition). The integrated process rate (IPR) analysigensitivity under certain polluted conditions (Sillman, 1995;
implemented in the CMAQ model is used here to investigatesillman and He, 2002). In this work, OPE for the time range
the influences of major physical processes and the net effeeind spatial region of interest is estimated based on the IPR
of chemistry on model predictions. The IPR analysis calcu-results, which provide the net chemical production gfe@d
lates hourly contributions of gas-phase chemistry, horizontaNO, at each grid cell on an hourly basis [i.?(O3) and
transport (including advection and diffusion), vertical trans- p(NO,)].
port (including advection and diffusion), dry deposition, and
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2.5 O3 sensitivity testing

0.20 SDEMC 0.20
Understanding of the non-linear relationship betwegia® Eon M M m ! | Eonl
mation and its precursors is critical for the development of an o ! oo LAY Lt
effective G control strategy. We evaluate the; @sponse R W coromm e E e
to precursors by perturbing the domain-wide anthropogenic o o
emissions of N@ and VOCs and then examining the result-  £u] _ o
ing changes in @ concentrations and £production rates. g [PAWWIEMAGTIIER =0 AMMMMMMMMAMM
The perturbations of emissions include a 25% reduction in crRE e rER crmE e rEe
NOy emissions, a 25% reduction in VOC emissions, and a _o» ani o
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sensitivity to precursors may vary with the magnitude of & J M.Mhﬁﬂl»hmmm & as MMMMWMMMAWW\W
emission reductions; here, the 25% emission-reduction sce- "¢ 7 & & 1 1 = 3 3 % 4 7 W B 16 . 2 %
narios are used because this reduction level is more feasible " "

and probable in real controls than 50% or higher reductions. ¢ . ‘ gos e
Furthermore, we examine the influence of the photochemical ;.. e
age of air mass (indicated by the ratio of N®ROy) on the o0 o0

sensitivity of G formation to precursors. e pate
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0.20 Tsuen Wan- 0.20 Tung Chung

T 015 T 015
i

o010
S 0.05 S 0.5 1

3 Results and discussions o.00 LY 000 1 4¥
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3.1 Evaluation of model performance
Fig. 3. Time series of simulated surface;@gainst that observed at

Simulated surface meteorological fields were examined”RD monitoring sites during 4-31 October 2004.
against the surface hourly observations during the field cam-
paign, and the MM5 model performance (shown in Table 2)
is well within the typical range of meteorological modeling the evolution of observed £at Tianhu, a rural site in the
studies (Emery et al., 2001; Hanna and Yang, 2001). far north of Guangzhou, had an elevated background level

Simulated @ concentrations compare well against the of O3 ranging from 60 to 70 ppb during the campaign and
observations at the two super sites and at other networkvas less affected by local photochemical production (except
sites (Table 3), with a correlation coefficient of 0.73, NMB during 29-31 October). Considering the prevailing northerly
of —5.4%, and NME of 37.1%, comparable to the perfor- winds in October, the underestimation of @ Tianhu may
mance of other CMAQ applications (Zhang et al., 2006; be caused by the uncertainties in emissions in northern ru-
Gongcalves et al., 2009). The simulations reproduce the diurfal areas of Guangzhou and distant northern areas such as
nal variations and magnitude of;@easonably well at most Qingyuan. The overestimation of surface wind speeds by
sites (Fig. 3), except at Tianhu, which is an upwind rural MM5 (see Table 2) may result in more transport and less
site. Comparisons of precursor concentrations (i.e; B2l  accumulation of @ and its precursors, which is a probable
NMHCs) at the monitoring sites further demonstrate that thecause of the underestimated @eaks at some other sites as
Os formation is captured reasonably well (and for the right well.
reasons) over the domain and throughout the period (Table 3, The measurements of NGand VOCs are greatly influ-
Figs. 4 and 5). enced by local emissions. October is harvest season for agri-

Note that the levels of peaksQend to be underpredicted cultural crops in PRD and biomass burning in open fields was
at a few sites (e.g., Tianhu, Wangingsha, and Zimaling, seeignificant and was observed during the campaign. Although
Fig. 3). This may be related to several factors, such as théhe emissions by burning crop residues have been included
uncertainties in the precursor emissions and meteorologicah the inventory, an exact estimation of precursor emissions
parameters. In the current inventory, compared with the datas difficult due to the limited information on the details of
for PRD urban areas, the emission estimations over the sutburning events (i.e., the place and duration of biomass burn-
urban and rural areas of the PRD and the areas outside thiag, amount of burned crop residues). This may result in
PRD have higher uncertainties due to the limited source inthe uncertainties in the simulated precursors concentrations
formation available and fewer reported studies. For instanceand G levels as well, especially at rural sites (e.g., Tianhu,

www.atmos-chem-phys.net/10/4423/2010/ Atmos. Chem. Phys., 10, 44232010
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Table 2. Performance statistics of the MM5-simulated meteoro-

