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ABSTRACT

The impacts of emissions from industry, power plant, transion, residential, and biogenic sources on daily maxim
surface ozone (g»v) over the Beijing—Tianjin—Hebei (BTH) region in North Chiin the summer of 2007 were examined
in a modeling study. The modeling system consisted of thethéed&research and Forecasting (WRF) model and the pho-
tochemical dispersion model, CAMx. The factor separatemshnique (FST) was used to quantify the effect of individual
emission source types and the synergistic interactionsigriveo or more types. Additionally, the effectiveness of &sion
reduction scenarios was explored. The industry, powertplard transportation emission source types were found to be
the most important in terms of their individual effects ogp). The key contributor to high surfaces@vas power plant
emissions, with a peak individual effect of 40 ppbv in thethaestern BTH area. The individual effect from the biogenic
emission category was quite low. The synergistic effecimfthe combinations of each pair of anthropogenic emisgioest
suppressed ©formation, while the synergistic effects for combinatiaighree were favorable for £formation when the
industrial and power plant emission source types coexistér quadruple synergistic effects were positive only \tlith
combination of power plant, transportation, residensald biogenic sources, while the quintuple synergisticceé$aowed
only minor impacts on ghym concentrations. A 30% reduction in industrial and trantgi@n sources produced the most
effective impacts on @concentrations, with a maximum decrease of 20 ppbv. Thesatsesuggested that the synergistic
impacts among emission source types should be consideredl f@mulating emission control strategies foy @duction.
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1. Introduction series of reactions between nitrogen oxides gN@nd

The Beijing—Tianjin—Hebei (BTH) region has becomémlame. organlc_gompounds (VOCs) undgr favorabl_e mete-
orological conditions such as strong sunlight and high tem-

a Iar_ge city clyster n North (_:hma due to its rapid eco rature. The local emission sources of Nbd VOCs in-
nomic expansion and industrial development (Chan a . . . : )

. . . clude industrial, power plant, transportation, resicenand
Yao, 2008). This expansion has resulted in tremendobuls

. / e : . cjogenic sources. Examining the relative importance o NO
increases in emissions of air pollutants, of which elevate o )
and VOC emissions from these source sectors is useful for

surface Q pollution is of significant concern. High surface . . . o )
) . dying Q pollution and developing mitigation strategies.
O3 concentrations have adverse impacts on human heaﬁ‘iH e
dentifying the sources of elevated ground-level€on-
and ecosystems, and moreover have a greenhouse effect . 2
. ] entrations is important and has attracted much atteriden.
on the tropospheric atmosphere (NARSTO, 2000; IPC(, o o
] . ! icle exhaust emissions within Beijing have been repored t
2001; WHO, 2004). The troposphericz@s not emitted be th domi b @ ionin both urb
directly into the air; rather, it is formed through a complexet epre omlna_ntcontrl utor tgy@rmation in both urban
’ ' and rural areas (Liu et al., 2008; Yuan et al., 2009; Shaa.et al
2009, 2011; Cai and Xie, 2011; Anetal., 2012a). Zhang et al.
* Corresponding author: AN Junling (2011) found that N@has shown an increasing trend in Bei-

