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The U.S. EPA Models-3 Community Multiscale Air Quality (CMAQ) modeling system with the process
analysis tool is applied to China to study the seasonal variations and formation mechanisms of major air
pollutants. Simulations show distinct seasonal variations, with higher surface concentrations of sulfur
dioxide (SO3), nitrogen dioxide (NO;), and particulate matter with aerodynamic diameter less than or
equal to 10 pm (PM1g), column mass of carbon monoxide (CO) and NO,, and aerosol optical depth (AOD)
in winter and fall than other seasons, and higher 1-h O3 and troposphere ozone residual (TOR) in spring
and summer than other seasons. Higher concentrations of most species occur over the eastern China,
where the air pollutant emissions are the highest in China. Compared with surface observations, the
simulated SO, NO,, and PM;o concentrations are underpredicted throughout the year with NMBs of up
to —51.8%, —32.0%, and —54.2%, respectively. Such large discrepancies can be attributed to the uncer-
tainties in emissions, simulated meteorology, and deviation of observations based on air pollution index.
Max. 1-h O3 concentrations in Jan. and Jul. at 36-km are overpredicted with NMBs of 12.0% and 19.3% and
agree well in Apr. and Oct. Simulated column variables can capture the high concentrations over
the eastern China and low values in the central and western China. Underpredictions occur over the
northeastern China for column CO in Apr., TOR in Jul,, and AODs in both Apr. and Jul.; and overpredictions
occur over the eastern China for column CO in Oct., NO; in Jan. and Oct., and AODs in Jan. and Oct. The
simulations at 12-km show a finer structure in simulated concentrations than that at 36-km over higher
polluted areas, but do not always give better performance than 36-km. Surface concentrations are more
sensitive to grid resolution than column variables except for column NO,, with higher sensitivity over
mountain and coastal areas than other regions.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

with aerodynamic diameter less than and equal to 10 um (PMyg).
Hao et al. (2007) reported that among 522 cities with air quality

During the past 30-year, China experienced a rapid economic
development and industrial expansion, with a significant
increase in anthropogenic emissions, especially over the eastern
China, one of the regions with the highest emissions in the world
and an increased exposure to ozone (03) and particulate matter
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monitoring sites, only 22 cities (or 4.2%) met the Class I of the
National Ambient Air Quality Standard of China that was set to
protect natural environments, 293 (or 56.1%) met the Class II
standard that was set to protect humans and sensitive plants in
urban residential, commercial/residential, cultural, or rural areas,
and the remaining cities are in non-attainment and severely
polluted.

A number of modeling studies have been recently conducted at
a regional scale over East Asia or China. Tie et al. (2006) reported
that rates of O3 production and O3 concentrations during summer
in the eastern China were significantly lower than those in the
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eastern US. because of considerably lower volatile organic
compounds (VOCs). Yamaji et al. (2006) found that O3 chemistry is
NOy-limited during summer time over East Asia. Liu et al. (2007)
found that emissions of O3 precursors and O3 formation are the
highest over the central and eastern China. Song et al. (2008)
reported high aerosol optical depth (AOD) over Sichuan Basin,
Bohai Bay, and the Yangtze River Delta (YRD) areas and AODs were
underpredicted in spring due to the occurrence of dust storms and
biomass plumes but overpredicted in other seasons due to over-
predicted PMyg caused by overestimated NH3 emissions. Using the
Community Multiscale Air Quality (CMAQ), Wang et al. (2009) found
that Asian pollution enhanced background concentrations of O3 and
S07~ in the western U.S. by ~2.5% and ~20%, respectively.

Several modeling studies have also been performed at an urban
scale over the Beijing area after its selection to be the host city for
the 2008 Olympic Games. An et al. (2007) reported the contribu-
tions of non-Beijing sources of 39% to PM 5 and 30% to PMg over
the Beijing metropolitan area during a heavy air pollution episode
3—7 Apr. 2005. Streets et al. (2007) predicted that more than 30% of
PM, 5 and O3 may be transported to the Olympic Stadium site from
the sources outside Beijing during summer. Chen et al. (2007) also
found that air quality improvement in Beijing requires emission
reductions of sources outside of Beijing. Xu et al. (2008) found that
the O3 chemistry in the Beijing area was VOC-limited, which
changed to NOy-limited in its downwind areas during typical
summer conditions.