7 015 Luhu——————{—sim —obs |
£ 0.10 logical variables against surface observations during 1-31 October
g e MMW\MWMMNMMWWM 2004

0.00 — T

4 7 10 b " pate 2 % » i Meteorological Statistical
variable parameter O1 D2* D3*
o Wanqing — _
= ha [—stn —obs] Surfacewind  RMSE* (m/s) 207 206  1.64
§ 00s | , speed Bias (m/s) 032 089 027
z 0'0;] IOA*** 0.79 0.65 0.66
4 7 w3t Y2 s 283l Surface wind Gross Error (deg.) 39.49 4215 38.11
direction Bias (deg.) 3.47 2.47 0.56
g 015 Donghu——————f—sin —obs | Surface Gross Error (K) 227 209 198
& 0107 temperature Bias (K) -0.90 -0.88 0.39
S 0.05 7 J ‘ 10A 0.97 0.90 0.85
0.00 +——— —r — — R — a — !
4 7 10 13 6, 1 22 25 28 31 Surface Gross Error (g/kg) 1.13 1.64 1.62
e humidity Bias (g/kg) —0.50 -1.30 -1.24
I0A 0.94 0.78 0.64

Fig. 4. Comparison of observed and simulated N& the Luhu,
Wangingsha, and Donghu sites.

* D1, D2 and D3 stand for the domains with 36 km, 12 km and 4 km
horizontal resolution, respectively.

0.30

@ = Online ** RMSE stands for the root mean square error.
Eom | o Canist g #% |OA stands for the index of agreement (Emery et al., 2001).
s Y 2
e 3 0.20
020 .. .
] z Table 3. CMAQ performance statistics for the simulated hourly
Son0 | s 7T i concentrations of surfacegdNO, NO, and NHMC against obser-
5 T8 £ vations over the PRD during 4-31 October 2004.
0.00 S 0.00
i N N Species Numberof Correlation NMB_NME®
data pairs  coefficient (%) (%)
Fig. 5. Scatter plot of observed and simulated NHMC (a} O3 6856 0.73 —-5.4 37.1
GDEMC and(b) Xinken. The 1:2 and 2:1 lines are also included. NO 4591 0.54 —69.6 86.0
NO> 4706 0.52 -26.8 52.1
NMHC 759 0.66 —24.2 47.7

Wangingsha and Xinken). Another significant uncertainty
in estimating VOCs emissions comes from the lack of 0- * NMB stands for normalized mean bias; NME stands for normal-
cal representative emission factors of VOCs from industrialized mean error.
and domestic solvent use, which also accounts for the under-
prediction of ambient VOCs concentrations, especially for
aromatic levels. Further nighttime vertical diffusions are not The modeled and observed NO are reasonably correlated
easily simulated by current mesoscale meteorological modWith a correlation coefficient of 0.54, similar to that of NO
els, especially over the complex topography and land use iftsee Table 3). Note that most of the NO low biases were for
PRD. This may be a reason for higher deviations of precursofhe measured NO peaks during the night time and the early
levels between model results and measurements during nigtforning rush hour (not shown). This may indicate that the
and early morning. NOy emissions were under-estimated at those time periods.
In addition, studies have revealed that molybdenum conHowever, the low biases can also be explained by the mis-
verter (equipped in the TECO 42C chemiluminescencg NO matching of modeled volume concentrations in a 4-km grid
analyzers as used in the campaign) reduces not onfy® cell with observations which were largely impacted by local
also other nitrogen-containing compounds (e.g., nitric acid,Primary emissions under stable boundary layer conditions.
peroxyacetyl nitrate and other organic nitrates) to NO, hence ) i .
can cause the NQanalyzer overestimating the real N€on- 3.2 Regional spatiotemporal evolution of surface ozone
centrations (Steinbacher et al., 2007). Apparently this over-

L . Both the CMAQ simulation and air quality measurements
estimation of real N@ concentrations by measurements ac- . .
; . demonstrate that the PRD experienced serious photochem-
counts for, at least in part, the low bias of the N@erfor-

mance (Table 3) ical smog pollution at the regional scale during the cam-
' paign (Fig. 3). The simulated monthly average distribution

