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Abstract. Regional trans-boundary air pollution has become Zhoushan can be very high, with the highest simulated value
an important issue in the field of air pollution modeling. This reaching 0.24 mg m?. In January, the monthly average con-
paper presents the results of the implementation of the MM5-centration of @ in the YRD is 0.052 0.011 mg n72, and
CMAQ modeling system in the Yangtze River Delta (YRD) 0.054+ 0.008 mgn12 in July. Our results show that ozone
for the months of January and July of 2004. The meteoro-and haze have become extremely important issues in the re-
logical parameters are obtained by using the MM5 model. Agional air quality. Thus, regional air pollution control is ur-
new regional emission inventory with spatial and temporalgently needed to improve air quality in the YRD.

allocations based on local statistical data has been developed
to provide input emissions data to the MM5-CMAQ mod-
eling system. The pollutant concentrations obtained from
the MM5-CMAQ modeling system have been compared with1 |ntroduction
observational data from the national air pollution monitor-

ing ngtwork. It is found that. air quality in wmtgr in the The Yangtze River Delta (YRD), characterized by high pop-
YRD is generally worse than in summer, due mainly t0 Un-jation density and well-developed industry, is one of the
favorable meteorological dispersion conditions. In winter, largest economic regions in China. With rapid economic
the pollution transport from Northern China to the YRD geyelopment in recent years and high energy consumption,
reinforces the pollution caused by large local emissions.yir pollutant emissions are increasing steadily and the re-
The monthly average concentration of 50 the YRD IS gional environment is deteriorating. Regional visibility is
Q-OZGi 0.011mg nr3in January and O-QH 0.009mg M decreasing, ozone concentrations are increasing, and the eco-
in July. Monthly average concentrations of N?‘ the  |ogical environment and health of the people are suffering.
YRD in January and July are 0.0210.009mgn®, and  \any observational studies in the past (Chameides et al.,
0.014+ 0.0_08 mg nT3,_ respectwel_y. The monthly average 1999; Xu et al., 1999; Luo et al., 2000; Cheung and Wang,
concentration of P in the YRD is 0.08G: 0.028 mg _”TB 2001; Wang et al., 2001a) showed that high ozone concentra-
in January and 0.0250.015mg me in July. - Visibil- tions were beginning to appear in Eastern China. A project
ity is also a problem, with average deciview values of ghonsored by China's National Natural Science Foundation,
26.4+2.95dcev in winter and 17.& 3.3 dcv in summer. The  «The atmospheric physical and chemical process and its in-
ozone concentration in the downtown area of a city like fj,ence on ecosystem in the Yangtze River Delta”, has con-
ducted field surveys on air quality in the YRD, which indicate
that the ozone concentration can be high in this region; the

Correspondence toC. H. Chen occurrence frequency of ozone concentrations higher than
m (chench@saes.sh.cn) 0.16 mg n73 reached 20% at some sites (Wang et al., 2003).
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Fine particles and ozone are considered to be the mosthemistry interface processor (MCIP) is used to transfer
serious air pollutants of concern in China and the UnitedMM5 output into gridded meteorological field data as the
States today, as well as in most metropolitan areas arounthput to CMAQ. The inputs for MM5 are NCEP FNL (Fi-
the world (Streets et al., 2007). High ozone concentration ahal) Operational Global Analysis data, which are available
ground level increases the frequency of urban photochemicabn 1.0x 1.0 degree grids continuously for every six hours
smog, accelerates the aging process of materials, threateffisttp://dss.ucar.edu/datasets/ds083.2The Carbon Bond-—
people’s health, and causes serious damage to the ecolot chemical mechanism (CB-IV) is used in the CMAQ
ical environment (Wang et al., 2001b). Thus, high ozonemodel, which consists of 36 chemical species, 93 chemi-
concentration has been a great concern of environmentatal reactions, and 11 photochemical reactions (Lamb, 1982).
scientists in China (Xu et al., 1999; Zhu and Xu, 1994). Geographic Information System (GIS) technology is applied
Fine particles not only cause worsening of regional visibil- in gridding the YRD regional emission inventory to the
ity, but also seriously affect people’s health. Fine particlesmodel domain.
and ozone are both formed through a serious of complex ] ] ) ]
chemical reactions among primary pollutants in the air. The2-2 Model domain and simulation episodes

lifetime of ozone formed through VOC and N@eactions |, CMAQ model domain is based on a Lambert Confor-

is usually several days, which allows further meteorologi- mal map projection, using a one-way nested mode with grid
cal processes to complicate the ozone formation and des”“?ésolutions of 36km (covering the whole of China), 12 km

tion processes (Finlayson-Pitts and Pitts, 1993). In addition(covering Eastern China), and 4 km (covering the YRD re-
NOy, VOC, SQ, and NH; can generate particulate matter gion), as shown in Fig. 1. The MM5 domain is larger than the

