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� A high O3 episode over the YRD was simulated using the CAMx modeling system.
� Ozone source apportionment technology was applied to study the formation mechanism and sources of O3.
� Contributions of different source regions and source categories to O3 were analyzed.
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a b s t r a c t

We applied ozone source apportionment technology (OSAT) with tagged tracers coupled within the
Comprehensive Air Quality Model with Extensions (CAMx) to study the region and source category
contribution to surface ozone in the Yangtze River Delta area in summer of 2013. Results indicate that the
daytime ozone concentrations in the YRD region are influenced by emissions both locally, regionally and
super-regionally. At urban Shanghai, Hangzhou and Suzhou receptors, the ozone formation is mainly
VOC-limited, precursor emissions form Zhejiang province dominate their O3 concentrations. At the
junction area among two provinces and Shanghai city, the ozone is usually influenced by all the three
areas. The daily max O3 at the Dianshan Lake in July are contributed by Zhejiang (48.5%), Jiangsu (11.7%),
Anhui (11.6%) and Shanghai (7.4%), long-range transport constitutes around 20.9%. At Chongming site, the
BVOC emissions rate is higher than urban region. Regional contribution results show that Shanghai
constitutes 15.6%, Jiangsu contributes 16.2% and Zhejiang accounts for 25.5% of the daily max O3. The
analysis of the source category contribution to high ozone in the Yangtze River Delta region indicates that
the most significant anthropogenic emission source sectors contributing to O3 pollution include industry,
vehicle exhaust, although the effects vary with source sector and selected pollution episodes. Emissions
of NOx and VOCs emitted from the fuel combustion of industrial boilers and kilns, together with VOCs
emissions from industrial process contribute a lot to the high concentrations in urban Hangzhou, Suzhou
and Shanghai. The contribution from regional elevated power plants cannot be neglected, especially to
Dianshan Lake. Fugitive emissions of volatile pollution sources also have certain contribution to regional
O3. These results indicate that the regional collaboration is of most importance to reduce ambient ozone
pollution, particularly during high ozone episodes.

© 2016 Elsevier Ltd. All rights reserved.
onmental Sciences, Shanghai,
1. Introduction

With the fast development of urbanization, industrialization
and mobilization, the air pollutant emissions with photochemical
reactivity become more obvious, causing a severe photochemical
pollution situation in summer in the Yangtze River Delta (YRD)
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region (Geng et al., 2007; Shi et al., 2015). Ozone (O3) is a secondary
pollutant which is mainly formed through the photochemical re-
actions between nitrogen oxides (NOx) and volatile organic com-
pounds (VOCs) under influence of sunlight (Chen et al., 2013;
Huang et al., 2013; Liu et al., 2013; Zhang et al., 2011). High
tropospheric ozone concentrations have a strong impact on human
health (Liu et al., 2013; Shao et al., 2006; Streets et al., 2007) and
significantly damage the environment (Feng et al., 2014). Therefore,
the ozone pollution has attracted much attention around the world
(Ding et al., 2013; Marais et al., 2014; Xie et al., 2014). Due to the
high nonlinear relationship between O3 and its precursor gases
(Xing et al., 2011), figuring out the sources of high ozone is quite
complicated. Many researchers have done quite a lot of studies on
the sources of O3. For example, Kim et al. (2009) applied High-
Order Decoupled Direct Method (HDDM) in the Community
Multi-scale Air Quality Modeling System (CMAQ) (Byun and Schere,
2006; Foley et al., 2010) to analyze the sources of ozone precursors
and their impact on ozone formation in Dallas Fort Worth area. Li
et al. (2011) studied the roles of NOx and VOCs precursors with
the application of indicators like H2O2/HNO3 and O3/NOz in
Shanghai. Li et al. (2012) applied process analysis to examine the
formation and transport of high ozone in YRD. Wang et al. (2009)
also applied ozone source apportionment technology (OSAT) and
regional ozone assessment techniques (GOAT) available in
Comprehensive Air Quality Model with Extensions (CAMx,
ENVIRON, 2015) to quantify the ozone contributions in Beijing and
its surrounding area. Li et al. (2012) analyzed the sources of near-
ground ozone in the Pearl River Delta region by using OSAT, and
results showed that regional transport made a significant contri-
bution to high ozone events. These studies provide a critical insight
into the prevention and control of ozone pollution.