Email: anjl@mail.iap.ac.cn jing since the 1980s, and the cause of general air pollution
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has changed to a mix of traffic exhaust emissions and coalto isolate the individual and mutual impacts of two or more
burning-related pollution. @pollution results from emis- factors of interest, e.g., emissions from a variety of sesirc
sions of NQ and VOCs from local and regional areas (Jian§everal studies have been conducted to analyze emission ef-
and Ma, 2006; Streets et al., 2007; Wang et al., 2009a; Wufetts on Q formation using the FST. For example, the mutual
al., 2011). Wang et al. (2010b) found that regional polluticeffects based on specific species like biogenic VOCs and an-
sources contributed-34%—88% to the peak £concentra- thropogenic NQ were investigated by McKeen et al. (1991),
tions at urban sites in Beijing when the air masses were frarhunis and Cuvelier (2000), Qu and An (2009) and Qu et al.
the southeast—south—southwest sector. These studieaem(#d09, 2013); the mutual effects based on specific sources,
size NQ-O3 related air pollution problems in the BTH re-e.g., biogenic and anthropogenic sources (Tao et al., 2003)
gion. In “one atmosphere”, the related photochemical reaarea, mobile, and point sources (Tao et al., 2005), industry
tions between N@and VOCs not only occur within the sameand transportation sources (Weinroth et al., 2008) hawe als
emission sources but also among different emission saurdesen investigated. However, the effects of various sources
However, few studies have evaluated the mutual effect of vaamely, industry, power plant, transportation, residgnaind
ious emission sources on surface Jhat is, the effect pro- biogenic sources—remain poorly characterized.
duced by the synergies among emission sources. From theThe remainder of the paper is organized as follows. The
strategy formulation and emission control perspectivierin  model configuration is described in section 2. The simutatio
mation regarding the individual and mutual effects of vasio scenarios are presented in section 3. The WRF and CAMx
emission sources is quite valuable. models are evaluated in section 4. The impacts of variable
Guenther et al. (1995) demonstrated that biogenic emémissions on surfacesGre discussed in section 5. The re-
sions of VOCs accounted for more than 90% of global VOS&llts from 26 reduction scenarios are evaluated in section 6
emissions. An increasing number of studies about biogeriad finally, conclusions are drawn in section 7.
emissions in the BTH region are being carried out in response
to the significant effects on £ In the past, biogenic VOCs
were thought to play a minor role ing@ormation in Beijing 2. Model configuration
because biogenic VOCs only accounted for a small fractign
of the VOC emissions inventory (Shao et al., 2000; War?gl' WRF model
and Li, 2002). With the goal of increasing the coverage of The Advanced Weather Research and Forecasting (WRF-
green space in Beijing by up to 40% [The United NatiorBRW) model, version 3.3, was selected to calculate the off-
Environment Program (UNEP), 2009] from 2001, the prdine meteorological fields for the regional air quality sikau
portion in 2006 increased by 42.5% of the total urban aréans. This version is a non-hydrostatic mesoscale weather
(Beijing Bureau of Statistics, 2007). Emissions from bionodeling system and is flexible for the application of hori-
genic sources have been an important source of VOCs in #@tal and vertical resolutions and parameterizationrseise
BTH region (Han et al., 2005; Duan et al., 2008; Yuan et allhe domains are represented in Fig. 1: the coarsest domain
2009; An et al., 2012a). Song et al. (2007) found the ro®vers almost all of East Asia with a resolution of 81 km, and
of isoprene, an indicator of biogenic emissions, ig for- two nested domains have a horizontal resolution of 27 and
mation in Beijing to be comparable to that of anthropogen®km, respectively. The BTH region falls within the finest
sources. Isoprene has been shown to account for 3% of é@main. The vertical layers are from the surface to 100 hPa
total O; formation potential at an urban site in Beijing (Duamising a terrain-following sigma-pressure coordinate esyst
et al., 2008), whereas biogenic emissions have been shawHapsed into 18 levels, of which six layers are below 850
to account for 12% of the total £formation potential at a hPa (the first model layer is 50 m above the ground). Two-
rural site in Beijing (Yuan et al., 2009). Thus, it is esserway nesting was applied because it has been found to yield
tial to understand the effects of biogenic emissions in BeRore accurate results (Harris and Durran, 2010). The Final
jing and its surrounding areas to design effectiveo@ntrol Analysis (FNL) data from the National Centers for Environ-
measures. mental Prediction (NCEP) were employed as the initial and
Sensitivity analysis is traditionally used to measure tHgundary meteorological conditions. To reduce the uncer-
model output response to emission changes. The “brutainty of the simulation of wind, temperature, and waterorap
force” approach has been widely utilized to evaluagec@n-  in the planetary boundary layer, the four dimensional data a
trol measures because it is intuitively easy to explain tisémilation (FDDA) was activated to nudge the simulations to
source—receptor relations (Guttikunda et al., 2005; Tangtee NCEP reanalysis data every six hours. Twenty-four land
al., 2010; Xing et al., 2011; Gao and Zhang, 2012). In thitse types from the United States Geological Survey (USGS)
study, the factor separation technique (FST) of Stein amgre utilized. The physical options adopted in our study in-
Alpert (1993), based on multi-“brute force” model simulacluded: the Kain—Fritsch cumulus parameterization scheme
tions, was used to build response relationships betwegn (@ain and Fritsch, 1993); the Rapid Radiative Transfer Mode
concentrations and4precursor sources. There are two mgdRRTM) scheme (Mlawer et al., 1997) for longwave radia-
jor advantages of the FST. First, it characterizes the neali tion; the Dudhia scheme (Dudhia, 1989) for shortwave radi-
photochemical impacts ongby designed experiments viaation; the medium range forecast (MRF) scheme (Hong and
solving a series of linear equations. Second, the FST allowan, 1986) for planetary boundary layer; and the five-layer
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Fig. 1. Domains used and the distribution of observation statiBteck dots denote the 10 routine sta-
tions in the BTH region from the CMA,; black plus signs dendte mine monitoring stations in the BTH
region from the BTH Atmospheric Environment Monitoring Merk. YF, AYC, LTH, BJ, BJT, MY,
TJ, TJT, TG, TJA, QHD, TS, BD, SJZ, and CZ stand for Yangfangyuncun, Longtanhu, Beijing,
Beijing meteorological tower, Miyun, Tianjin, Tianjin negrological tower, Tanggu, platform Tianjin
A, Qinhuangdao, Tangshan, Baoding, Shijiazhuang, and ZPanyg respectively.