‘QfUCh as (NH)ZSOf‘ gnd_ NH‘NO?’ through c_hem|c_al reac- CMAQ domain, with three grids more than the CMAQ do-
tions. Therefore, it is difficult to assess their enwronmentalmain on each boundary. The mother domains for both MM5
impacts solely by experimental studies and field observationscmd CMAQ are centered at (198, 34 N). The YRD do-
(Tesche, 1983?' o main for CMAQ has 11& 136 horizontal grid cells and in-

To assess air quality in the YRD, the US EPAS “One At- ¢j,des 16 major cities, which are also shown in Fig. 1. Each
mosphere” model, the Community Multi-scale Air Quality «gjwy» in the domain is a large administrative area that in-
Modeling System (CMAQ) (Dennis et al., 1996; Byun et ¢ des smaller cities, towns, and villages. Thus, the 16 cities
al., 1998; Byun and Ching, 1999), is used to simulate theyogeiher cover the majority of the YRD area. The pollu-
chemical transport of air pollutants, driven by a new emis-4;5, episodes chosen are 1-31 January 2004, and 1-31 July
sion inventory. CMAQ is a chemical dispersion model rep- 5004, which represent winter and summer seasons, respec-
resentative of the third generation of air quality models a”dtively. The initial conditions of CMAQ for each seasonal
includes ozone, aerosols, acid deposition, visibility, and airyn 3re prepared by running the model five days ahead of
toxics chemistry. Under a US EPA initiative, CMAQ has al- gach start date with clean initial conditions (IC). Sensitivity
ready been successfully transferred to the Asian situation anghqts show that the influence of IC generally dissipates af-

used to assess air quality in Beijing (An etal., 2007; Streets efg; ahqut three days. The boundary condition (BC) used for
al., 2007; Fu etal., 2008), the YRD (Li etal., 2008), the Pearl ¢ |argest domain of CMAQ is clean air, while the BCs for
River Delta (PRD) (Wang et al., 2010), and across East ASighe nested domains are extracted from the CMAQ Chemical

(Zhang et al., 2004, 2005, 2007; Fu et al., 2008; Lin et al., ransport Model (CCTM) concentration files of the larger
2009). In this paper, the fifth-generation NCAR/Penn Stat€jomain, Both of the two models employ 14 vertical layers of

Mesoscale Model (MM5) (Chen and Dudhia, 2001; Chen ety rying thickness with denser layers in the lower atmosphere
al., 2005) is used to produce the necessary meteorological, petter resolve the mixing height.

fields in 4-D data assimilation mode; CMAQ version4.4 is

used for the numerical simulation of air pollutant transport2.3 Regional emission inventory

and transformation in the YRD.

In this paper, a new emission inventory for the YRD was

prepared, which consists of large point sources, industrial

sources, mobile sources, residential sources, and biogenic

2.1 Inputdata sources. The basis of this inventory is a new compilation
from local authorities of sources in the 16 major cities of the

The methodology used in this paper is to simulate the atmo¥YRD domain.

spheric processes over the YRD domain with MM5-CMAQ  Point sources in this inventory consist of power plants and

and a new emission inventory, in order to obtain a datasetarge industrial combustion and process sources. The point

with air pollutant concentrations in time and space for thesource data are obtained from a national environmental sta-

simulation periods, which can then be compared with mon-tistical database provided by the Chinese Academy for Envi-

itored concentrations. The driving meteorological inputs ronmental Planning. Point sources are located at their exact

for CMAQ are provided by MM5, and the meteorology- lat/long coordinates within the domain.

2 Methodology
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Fig. 1a. One-way nested model domain.

(b)

Fig. 1b. Locations of the 16 cities in the YRD.
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Mobile sources consist of on-road vehicle emissions in the
16 major cities. The vehicle volume data are collected from
the statistical yearbooks of Jiangsu and Zhejiang Provinces
and the Shanghai Municipality (Jiangsu Statistical Yearbook,
2005; Zhejiang Statistical Yearbook, 2005; Shanghai Statis-
tical Yearbook, 2005).

Areas sources in this paper include fugitive emissions
from industrial activity and residential fuel combustion. Res-
idential emissions are calculated based on the consumption
of coal, LPG, coal gas, and natural gas in 2004, as obtained
from the statistical yearbooks of the 16 cities in the YRD.

For biogenic VOC emissions, this study uses the natural
VOC emission inventory of the GEIA Global Emissions In-
ventory Activity 1990 http://geiacenter.ojg In July, total
biogenic VOC emissions in Shanghai were 3,286 tons, taking
a share of 23% of the total biogenic emissions in the YRD.
The GEIA emissions may be outdated due to rapid devel-
opment of the YRD region and consequent changes in the
natural ecosystem, and we are considering to update these
emissions in future work.