However, studies on the formation process and source appor-
tionment of summertime high O3 in the YRD are still quite limited.
Yangtze River Delta is one of the most important city-clusters in
China, including Shanghai city, Jiangsu, Zhejiang and Anhui prov-
inces. It occupies only 3.5% of the national total land territory
(Wikipedia, 2014), but accounts for 16.1% of the total population
(NBSC, 2013), and produces 24.3% of the domestic product (GDP)
(NBSC, 2013). It takes an account of 17.7% of the total energy con-
sumption (NBSC, 2013), 19.1% of the vehicle stock (NBSC, 2013),
22.3% of the power generation (NBSC, 2013), 20.4% of steel pro-
duction and 18.2% of cement production in China (NBSC, 2013).
Meanwhile, the air pollutant emissions in this region are quite large
(Fu et al., 2013; Huang et al., 2011; Li et al., 2011a,b) compared with
other regions. Based on the INTEX-B inventory (Zhang et al., 2009)
for the year 2006, the YRD region contributes 14.3% of total SO2,
18.9% of NOx, 15.8% of PM2.5 and 19.8% of total VOCs emissions in
China. In comparison, the Beijing-Tianjin-Hebei region (JJJ) only
constitutes 9.2%, 9.6, 8.9 and 10.3% of the SO2, NOx, PM2.5 and VOCs
national emissions, respectively (Zhang et al., 2009). Under influ-
ence of unfavorable meteorological conditions, the regional air
quality is usually very bad, showing low visibility and haze in
winter and high O3 in summer. During JulyeAugust 2013, the YRD
region experienced a high ozone pollution episode. Ground
observational data show that the maximum hourly concentration
reaching 276 ppb,175 ppb and 135 ppb in the three cities, which are
1.9e3 times of the national ambient air quality standard (NAAQs)
Grade II (hourly average limit: 200 mg m�3, around 93 ppb). This
pollution event shows an obvious regional photochemical pollution
situation.

In this study, we focused on this high ozone pollution episode
occurred in YRD during the summer season in 2013, and investi-
gated the major source categories and source regions of O3 for-
mation to shed light on possible reasons. CAMx photochemical grid
model with the Carbon Bond chemical mechanism (Gery et al.,
1989) version 5 (CB05) is used to reproduce the pollution event,
and the OSAT coupled within CAMx is applied to analyze the O3
source apportionment at typical sites in YRD. This is undertaken to
identify the dominant source types and source regions contributing
to ozone. The YRD domain for CAMx has 156 � 186 horizontal grid
cells and includes three provinces and Shanghai, which are also
shown in Fig. 1. In this paper, the ozone contributions from 5
different regions (Shanghai, Zhejiang, Jiangsu, Anhui and long-
range transport and 8 precursor emission source categories (po-
wer plants, industrial process, industrial boilers and kilns, mobile
source, volatile source, residential, agricultural and biogenic emis-
sions) to O3 at 7 representative sites of the YRD are discussed. Re-
sults are helpful to provide scientific and technological support for
the prevention and control of ozone in the eastern coastal city
clusters.

2. Methodology

2.1. Model description

In this study, we applied Weather Research and Forecasting
Model (WRF Version 3.7, Michalakes et al., 2001)-CAMx
(Version6.1, ENVIRON, 2015) modeling system to reproduce the
high ozone pollution episode in the YRD region in July, 2013. Fig. 1
shows the nested modeling domain with grid resolutions of
36 km � 36 km, covering the whole East and Southeast Asia;
12 km � 12 km, covering eastern China; 4 km � 4 km, covering
Shanghai, Zhejiang, Jiangsu and Anhui provinces.