The above studies focused largely on gas-phase air pollutants
at the surface during a specific air pollution episode (mostly prior
to 2005). None of them provide a comprehensive examination of
the seasonality and formation mechanism of both O3 and PM
species over China. In this study, CMAQ is applied at 36-km over
East Asia and a nested 12-km over the eastern China for Jan., Apr.,
Jul.,, and Oct. 2008 to study the seasonal variation and formation
mechanisms of major pollutants such as O3 and PMjg. Part I
describes the model setup, evaluation datasets and protocols,
simulated seasonal variations of major air pollutants and the
results from model evaluation using surface and satellite obser-
vations. The sensitivity of model predictions to horizontal grid
resolutions is also examined. Part Il presents results from process
analysis (PA) and additional sensitivity studies, identifies the most
influential processes that lead to the formation and accumulation
of major pollutants in China. The regime of O3 chemistry and PM
formation is diagnosed based on PA, then verified through sensi-
tivity simulations. The policy implications of such regime analyses
are discussed.

Table 1
Variables evaluated and observational data used in this study.

2. Model setup and evaluation protocols

CMAQ version 4.7 released in Dec. 2008 (Byun and Schere, 2006)
is applied over East Asia for the 4-month simulations in 2008.
Fig. S-1 in the Supplementary data shows the nested domains, with
the 36-km domain over East Asia, and the 12-km domain over the
eastern China. The vertical resolution includes 14 logarithmic
structure layers from the surface to the tropopause, with the first
model layer height of 36-m above the ground level. The meteoro-
logical fields are generated by the Pennsylvania State University/
National Center for Atmospheric Research Mesoscale Modeling
System Generation 5 (MM5) version 3.7 with four-dimensional data
assimilation. The MM5 hourly output files are processed with
the Meteorology-Chemistry Interface Processor version 3.0. More
details about the meteorology simulation and evaluation can be
found in Cheng et al. (in preparation). Emissions are generated by
extrapolating the 2006 activity data to the year 2008 using the
method described by Q. Zhang et al. (2009) and by updating those
reported by Streets et al. (2006) and Zhang et al. (20074, b). Initial
conditions (ICONs) and boundary conditions (BCONs) are generated
using the results from a global chemistry model of GEOS—CHEM.
The 4-month simulations are performed separately, each with
a 1-week spin-up period to minimize the influence of ICONs.

Table 1 summarizes the variables and observational data
included in the model evaluation. The species include the surface
concentrations of sulfur dioxide (SO), nitrogen dioxide (NO>), and
PM1o using observations derived from the Air Pollution Index (API)
(http://www.zhb.gov.cn/quality/air.php3) in 23—24, 6—22, and 86
major cities, respectively, in China and hourly O3 mixing ratios from
Mt. Tai located in the eastern China and 3 sites (Ryori, Tsukuba, and
Yonagunijima) in Japan. API is piecewise linearly related to the
observed concentrations of SO;, NO,, and PMjg. The derived
concentrations from API have been used for model evaluation
(Jiang et al., 2004; Wang et al., 2009), despite some uncertainties.
Satellite data are also used to evaluate column mass abundance of
several species (i.e., carbon monoxide (CO), NO,, tropospheric
ozone residual (TOR)), and AODs to complement sparse surface
data. Following the approach of Y. Zhang et al. (2009), the simulated
total column mass of species and AODs are calculated using the 3-D
gridded hourly average mixing ratios of CO, NO,, O3, and concen-
trations of PM; 5 species predicted by CMAQ and vertically-resolved
temperature and pressure estimated from MM5. Model evaluation
is performed in terms of spatial distribution, temporal variation,
column abundances, and overall domain-wide statistical trends
using an evaluation protocol of Y. Zhang et al. (2009).

Datasets Data type Species Data frequency Number of sites Data sources and notes
API PM PM;o Daily 86 http://datacenter.mep.gov.cn/TestRunQian/air_dairy.jsp
API Gas SO, NO, Daily Jan. NO,: 6 Beijing: www.bjee.org.cn/api/; Shanghai: www.sepb.gov.cn/hjzhiliang/main.jsp;
Apr., Jul, Guangzhou: www.gzepb.gov.cn/comm/apidate.asp; Guiyang: www.ghb.gov.cn/
Oct. NOy: 22 Gazette.asp;
Jan. SO,: 23 Wuhan: www.whepb.gov.cn/publish/whhbj/2008-07/17/kq/1200807171552400040.html;
Apr., Jul, Xi’an: www.xianemc.gov.cn/airsearch.asp?tablename=airrb&;year1=2008
Oct. SO,: 24 16 cities in Shandong: http://www.sdein.gov.cn/
Other sites: http://datacenter.mep.gov.cn/TestRunQian/air_dairy.jsp
WDCGG GAS 03 Hourly 3 http://gaw.kishou.go.jp/cgi-bin/wdcgg/catalogue.cgi
Mt. Tai GAS 03 Hourly 1 Shandong University, China; note that no observations were available at Mt. Tai in
most days in Jan. and all days in Jul. 2008
OoMI Column NO,, Monthly average N/A http://disc.sci.gsfc.nasa.gov/data/datapool/OMI
TOR http://hyperion.gsfc.nasa.gov/Dataservices/cloudslice
MODIS AOD Monthly average N/A http://ladsweb.nascom.nasa.gov/data/search.html
MOPITT Column CO Monthly average N/A http://eosweb.larc.nasa.gov/PRODOCS/mopitt/table_mopitt.html