Atmos. Chem. Phys., 10, 4428437, 2010 www.atmos-chem-phys.net/10/4423/2010/



X. Wang et al.: Process analysis and sensitivity study of regional ozone formation 4429

indicates that elevated levels of surfacg Wually occurred

in the western and southern PRD. As shown in Fig. 6, ar-
eas with Q higher than 0.090 ppm include southern Fos-
han, Jiangmen, Zhongshan, the PRE and surrounding areas, 0.09
and the southwestern coastal area. Regionap@lution

was also recorded at stations located in the western PRD

and around the PRE, such as Donghu, Zimaling, Wanging- 0.06
sha, Xinken, and Tung Chung, where thg idnattainment

(i.e. hourly & concentration exceeding the national ozone

air quality standard of 200 pgfor ~0.093 ppm) days ac- 0.03
counted for 88%, 95%, 77%, 88%, and 61% of valid obser-

vation days during the campaign, respectively. The maxi-

mum hourly @Q concentration of 0.179 ppm was measured 0.00
at Donghu station (Zhang et al., 2008b). Although no sur- ppm
face observations of concentrations were conducted in

central and western Jiangmen during the campaign, aircrafiig. 6. Average hourly simulated surfaces@t 15:00 LST during
measurements in the ABL reported average |@vels of  October 2004.

around 0.080 ppm and a maximuny @alue of 0.101 ppm

over Kaiping in the afternoon (close to the levels in Zhong- . L
shan, but higher than those in Foshan and Huizhou) (Wang etpe transport of air pollutants. Weak synoptic winds and stag

al., 2008b), suggesting the occurrence gf@llution in the nant conditions usually resulted in more severe photochem-

— ical pollution in the PRD. In the second pattern, named as
rural western PRD where the local precursor emissions are N ) . .
low. O3-Southwest”, northeasterly winds were dominant in the

The formation and distribution of ©pollution over the dgyUmeloverthe PRD. D""V“T“e elevatgg @as mainly dis-
. . ; ... __tributed in the southwestern inland regions, PRE, and south-
PRD is greatly influenced by synoptic weather conditions

and local circulations. During the campaian. a hiah-pressure™ coastal areas (e.g. Fig. 7b). Because a southeasterly sea
: 9 paign, gn-p ebreeze developed along the coastal areas and strengthened

system dominated over the PRD and resulted in light-to- .
n¥oderate northerly or northeasterly synoptic winds. g.l_hreegradually during the afternoon and at dusk, transport of the

cold air masses from the north intruded into the PRD onr%mgili]rgg ;c: ;ri\ehslc; L\j/tg:grir;] vtvr?(;e;oir;aervr\:ariri?lgﬁeddéf;s ?)f
1, 17, and 25 October. After the influence of cold air 9

weakened, both meteorological observations and simulatei]Iangmen and Guangzhou even after sunset. In the third pat-

; . ern, named as “@West”, the easterly winds prevailed in
results showed the evolution of sea-land breezes in th‘fowerla ers during the daytime over most areas, and elevated
southern PRD. Under weak synoptic conditions, northeast- Y 9 Y '

. - O3 usually occurred in the western PRD in the afternoon. In
erly/northerly/easterly winds were dominant over the PRDthiS attern, Jiangmen experienced a relatively lighiol-
from early morning to midday, and southerly or southeast- P ' 9 P y g

erly sea breezes usually began in afternoon and ended arourllltjitlon compared with the episodes org-Southwest days,

midnight in the southern PRD (Fan et al., 2008). iggsrt];?grlg\;e;is; ?\fl(v)errtisil%o;};oungi al(;r(‘:? the southern
Based on the influences of the different near-ground flow P -9 7g. 7C).

; . . We group all days during 4-31 October into the aforemen-
patterns, we summavize three evolution patterns of smulate%oned three patterns (Table 4). The classification of pollution
surface Q over the PRD during the studied month. In the P ) P

first pattern, named as “ESouth”, the flows in lower lay- days reflects the influence of the interaction between synoptic

ers were characterized by northerly or northeasterly WindsforCIngl and local circulation on the evolution og@ollution

prevailing over the PRD during the whole day due to mod- V" the PRD during the campaign.