thermal diffusion land surface scheme. simulations adjacent to the power plant sources. To reflect
the seasonal dependence of emission sources, we adopted a
2.2. CAMx model distinguished ratio of monthly emissions for every species
The comprehensive air quality model with extensiortsased on the results of Streets et al. (2003) and Zhang et al.
(CAMX), version 5.4 (ENVIRON, 2011), is a nested three2009). The temporal distribution of transportation sestc
dimensional Eulerian photochemical dispersion model adédrived from the average time intensity of the traffic flow in
has been employed extensively throughout the U.S. sinmdan areas (Hao et al., 2000), was characterized by account
1996. In view of its flexibility in matching the grids of mosting for two rush hours during the day. The biogenic emissions
meteorological models, as well as some notable featurés suere computed using the Model of Emissions of Gases and
as two-way nesting, multiple chemical mechanism and khkerosols from Nature (MEGAN; Guenther et al., 2006).
netics solver options, a horizontal advection solver pessse  The simulated period was 29 July to 31 August 2007, in-
ing high-order accuracy, and parallel processing, CAMx hakiding three days of spin-up. For both meteorological fac-
increasingly been applied in air pollution research in @hirtors and chemical concentrations, an hourly output freguen
(Wang etal., 2009b; Shen et al., 2011; Huang et al., 2012; \Was used.
et al., 2012). In this study, CAMx’s map projection and grid
structure in both the horizontal and vertical directionseve
matched to those in WRF to minimize the manipulation of tt‘%‘ Methodology
meteorological data and preserve its credibility to theimax Once the major @sources including industry (1), power
mum extent possible (Fig. 1). The initial and lateral chenplant (E), transportation (M), residential (C) and biogs(if)
ical boundary conditions were obtained from the Model f@ources were identified, the next step was to determine which
Ozone and Related chemical Tracers, version 4 (MOZARSeurce had the strongest impact on the formation of surface
4), with a grid resolution of 2:8x 2.8° and a frequency of Os.
four times each day (Emmons et al., 2010). CAMx was ap- The FST is a method well-suited to isolating the effects
plied with the carbon-bond 2005 (CBO05) gas-phase chemisfrgm processes that are linked in a nonlinear way and has
module (Yarwood et al., 2005) and a revised parameterizeeen used to quantitatively determine source effects. To
tion for dry deposition of gaseous species scheme (Zhangeetluate the effects of the five emission sourcessith-
al., 2003). It is worth mentioning that the primary photadys ulations were performed by WRF-CAMX, as presented in
reaction rates were supplied via a large lookup table. The amable 1. The parametdi,s..5 (fiemcs) denotes the control
thropogenic emissions inventory used was based on the 2606, which considered all five emission sources. Similarly,
Streets Inventory (Zhang et al., 2009) for East Asia, whichdenotes the simulation result excluding the five emission
was derived from the Transport and Chemical Evolution ovsources; the parametér (f|, fg, fy, fc, fg) denotes the five
the Pacific (TRACE-P) experiment. The power plant sourcesnulation results when only one emission source was in-
were assigned to the grids of CAMx, with a heightefl00 cluded in each runfi; (fig, fim, fic, fis, fem, fec, fer, fmc,
m above the ground, and this treatment could influence thgg, fcg) denotes the 10 simulation results when two sources
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Table 1. Sensitivity scenarios used for the FST

Scenario description Model results notaflon

Control run fiemcs

No emission fo

One emission fi, fe, fm, fc, fs
Two emissions f|E7 f|M s f|C, f|B7 fEMy

fec, fes, fmc, fme, fes
fiem, fiec, fies, fime, fims,
fice, femc, fems, fece, fmcs

fiemc, fiems. fiece, fimcs, femcs

Three emissions

Four emissions

aAll runs had the same set up as the control run, except for thieséon
changes listed and conducted from the coarse domain to & fiomain.

b|,E,M,C,B refer to industry, power plant, transportation, resid#rand
biogenic sources, respectively.

were used in each run; arqu (f|E|v|, f|Ec, f|E57 fIMC7 f||v|B,

fice, femc, fems, fecs, fmcs) denotes the 10 simulation re-
sults when three sources were included in each run. q
ing f' to denote the individual and synergistic effects of thf'?r
five emission sources, we have five individual effed§, (

ten double interactionsff), ten triple interactions f(;,),

five quadruple interactions, and one quintuple interaction

(fip3.5)- f’ can be calculated by:

fo="fo+0, 1)
fi = f/ + 15, 2)
fij :fi/j+fil+f1{+f(l), 3)
fijk = fij + f + fj + e+ )+ fie + Fe+fo, - (4)
5 5-15
fioz.5 = floz.5+ Y f/+ fl +
i; I i,jZLZ !
5-25-15

%)

g flik+-+ 1o,
i,j,k=12

EFFECTS OF FIVE EMISSION SOURCES ON SURFACE O

VOLUME 31

In this study, we focused on the effect of different emis-
sion scenarios on 4y concentrations. The 49y concen-
trations in each grid cell of the first model layer were taken
from the control run model resultsepmcg, and the corre-
sponding time of the gy concentrations was recorded. The
O3 concentrations from the other 31 sensitivity scenarios in
each surface grid cell at the previous recorded time were se-
lected. The individual and synergistic effects could be €om
puted by solving Egs. (1)—(5).

4. Model evaluation

4.1. Comparison of simulations and observations of mete-
orological factors

The WRF simulations were assessed against surface
hourly meteorological observations at 10 routine stations
over the BTH region (Fig. 1, right) from the China Mete-
orological Administration (CMA). Meteorological variats,
¥, air pressure, temperature, relative humidity (RHjhat
st model layer, as well as wind speed and direction at 10
m, were extracted from the grid cell at the site located in the
finest domain with a horizontal resolution of 9 km.