API — Air Pollution Index; WDCGG — the World Data Center for Greenhouse Gases; OMI — the Ozone Monitoring Instrument; MODIS — the Moderate Resolution Imaging
Spectroradiometer; MOPITT — the Measurements of Pollution in the Troposphere; TOR — tropospheric ozone residual, AOD — aerosol optical depth.
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Fig. 1. Overlay of simulated and observed surface concentrations of 1-h max. O3, PM;q, SO, and NO- in 2008 at a 36-km grid resolution. Diamond signs indicate the observations, including O3 concentrations from Mt Tai, and 3 sites in
Japan (note that no observations were available at Mt. Tai in Jan. and Jul.), PM; concentrations are derived from the API data for 86 major cities in China, and the mixing ratios of SO, and NO, are derived from the API data for 6 cities in
China: Beijing, Xi'an, Wuhan, Shanghai, Guangzhou, and Guiyang.
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3. Model evaluation
3.1. Surface concentrations

3.1.1. Spatial distribution and performance statistics

Fig. 1 shows the observed vs. simulated spatial distributions of
monthly-mean daily-average surface concentrations of SO, and
NO,, max. 1-h O3, and daily-average PMyg at 36-km. The highest SO,
concentration was simulated in Jan. in the eastern China, which is
caused by the highest SO, emissions in winter resulted from an
extensive coal combustion over the northern China, coupled with
the low wind speed and dry weather conditions controlled by
Siberian high in winter that are not conducive to dispersion and
scavenging for pollutants. Low planetary boundary layer (PBL)
height and temperature inversion in winter also prevent the
dispersion of air pollutants. Emissions of SO, in other months
are similar. The simulated SO, concentrations, however, in Oct.
are higher than those in Apr. and Jul. due to several reasons. First,
the weaker solar radiation in fall than in summer slows down the
photochemical conversion from SO, to SO7~. Second, the least
amount of precipitation in fall among the four seasons as shown in
Cheng et al. (in preparation) causes a slow wet scavenging and
aqueous-phase oxidation rate of SO,. In addition, higher wind
speeds in Apr. than in Oct. would enhance the ventilation of SO,.
The lowest SO, levels are found in Jul., due to a strong solar radiation
that favors its photochemical conversion and the heaviest precipi-
tation among the four months that favors its aqueous-phase
oxidation. Higher PBL height in Jul. also helps the dispersion of SO-.
In addition, the highest RHs and the highest NH3 emissions in Jul.
favor the formation of ammonium sulfate. These factors lead to the
highest SO~ concentration in Jul.

NO-, concentrations show a similar seasonal variation trend to
SOy, with the maximum in Jan., followed by Oct., Apr., and Jul. The
highest NO, concentrations in winter are resulted from the highest
NO, emissions and the suppressed photochemical reaction rates
and longer lifetime of NO,. North China Plain, Sichuan Basin, and
YRD are the areas with high concentrations of SO, and NO,. The
eastern China, in particular, the YRD area is the most-developed
area with dense population, major industry (e.g., coal mining, and
coal-fire power plants in surrounding provinces), and heavy traffics,
which cause large emissions. Sichuan Basin is also highly-polluted
due to large local emissions of air pollutants that are not dispersed
efficiently under its special meteorological conditions (e.g., lack of
sunny days, featured with cloudy, high RH, low wind speed and
also temperature inversion) and complex terrain (the basin is
surrounded by mountains that are 1000—3000 m above sea level).

Table 2 summarizes overall performance statistics for daily-
average surface concentrations of SO, and NO,, max. 1-h O3, and
daily-average PM1o. Compared with concentrations derived based
on API in major cities, CMAQ underpredicts both SO, and NO,
concentrations in all 4 months (with NMBs from —12.7% to —51.8%
for SO, and from —6.5% to —32.0% for NO3), due mainly to under-
estimated emissions. Q. Zhang et al. (2009) indicated that emissions
in 2006 over China were highly uncertain at individual sites, which
would affect the accuracy of the projected 2008 emission used
here. Several other possible factors may include the inaccuracies in
the simulated meteorology, uncertainties in the calculated dry
deposition rates, as well as biases in the estimated observations
derived from the API For example, wind speeds are overpredicted
by 40—86% (Cheng et al., in preparation), which may blow too much
amount of pollutants out of the domain. For comparison, Wang
et al. (2009) reported an NMB of 81.3% for surface NO, in China
using CMAQ 4.4 at 120 km. Despite small NMBs here, NMEs and
RMSEs are large for SO, and NO,, indicating some compensation
errors.