Emission factor is an important element that influences
the estimation of emission inventory. Supporting data on
emission factors and activity data were assembled from re-
lated studies. Emission factors in this study are mainly re-
ferred to widely accepted studies or calculated based on re-
lated parameters. The $@missions from major pollutant
sources are calculated based on fuel consumption and sul-
phur content. Results have been compared and verified with

Atmos. Chem. Phys., 11,1629-2011
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Fig. 2. Distribution of point sources in the YRD (top: power plants; bottom: industrial point sources); Jiangsu Province is shown in blue,
Zhejiang Province in pink, and the Shanghai Municipality in yellow.

other environmental statistical data. Emission factors and3 Results and discussion

fuel parameters are mainly derived from national literature ] o

(Hu, 1990; MEP, 1996), including “User's Guide on the Pro- 3-1 Regional emission inventory for the YRD

duction and Emission Factors of Industrial Pollutants” and‘?hl_1 Point sources

“Environmental Protection Data Manual”. Related data have

been widely used in other studies (Streets et al., 2000; Kuanghere were 378 power plants in the 16 cities of the YRD

et al., 2001; Di et al., 2005). Emission factors of other pol-in 2004. In addition, there were 9793 major industrial

lutants like NG and CO are obtained through calculation or sources, among which there were 4381 in Jiangsu Province

referred to related studies (Fang et al., 1985; Hu, 1990; Katq44.7%), 3864 in Zhejiang Province (39.5%), and 1548 in

et al.,, 1992; Akimoto et al., 1994; MEP, 1996; Streets etShanghai Municipality (15.8%). Figure 2 shows the distri-

al., 2000, 2001, 2003a, b). Emission factors of VOC,3NH bution of these point sources in the YRD. This is the first

PMjo and PM 5 are mainly obtained through literature sur- time that a comprehensive allocation of emissions to ma-

vey (Kato et al., 1992; Akimoto et al., 1994; Streets et al., jor point sources in the YRD has been developed. In 2004,

2000, 2001, 2003a,b; USEPA, 2006). Currently, we are lackthe emissions of S§ NOy, CO, PMig, PM, 5, and VOC in

ing measurement data in the YRD to verify those emissionthe power-plant sector were 1381, 727, 157, 660, 346, and

factors, which could likely be taken into consideration in fu- 7 Gg, respectively. Emissions from power plants in Jiangsu

ture studies. Province are the highest, representing shares of 48%, 48%,
The newly calculated emissions for the 16 cities in the 53%, 60%, 60%, and 51%, respectively, in the power-plant

YRD are then inserted into the regional East Asian emissioremissions of the pollutants listed above. Although there are

inventory provided by TRACE-P (Streets et al., 2003a,b; Fuonly 19 power plants in Shanghai Municipality, they tend to

et al., 2008), which provides emissions data for the remainpe large ones, with shares of 18%, 19%, 20%, 7%, 7%, and

ing parts of the domain. The TRACE-P emission inventory 20%, respectively.

has been described and demonstrated to be reliable for China Emjssions of S@ NOy, CO, PMig, PM> 5, and VOC from

in previous studies (Streets et al., 2003a,b; Carmichael et alfyel combustion in the industrial sector are 311, 168, 38,

2003). 341, 140, and 2 Gg, respectively. The emissions from fuel

Atmos. Chem. Phys., 11, 1621639 2011 www.atmos-chem-phys.net/11/1621/2011/
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Fig. 4. Vehicle categories in the two provinces and Shanghai
in 2004.

Zhejiang Province Jiangsu Province Shanghai

Fig. 3. Vehicle stocks (without motorcycles) of the 16 major cities anq 299, and for Shanghai 24%, 20%, 25%, 22%, and 28%.
of the YRD in 2004. Since Shanghai is a megacity with large numbers of vehicles,
it has a larger share of mobile-source emissions than station-
combustion in industry are highest in Jiangsu Province with®Y Sources. Since the vehicle mileage of heavy-duty trucks
shares of 54%, 38%, 34%, 49%, 50%, and 31%, respectively? Jiangsu Province is very high, the N@nd PMo emis-
Process emissions of SONO,, CO, PMo, PMys, VOC, sions in the cities of Jiangsu Provmce. are high. In addition,
and NH from the industrial sector are 63, 21, 378, 603, 335'the Iarge stocks of motorcycles and Il_gh_t-duty motorcycles
284, and 31 Gg, respectively. Jiangsu Province is again th&® major sources of CO and VOC emissions in the YRD.
highest emitter, with shares of 58%, 43%, 58%, 41%, 42%,

46%, and 52%, respectively. 3.1.3  Area sources

Emissions from residential fuel combustion are calculated
directly from fuel-use data for each of the cities in the re-

Figure 3 shows the vehicle stocks in each of the major citiegion. Table 1 shows the residential fuel consumption in the
of the YRD in 2004. There were 3286000 cars in the 16cities of the YRD in 2004, as well as the populations of the
cities, among which Jiangsu Province contains 1270 000¢cities. Though coal and LPG are used extensively in Jiangsu
Zhejiang Province contains 1141000, and Shanghai conProvince and Zhejiang Province, gas — both coal gas and nat-
tains 878 000. Among all the 16 cities, Shanghai, Hangzhouural gas —is preferred in Shanghai.