erate or strong synoptic forcing resulting from the intrusion 3.3 Process analysis of @formation

of northern cold air. Elevated{aluring mid-afternoons was

usually distributed over southern or southwestern inland angqere, 16—22 October is used for the IPR analysis because the
coastal regions, as well as the PRE area. Atduslcddcen-  pRD experienced all threez(ollution patterns during this
trations in the urban areas of Guangzhou, Foshan, Shenzhegeriod (see Table 4), and the CMAQ simulation shows good
and Hong Kong dropped to low levels due to the decreasgyerformance at most sites on these days. The observed max-
in photochemical production and the removal &f @ NO  jmum height of the daytime ABL was about 1200 m during
titration and dry deposition, while continuous transport by the campaign (Fan et al., 2008), corresponding to the lowest
northerly winds moved the ©plume to the southern water seven layers in the CMAQ simulation. Therefore, our pro-

area (e.g. Fig. 7a). cess analysis mainly focuses on the IPR results from layers 1
The other two patterns occurred when synoptic winds wereq 7.

weak and sea—land breezes showed significant influence on

0.12
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0.16
0.12
0.08

0.04

0.00
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Fig. 7. Simulated surface §concentrations superimposed with the wind fields at 15:00 LSTaph9 October(b) 16 October, andc) 29
October, taken as examples of the threge@olution patterns, respectively.

Table 4. Classification of @ pollution days into three evolution Zom | | e ot
patterns in the PRD during 4-31 October 2004. Efom o0
=-0.08 -0.10

-0.16 -0.20

(@ 10-16 10-17 10-18 10-19 10-20 10-21 10-22 mean
a

No. Pattern Date ~

03 (ppm)

0.16 Xinken 0.20

zg 0.08 - / . 1 0.10 g
1 03-South 4,5,8, 18, 19, 25, 26 Ege B A e 1o s
2 O3-Southwest 6, 7,9, 10, 11, 12, 14, 15, 16, 17, 20, 24, 27 e s wn ww wm o 220
3 -West 13, 21, 22, 23, 28, 29, 30, 31 ® ) ) ) ) ) ) -
03 0.10 Donghu; 0.20
£ 005 Q ;; g;\l :\\ | é; Q Q Q—mo B
giﬁ 0.00 0.00 =
= Baos | ‘ 1010 8
0.10 0.20
. . . 10-16 10-17 10-18 10-19 10-20 10-21 10-22 mean
3.3.1 Process analysis at the selected site locations Time
‘ N DDEP =M CHEM HTRA VTRA TRAN ——NETC —CONC‘

©
Figures 8 and 9 reveal the different roles of atmospheric pro- _ o _
cesses in the evolution Of@.t the gnd cells of the GDEMC’ Flg 8. Dally variations of Q concentration and hourly@hange
Xinken, and Donghu sites. In the lower layers of the urbanrates due to various atmospheric processes in the lowest three layers

~ i ’ : Y .. (0-80ma.g.l.) ata) GDEMC, (b) Xinken, and(c) Donghu from
GDEMC ‘?’Ite’ 9as phgse chemistry exhibited .a S|gn|f!cant16_22 October 2004. (VTRA: vertical transport, the net effect of
consumption of @ during the whole day (especially during

ffi hh d . ion by hiah 7 vertical advection and diffusion; HTRA: horizontal transport, the
traffic rush hours) due togJitration by high NQ emissions, net effect of horizontal advection and diffusion; TRAN: transport,

whereas horizontal and vertical transports were the main Conge net effect of VTRA and HTRA; DDEP: dry deposition; CHEM:
tributors to compensate for the chemical loss and to enhancgas-phase chemistry; NETC: the net change of houglg@ to all

the G; levels during the daytime (Fig. 8a). During the build- atmospheric processes; CONC: instantaneogyis@centration at

up of daytime maximum ®in the ABL from 09:00 to 15:00 the end of each hour).

local standard time (LST), the top chemical contributions oc-

curred in the layers 5-7 (150-1000 m above ground level —

a.g.l.); the produced ©was then horizontally transported to chemistry was also an important contributor to daytime O

downwind areas and vertically transported to lower layers toehhancement, characterized by moggp@oduction in lower

balance the @removal by NO titration and dry deposition layers (Fig. 9b).

(Fig. 9a). Among the three sites (GDEMC, Xinken, and Donghu)
At the rural Xinken site, vertical transport contributed Shownin Fig. 9, Donghu experienced the maximum increase

mainly to the Q levels and was then decreased on a sim-0f Oz concentration in the ABL from 09:00 (0.046 ppm) to

ilar magnitude by horizontal transport during the daytime 15:00 LST (0.121 ppm) (Fig. 9¢). Chemical production dom-

(Fig. 8b). Such influences of transport processes may be adbated the @ enhancement, especially in upper layers (layers

sociated with the circulations of sea—land breezes over thé—7)- In lower layers, although the influences of horizontal