The hourly statistical results at the 10 stations are shown
in Table 2. Air pressure and temperature were reproduced
well by the WRF model, with correlation coefficients of 0.91
and 0.86, respectively, and the deviations between the-simu
lations and observations were within the range-aP6 and

6% for NMB (normalized mean bias) and NME (normalized
mean error). Simulations of RH were also good, with a cor-
relation coefficient of 0.74 and RMSE (root-mean-square er-
ror) of 19.67%. The simulated wind speeds were higher than
observed, but still reasonable. These results were compara
ble to those of Misenis and Zhang (2010) and Zhang et al.
(2012). For wind direction, the simulations were not as good
a reflection of observations as was the case for wind speed,
air temperature and pressure. This is a common feature of
all meteorological models, and further improvements are ex

wherei, j,k represent one of the factordl M, C and B, de- pected in the future.

pending on the sensitivity scenarios shown in Table 1.

f is the background run, representing the impact of inéll—‘z' Comparison of simulations and observations of;0

tial and boundary chemical fields org@rmation. The in-

and NO

dividual effect (/) represents an individual emission source Observed concentrations og@nd NG at nine monitor-
contributing to @ formation, whereas the multiple interacing stations in the BTH region (Fig. 1, right) were obtained

tion (fij., .
two or more emission sources on @rmation.

f1,5.5) reflects the nonlinear interaction amongrom the BTH Atmospheric Environment Monitoring Net-
work, established by the Institute of Atmospheric Physics,

Table 2. Statistics for the hourly WRF simulations of air pressueepperature, RH, wind speed and direction in August of 2007.

Pressure (Pa) Temperatuf€y RH (%) Wind speed (m&) Wind direction ()
R 0.91 0.86 0.74 0.51 0.32
MBE —31549 0.16 —15.87 0.12 6.65
RMSE 430.90 1.86 19.67 1.35 110.43
NMB (%) -0.31 0.62 21.76 6.04 4.13
NME (%) 0.35 5.40 22.63 49.98 50.94

R, correlation coefficient; MBE, mean bias error; RMSE, rowan-square error; NMB, normalized mean bias; NME, nozedlmean error.
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Table 3. Statistics for the hourly CAMx simulations ofz0n the BTH region in August of 2007. {simulated concentrations at nine
stations of the BTH region were extracted from the finest doméh a horizontal resolution of 9 km.

N Chodel (PPV)  Cops (PPbv) R

MBE (ppbv) RMSE (ppbv) NMB (%) NME (%)

Beijing Yangfang 405 64.46 54.72 0.80
Beijing tower 442 64.05 35.06 0.76
Aoyuncun 371 65.37 46.52 0.76
Longtanhu 433 62.42 51.03 0.81

Hebei Baoding 522 71.20 46.35 0.77
Cangzhou 462 71.67 45.14 0.71
Shijiazhuang 404 72.50 46.97 0.63

Tangshan 464 61.39 33.92 0.73

Tianjin  Tianjin tower 374 52.31 47.36 0.77

15.33 28.03 29.60 u17
25.04 35.28 70.78 79.11
20.05 33.12 40.97 54.54
9.30 26.51 18.45 40.36
23.42 32.08 50.27 55.59
24.03 33.32 53.46 60.74
30.48 43.29 72.37 83.49
24.94 33.12 69.93 74.84
10.74 29.40 26.08 58.53

Chinese Academy of Sciences (Xin et al., 2010; Tang et al.,
2012). Large correlation coefficients (0.63—-0.81) wereual
lated for all nine stations (Table 3), indicating that theNDA
model was able to accurately reproduce the temporal vari-
ability of the hourly surface @concentrations. Neverthe-
less, the @ concentrations at the nine stations were in fact
overestimated. This would have been due mainly to the in-

adequate area-weighted apportionment of emission sources

from coarse to fine grids used in the CAMx model (An et
al., 2012b) and the gas chemical mechanism overestimating
O3 peaks during the day and underestimatingti@ation at
night.

The Gypyv and daily mean NQat the nine stations were
averaged according to each of the three political regioas, i
the provinces of Beijing, Tianjin, and Hebei. The time sgrie
of the comparison between observed and simulated concen-
trations of Q and NQ, are shown in Fig. 2. It is impressive
that the diurnal variations of theg@eak and daily mean NO
are distinct in the three regions, suggesting that the fpofiu
dynamics were well captured by the CAMx model. The sim-
ulated Q peaks were comparable with observations, and the
simulated and observed daily mean N&ygreed fairly well
in the provinces of Beijing and Hebei. For Tianjin, only one
station was available, and a tendency toward N@eresti-
mation was found. This could have been associated with the
inaccuracy of the emission interpolation (Ma and van Aar-
denne, 2004). Nevertheless, the overall model performance
for Oz and NG, was comparable with other CAMx applica-
tions (Castell et al., 2011; Shen et al., 2011; Li et al., 3012