Suzhou, Ningbo, and Nanjing contain the largest vehicle Fugitive emissions from industrial activity are calculated
stocks, with shares of 26%, 12%, 11%, 8%, and 8%, re-based on the consumption of coal and fuel oil in the YRD
spectively. In addition, there were 9798000 motorcyclesafter energy consumption in the power plant, industry, trans-
and 7 266 000 light-duty motorcycles in the major cities of portation, and residential sectors is eliminated. Results show
the YRD in 2004. Jiangsu, Zhejiang, and Shanghai contairthat in 2004, the emissions of SONOy, CO, PMyg, PMz s,
59%, 40%, and 1% of the total motorcycles and 12%, 74%,and VOC from residential fuel combustion were 16.4, 8.6,
and 14% of the light-duty motorcycles, respectively. 17.6, 2.9, 1.7, and 1.0 Gg, respectively. Emissions 0f,SO

The compositions of the vehicle fleets are very differ- NOx, CO, PMyo, PMp 5, VOC, and NH from fugitive emis-
ent between Shanghai Municipality and the two neighboringsions of industry were 288, 114, 257, 28, 19, 26 and 1 Gg,
provinces. Figure 4 shows the vehicle stocks by categoryespectively.
in the two provinces and Shanghai. In Shanghai, light-duty
cars represent 30% of total vehicles; while motorcycles (in-
cluding light-duty motorcycles) are a major vehicle category3 » 1 Opservational sites used to compare against
in Jiangsu aqd Zhejiang Provinces, with shares of 80% and MM5-CMAQ model results
73%, respectively.

Based on these vehicle stock data and local emission facn this paper we use selected hourly concentration data for
tors, the mobile source emissions of CO, VOC,,NeM s, SOy, NO2, PMyg, and @G measured during the periods 11—
and SQ inthe YRD in 2004 were estimated to be 2302, 446, 20 January 2004, and 11-20 July 2004, at each of the 43
358, 62, and 11 Gg, respectively. Regional shares for eachational observational sites located in the YRD to assess the
of the species were for Jiangsu Province 49%, 50%, 46%performance of the model. The locations of the measurement
50%, and 44%, for Zhejiang Province 28%, 30%, 29%, 29%,sites are shown in Fig. 5.

3.1.2 Mobile sources

3.2 Model performance

www.atmos-chem-phys.net/11/1621/2011/ Atmos. Chem. Phys., 11, 16292011
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Table 1. Residential fuel consumption in the YRD in 2004.

L. Li et al.: Air quality and emissions in the Yangtze River Delta

Provinceor  City Population  Coal LPG Coalgas Natgas
municipality (millions)  (1dt) (10*t) (APm3) (1Pm?d)
Nanjing 5.8 7.0 9.8 76.9 3.1
Wuxi 4.5 5.6 3.7 29.2 1.2
Changzhou 3.5 4.3 4.9 38.0 15
. Suzhou 6.0 7.4 7.1 554 2.3
Jiangsu Nantong 7.7 9.7 5.6 44.2 1.8
Province  vangzhou 45 58 15 11.4 05
Zhenjiang 2.7 3.3 3.6 28.2 11
Taizhou 5.0 6.2 5.2 40.8 1.7
Total 39.8 49.3 41.4 324.1 13.2
Hangzhou 6.5 8.6 23.0 12.7 0.0
Ningbo 55 6.6 16.2 7.9 0.0
Zhejiang Jiaxing 3.3 4.0 9.9 4.9 0.0
Province Huzhou 2.6 3.0 7.2 34 0.0
Shaoxing 4.3 5.0 11.8 5.4 0.0
Zhoushan 1.0 1.2 3.0 1.6 0.0
Taizhou 5.6 5.9 12.0 4.3 0.0
Total 28.8 344 83.0 40.3 0.0
Shanghai Municipality 135 80.6 20.4 1223.0 197.0
Regional Total 82.1 164.3 1448 1587.4 210.2

3.2.2 MMS5 performance

The daily average wind speed and temperature data observed
on the site of Baoshan in January and July 2004 in Shanghai
are compared with the MM5 results, as shown in Figs. 6 and
7. Comparisons between the figures show that the parameters
adopted in MM5 could basically reflect the variations of the
wind speed and temperature in the region. MM5 correctly
reproduces the major patterns of the observed wind flow and
that wind speed is within acceptable error limits.

To further study the MM5 performance, several statistical
measures including the Bias Error (B), the Root Mean Square
Error (RMSE), and the index of agreement (IOA) are calcu-
lated as part of the meteorological model evaluation. These
measures are calculated for daily average wind speed and
temperature at the surface observational site and the 10-m-
height model results.

Bias Error (B) is calculated as the mean difference in
prediction-observation pairings with valid data within a given
analysis region and for a given time period (hourly or daily),
as shown by Eq5):

1
B=—
1J 4

J

1
D _(P=0)) @)
i=1

J
=1

Fig. 5. Locations of the national observational sites used in the

model performance assessment.