PRE. The ana|ysis of the simulated 3-D air flows ShOWedand vertical transports exhibited day-to-day variations due to

that local air circulations often occurred at Xinken and were different meteorological conditions, the net effects of trans-

characterized by downdraft in the upper layers and diver{ort mainly showed a positive contribution to near-ground

gence in the lower layers (Detailed discussion of this issue@3 in most hours of a day (Fig. 8c).

is presented in another manuscript in preparation by Zhou

et al., 2009: land-sea breezes over Pearl River Estuary and

their impact on local air quality in October 2004). Gas-phase
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(b) Fig. 10. Changes in @ due to gas-phase chemistry at GDEMC,
DDEP Xinken, and Donghu in the ABL (for layers 1 to 7) from 09:00 to
- A03 % o tgzzg 15:00 LST averaged for 16—-22 October 2004 (© estimated by
VIRA i E = :::52: O3+NOy).
HTRA b E O Layer3
- 5 o0 E B aven in Taipei (Chou et al., 2006). As shown in Fig. 10, an
‘ ‘ interesting phenomenon is that the vertical profiles gf O
040 020 000 020 040 P T changes derived from gas-phase chemistry and accumulated
Change of O; (ppm/6hr) 05 (ppm) from 09:00 to 15:00 LST were similar at GDEMC, Xinken,

(©)
¢ and Donghu (Q chemical production decreases with height),

Fig. 9. O change rates due to various atmospheric processes foll! contrast to the significant differences among the vertical
layers 1 to 8 (left) and evolution of §vertical profiles (right) aga) ~ Profiles of G chemical formation illustrated in Fig. 9.
GDEMC, (b) Xinken, and(c) Donghu from 09:00 to 15:00 LST av- As pollutants are generally well mixed in the ABL during
eraged for 16—-22 October 2004. (VTRA: vertical transport, the netdaytime conditions, we summarize the process budgets inte-
effect of vertical advection and diffusion; HTRA: horizontal trans- grated over the depth of the daytime ABL (corresponding to
port, the net effect of horizontal advection and diffusion; DDEP: the vertical range of layers 1 to 7) in Table 5. In the ABL, the
dry deposition_; CHEM: gas-phase chemisttyQ3: the change of process contributions to daytime maximurg & GDEMC,
Og concentrations from 09:00 to 15:00 LST). Xinken, and Donghu share common features regardless of
their urban vs. rural locations: (1) although horizontal and
. . vertical transports accounted for a considerable portion of
Dry deposition was a sink for surface@ GDEMC and 100655 budgets, the net effects of transport processes ex-
Donghu, but showed weaker effects at Xinken because wat€fjpited negative contributions to the build-up of maximum
covers more than 90% of the _g_rld cell in which this coastal Os, and (2) gas-phase chemistry dominated theghance-
site is located. The wet deposition and cloud processes Werg ant from morning to mid-afternoon, whens @oncentra-
also negligible due to the low cloudiness and the absence of 5 usually reached the maximum level of the day.
precipitation during this period.
In many G chemistry studies, the total oxidank @sti-  3.3.2 Process analysis applied to regional{pollution
mated by @Q+NOy) is frequently used in data analysis be-
cause Q is not affected by the rapid photodissociation of In this section, the process analysis focuses on the whole
NO; and the titration of @with NO, being a better measure PRD region during its daytime £build-up in the ABL from
of the real photochemical production of ozone (Chou et al.,09:00 to 15:00LST. On 16, 19, and 22 October (character-
2006; Zhang et al., 2008b). In layers 1-7, the overall averagézed by different near-ground flow conditions ang @llu-
Oy chemical productions at GDEMC, Donghu, and Xinken tion patterns; refer to Table 4), gas-phase chemistry played
were 0.102 ppm/6 h, 0.082 ppm/6h, and 0.048 ppm/6 h, rea dominant role in the @enhancements over most of the
spectively, indicating that the photochemical oxidant produc-area of the PRD, especially in the southern and western PRD
tion rate in the urban area was greater than that in the ruwhere elevated @was distributed around mid-afternoon. In
ral region, similar to findings from a study ofs@ollution contrast, the transport process (the sum of horizontal and
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Table 5. Summary of the average accumulated contributions of
each process to fformation over the depth of layers 1 to 7 for
the period of 09:00 to 15:00 LST during 16—22 October 2004 at the
GDEMC, Xinken, and Donghu sites (ppm/6 h).