Table 2

Model performance of surface chemical concentrations at a 36-km horizontal grid resolution.
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20.7

23.7

Oct.

Obs — observation, ppb, Sim — simulation, ppb, Corr — correlation coefficient, RMSE — root mean square error, ppb, NMB — normalized mean bias, %, NME — normalized mean error, %.
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The simulated distribution pattern for surface O3 mixing ratios is
different from that of SO,, NO,, and PMyg. The highest monthly-
mean max. 1-h O3 mixing ratios (up to 107 ppb) occur in Jul. over
North China Plain (including Hebei, Shandong, Shanxi, and Henan
province), and YRD, due to relatively higher VOC emissions and
a strong photochemical production. O3 mixing ratios over the
southern China in Jul. are much lower than those of North China
Plain, likely due to the monsoon intrusion of clean air mass from
tropical Pacific (Yamaji et al., 2006; Lin et al., 2008). The lowest O3
mixing ratios in Jul. are found over the Tibetan Plateau mainly due
to lack of local sources for O3 precursors. Compared with Jul., Apr.
also has relatively high O3 mixing ratios of >56 ppb over large
areas. This is consistent with the findings of Monks (2000) that the
spring surface O3 maximum occurred widely across mid-latitudes
in the Northern Hemisphere, due to relatively high O3 precursor
emissions and the accumulation of O3 precursors during the winter
and sufficiently strong sunlight for photochemical oxidations, high
inflow O3 from boundaries, as well as less precipitation and wet
scavenging. Stratospheric—tropospheric exchange might be
another factor to the O3 spring maximum. Jan. has relatively lower
O3 mixing ratios (20—48 ppb) mainly because the production of O3
is suppressed by the weak solar radiation and low temperatures
(Yamaji et al., 2006). High O3 of 56—64 ppb are found over the
Tibetan Plateau in the western China in Jan., due likely in part to
a weak or no titration of O3 because of low NO mixing ratios
(<50 ppt) in this region. Other studies reported several other
factors such as the downward transport of O3 from stratosphere
(Wang and Li, 1998) or inflow of O3 and its precursors from the
boundary in winter (Yamaji et al., 2006). While CMAQ does not
simulate the former process, the boundary conditions generated
based on GEOS—CHEM may reflect the impact of inflow to some
extent. Despite slightly higher O3 mixing ratios in Apr. and Jul., the
simulated spatial distribution patterns of surface O3 in this study
are similar to those in 2002 simulated by Yamaji et al. (2006). The
simulated 1-h O3 values agree well with limited observations at
four sites (90—120 data pairs) with the best agreement in Oct.
(an NMB of 1.1%) and the worst in Jul. (an NMB of 19.3%). The
discrepancies between simulated and observed O3 values are likely
caused by the uncertainty of precursor emissions such as VOCs and
NOx (e.g., up to +68% for emissions of VOCs (Q. Zhang et al., 2009))
and simulated meteorological fields.

The simulated PMyg also shows the highest concentrations in
Jan., with >120 pg m~> (up to 217 pg m~>) over most North China
Plain, Sichuan Basin, the east of Hubei province, north of Hunan
province, and the Pearl River Delta (PRD) and YRD areas. Those
over most regions in the southern China and Northeast Plain are
less than 80 pg m~> in winter. Compared with observations, PMyg
concentrations are well predicted over North China Plain, except
some coastal regions (e.g., Qingdao and Yantai in Shandong prov-
ince) but significantly underpredicted over Northeast Plain, South
China, and most areas in the central and western China, which
leads to a domain-wide NMB of —36.8% in Jan. Simulated PM1g
concentrations of >120 pg m~3 (up to 185 pug m~3) are also found
in Oct.,, but over a smaller area covering Beijing, Shanghai, and
most areas of the Hebei, Henan, and Shandong provinces in Oct.
than in Jan. Regional haze, which often occurred in fall and winter
(e.g., Sept. 30—Oct. 6, 2008), partially contributes to the high
observed PM1g concentrations in Oct. Compared with observations,
the model underpredicts PMyg concentrations with an NMB of
—30.1%. Although observed PM;o concentrations remained high in
Apr., the simulated PMp concentrations in Apr. are much lower
than those in Jan. and Oct, with PM;jy concentrations of
100—128 pg m3 occurring at only a few sites in Hebei province.
Simulated PMjq is significantly underpredicted with a domain-
wide NMB of —51.5%. Lack of a dust emission module in CMAQ4.7