Atmos. Chem. Phys., 11, 1621639 2011

The RMSE is calculated as the square root of the mean
squared difference in prediction-observation pairings with
valid data within a given analysis region and for a given
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time period (hourly or daily). Itis a good overall measure Table 2. Statistical results between MM5 model and observation

of model performance, which is calculated by E?): ( data at Shanghai Baoshan Station.
131 1/2
_ i iy2 ; i

RMSE= [GZ (P, — 0% :| 2) Time Parameter Bias RMSE I0A

j=ti=1 Jan 2004 Wind Speed —0.04  1.48 0.66
In Egs. 6) and @), Oij is the individual observed quantity at Temperature —1.06 190 092
site i and timej, and the summations are over all sites () and 31 2004  Wind Speed 0.17 145 053
over time periods (J).’]Fﬂ's the individual predicted quantity Temperature —0.20 1.24 0.89

at sitei and timej.
The index of agreement is calculated by ER): (

N ) The finest grid resolution is 4 ki 4 km, with the grid area
) (pi —oi) of 16 km?. Some observational sites are quite close and are
I=1-— =1 (3)  within one grid cell, as is shown in Fig. 5. Thus, we give the
(|pi — 0| +|oi —3])2 monitoring max, min and average values of the monitoring
i=1 data at several sites within one grid, to be compared with the

wherea denotes the average observed concentration and §10del result. The average model result means the data of the

value of 1 indicates perfect agreement between predicted angP€Cific grid that contains those observational sites. And the

observed values. vertical layer of the model result is only the surface layer.
Statistical results between MM5 model and observation

data are shown in Table 2. Table 2 demonstrates that the o

MM5 performance is reliable. Sulfur dioxide

3.2.3 CMAQ performance test results and analysis Figure 8 shows a comparison between the observed and
modeled S@ concentrations at the Nantong, Shanghai, and

Figures 8-11 show comparisons between the observed andangzhou observational sites during 11-20 January and 11—
modeled S@, NO, and PMg concentrations at the obser- 20 July 2004. Itis to be expected that CMAQ would perform
vational sites during 11-20 January and 11-20 July 2004relatively well at predicting S@concentrations, because the

www.atmos-chem-phys.net/11/1621/2011/ Atmos. Chem. Phys., 11,1629-2011
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030 0.40

Jan:Hangzhou

Fig. 8. Comparison of CMAQ model simulations for 3@oncentrations against observations.

emission inventory is most reliable for g®missions thatdo Hangzhou are good and reflect the actuabN©llution sta-
not involve large contributions from small, dispersed sourcestus in these cities. However, The N@mission sources in-
and because the chemistry and transport of B8 been ex-  clude not only power plants, industrial boilers and kilns, but
tensively studied for many years. Results show that CMAQalso the emissions from mobile sources and residential com-
reproduces the variation trends of this pollutant well at eachbustion. Therefore, their magnitude and spatial distribution
site. This provides additional confidence in the emission in-are more uncertain. In addition, of course, the local chem-
ventory of SQ in the YRD in 2004 and confirms that the istry of NOy emissions conversion is more complex than that
meteorological fields used and the assumptions made in thef primary SQ emissions. N conversion may be affected
CMAQ model reflect the true SOpollution situation in the by possible underestimation of VOC emissions; some fugi-
YRD. tive VOC emissions such as painting and evaporative emis-
sions at gasoline refilling stations are not included in the in-
ventory. In addition, the estimation of NHemissions in the
16 city areas may be lower than in reality, because Riis-
Figure 9 shows the comparison between model results anaions from fer_tiliz_(_ar usage and Iives_tock bree_ding "? rural ar-
eas can be significant but are not included in the inventory.

observational data of NOhourly concentrations at Nan- ) .
jing, Shanghai, and Hangzhou monitoring sites during 11_Thus, the transformatllon from. NOVOC, and N'ii o parti-
les may be underestimated in the model, which causes un-

20 January and 11-20 July 2004. Results show that CMAQC - .
can reproduce the variation trends of the pollutant concen ety in the N@ modeling result.

trations. The modeling results for Nanjing, Shanghai, and

Nitrogen dioxide

Atmos. Chem. Phys., 11, 1621639 2011 www.atmos-chem-phys.net/11/1621/2011/
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Fig. 9. Comparison of CMAQ model simulations for N@oncentrations against observations.