Site CHEM* HTRA VTRA DDEP NETC
GDEMC 0.072 0.004 —-0.030 -—-0.002 0.044
Xinken 0.055 -0.031 0.025 0.000 0.049
Donghu 0.082 -0.021 0.016 —-0.002 0.075

* CHEM: gas-phase chemistry; HTRA: horizontal transport, the net  vem’
effect of horizontal advection and diffusion; VTRA: vertical trans-  ®)
port, the net effect of vertical advection and diffusion; DDEP: dry
deposition; NETC: net change due to all processes.

vertical transports) exhibited less influence on the regional
scale, except in isolated areas, where the large power plants"";“
or the busy harbors were located and intensive, N@is-

slons resu_lted_ In strong 3(,1'”3“0” (F',g‘ 11). The domi- Fig. 11. Regional distributions of @concentrations at 15:00 LST
nant CO”"'bU“F’” O_f chemical production not only. Qccurred (left) and the accumulated contributions of gas-phase chemistry
on the days with different near-ground flow conditions, but (center) and physical transport (right) from 09:00 to 15:00 LST over
also over the areas with different emission strengths (i.e., Urthe depth of layers 1 to 7 of@) 16 October(b) 19 October, an¢c)
ban vs. rural). 22 October 2004.

The lower precursor emissions in Jiangmen and south-
western coastal areas (Fig. 2) indicate that the transport pro-
cess might play an important role in maintaining the neces{rocess in Jiangmen and southwestern coastal areas. The
sary levels of precursors involved in the elevatefiadem-  transport of NQ from the late afternoon of 18 October to the
ical production there. The regional distribution of NO Morning of 19 October was mainly controlled by northerly
contributed by the transport process, integrated over thavinds and was not affected by the sea breeze, which resulted
depth of layers 1 to 7 and accumulated from late afternoorin less NQ accumulation inside the PRD than what hap-
(17:00 LST) to the next morning (09:00 LST), is used to re- Pened on 15-16 and 21-22 October.
flect the redistribution of N@from the source regionstothe  The above process analysis not only exhibits the redistri-
whole PRD (Fig. 12). The IPR results show that the trans-butions of precursors from night to the next morning, but also
port process functions as a sink of N@ areas with inten-  reveals the significance of{@hemical production on a large
sive NQ, emissions (such as in urban areas of Guangzhoutegional scale in the daytime under such close interactions
Dongguan, Shenzhen, and Hong Kong), but as the dominaramong the precursor emissions, physical transport, and pho-
source of NQ over the southern or southwestern PRD (es-tochemical process.
pecially in Jiangmen and the PRE), even if the accumulated
time range is extended to 15:00 LST of the next afternoon. 3.4 Ozone production efficiency

The flow conditions influence the transport and redistri-
bution of NQ, during the night and next morning (Fig. 12). As illustrated in Fig. 13, OPE shows significant spatial vari-
From late afternoon to midnight on 15 and 21 October, south-ations over the PRD. The calculated OPEs are 2—8 in most
easterly sea breezes developed and prevailed in the southegions of the middle and western PRD, corresponding to
ern part of the PRD, and wind convergence appeared ovethe areas of high ©chemical production (Fig. 11a). Less ef-
Panyu, Jiangmen, and Zhongshan (Fan et al., 2008), whicficiency (i.e., OPE values of 1-5) is shown in the urban areas
mixed the NQ plumes from northern source areas (i.e., ur- of Guangzhou, Foshan, Shenzhen, and Hong Kong, charac-
ban Guangzhou and Foshan) with plumes from southern arterized by intensive NPemissions, as well as downwind ar-
eas (i.e., Dongguan, Shenzhen, and Hong Kong) inside theas of the urban plumes under prevailing northeasterly flow.
PRD:; this hindered the transport of N@utside the PRD. In contrast, high OPEs (larger than 11) are shown over up-
After midnight, northerly or northeasterly wind again pre- wind or rural areas with less NOsource emissions (e.g.,
vailed over the PRD, and the delayed N@ume was trans- Huizhou, Zhaoqing, and Qingyuan).
ported to the south and west, providing the majority ofgNO  For the period of 16—22 October, the average OPE val-
involved in G; enhancement by the daytime photochemical ues during 09:00-15:00 LST were 3.6 (2.9-4.0) at GDEMC,
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Fig. 13. Regional distribution of OPE calculated based on the over-
all chemical production of @and NQ over the lowest seven layers
from 09:00 to 15:00 LST on 16 October 2004.