is one possible reason for this underprediction, although some
coarse-mode PM species (i.e., SOF~, NO3, NHZ, Na*, and CI™) are
simulated in CMAQ v4.7 through gas/particle mass transfer.
The lowest PMjg concentrations occur in Jul, due to heavy
precipitation and other meteorology conditions such as stronger
convective mixing, and higher PBL height than Jan. The simulated
PM;g concentrations in almost all cities located outside the North
China Plain are much lower than observations, resulting in
a significant underprediction over the entire domain in Jul., with
the largest NMB of —54.2% among all four months. For comparison,
Wang et al. (2009) reported up to 85.6% underprediction for PM1g
over China using CMAQ 4.4 at a grid resolution of 120 km, which is
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Fig. 5. Spatial distributions of monthly-mean TOR from observations (left) and simulations (right) in Jan., Apr., Jul. and Oct. 2008.
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Fig. 6. Spatial distributions of monthly-mean AODs from observations (left) and simulations (right) in Jan., Apr., Jul. and Oct. 2008.
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worse than this study. Factors contributing to the underpredictions
may include underestimated emissions of primary PM species
such as black carbon and organic carbon and emissions of the
precursors for secondary PM such as SO, and NO», as well as the
emissions of NH3 (e.g., NH3 emissions used here for the PRD areas
are ~20% lower than the latest emission estimates by ].-Y. Zheng,
South China University of technology, personal communications,
2009), in addition to inaccurate meteorological predictions (e.g.,
overpredicted wind speeds by about 40% in Jul.). The primary PMyq
emission rates larger than 100 g s ! are concentrated over the
North China Plain, Sichuan Basin, and YRD and PRD in all months
while those in the central and western China are smaller than
8.0 g s~ 1. The high levels of PMyo occur over the source regions in
all months with 40—95.4% primary PMy, indicating a large influ-
ence of primary PMjg over these regions. However, the seasonal
variations and magnitude of emissions of primary PMjg are not
always consistent with those of the simulated PM1o concentrations
because of the formation of the secondary PM and the influence of
meteorology in the accumulation and transport of PMjp.

3.1.2. Temporal variation

Figs. 2—4 show the observed and simulated temporal variations
of daily-average SO, and NO, at four urban sites (i.e., Beijing,
Shanghai, Guangzhou, Jinan in China), max. 1-h Os at three rural
sites (i.e., Ryori, Tsukuba, and Yonagunijima in Japan) and one
mountain site (i.e., Mt. Tai in China), and daily-average PMyg at five
urban sites (i.e., Beijing, Shanghai, Guangzhou, Jinan, and Dalian in
China). CMAQ reproduces SO, concentrations well for all months at
Guangzhou, in Jan. and Apr. at Beijing, and in Jul. and Oct. at Jinan
but overpredicts those in all months at Shanghai and in Jul. and Oct.
at Beijing and underpredicts those in Jan. and Apr. at Jinan and all
months at other sites (Figures not shown). CMAQ reproduces the
mixing ratios of NO, in terms of magnitude and variation trends at
Beijing and Guangzhou, but overpredicts at Shanghai and under-
predicts at Jinan on most days. Temporal variations of O3 mixing
ratios at all sites in Japan are reproduced well on most days, except
slight overpredictions in late Apr. and Jul. at Tsukuba and Yonagu-
nijima. At Mt. Tai, CMAQ well captures the O3 mixing ratios of the
first several days in Jan., but overpredicts those in Apr., either
overpredicts or underpredicts those in Oct. Compared with obser-
vations, the PMyo concentrations simulated at Beijing, Jinan, and
Dalian are underpredicted in all four months, particularly at Beijing.
However, good performance is found at Shanghai and Guangzhou.

3.2. Column variables

Figs. S-2, S-3, 5 and 6 compare simulated spatial distribution of
monthly-mean column abundance of CO and NO,, TOR, and AOD,
respectively, with observations from satellite data. Compared with
satellite data, column CO is significantly underpredicted in Apr.
with an NMB of —29.3% and NME of 31.1%, and best predicted in Oct.
with an NMB of —1.0% and NME of 14.5% (see Table 3).InJan. and Oct.,
underpredictions occur over the western and northern China as well
as the oceanic area off the east coast of China and compensate
overpredictions in the eastern and southern China, resulting in small
NMBs. These biases may be caused by the uncertainties in the CO
emissions and boundary conditions used (Y. Zhang et al., 2009).

CMAQ reproduces well the spatial distribution pattern and
seasonality of column NO, with high correlation coefficients of
0.7—0.9. Higher column NO; is found over the eastern China
including Beijing, Hebei, Henan, Shandong, YRD and PRD than the
remaining areas in all months. Observed and simulated column
NO; concentrations are maximum in Jan., followed by Oct., Apr.,
and Jul. The high winter values are likely resulted from a combined
effect of decreased loss of NO, via its reaction with OH, reduced

Table 3

Model performance of column variables at a 36-km horizontal grid resolution.

AOD
Obs

TOR
Obs

NO-,
Obs
234

co
Obs

Mo.