To differentiate the contributions from various precursor emis-
sion regions and source categories to ozone in the YRD region, we
applied OSAT to do this study. OSAT (Yarwood et al., 1996) is an
integrated approach of sensitivity analysis, which provides a reac-
tive tracer method for estimating the contributions of multiple
source areas, categories, and pollutant types to ozone formation.
OSAT provides information about the relationships between ozone
concentrations and sources of precursors in the formation of ozone.
Ozone formation from VOCs and NOx precursors is tracked sepa-
rately. It determines whether ozone formation is NOx or VOCs
limited in each grid cell at each time step, and attributes ozone
production according to the relative contributions of the limiting
precursor (VOCs or NOx) from different sources present at that
time. Likewise, the ozone contributions are tracked using a reactive
tracer approach and separate tracers are used to track ozone for-
mation attributed to NOx (O3N tracers) and VOCs (O3V tracers).
Detailed description on the tracers, formulations, the advantages
and limitations related to OSAT have been described in detail in
other publications (Li et al., 2013; Zhang et al., 2005).

2.2. Model inputs

The inputs for the WRF were taken from 1� � 1� global rean-
alysis data of the National Centers for Environmental Prediction
(NCEP). The gas-phase chemical reaction mechanism used in the
CAMx model is CB05 (Foley et al., 2010; Yarwood et al., 2005). The
vertical tropospheric levels used in CAMx is 15 layers from surface
up to 100 hpa. The simulation period is from June 25, 2013 to July
31, 2013. We analyze the predicted results during July 01-July 31,
2013. Initial conditions (ICs) are prepared by running themodel five
days ahead of the start date. The boundary conditions (BCs) for the
nested domains are extracted from the CAMx concentration files of
the larger domain.

The source regions are divided into 5 areas, including Shanghai,
Jiangsu, Zhejiang, Anhui and long-range transport. The contribu-
tions from ICs, boundary conditions (including NorthBC, SouthBC,
WestBC, EastBC, TopBC) are defined as long-range transport. Fig. 1



Fig. 1. One-way nested model domain (left) and the inner YRD model domain (right).
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shows the source region setup. The ozone concentrations contrib-
uted by long-range transport and regional background include
upwind source emissions of NOx, VOCs and other precursors
transported to the YRD region which produce ozone through
photochemical reactions, as well as the ozone which formed in the
transportation process. Seven grids are set as receptors to analyze
the ozone sources contributions, including 5 in Shanghai
(Chongming, Lingang, Dianshan Lake, Jinshan, Shanghai Academy
of Environmental Sciences (SAES)), 2 urban sites in Hangzhou and
Suzhou, respectively, as shown in Fig. 1. The receptors of SAES,
Hangzhou and Suzhou represents the sites of urban area in the YRD
region; Chongming (CM) is a typical site influenced by both
anthropogenic and biogenic emissions, and it is also located in the
transport path between Shanghai and Jiangsu; Lingang (LG) rep-
resents a relatively clean area with small anthropogenic emissions;
Jianshan (JS) is located in an industrial area with lots of volatile
organic compound emissions from photochemical industry; Dia-
nshan Lake (DSL) is also located in the transport path among
Shanghai, Jiangsu and Zhejiang, but with little emissions locally.