5. Individual and synergistic effects

5.1. Spatial distributions of the individual effects of the
five emission sources

According to the FST, the individual effect§/(fL, fy,,
f&, fg) are the differences between the simulation results
when only one emission source is considered, and when all
the emissions are excluded [Eg. (2)]. The individual effeet
flects the @ formation potential of each source. The percent-
age of the total individual effect of the five sources tgp,
i.e., (f] + f&+ f{, + f& + f5)/Ospm x 100%, was above 80%
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throughout almost the entire BTH region, and even abotle source types were considered.
100% in the southwestern areas of Beijing and Hebei (not The distributions of the individual effects of each source
shown), demonstrating the remarkable individual effects dype are shown in Fig. 3. As can be seen, the monthly av-
O3 formation. erage effects of each source type ogpf@ were distinct in
The spatial distribution of the #D,/HNO3 ratio (see both space and amplitude. The individual effects of indus-
Electronic Supplementary Material; Figs. S1-S5) is ofeen rtry, power plants, and transportation sources in the BTH re-
garded as an index to identify Ndimited or VOC-limited gion were above 20 ppbv, much larger than those of residen-
regimes in @ photochemical production (Wang et al., 2005jal and biogenic sources. The larger effects30 ppbv) of
He et al., 2010; Peng et al., 2011). The transition value ssturces from industry (Fig. 3a) occurred in the southwest-
as 0.4-0.6 was adopted according to field measurementgiin areas of Beijing and Hebei, where a significant amount
Beijing in 2008 (He et al., 2010), in which a value 5f0.6 of industrial NG and VOCs are emitted. The most important
would indicate an N@limited regime, a value ok 0.4, a contributor to high surface owas the power plant source
VOC-limited regime, and otherwise an intermediate regim@=ig. 3b); effects above 30 ppbv were found throughout al-
The H,O,/HNO;3 ratios at the @py time of each day were most the entire BTH region, and the peak effects in south-
extracted from the five simulations when only one emissiamestern Hebei Province reached 40 ppbv. Compared with
source was considered (Table fi; fg, fy, fc, fg) and aver- the other four emission sources, Né&missions from power
aged for the month. The ratios were all above 0.6 in the BTplants were dominant (Fig. 4b) and played a vital role in the
region (Fig. S1), suggesting that the BTH region is andNONOx-limited regimes of @ production (HO2/HNO3; > 0.6,
limited region. This result does not conflict with previoes r Fig. S1b). The total emission amounts of jl@nd VOCs
sults reporting the BTH urban area to be VOC-limited (Chduom the transportation source were comparable to those fro
et al., 2009; Wang et al., 2010b; Yang et al., 2011) when alidustry (Fig. 4), but the transportation source was concen

P 20

6N = .
114E 116E 118E 114E 116E 11BE 114E 116E 118E 114E 116E 118E  114E 116E 118E

—-30 —-20 -—-10 Q) 10 20 30 40 50

Fig. 3. Monthly average individual effects (ppbv) of the five indiual source categories oy con-
centrations in August of 2007: (a) industry; (b) power pjdo} transportation; (d) residential; and (e)
biogenic.

(a) NOx-I (b) NOx-E (c) NOx-M (d) Nox-C (e) NOx-B

Y . § e
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(f) voc-I (g) VOC—E (h) VOC—M (i) voc—cC (j) VoC—B
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Fig. 4.NOy and VOC emission rates (ngThs 1) of the five source categories in August of 2007: (a,
f) industry; (b, g) power plant; (c, h) transportation; (drésidential; and (e, j) biogenic.
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trated in Beijing and Tianjin. As a result, large effectstoé t The residential NQemissions were concentrated in lim-
transportation source occurred in Beijing and its surrangnd ited areas of Beijing and Tianjin (Fig. 4d), while VOC emis-
areas (Fig. 3c). A residential source effect of above 10 ppbions were relatively high and played an important role & th
occurred near Beijing, Tianjin, and southern Heibei (Fid), 3 synergistic effects with the other three anthropogenicsemi
which are densely populated areas in the BTH region. Adion sources (Figs. 5¢, e and f). Higher VOC emissions
though biogenic VOCs emissions were high, accounting fareaken @ formation to a certain extentin a VOC-rich region
more than half of total VOC emissions in the BTH regiofH,O,/HNOs > 0.6, Figs. S2c, e, and f) (An et al., 1999;
(Fig. 4j), the impacts on surface;Were quite low (Fig. 3e). Diem, 2000; Zhu et al., 2006), so the synergistic effects on
The effects were below 10 ppbv over the entire BTH regiof@zpy were negative.
The reason was that the biogenic fé&nissionsweretoolow  Positive effects can be seen in the results presented in
to provide enough N@for O3 formation in the NQ-limited ~ Figs. 5g—j, when biogenic emissions were considerfgd (
regimes (HO»/HNO;3 > 0.6, Fig. Sle). ftg. fus, feg)- This was becauseg@oncentrations typically
S o exhibit a nonlinear response, and thg @bnlinearity in a
5.2. Spatial dlst(lbgtlons of the synergistic effects of tWOgiven emission region is mostly dependent on the intensity
Or more emission sources of NO, emissions (Lin et al., 1988; Cohan et al., 2005). The
In terms of chemical species, the individual effects are tigeeater effects above 10 ppbv were located across almost the
interactions between NQCand VOCs from the same sourceentire area of Beijing and northern Tianjin (Fig. 5h), due to
type, whereas the synergistic effects are those from difter large NG emissions from power plants and substantial bio-
source types. The addition of the paired, triple, quadruplgenic VOC emissions ($0,/HNOs > 0.6, Fig. S2h). The
and quintuple synergistic effects accounted for 20% of tlsgnergistic effects involving industry (Fig. 5g) and trans
Ospwm reductions in most areas of the BTH region, and thmortation sources (Fig. 5i) were 10 ppbv over the entire
negative effects were below40% in the southwestern area8TH region and were comparable to those involving residen-
of Beijing and Hebei, where the individual effects were highial sources (Fig. 5j), although the N@missions from res-
This indicated that the synergistic effects due to the conaential sources were much lower than those from industry
bined effects of NQand VOCs from some source types hadnd transportation sources. It should be mentioned that the
changed from N@limited regimes to VOC-limited regimes, paired synergistic effects with biogenic sources (Figs, i5g
and sometimes suppressegl fOrmation in comparison with and j) were not significantly greater than the individuaéetf
the individual effects. The monthly4®,/HNO;3 ratios (Figs. of biogenic sources (Fig. 3e). This was because large levels
S2-S5) at the ghu time were extracted from the simulation®f biogenic VOCs need large levels of N@®missions to form
that included two or more emission sources (Table 1) to hatpre Q, although NQ emissions can increaseg @rmation
identify NOg-or VOC-limited regions, and the results are den a NO-limited chemical regime (bkD,/HNO3 > 0.6, Figs.
scribed below. S2g, i, and)).