NME
45.7

NMB

RMSE
0.2
0.3
0.2
0.1

Corr
0.6

Sim
0.26
0.26
0.17
0.24

NME

NMB
16.1

RMSE
6.4

8.7

Corr
0.6

Sim

344

NME
58.1

NMB

RMSE
27.0

Corr
0.9
0.8

Sim

328

NME
20.9

NMB
31.1

RMSE
5.8
8.0
59

35

Corr
0.6

Sim

19.1

-4.0
—43.0
—45.8

0.27
0.45
0.32
0.25

121
-3.0
-9.1

-10.6

30.7

40.4

-3.0
-29.3

19.6

Jan.

449

0.6

19.7

41.5 406 394 03

6.3
-11.5

16.4

214

20.1

239 169 038

Apr.
Jul.

514

0.6

14.2

7.2
5.7

421 383 0.7

46.3

29.7 174 154 0.7 154

-84
-1.0

154 0.5

16.8

41.9

-1.7

0.7

15.0

17.8 241 0.8 229 354 546 338 303 07

14.5

182 038

184

Oct.

1. Obs — observation, Sim — simulation, Corr — correlation coefficient, RMSE — root mean square error, NMB — normalized mean bias, %, NME — normalized mean error, %, TOR — tropospheric ozone residual, AOD — aerosol optical

depth.

2. The unit for Obs, Sim, and RMSE are in 1 x 10'7 molecules cm~2 for CO, 1 x 10'® molecules cm~2 for NO,, and Dobson for TOR.
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Table 4

Model performance at horizontal grid resolutions of 36- and 12-km over the eastern China.

Surface chemical concentrations at 12- and 36-km

Mo. 502 N02 1-h 03 PM10
Obs Sim  Corr RMSE NMB NME Obs Sim Corr RMSE NMB NME Obs Sim Corr RMSE NMB NME Obs Sim Corr  RMSE  NMB NME
Jan.  12-km 348 27.8 0.09 40.1 -20.2 766 293 368 05 28.5 255 702 411 459 03 112 11.6 18.1 1199 1036 03 78.7 -136 476
36-km 34.8 159 0.10 309 —54.4 70.7 293 283 05 16.6 -34 477 411 4438 03 10.8 9.1 170 1199 847 04 79.8 -294 484
Apr. 12-km 247 27.7 -0.07 402 12.2 941 211 220 03 22.9 45 709 627 64.1 06 173 24 209 1039 723 02 63.4 -304 477
36-km 247 163 -0.03 269 -338 69.8 21.1 146 04 16.7 -31.0 621 62.7 64.6 06 183 32 215 1039 58.7 0.2 65.8 -436 513
Jul. 12-km 153 212 -0.03 288 387 1156 13.7 188 03 19.5 375 832 308 410 -04 229 33.0 588 86.1 600 03 50.8 -303 478
36-km 153 114 001 16.6 -25.6 787 137 111 04 129 -187 672 308 400 -05 249 30.0 627 86.1 447 03 54.3 —-48.1 528
Oct. 12-km 242 375 -0.06 53.1 546 1143 239 256 03 219 6.8 543 543 482 07 154 -11.2 204 1034 1013 03 62.6 -21 429
36-km 242 209 005 26.7 -13.5 686 239 166 03 16.6 —-30.5 544 543 489 08 132 -99 175 1034 79.6 03 56.5 -23.1 423
Column variables at 12- and 36-km
Mo. co NO, TOR AOD
Obs Sim Corr RMSE NMB NME Obs Sim Corr RMSE NMB NME Obs Sim Corr RMSE NMB NME Obs Sim Corr RMSE NMB NME
Jan. 12-km 229 242 02 7.4 52 228 691 978 08 61.3 416 622 332 373 01 6.1 126 151 038 044 04 0.3 143 491
36-km 229 246 03 7.5 7.5 227 687 933 08 50.7 359 529 332 372 01 6.0 122 149 038 046 05 0.3 206 516
Apr. 12-km 259 203 03 7.4 -21.2 269 446 552 07 375 238 548 450 426 -01 89 -55 178 061 043 05 0.3 -29.7 331
36-km 259 206 03 73 -20.2 264 441 494 08 30.3 120 446 449 428 -01 89 -48 180 061 043 05 0.3 -289 323
Jul. 12-km 207 192 05 4.2 -7.2 16.2 371 382 06 334 29 514 479 403 09 87 -159 162 049 033 07 0.3 -325 388
36-km 20.7 196 05 4.1 -5.2 15.2 364 348 06 283 -44 449 479 410 09 81 -145 150 049 033 0.7 0.3 -334 388
Oct. 12-km 215 227 0.7 3.7 53 127 417 680 0.7 52.2 63.1 764 378 332 07 53 -120 124 039 049 08 0.2 255 357
36-km 215 229 0.7 4.0 655 138 409 606 08 439 481 625 37.7 335 07 5.1 -114 119 039 050 0.8 0.2 296 39.1