The regional anthropogenic emission inventory in the YRD re-
gion in the year 2007 (Huang et al., 2011) are updated according to
the statistical energy data of Jiangsu, Zhejiang, Anhui and Shanghai.
We have developed an emission inventory of major anthropogenic
air pollutants for the Yangtze River Delta region for the year 2004
(Li et al., 2011a,b) and 2007 (Huang et al., 2011), respectively. In this
study, we updated the regional emission inventory to the year 2012
and added the Anhui emissions inventory for the year 2013, using
the “bottom-up” methodology, same as what we used in previous
studies. The emission sectors include industry, transport, residen-
tial and agriculture. The industry sector mainly include emissions
from fuel combustion in power plants, boilers, kilns, and emissions
directly from the industrial processes like iron and steel production,
oil refining, cement production, industrial coating and printing.
Transport sector include vehicle exhaust, oil evaporation, and road
dust. The residential sector includes fuel combustion, domestic
paint and solvent use, and gas evaporation. The agriculture sector
mainly includes emissions from livestock feeding, fertilizer appli-
cation and biomass burning. The emission source data are from the
update of pollution source survey and the statistical data in 2012.
The pollutants included in this study are SO2, NOx, CO, PM10, PM2.5,
VOCs and NH3.
To study the photochemical reactions of ozone, the anthropo-
genic VOCs emissions are speciated into its chemical species ac-
cording to the CB05mechanism based on both literature survey and
on-site measurement on typical emission sources. The VOCs source
profiles are based on the SPECIATE database, but we updated the
profiles of vehicle exhaust, coking, solvent and biomass burning
based on on-site measurement (Qiao et al., 2012; Wang et al.,
2014a,b).

For biogenic VOCs (BVOCs) emissions, we updated the 2013
BVOCs emissions based on Model of Emissions of Gases and Aero-
sols from Nature (MEGAN Ver.2.1) (Guenther et al., 2006). Leaf area
index (LAI) is from the Moderate Resolution Imaging Spectroradi-
ometer (MODIS) product with a 1-km resolution. The plant func-
tional type (PFT) classification scheme is used in the community
land models. We also used global emission factor datasets provided
along with the MEGAN2.1 model. Metrological conditions are
provided by WRF modeling results. The total BVOCs emissions are
then allocated to each month based on influence of meteorological
conditions, as shown in Fig. 2. Compared with the isoprene (ISOP)
monitoring data at SAES, the monthly profiles are reasonable and
canwell reproduce the temporal change. The total emissionswithin
the YRD region has been split into 8 source categories, as shown in
Table 1.

The updated regional emission inventory data are then inserted
into the East Asian emission inventory provided by Multi-
resolution Emission Inventory for China (MEIC) for the year 2012
developed by Tsinghua University (http://www.meicmodel.org).

The updated anthropogenic and biogenic precursor gas emis-
sions from the 8 source categories in the YRD region are shown in
Table 2.

The spatial distribution of the precursor gas emissions in the
YRD region are shown in Fig. 3.

3. Model evaluation

3.1. Observed pollution episode

During July, 2013, the Yangtze River Delta regionwas influenced
by a subtropical high pressure system. From the beginning of early
July, subtropical anticyclone presenting over the YRD region and
the strength of the subtropical anticyclone was strong. This

http://www.meicmodel.org
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Fig. 2. Monthly profiles of BVOCs and comparison with ISOP observations at SAES.
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weather pattern led to clear sunny, dry skies, with little wind, little
cloud and low humidity. The solar radiation was strong, and the
temperature was extremely high, reaching 41.8 �C in many cities.
Fig. 4 shows the weather maps of East Asia during this period,
indicating the major weather system covering the YRD region. As
reported in previous studies (Li et al., 2012a, 2012b), this kind of
weather system can easily cause the high ozone pollution situation.

In this period, the number of rainy days was lower compared
with previous years in the YRD region and the starting date of plum
rain was earlier than usual. The number of sunny days in Shanghai,
Suzhou and Hangzhou in July are 11, 13 and 19, respectively, while
number of cloudy days are 14, 13 and 7. The sufficient sunlight and
high temperature provide favorable meteorological conditions for
photochemical oxidation of ozone formation. The prevailing wind
direction was southerly and the wind speed was small, creating
favorable environment for the accumulation of ozone. These
meteorological conditions lead to the heavy ozone pollution
episode in the YRD region.