5.2.1. Synergistic effects between two sources 5.2.2. Synergistic effects among three or more sources

From Fig. 5 we can see that the synergistic effects be- We also compared the spatial distribution patterns of
tween two emission sources excluding the biogenic sourtcle synergistic effects of the five emission sourcggyf,
(fie> fim fic: fems fec, fuc) were all negative (Figs. 5a—), figc, fiwe, feme: fies: five - fice: fems feca: fuce) (Fig. 6).
demonstrating that the paired combinations among anth&s can be seen, greater effects {0 ppbv) were found
pogenic emissions (industry, power plant, transportagod among industry, power plant, and transportation sourdgs (F
residential sources) actually suppressed@mation in the 6a); industry, power plant, and residential sources (Hiy, 6
BTH region. and industry, power plant, and biogenic sources (Fig. 6E). A

The largest negative effects, with a value of below 3ough the paired synergistic effects between industry and
ppbv (Fig. 5a), were found in southern Beijing, northerpower plant sources were persistently negative throughout
Tianjin, and southwestern Hebei, where large@issions the BTH region (Fig. 5a), the addition of any other emis-
from industrial plants and power plants coexist. ThexNGion source (transportation, residential, biogenic) ledat
emissions from transportation were mainly located in Befransition from negative to positive effects. However, the
jing and Tianjin (Fig. 4c), where vehicle volumes are higheD3 increases, caused by the addition of N&@ VOC emis-
Correspondingly, larger negative synergistic effeets{20 sions from transportation, residential sources and biggen
ppbv) between industry and transportation sources (Fig. 5kources, were distinct among the three synergies. When in-
or between power plant and transportation sources (Fig. 5dijistry, power plant, and transportation sources or resalen
were found in these two areas. The common characteristicsolurces coexisted (Figs. 6a, b), the formation was VOC-
the H,O2/HNO; ratios for the source combinations shown itimited (H,O,/HNO3 < 0.4, Figs. S3a and b). High VOC
Figs. 5a, b and d was a value of below 0.4 in the southwestemissions from transportation or residential sources apn s
area of Beijing and Hebei (Figs. S2a, b, and d), representiply abundant radicals of OH and H@nd then lead to NO
a VOC-limited chemical regime where N@missions were conversion to N@ and G accumulation (Ma et al., 2012).
dominant and a further increase in N@ould remove radi- Industrial and power plant sources provide abundany NO
cals and hinder @formation. emissions, which would have led tozgy increases in the
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Fig. 5. Monthly average synergistic effects (ppbv) between twaeEsion Qpy concentrations in Au-
gust of 2007: (a) industry and power plant; (b) industry aadgportation; (c) industry and residential;
(d) power plant and transportation; (e) power plant andlesgtial; (f) transportation and residential; (g)
industry and biogenic; (h) power plant and biogenic; (ipsportation and biogenic; and (j) residential
and biogenic.
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Fig. 6. Monthly average synergistic effects (ppbv) among threecgsuon Qpy concentrations in

August of 2007: (a) industry, power plant, transportati¢); industry, power plant, residential; (c)
industry, power plant, biogenic; (d) industry, transptata, residential; (e) industry, transportation,
biogenic; (f) power plant, transportation, residentig); fower plant, residential, biogenic; (h) industry,
residential, biogenic; (i) power plant, transportatioimgenic; (j) transportation, residential, biogenic.

NOx-limited regime (BO2/HNO3 > 0.6, Fig. S3c) when they when industry, transportation and residential sources-coe
interacted with the high biogenic VOC emissions (Fig. 6c).isted (Fig. 6d; HO,/HNO3 < 0.4, Fig. S3d), while N®
The effects among industry, transportation, and residegmissions from industry and transportation sources were im
tial sources (Fig. 6d) or biogenic sources (Fig. 6e) wererabgoortant for the synergy when biogenic sources were taken
10 ppbv and located in the central and southern areas of th® account in @ formation (Fig. 6e; HO,/HNO3 > 0.6,
BTH region. NQ emissions from industry and transportaFig. S3e).
tion sources were slightly lower than those from industrial Compared with the paired synergistic effects between
and power plant sources (Fig. 4). Similarly, VOC emissionq®wer plant and transportation sources (Fig. 5d), theetripl
from residential sources were favorable fosgy increases synergistic effects changed to positive when the residenti
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sources were included (Fig. 6f), owing to the increase of VO@ost important contributors to4gy in the BTH region, and
emissions in the VOC-limited regime ¢@,/HNO3 < 0.4, so the implementation of control strategies among thesethr
Fig. S3f). The @pwm concentrations due to triple synergisanthropogenic emission sources are advisable.

tic effects (Fig. 6g) were higher than those due to the paired

synergy shown in Fig. 5d, but were still negative when bio-

genic sources were considered. The fewer,N@issions, 6. Impacts of emission source reduction sce-

which are the essential source of f@rmation, was the main narios on Ozpm

reason, although biogenic VOCs could promotgfp con-

centrations in the VOC-limited regime $B,/HNO3 < 0.4, To explore the possible impacts of emission reductions on
Fig. S3g). Ospm concentrations within the three source types identified