3.5 Sensitivity of O to precursors

In this section, we first examine the response of surface
O3 to precursor emission reductions, averaged over 12:00—
2 i o 17:00LST from 16 to 22 October (Fig. 14). Over the cen-
(d) L as 50 i i tral inland PRD and the PRE and surrounding coastal areas
ppm 17:00 Oct 15 - 0:00 Oct 16 17:00 Oct 15 - 9:00 Oct 16 17:00 Oct 15 - 15:00 Oct 16 (le, the reglon marked by the red e|||pse |n F|g 142 O

Fig. 12. (a) (b) and(c) The accumulated contributions to N®y fl"\ﬁilf/gicgﬁzii(()?});'OH(())SVGeV%rO;D?a\F/)SIrSn?n\év;;ha;ze(k:fl%ugggi of
the transport process over the depth of Iayer_s 1to 7 from 17:00 to . ’ ’ . M
00:00 (left), 09:00 (center), and 15:00 LST (right) of the next day. 0.017 pp_m)- in most of the areas with the reduction (_)f only
The arrows show the near-ground dominant wind directions duringNOx emissions. Such §xhanges suggest thag @rmation
the periods of 17:00-24:00 LST (left), 00:00-09:00 LST (center), Was under a VOC-limited regime and was depressed by high
and 09:00-15:00 LST (right]d) The accumulated NQemissions ~ NOy levels in these urban areas and the immediate down-
in the same time range and vertical layers during 15-16 October ar&vind areas during the campaign period, which is consistent
shown for comparison. with Zhang et al.’'s (2008b) findings from an observation-
based model at the GDEMC and Xinken sites. Thel€-
_ els are more sensitive to the perturbation of N&nissions
4.9 (4.2-5.9) at Xinken, and 5.0 (3.3-7.3) at Donghu.xNO pyt exhibit less changes with VOCs reductions in the rural
exhibits lower catalysis efficiency at the urban GDEMC site goythwestern PRD (i.e., the region marked by blue ellipse in
because of intensive local N@missions by vehicles and in- i 14) where less NOand low-to-moderate VOC emis-
dustrial activities. For the rural Xinken site, despite lower gjons are distributed (see Fig. 2). The @sponse supports
local emissions, the significant NGources in neighboring  the important role of NQregional transport to ©formation
areas (such as power plants along the southern coast of Dongs the southwestern PRD, as obtained by the process analy-
guan and intense NCemissions in the western coastal area gjs in Sect. 3.3.2. With reductions in both N@nd VOCs
of Shenzhen and in Hong Kong) provide Nér local pho-  emissions, @ levels decrease over most of the central and
tochemical reactions, resulting in a similar level of OPE asyestern PRD.
that found at Donghu (urban site). The simulated OPEs atthe Next we check the response of Bhotochemical produc-
super sites are comparable to those observed in urban Bejion rates to the perturbations of precursor emissions because
jing, ranging from 3.9 to 9.7 (Chou et al., 2009), and those ot the critical influence of gas-phase chemistry on @-
observed or modeled in US cities (Nashville, 2.5-4.0, Nun-pancement from low concentrations in morning to maximum
nermacker et al., 1998; New York City, 2.2—4.2, Kleinman et |gye|s in mid-afternoon over most parts of the central and
al., 2000) and in the Mexico City Metropolitan Area (4-10, \yestern PRD. Figure 15a and b show that the responses of
Lei etal., 2007). the net chemical production rates of QP (Ox)] are similar
to the changes of ©in the central and western PRD (see
Fig. 14a and b), except for the obvious decrease in the east-
ern PRD with the reduction of NOemissions (i.e., a clear
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Fig. 14. Surface @ change averaged over 12:00-17:00 LST on 16—22 October 2004 due to a 25% reduction in anthropogenic emissions of
(a) NOx only, (b) VOCs only, andc) both NG, and VOCs. The blue and red ellipses mark the regions with heh@nge characterized by
NOx-limited chemistry and by VOC-limited chemistry, respectively.

I 40 I 40 I 1.00
20 20 0.75
0 0 0.05
-20 -20 0.25
U -40 U -40 L 0.00
% %
(a) (b) (c)

Fig. 15. Regional distribution of the percentage chang® (®x) due to a 25% reduction in anthropogenic emissions of My (a), VOCs
only (b), and the NQ/NOy ratio in the base case rio) in the surface layer during 12:00-13:00 LST on 16 October 2004.