Particulate matter (PM) mated. Last but not least, on the occasions of high pollution
episodes, particularly in winter, the dominant wind is from a
Influenced heavily by meteorological conditions, fpMon-  northerly direction and carries pollutants from north to south
centrations are quite significant in winter time. Figure 10 and affects the regional air quality in the YRD. In such cases,
shows a comparison between model results and observationakpecially when there are dust storms in Northern China, our
data of PMg hourly concentrations at Nantong, Ningbo, Ji- local emission inventory and even the regional TRACE-P in-
axing, and Huzhou monitoring sites during 11-20 Januaryentory may not include all PM emissions and the modeled
and 11-20 July 2004. Results show that CMAQ can reflectresults may be lower than the observed ones.
the trends of PN in July, while in January the model tends
to underestimate the Pjd concentrations. There are four Qzone
possible reasons. First, the Rijvemission inventory for the
region may be underestimated, since fugitive dust emissionsiourly Oz concentration data were only collected for Nan-
from construction sites, road transportation, coal stockpilesjing in January 2004 and for Shanghai in July 2004. There-
etc., are not included. Second, since Némissions from  fore, the observational data that are available for model test-
rural areas are not considered, the transformation from NOing are limited. Figure 11 shows the comparisons between
and NH; to particles is weaker than expected. Third, VOC model results and available monitoring data for hourly O
emissions in this study may be underestimated since thereoncentrations in January and July. Results show that CMAQ
are some source types that are not included in the emissiooan reflect the variation trends of the pollutant. Specifically,
inventory; thus, fine particles formed through complex chem-the model gives reliable results for the summer case. Fig-
ical reactions involving N@, VOC, etc., may be underesti- ure 11 shows that the model reproduces the daily change of
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Factor 2 analysis is one of the methods commonly used to
check whether the air quality model results are acceptable.
Factor 2 calculates the percentages of the ratios of model
value to observational value that lie between 0.5 and 2. The
Fig. 10. Comparison of CMAQ model simulations for Riylcon- calculation formula is shown in Eq. (4):

centrations against observations.

_ N2z
N;

R
O3 concentration. With increase of solar radiation early in
the day, the @ concentration rises; while in the afternoon,
with decrease of radiation, thes@oncentration gradually WhereR is the percentage of the ratios between 0.5 and 2;
declines. The ozone concentration is influenced by emissiond/(1/2.21 is the number of the ratios between 0.5 and 2; and
of precursors like NQ and VOC, VOC speciation, and the N is the total number of comparison points.
temporal profiles of the emissions. The VOC speciation is The larger theR value, the better the model performs.
compiled based on a literature survey (Streets et al., 2003aR = 100% means the model performance is perfect. Fig-
but is known to be based largely on western sources, ratheure 12 shows the factor 2 analysis results forb S@0,, and
than Chinese sources, most of which have never been me&Mig. Results show that in January, 59%, 80%, and 51%
sured. The modeled{3toncentration at midnight is not as of the ratios between model and observational data far, SO
low as expected, which is due to the PBL height simulationNO,, and PMy, respectively, are within the factor 2 ranges.
by MM5. In this paper, the MRF parameters are adoptedFor the month of July, 75%, 81%, and 73% of the ratios of
in MM5 modeling, which usually gives high PBL height in SO,, NOy, and PMy, respectively, are within the factor 2
daytime and low PBL at night (Han et al., 2008). This sys-range. Generally speaking, the model performs quite well in
tematic error tends to result in underestimation of ozone conthe prediction of S@ NO,, and PMg. However, for ozone,
centrations in the daytime and overestimation at nighttime there are only 32% and 50% of the results in winter and sum-
Although the MRF parameter could not give a satisfactorymer, respectively, within the factor 2 range. As shown in
result in the PBL prediction, it is good in the simulation of the figure, there are many points with modeled data higher
other meteorological elements like wind speed and temperathan the observed ones, which is possibly due to the low PBL
ture. Thus, itis chosen in this study. height at nighttime obtained by MM5, as mentioned above.

(4)
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Fig. 12. Factor 2 analyses of model results (January and July) for 8O,, PM;g, and Q.

3.2.4 Statistical analysis of the performance results

1 pi-o
Blas=ﬁ Pi o (5)

To further study the model capability and applicability in the
model domain, the following statistical measures were ap-

plied: normalized bias, index of agreement, correlation coef-Wherep i represents the predicted data andepresents the

ficient, and factor of two. The normalized bias is calculated observgtlona! dataN meansothg number of data pomts._ A
by Eq. 6): normalized bias less thah15% is suggested by EPA as in-

dicative of acceptable ozone model performance.
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Table 3. Statistical comparison of the CMAQ predicted values with the observational data.

Month January July

Pollutants S@(mgm3) NO, (mgnm3) PMjg(mgm3) SO, (mgm3)  NOp (mgm3)  PM;g (mgm3)

Iltem Obs Model Obs Model Obs Model Obs Model Obs Model Obs Model

Zourly 0.045 0.052 0.043 0.05 0.083 0.041 0.036 0.039 0.033 0.038 0.017 0.018
verage