The synergistic effects among residential, biogenic, aag being the most important contributors, 26 reduction sce-
other source combinations were reduced to below zero, &ios were considered. The emissions from industry, power
illustrated in Figs. 6h—j, because VOC emissions from regilant, and transportation sources in all three domains were
dential and biogenic sources were high and a further inere#gduced by 30% and 80%. Figure 9 shows the differences in
in VOCs would have suppressed @rmation in the NQ- the monthly average §3u concentrations between each of
limited regime (HO2/HNO3 > 0.6, Fig. S3h—j). the 26 scenarios and the control run case. When only one

Figure 7 illustrates the synergistic effects when four emigmission sector was reduced (Figs. 9al-f1), thel€zreases
sion sources were consideredic(,c, fiems» fiecs: fimcs,  Were< 20 ppbv. Following a 30% reduction, the three source
fimes)- As can be seen, the common feature was that mostypes had minor impacts ons&oncentrations, with mean
the synergistic effects were reduced to below zero. Thesndivalues decreased by5 ppbv over the entire BTH region. As
try, power plant, and transportation sources with residentestablished above (Fig. 4b), power plant sources were found
or biogenic sources were negative contributors igypover to play a key role in @formation, and it seems that reducing
the entire BTH region (Figs. 7a, b). This was because thewer plant emissions by 80% would produce the greatest
total NO, emissions from industry, power plant, and trangffect on G concentrations. Results showed the impacts to
portation sources were relatively high among the five emige~10-20 ppbv throughout Tianjin and southern Hebei (Fig.
sion sources, and more increases ing\¥Den the residential 9el).
or biogenic sources were included would have retarded O Compared with the scenarios of only one emission re-
formation in the VOC-limited regime (40,/HNO; < 0.4, duction, G concentrations were substantially reduced when
Figs. S4a and b). In contrast, the N@&missions from the two emission source types were simultaneously decreased,
residential and biogenic sources were low. When these t@ge to the synergistic impacts (Figs. 9a2—2). A 30% re-
sources and industry, power plant, or transportation ssuréluction in industry and transportation sources showed the
were considered, the quadruple synergistic effects in.Figigost effective impacts on £concentrations, with a maxi-
7c—e (HO/HNO; > 0.6, Figs. S4c—e) tended to increasgwm decrease of 20 ppbv in Beijing, Tianjin, and southern
over most areas of the BTH region, compared with the pairktgbei (Fig. 9b2), where Opollution is heavy. When two
synergy in Figs. 5a, b and d. emission sectors were simultaneously reduced by 80%, O

Finally, Fig. 8 shows the synergistic effed{d,,cg) when concentrations were substantially decreasee b§—40 ppbv
five emission sources were included. It can be seen that thégs. 9d2-2), indicating that a large emission reduction
quintuple synergistic effects had only minor impacts apfp Would have a significant effect ongQevels. It is noted that
concentrations. the reduction in industry and transportation sources had th

According to the above results, we are able to conclutkast effective impacts on £concentrations (Fig. 9e2), as
that industry, power plant and transportation sourcestare compared with when the two sources were reduced by 30%

g

36N ™ ™ = - - "
114E 116E 11BE 114E116E118E 114E116E 118E 114E 116E 118E 114E 116E 118E
[ | [ T——
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Fig. 7. Monthly average synergistic effects (ppbv) among four sesion @Qpy concentrations in Au-
gust of 2007: (a) industry, power plant, transportatiosidential; (b) industry, power plant, transporta-
tion, biogenic; (c) industry, power plant, residentialdpenic; (d) industry, transportation, residential,
biogenic; and (e) power plant, transportation, residériagenic.
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mation in the southwestern BTH region. A reduction in trans-

42N 50 portation emissions, highlighted in Fig. 4c for Beijingubd
40 effectively cut down @ concentrations there (Figs. 9f1, b2,
30 f2, b3, c3, and d3). This finding suggests thatgallution

40N 20 control should not only be based on single emission sources,

but also take into account several related sources; the syn-

;O ergy owing to different emission sources in local and region
areas may produce more favorable effects in terms of cut-

38N —10 ting down G pollution, which is consistent with the previous
—=0 findings of Streets et al. (2007), Wang and Xie (2009), Wang

—30 et al. (2009b), Wang et al., (2010a), and Yang et al. (2011).

36N

114F 116F 118F

7. Summary and conclusions
Fig. 8. Monthly average synergistic effects (ppbv) among in- )
dustry, power plant, transportation, residential, andyéiic The WRF-CAMx model was employed to simulate sum-

sources on ghy concentrations in August of 2007. mer G; in 2007 to explore the impacts of industry, power
plant, transportation, residential, and biogenic emissio

(Figs. 9b2), due to the nonlinear process gffermation. A sources on daily maximum surface ozonef() in the BTH
larger decrease in 49u covered the southern BTH region'e€gion. Furthermore, 26 emission reduction scenarios were
due to a large reduction in power plant emissions (Figs. 9§z2amined to evaluate the effectiveness gfddntrol strate-
and f2). gies. The conclusions of the study are as follows:

For the 30% and 80% emission reduction combinations The individual effect of each source type reflects its O
between two emissions (Figs. 9a3-f3), impacts-o6—30 formation potential. In terms of monthly averages, the in-
ppbv were obtained. The combination of an 80% reductiétividual effects of each source type tagy were distinct
in power plant emissions and a 30% reduction in transport8-space and amplitude. The individual effects of industry,
tion emissions (Fig. 9d3) seemed to be the most effectivewer plant, and transportation emissions in the BTH region
control scenario; the §u concentrations in most areas ofvere substantially greater than those from residentiabzod
the BTH region could be reduced by more than 20 ppbv. TB&nic emissions. The most important contributor was the
combination of a 30% reduction in industrial emissions ari@Pwer plant source, with a peak individual effect of 40 ppbv
an 80% reduction in power plant emissions (Fig. 9a3) if? the southwestern BTH region. Larger individual effedts o
dicated a significant impact ons@oncentrations over the the industrial source were found for the southwestern BTH
southwestern BTH region, where the large cities and larfRgion, whereas larger individual effects of the transport
emission sources of Hebei Province are located. tion source were found for Beijing and Tianjin, where NO

Additional reduction scenarios were performed ar@]d VOC emissions are hlgh The biogenic individual effects
showed that a 30% reduction in industrial emissions, an 80¥gre very low.
reduction in power plant emissions, and a 30% reduction in The key characteristic of paired synergistic effects in the
transportation emissions, led to the largest decreaseg6f BTH region was that a combination of anthropogenic emis-
30 ppbv in Qpwm (Fig. 9c4), as compared with other emissions, i.e., industry, power plant, transportation, arsitien-
sion reduction combinations if only one of the three emissidial sources, suppressed @rmation. Positive effects were
sources was reduced by 80% (Figs. 9a4, b4 and d4). An 86o¢nd in the paired synergistic effects of anthropogenigNO
reduction in industrial emissions and an 80% power plap@urces with biogenic sources. As for the synergistic ef-
emissions reduction led to a significant decrease g0 fects among three sources, the interactions of industnidl a
across most of the BTH region, with the largest decrease of@@wer plant emissions were favorable fog @rmation, al-
ppbv occurring in the southern areas of Hebei Province (Fi§ough the paired synergistic effects between industry and
9g4). The largest emission reduction combination is show@wer plant sources were negative throughout the BTH re-
in Fig. 9h4; Qpwm concentrations were decreased by mofion. When four emission sources were considered, the syn-
than 40 ppbv in Beijing and southwestern Hebei. It shouRigistic effects were reduced to below zero, except for the
be noted that an 80% reduction in the three emission souréegbination of power plant, transportation, residentaid
is the strictest strategy of the 26 reduction scenariospast biogenic sources. The synergistic effect showed minor im-
found not to be the most effective control measure. pacts on @pm concentrations when five emission sources

Another feature of the 26 reduction scenarios was that #gre considered.

80% power plant emission reduction led to ag @crease  If only one emission type was reduced, the industry,
of above 10 ppby, as illustrated in Figs. 8el, d2, f2, a3, d@wer plant, and transportation source types had minor im-
and c4, showing that larger emission reductions in the powdcts on @ concentrations over the entire BTH region, in
plant source type, along with lower emission reductions fgrms of a 30% emission reduction. An 80% power plant
the other two source types, could effective|y preveg]'[f@- emission reduction led to the Iargesj @ecrease 0f~10-20
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Fig. 9. The differences (ppbv) in monthly averaggrf@ concentrations between each of 26 emission reduction scena
ios and the control run in August of 2007. For example, a coatimn of 0, 3, and 8 in the title of each panel denotes a
reduction of 0% in industrial source emissions, 30% in poglant source emissions, and 80% in transportation source
emissions.

ppbv throughout Tianjin and southern Hebeiz €ncentra- with a maximum decrease of 20 ppbv in Beijing, Tianjin,
tions were significantly reduced when two or three emissi@md southern Hebei, wheres@ollution is heavy. For the
sectors were simultaneously reduced, due to the synergiS©% and 80% emission reduction combinations between two
impacts. When two emission sectors were simultaneously egnissions, an 80% emission reduction in power plant sources
duced by 30%, the industry and transportation source redacd a 30% emission reduction in transportation sources were
tions had the most effective impacts o €oncentrations, found to be effective for gy concentrations across most of
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the BTH region, with a maximum ©decrease of 30 ppbv. Cohan, D. S., A. Hakami, Y. T. Hu, and A. G. Russell, 2005: Non-

When three emission sectors were simultaneously reduced
and only one of them was reduced by 80%, a 30% reduc-

tion in industrial emissions, an 80% reduction in power plan
emissions, and a 30% reduction in transportation emissio
produced the greatest impacts on surfage&h 80% power

plant emission reduction along with lower emission reduc-

linear response of ozone to emissions: Source apportionmen
and sensitivity analysisEnviron. Sci. Technql.39, 6739—
6748.

r@em, J. E., 2000: Comparisons of weekday-weekend ozone: im

portance of biogenic volatile organic compound emissions i
the semi-arid southwest USAtmos. Environ. 34, 3445—
3451.

tions in the other two sources led to ap @ecrease of above Duan, J. C., J. H. Tan, L. Yang, S. Wu, and J. M. Hao, 2008: Con-

10 ppbv, and could effectively preveng@rmation in the

southweastern BTH region. The transportation emission re-

ductions could effectively cut downg@oncentrations in Bei-
jing.
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