Observational data show that many cities in the YRD experi-
enced high intensity of photochemical pollution phenomenon,
showing obvious regional pollution characteristics (http://113.108.
Table 2
Precursor gas emissions in the YRD region in 2012 (BVOCs are for the year 2013).

NOx, kt/year

Shanghai (2012) Jiangsu (2012) Zhejiang (2012) An

Power Plants 80.7 542.9 344.5 57
Industrial boiler and kilns 104.0 631.8 439.2 30
Industrial process 4.1 14.2 6.5 9.4
Mobile 82.2 231.1 158.6 14
Volatile e e e e

Residential 5.8 4.0 5.7 8.9
Agricultural 0.1 33.2 8.0 32
Biogenic
Total 276.9 1457.3 962.6 56

Table 1
Split of the emission categories.

Source categories Contents

Power plants Coal burning, gas burning power plants
Industrial boiler and kilns Coal, heavy oil, coke, gas burning and other
Industrial process Petrochemical and chemical industry, cemen
Mobile source Gasoline vehicle exhaust, diesel vehicle exha
Volatile source Coating, volatile oil and gas, food fumes
Residential Domestic fuel consumption
Agricultural source Biomass burning
Biogenic emission Plants
142.147:20035/emcpublish/). Fig. 5 presents the time series of the
hourly averaged meteorological parameters, concentrations of
ozone and NOx in Shanghai, Suzhou and Hangzhou.

As shown in Fig. 5, two high pollution episodes are defined in
the YRD region: 7 July 00:00 LST to 11 July 23:00 LST (Case I) and 20
July 0:00 LCT to 27 July 23:00 LST (Case II). In Case I, the hourly
ozone concentrations range between 2.5 and 129.5 ppb (40 ppb in
average). Maximum hourly ozone concentrations in Shanghai,
Hangzhou and Suzhou reached 195 ppb,138.13 ppb and 134.87 ppb,
respectively. In Case II, the maximum hourly ozone concentrations
in Shanghai, Hangzhou and Suzhou reached 205 ppb, 137.67 ppb
and 94.73 ppb, respectively. In the following sections, we discuss
the ozone source contribution regions and source categories,
focusing on these two cases. Furthermore, to better understand the
sources of the high level pollutants, we selected another case
(00:00 LST on 13 July to 00:00 LST on 14 July; Case III) as a repre-
sentative clean case, when the average concentration of O3 were
only 14.91e29.70 ppb. In Case III, the typhoon “Suli” affected
eastern China, causing better meteorological conditions for
dispersion.
3.2. Comparison of model results and observations

Based on the data availability, the model predicted ozone con-
centrations at 4 sites are compared with the observational data,
including urban Shanghai (SAES), Hangzhou, Suzhou and Dianshan
Lake. Locations of the monitoring sites are shown in Fig 8. Fig. 6
shows the time variations of the model predicted and observed
hourly averaged ozone concentrations at 4 monitoring sites. As
shown in the figures, the WRF-CAMx modeling system reproduces
the ozone variation trends in different areas in the YRD region very
well.

Statistical methods used to do model verification include the
Bias, Normalized Mean Bias (NMB), Normalized Mean Error (NME)
and Index of Agreement (IOA) (Boylan and Russell, 2006), which
have been widely used in air quality modeling research. Table 3
shows the statistical results of the predicted and observed hourly
VOCs, kt/year

hui (2013) Shanghai (2012) Jiangsu (2012) Zhejiang (2012) Anhui (2013)

.8 1.3 5.1 6.9 0.5
9.0 50.1 43.0 64.1 13.1

327.3 884.3 678.1 169.5
4.8 60.6 399.6 301.5 76.1

62.5 296.8 244.9 125.9
4.5 11.4 7.7 5.6

.3 0.8 189.1 45.6 183.9
29.1 472.5 1174.6 905.2

2.3 536.1 2301.9 2523.5 1479.9

Major O3 precursors

NOx、CO
industrial boilers and furnaces NOx、VOCs、CO
t production, steel, coke and other processes VOCs、NOx
ust, evaporative emissions, ships, aircrafts NOx、VOCs

VOCs
NOx、VOCs
VOCs
VOCs

http://113.108.142.147:20035/emcpublish/
http://113.108.142.147:20035/emcpublish/


Fig. 3. Spatial distribution of the ozone precursor gas emissions at the surface layer in YRD.