Max. 0.19 0.337 0.121 0.119 0.274 0.109 0.181 0.297 0.11 0.111 0.050 0.057

Min. 0.004 0.001 0.007 0.007 0.000 0.000 0.005 0.003 0.005 0.002 0.000 0.000

RZ correlation

coefficient 0.51 0.66 0.4 0.69 0.64 0.52

Index of

agreement 0.55 0.79 0.45 0.79 0.75 0.53

Bias 25% 29% —24% 13% 22% 26%

Factor of two 59% 80% 51% 75% 81% 73%

Number of

data points 960 960 480 1200 1200 480

The index of agreement is calculated by Eq. (3) as de-0.054+ 0.008 mgnt2in July. In the clean atmosphere away
scribed above. from its sources, NO represents generally less than one third
The statistical results comparing predicted values and obof NOy during the day, and is rapidly titrated after sunset by
servation data are given in Table 3. Table 3 shows that th@zone. In contrast, in the polluted atmosphere, such as in ur-
correlation coefficients between prediction and observationaban areas, where NO is constantly emitted from the surface,
data are mostly-0.5. The indexes of agreement of §O o0zone is slowly titrated by NO throughout the night, forming

NO,, and PMg are 0.55, 0.79, and 0.45, respectively, in Jan-high NO; mixing ratios. The correlation between the &nd
uary; and 0.79, 0.75, 0.53 in July. The CMAQ model over- NO, concentrations shows that the two pollutants are nega-
predicts S@ and NG concentrations by about 13—25% and tively correlated, with a correlation coefficient 6f0.85, as
22-29%, while it underpredicts Piglby about 24% in Jan- shown in Fig. 14. This result agrees with the observational
uary and overpredicts by about 25% in July. The model perwork of Wang et al. (2001a).

formance for summer is better than winter. The reason for

overprediction of S@ NO,, and underestimation of P)g To illustrate the formation and dissipation of ozone,
is possibly due to underestimation of Nigmissions. The Fig. 15 presents the variation of hourly; @oncentration on
secondary transformation process is underestimated as a ré-July 2004, when the highest hourly ozone concentration
sult. In winter, the meteorological dispersion conditions in occurs during the modeling period. The spatial distribution
the YRD are not good, generally with low precipitation, and of ground-level @, influenced by meteorological conditions,
frequent inversions; such complex meteorological conditionsvaries with time. After the sun rises, thes @oncentration
are not well simulated by meteorological models. For exam-gradually increases. As time goes by, the primary air pollu-
ple, the wind speed obtained by MM5 is often overestimatedtants including N@ and VOCs diffuse from urban areas to
and then the model results for winter are not as good as fothe downwind region, where the highs@oncentration oc-
summer. Although there are some biases in the model perforcurs due to photochemical reaction. By 13:00-15:00LT, the

mance, these biases are generally within acceptable rangesigh hourly G concentration covers the cities of Shaoxing,
Hangzhou, Huzhou, and Jiaxing. The highest hourly concen-

tration of Oy on July 5 reached 0.24 mgTh (110 ppb) in the

4 Regional air quality model results and discussion grid cell (111, 25) (Zhoushan City) at 13:00 LT. In Shanghai
city, the figure shows obvious differences of Goncentra-
4.1 Ozone tions at different locations. The ozone concentration in the

urban area is lower than that in the rural area, because the
Figure 13 shows the monthly average (the monthly mean oemission characteristics in different regions of the city vary
hourly average of the air pollutants) concentrations@d  significantly and the high @©concentration is titrated by NO
NO; in the 16 cities of the YRD. In January, the monthly in the urban area with strong NGmissions. This result
average concentration ofsds 0.052+0.011 mgn3, and agrees with the work of Geng et al. (2008), who found that
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Fig. 14. Correlation between monthly average concentrationszofu@ NG in 16 cities in the YRD.

the_Q:,_concentranon is highest in the rural area that h_as IOWTable 4. Deciview values and corresponding visibility levels.
emissions of @precursors. In contrast, thes©oncentration

in the urban area is low due to the;®uppression processes
caused by urban emissions.

Dcv Visibility level

<14 Very good

4.2 Visibility 15-20 Good
21-24 Moderate
Visibility in the YRD is often poor, as can be readily ob- 25-28 Bad

served by residents and visitors. This paper applies the con- =29 Very bad

cept of deciview (dcv) to reflect the visibility status. This
indicator is calculated based on the extinction coefficient
shown in Eqg. (6).

dV = 10In(B/0.01) (6) The results show that the dcv values of the various cities in
winter are>20, with an average value of 264 2.95dcv,
where dV means deciview, arglrepresents the extinction while the average visibility in summer is 17:63.3dcv. As
coefficient, which is the sum of the scattering and absorptionCMAQ underestimates P concentrations about 24% in
coefficients. January and overpredicts about 26% in July, it can be in-
In the United States, dcv is usually divided into five classesferred that PM 5 concentrations may also be underestimated
to reflect the subjective visibility levels, as shown in Table 4. in January and overpredicted in July, which indicates that
Figure 16 shows the monthly average dcv values for the 16he visibility should be worse than the simulation in January
major YRD cities obtained from the MM5-CMAQ model. and better than modeling results in July. This shows that the
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Fig. 15. Spatial distributions of hourly ©concentrations on 5 July 2004.