NO-sensitive response). The distribution of the @O, 60
ratio is also presented for understanding the responses of
P(Oy) (Fig. 15c). The VOC-sensitive area over the PRD 40
generally corresponds to the areas of higher Ny ratios, 20
whereas the decrease B{Oy) due to the reduction of NO
emissions usually occurs in the regions of lower XDy
ratios, similar to results from the Mexico City Metropolitan -20
Area (Lei et al., 2007). Generally, in and near urban cores, 4
air plumes are exposed to fresh pollutants (high,KNDy
ratios) and tend to fall into the VOC-limited regime and even 00 02 04 06 08 0
the NQ, disbenefit regime (i.e., an increaseROx) result- NO, /NO,

ing from a decrease in NQ. However, in suburban and rural V

regions, air plumes tend to maintain low MOy, due to the Fig. 16. The percentage change (Oy) due to a 25% reduc-
rapid removal of NQ by the chemical process in the course iion in anthropogenic emissions of NQ25%NQ,) and VOCs

of transport to those regions, ang Production also tends (25%VvOC) as a function of the N@NOy ratio at the GDEMC,

to shift from VOC-limited to NQ-limited chemistry for the  Xinken, Donghu, Kaiping, and Duanfen sites from layers 1 to 7 for
same reason (NARSTO, 2000). the period of 09:00-17:00 LST during 16—22 October 2004.

We then further investigate the relationships between
P(Oy) changes and N(INOy ratios at the GDEMC, Xinken,
Donghu, Kaiping, and Duanfen sites (Fig. 16). Kaiping and share some common features at the five sites. In the case of
Duanfen are located in the central and southern Jiangme&5% reduction of N@Q emissions, the percentage change in
city, respectively (see Fig. 1), which are selected here to in-P(Oy) tends to increase from about30% to 30% with in-
vestigate @ photochemical sensitivity in the southwestern creasing NQ/NOy ratio, whereas a decreasing tendency is
inland and coastal areas of the PRD. Although the distri-obtained in the condition of VOCs emission reduction. The
bution of NQ/NOy ratio shows significant difference (i.e., VOC benefit (i.e., a decrease M(Ox) resulting from a re-
GDEMC is characterized by high ratios, but Kaiping and Du- duction in VOCs) and the Ngdisbenefit suggest an obvious
anfen are dominated by low values), the response¥6%) VOC-limited chemistry under higher NINOy conditions

0 GDMEC_25% NOx
0 GDMEC_25% VOC
o Xinken_25% NOx
o Xinken_25% VOC
A Donghu_25% NOx
A Donghu_25% VOC
A Kaiping_25% NOx
A Kaiping_25% VOC
0 Duanfen_25% NOx
0 Duanfen_25% VOC
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(>0.6, corresponding to fresh pollutants), whereas the opgas phase chemistry resulted in significagtdBemical pro-
posite responses dt(Oy) indicate the NQ-limited regime  duction on a large regional scale in the daytime. The sea-land
occurring under lower N@NOy conditions 0.3, corre-  circulations played an important role on the regionaf@-
sponding to chemically aged pollutants). The range of themation and distribution over PRD during the campaign.
NOy/NOy ratio from about 0.4 to 0.6 seems to be a common The Q; sensitivity to precursors was investigated by com-
transition between N@ and VOC-limited chemistry at all parisons of simulated £levels between the base case and
five sites. emission-control scenarios. Formation af ® VOC-limited

and NQ-depressed in the central inland PRD, PRE, and sur-

rounding coastal areas, whereas levels show more sen-
4  Summary sitivity to NOy in the rural southwestern PRD. The signif-

icant spatial variations of ©production sensitivity show a
The MM5/SMOKE/CMAQ modeling system was applied c|ose relationship to the chemical aging of air plumes. VOC-
to investigate @ pollution over the PRD region during |imjted chemistry usually dominates in less chemically aged
the PRIDE-PRD2004 campaign. Model performance wasyjy (NO/NOy>0.6), whereas N@limited chemistry gener-
assessed by comparing simulated, QOy, and NMHC  ajly occurs within chemically aged plumes (WSIOy <0.3).
concentrations with measurements from two SUper SiteéS The gpatial variation of @formation sensitivity suggests
(GDEMC and Xinken) of the campaign and from PRD re- 4 on_uniform precursor emission-reduction strategy for O
gional air quality monitoring networks. The model reason- n|ytion control in sub-regions of the PRD. Considering the
ably reproduced the ozone episodes observed during the ﬁource emissions concentrated in urban areas and the signifi-
month campaign. cant precursor transport to downwind rural areas, reductions

Elevated @ levels were usually observed in the southwest- i, hoth VOC and NQ@ emissions, combined with more em-

e inland PRD, PRE, and southern coastal areas, resultingnasis on VOC controls, appear to be practical for lowering
from the intensive precursor emissions in the central PRDype O; levels over the PRD region.

and the dominant northerly or easterly winds during October.
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