Fig. 4. Weather patterns over the eastern Asia during on July16 and 24, 2013.

L. Li et al. / Atmospheric Environment 144 (2016) 194e207198
O3 concentrations. The modeled hourly average, the maximum and
minimum O3 concentrations are all close to the observed data.
Results show that CAMx can reproduce the variation trends of the
O3. The index of agreement for O3 at the 4 monitoring sites ranges
between 0.81 and 0.88, as shown in Table 3a, statistical results
between model predicted and observed NO2 are also shown in
Table 3b, indicating that the model captures well the diurnal vari-
ations of the pollutants (see Fig. 6).

There are some bias between the model predicted and observed
O3 concentrations, ranging between �0.29e0.51. The bias between
the model predicted and observed NO2 concentrations, ranging
between �0.38e1.00. These biases are mainly due to the un-
certainties in local and regional emission inventory, meteorology,
and deviation of observations, which may affect source appor-
tionment results to some extent. However, the general model
performance indicates that the WRF-CAMx modeling system has
reproduced the pollution episode, the temporal and spatial char-
acteristics of ozone in the YRD region. Thus, the modeling system is
acceptable to do source apportionment, which can provide valuable
insights into the major source regions and source categories that
control high O3 concentrations.

The model bias of O3 and NO2 simulations can be attributed to
the uncertainties in emissions, meteorology, and deviation of ob-
servations. These model biases may affect ozone source appor-
tionment results to some extent. For example, over-prediction of
NO may cause some of the over titration of the O3 by



Fig. 5. Time series of the hourly averaged meteorological parameters, O3 and NOx

concentrations in Shanghai, Hangzhou and Suzhou in July, 2013. (SH: Shanghai; HZ:
Hangzhou; SZ: Suzhou).
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photochemistry. The over-prediction of wind speed may cause the
over-prediction of regional contribution to O3 from regional and
super-region. And the error of simulated temperature may also
affect the photochemical of O3. There is also a kind of uncertainty
on the estimation of the contributions from long-range transport.
In this paper, we defined boundary conditions as LRT. However,
regional emissions can be transported out of the domain and then
re-imported into the domain which is defined as BCs. Thus, the
contribution from LRT may be overestimated to some extent.
Nevertheless, the model performance shows that the WRF-CMAQ
performance are acceptable compared to related studies (Liu
et al., 2010; Wang et al., 2010). Thus, the modeling system can be
used to do source apportionment to provide valuable insights into
the governing processes that control O3 concentrations (see Tables
4 and 5).
Fig. 6. Time series of the model predicted and observed ozone concentrations during
July, 2013.
4. Results and discussion

4.1. Separation of ozone formation under NOx- or VOC-limited
conditions

The OSAT methodology coupled within CAMx use reactive
tracers to represent VOCs and NOx emissions from the assigned 8
source groups. At each time step and each receptor, ozone forma-
tion from VOCs and NOx precursors is tracked separately. The
ozone reactive tracer associated with each source group is then
transported, dispersed, deposited and chemical destroyed
following the processes in CAMx. Fig. 6 differentiate the NOx- and
VOC-limited ozone formation at the different receptors in YRD re-
gion in July, 2013.