1. Obs — observation, ppb, Sim — simulation, ppb, Corr — correlation coefficient, RMSE — root mean square error, ppb, NMB — normalized mean bias, %, NME — normalized mean error, %, TOR — tropospheric ozone residual, AOD —

aerosol optical depth.
2. The unit for Obs, Sim, and RMSE are in 1 x 10'7 molecules cm™ for CO, 1 x 10'® molecules cm™ for NO,, and Dobson for TOR.
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vertical transport from the PBL to higher altitudes, and slightly
increased emissions (Wang et al., 2009). The lower column NO; in
Apr. and Jul. may be related to stronger photochemical reactions
that convert it into other reactive nitrogen species during late
spring and summer. Comparison with satellite data indicates an
underprediction with an NMB of —11.5% in Jul. but overpredictions
with NMBs of 6.3—40.4% in other months. For comparison, Han
et al. (2009) reported >50% underprediction over North China
and as much as 46% overprediction over South Korea for their
simulated column NO, using CMAQ. Uncertainties in emission
inventories of NOy and related species such as isoprene may
contribute the model biases.

As shown in Fig. 5, the observed TOR is the highest in the eastern
China due to enhanced pollution and the lowest in the Tibetan
Plateau that is the highest landmass in the world, with an average
height of >4-km above sea level. The low observed TOR in the
Tibetan Plateau can be attributed to two main factors including
the thinness of the air column that can lead to ~2.5% (~ 10 Dobson
Unit (DU)) reduction in total column O3 and the large-scale uplift
and descent of isentropic surfaces during the monsoon anticyclone
circulation that shifted the vertical profiles of O3 (Tian et al., 2008).
Simulated and observed TOR in Jan., Apr., and Oct. are comparable,
but all with overpredictions in the northeastern China and under-
predictions over the southern China and Tibetan Plateau. The
spatial distribution of observed TOR in Jul. is reproduced well but
underpredictions occur over Hebei, Shandong, and Shanxi where
the highest observations in Jul. occurred and over Tibetan Plateau.
Domain-wide TOR is overpredicted in Jan. with an NMB of 12.1%
and NME of 16.1%, and slightly underpredicted in other months,
with NMBs of —10.6% to —3.0% and NMEs of 14.2—19.7%. The biases
of TOR are strongly related to the uncertainties in the upper-layer
boundary conditions of O3 generated from GEOS—CHEM. Boundary
03 mixing ratios from layers 10 to 14 used here are 41.0, 46.4, 58.6,
and 36.5 ppb in Jan., Apr,, Jul,, and Oct., respectively. The uncer-
tainty associated with the satellite retrieval algorithms may also
influence the accuracy of observed TORs.

Compared with satellite AODs (Fig. 6), the model captures the high
AODs over the North China Plain, YRD and PRD areas in the eastern
China and Sichuan Basin in all four months, although it significantly
overpredicts in Jan. and Oct., and underpredicts in Apr. While observed
AODs are the highest in Apr., followed by Jul, Oct, and Jan., the
simulated AODs are the highest in Jan., followed by Oct., Apr., and Jul.
Domain-wide AODs are slightly underpredicted in Jan. and Oct.,
respectively. In Apr., simulated AODs in the north of YRD are reason-
ably good, underpredictions occur over the southern China, Japan, and
Pacific ocean with a domain-wide NMB of —43.0% and NME of 44.9%.
Underpredictions also occur throughout the whole domain in Jul. with
an NMB of —45.8% and NME of 51.4%. The discrepancies between
simulated and observed AODs might be caused by several factors, such
as the underpredictions of PM concentrations as shown in Table 2,
uncertainties in the boundary conditions used, and calculated AODs
based on CMAQ PM simulations using an empirical equation (Wang
et al,, 2009; Y. Zhang et al., 2009).

3.3. Sensitivity of model predictions to horizontal grid resolution

Different grid resolution could influence modeling simulation
performance due to a more detailed representation of emissions,
land use, meteorological and chemical processes at finer grid
resolutions. Some studies have shown that atmospheric modeling
at finer resolutions may help improve the model performance (Lin
et al., 2008), while some show that chemistry did not show linear
relationship with horizontal grid resolution and the model did not
always perform well at finer grid resolutions (e.g., Jang, 1995;
Queen and Zhang, 2008; Wu et al,, 2008). In addition, horizontal