visibility in the YRD in winter is quite bad, while it is rela- This result agrees with the work of Wang et al. (2006) and
tively better in summer. This is mainly because the dominantYe et al. (2003), who found that the seasonal variation of ion
wind in summer is southeast, which is from the East Chinaand PM s concentrations was significant, with the highest
Sea. Clean marine air makes the air quality good in sum-concentrations observed in winter and spring and the lowest
mer. However, in winter, the meteorological conditions arein summer and autumn.

not good for air pollutants to disperse. The precipitation is  Figure 17 shows the daily average dcv values for 10 Jan-
rare, and frequency of inversion is high, which causes theuary and 10 July 2004. Comparing the two images, we
air pollutants to accumulate readily. Thus the visibility in can see quite clearly that the visibility in winter is much
winter is relatively bad. Related studies show that visibility worse than summer. In winter, the visibility in the cen-
is strongly negatively correlated with P, with a correla-  ter of the YRD — Hangzhou, Huzhou, Nanjing, Wuxi, and
tion coefficient of—0.68 (Huang et al., 2009). Itis clear that Changzhou cities — can be quite bad. While in the more east-
PM_ 5 concentrations in the YRD cities are worse in the win- ern and southern areas, like Shanghai and Zhoushan, it is
ter than in the summer, leading to poor visibility in winter. relatively better.
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4.3 Other pollutants

1635

Layer 1 Ozone Hourly Concentration

tively. Due to the air pollution transport from Northern China
to the YRD, together with the high local emissions, the re-
gional SQ pollution in winter is worse than in summer.
The pollution centers include Shanghai, Suzhou, Jiaxing, and
Ningbo. In summer, due to inflow of clean air from the sea
to the southeast, the S@oncentrations in cities are lower.
The SG concentrations in southern cities are obviously bet-
ter than in the northern ones.

Figure 19 shows the monthly average concentrations of
NO; in the 16 cities of the YRD. In January, the monthly
average concentration of N@ 0.029+ 0.012 mg 73, and
0.018 +0.010mgnT3 in July. As CMAQ overpredicts
NO2 concentrations by about 29% in January and 22% in
July, we may anticipate that the real monthly average con-
centrations of N@ in the YRD in January and July are
0.021+0.009 mg 3, and 0.014+ 0.008 mgnT3, respec-
tively. Similar to SQ, Shanghai is also the high pollution

Figure 18 shows the monthly average concentrations of SOcenter of NQ. Comparisons between winter and summer
in the 16 cities of the YRD. In January, the monthly av- show that, although there is clean air inflow from the sea
erage concentration of $ds 0.035+0.015mgnt3, and  in summer, the difference between seasons are not so ob-
0.019 +0.010mgnT3 in July. As CMAQ overpredicts vious as for S@, which is due to the vehicle emissions in
SO, concentrations by about 25% in January and 13% incities. In addition, in summer, due to use of air condition-
July, we may anticipate that the real monthly average con-ers in the cars, the emissions are relatively higher than in
centrations of S@ in the YRD in January and July are winter. This result is consistent with the work of Uno et al.
0.026:+0.011mgnT3, and 0.0120.009 mgnt3, respec-  (2007), who found that the seasonal variation of Nier
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East Asia shows a summer (July—August) minimum and a
winter (December) maximum. The result is also similar to
that of Wang et al. (2009), who presented a seasonal varia-
tion in NO, columns in the YRD region that showed higher
NO; in winter due to the longer lifetime of Nfand greater
NOx emissions in the region.

Figure 20 shows the monthly average concentrations of
PMzg in the 16 cities of the YRD. In January, the monthly
average concentration of Riis 0.064 +0.023 mgnT3,
and 0.034+0.021 mgn3 in July. As CMAQ underpre-
dicts PMyp concentrations by about 24% in January and
overpredicts about 26% in July, we may anticipate that
the real monthly average concentrations of 1gNh the
YRD in January and July are 0.0800.028 mgm3, and
0.0254 0.015 mg 13, respectively. The regional Pidpol-
lution in winter is much worse than in summer. The pollution
centers in winter include Shanghai, Jiaxing, and Shaoxing.

5 Conclusions

This paper applies the MM5-CMAQ modeling system to the
study of regional air pollution in the YRD. Model perfor-
mance studies show that the system can reliably reproduce
the air pollution situation in the region. Model performance
results indicate that the correlation coefficients between pre-
diction and observational data are greater than 0.5. The in-
dexes of agreement for SONO,, and PMg are 0.55-0.79,
0.75-0.79, and 0.45-0.53, respectively. The CMAQ model
tends to overpredict SOand NQ concentrations by about
13-25% and 22—-29%, while it underpredicts RNy about
24% in January and overpredicts by about 25% in July. The
model performance for summer is better than winter. The
model performance assessments show that the model results
are acceptable for this application.

Observational data show that the ozone concentrations
in summer are quite high, while the visibility in winter is
bad. Model results show that the highest hourly concen-
tration of G;3 on 5 July reached 110 ppb, which appeared
at 13:00LT in Zhoushan City, slightly lower than the ob-
served value. The results also show that the deciview values

www.atmos-chem-phys.net/11/1621/2011/
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