As shown from Fig. 7, the ozone formation in the YRD region is
mostly under VOC-limited situation, with VOCs contribution (O3V
tracers) to total ozone (O3T) ranging between 47 and 71%. At urban
Shanghai, Hangzhou and Suzhou receptors, the O3V contribution
accounts for 57%, 47% and 53%, respectively. This result indicates
that in urban area of the YRD, reducing local and upwind VOCs
emissions are useful to reduce ozone concentrations. At suburban
area like Jinshan and Lingang, the O3V contributions to total O3 are
53% and 55%, showing that rural ozone is also sensitive to VOCs
emissions. At Chongming site, the O3V contribution is as high as
71%, due to the rich biogenic emissions in this area. In comparison,
at the junction area (Dianshan Lake), O3V and O3N plays almost the
same role in ozone formation, with the contribution of 51% and
49%, showing that reducing VOCs and NOx can obviously reduce
ozone in this area.
4.2. Spatial distribution of ozone regional contribution

The model predicted regional contribution to daytime 8-h
(9:00e17:00) O3 and daily max O3 at the main receptors in the
YRD are shown in Fig. 8. At all sites, high ozone concentrations were



Table 3a
Statistical results between model predicted and observed O3 during July, 2013.

Number of data pairs Hourly average,
ppbV

Max, ppbV Min, ppbV NMB (%) NME (%) IOA Bias Correlation coefficient

Modeled Observed Modeled Observed Modeled Observed

SAES 743 26.43 42.45 161.61 147.57 0.00 5.60 �37.73 47.80 0.84 �0.53 0.80
Hangzhou 683 31.52 38.67 147.00 175.00 0.00 0.47 �18.51 39.76 0.86 0.51 0.79
Suzhou 709 26.25 43.21 114.95 134.96 0.00 3.27 �39.24 44.24 0.81 �0.45 0.78
Dianshan Lake 742 33.48 43.71 167.48 150.84 0.00 5.14 �23.39 39.49 0.88 �0.29 0.83

Table 3b
Statistical results between model predicted and observed NO2 during July, 2013.

Number of data pairs Hourly average,
ppbV

Max, ppbV Min, ppbV NMB (%) NME (%) IOA Bias Correlation coefficient

Modeled Observed Modeled Observed Modeled Observed

SAES 733 17.08 15.98 64.90 61.77 0.65 2.56 6.88 50.47 0.65 0.19 0.45
Dianshan Lake 733 23.60 14.96 84.20 62.82 1.06 0.49 57.75 82.47 0.56 1.00 0.47
Suzhou 703 19.20 17.45 77.69 59.41 1.35 4.38 9.79 52.25 0.70 0.09 0.60
Hangzhou 712 11.63 19.87 96.89 63.79 1.38 1.46 �41.48 57.49 0.62 �0.38 0.46

Table 4
Source category contribution to daytime 8-h O3 in YRD during July, 2013.

Agriculture Industrial boilers and kins Industrial processing Traffic Power plants Residential Volatile Biogenic LRT

Urban Shanghai 0.0% 16.3% 12.6% 15.2% 3.7% 0.3% 3.8% 23.1% 24.9%
Hangzhou 0.0% 3.3% 21.4% 14.6% 3.8% 0.2% 1.6% 18.6% 36.4%
Suzhou 0.1% 7.6% 16.9% 11.4% 3.6% 0.1% 2.5% 23.6% 34.1%

Rural Chongming 0.1% 26.7% 7.4% 14.4% 3.8% 0.1% 5.1% 24.0% 18.5%
Lingang 0.0% 16.8% 10.5% 12.2% 6.4% 0.2% 4.5% 24.9% 24.4%
Jinshan 0.1% 11.7% 15.8% 13.8% 5.1% 0.2% 3.7% 24.6% 25.1%

Conjunction Dianshan Lake 0.1% 10.6% 18.0% 14.5% 4.0% 0.2% 3.2% 23.9% 25.5%

Table 5
Source category contribution to daily max O3 in YRD during July, 2013.