grid resolution can affect O3 responses to changes in precursor
emissions, with increased nonlinearity of Os production with
respect to NOy emissions at a finer grid scale (Cohan et al., 2006).
The spatial distribution patterns are almost identical between
12- and 36-km grid resolutions for all surface and column variables,
although there are some differences over the areas with relatively
higher pollutant concentrations, indicating that the model simu-
lation at 12-km captures more detailed information over urban
areas due to more detailed terrain and emissions (see Fig. S-4 and
analysis in the Supplementary data). Table 4 shows the perfor-
mance statistic over the eastern China at 12- and 36-km. For surface
concentrations of NO, and PM9, CMAQ performs better at 12-km
than those at 36-km in all four months because of their higher
concentrations at 12-km, with differences in NMBs > 10%. SO,
concentrations at 12-km are closer to observations compared with
those at 36-km in Jan. and Apr., but deviate more from observations
in Jul. and Oct. at 36-km. Model performance for 1-h Os varies
slightly at 12- and 36-km, with <3% difference NMBs. The model
performance in terms of reproducing column variables at 12-km is
slightly better than that at 36-km for column CO in Jan. and Oct.,
column NO3 in Jul., and AODs in Jan., Jul., and Oct. but slightly worse
in other months for those variables and for TOR for all months.
The differences of model performance for domain-wide column
variables at two grid resolutions are overall quite small, with less
than 8% difference in NMBs except column NO; in Apr. and Oct.

4. Conclusions

CMAQ v4.7 is applied to simulate such pollution and its sea-
sonality over East Asia in Jan., Apr., Jul,, and Oct. 2008 and the
results are evaluated with available surface and satellite data. Both
predicted surface species (i.e., SO, NO,, max. 1-h O3, and PM1g) and
column variables (e.g., column CO and NO,, TOR, and AOD) show
strong seasonality and spatial variations. The simulated concen-
trations of SO,, NO,, and PMyg in Jan. are the highest throughout the
year, followed by Oct., Apr., and Jul., whereas the simulated mixing
ratios of O3 are the highest in Jul., followed by Apr., Oct., and Jan.
While the model captures well the observed seasonal variations of
PMj9 concentrations, the model’s capability in reproducing
seasonal variations of surface concentrations of SO,, NO;, and O3
cannot be accurately evaluated because of limited publically-
available observational data. The simulated column CO, NO,, and
AODs are the highest in Jan., followed by Oct., Apr., and Jul., whereas
the simulated TORs are the highest in Jul., followed by Apr., Jan., and
Oct. Compared with satellite observations, the model captures well
the seasonality of column NO, and AODs, but fails to reproduce
those of column CO and TORs. High surface max. 1-h O3 and TOR are
found in Jul. and Apr. due to strong photochemical reactions for all
layers and high boundary concentrations for upper layers, while
other surface or column variables tend to be higher in Jan. and Oct.
Most pollutants show very high concentrations over the eastern
China surrounding Beijing, YRD, and PRD due to large emissions
from dense population, rapid economic development, heavy traffic,
and high energy consumption as well as stagnant meteorological
conditions and complex terrain.

For surface species, SO3, NOy, and PMyg are all significantly
underpredicted in all four months, with NMBs up to —51.8%,
—32.0%, and —54.2%, respectively. These large discrepancies might
be caused by several factors such as uncertainties in the emissions
and simulated meteorology. The mixing ratios of max. 1-h O3 in Jan.
and Jul. are overpredicted with NMBs about 12.0% and 19.3%,
respectively. Most simulated column variables could generally
capture the spatial distribution patterns with high values over the
eastern China and relatively lower values over the central and
western China. Large underpredictions, however, are found for
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column CO in Apr., TOR in Jul.,, and AODs in both Apr. and Jul. over
the northeastern China, while overprediction occur in column CO in
Oct., column NO; in Jan. and Oct., AODs in Jan. and Oct. over the
eastern China. The discrepancy of column variables may be related
to the boundary conditions which affect their vertical profiles.

The spatial distribution patterns of surface concentrations and
column variables at 12-km are overall similar to those at 36-km, but
providing more detailed information over higher polluted areas,
although it does not always lead to better model performance. The
surface concentrations are more sensitive to grid resolution with
relatively larger discrepancies (>5%) occurring over the complex
terrain such as the mountain and coastal areas, mainly because
different surface characteristics may result in different local circu-
lation and meteorological conditions that in turn affect transport
and chemistry of pollutants.

The model evaluation in this study indicates an overall accept-
able performance especially for surface O3 and column variables.
The major reasons for the model biases include uncertainties in
emissions and upper-layer boundary conditions (e.g., TORs) and
model deficiencies (i.e., neglecting some coarse-mode species such
as mineral dust). Other possible reasons include uncertainties
simulated meteorology (such as the limitation of the use of a coarse
grid resolution in capturing fine scale meteorological phenomena
(Wang et al., 2009)) and uncertainties in the observations from API
and satellite data.
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