Agriculture Industrial boilers and kins Industrial processing Traffic Power plants Residential Volatile Biogenic LRT

Urban Shanghai 0.0% 20.2% 14.9% 15.2% 4.4% 0.3% 3.9% 22.4% 18.8%
Hangzhou 0.0% 3.8% 24.3% 15.7% 5.7% 0.2% 2.0% 17.6% 30.7%
Suzhou 0.1% 9.1% 20.8% 13.2% 4.8% 0.1% 2.7% 22.2% 27.0%

Rural Chongming 0.1% 30.0% 9.8% 14.7% 4.9% 0.1% 4.7% 21.3% 14.5%
Lingang 0.0% 20.4% 13.3% 12.8% 7.5% 0.2% 3.8% 23.0% 18.9%
Jinshan 0.0% 13.3% 19.5% 13.7% 6.5% 0.2% 3.3% 23.4% 20.0%

Conjunction Dianshan Lake 0.1% 12.1% 20.6% 14.8% 5.3% 0.2% 3.2% 22.9% 20.9%
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caused by combined effect of local, regional photochemical re-
actions and long-range transport. However, there are some differ-
ences among the receptors at different locations. In summer, the
prevailing wind direction in YRD is southerly, therefore, contribu-
tions from Zhejiang is obvious to all receptors. At urban Hangzhou,
around 60% of ozone mass concentrations are formed due to pre-
cursor emissions in Zhejiang province, with another 40% coming
from other areas and the south boundary. Jinshan is located close to
Zhejiang boundary; it is highly affected by precursor emissions in
Zhejiang, which accounts for half of the ozone concentrations. At
the urban Shanghai, besides significant contributions from upwind
precursor emissions in Zhejiang province (36%), local emissions
also contribute significantly to 8-h ozone formation, with the per-
centage of 17.6%, emissions from Anhui account for 15.3%, outside
domain accounts for 24.9%.

Dianshan Lake (DSL) is located at the junction of two provinces
and Shanghai city. It is influenced by all the three areas and the
long-range transport. As shown from the figure, the daily max O3 at
the DSL are contributed by Zhejiang (48.5%), Jiangsu (11.7%), Anhui
(11.6%) and Shanghai (7.4%), long-range transport constitutes
around 20.9% of the daily max O3 in July.
Chongming (CM) is located at the pollution transport channel
between Shanghai and Jiangsu. The modeling results indicate that
Shanghai constitutes 15.6% of the daily max O3, Jiangsu contributes
16.2%, Anhui contributes 28.2% and Zhejiang accounts for 25.5%.
The peak ozone is more influenced by local photochemistry, with
15.6% from Shanghai, higher than the contribution to 8-h average
(12.8%).

The high O3 at the Lingang (LG) receptor mainly comes from the
photochemical reactions among precursor gases in Zhejiang, Anhui,
Shanghai, and long-range transport, with the contribution to daily
max O3 of 39.6%, 39.1%, 2.2%, 18.9%, respectively.

At most receptors, the contribution from local chemistry to peak
ozone is higher than 8-h average, indicating that although upwind
region and long-range transport dominate mean ozone conditions,
elevated local sources are the contributing factor for formation of
high ozone concentrations.

4.3. Temporal change of the ozone regional contribution

Regional contribution to hourly averaged O3 at receptors of the
YRD region changes quite a lot under influence of meteorological



Fig. 7. Separation of ozone formation under NOx- or VOC-limited conditions in the YRD in July, 2013.
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Fig. 8. Regional contribution to daytime 8-h O3 (Red box) and daily max O3 (Blue box) in the YRD in July, 2013 (SH: Shanghai; JS: Jiangsu; ZJ: Zhejiang; AH: Anhui; LRT: Long-range
transport).
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conditions, as shown in Fig. 9. Long-range transport is the domi-
nant factor at night time and to rural area close to the ocean (at
receptors like Lingang). In comparison, local emissions play a more
significant role in daytime and to formation of hourly max O3
concentrations.

Among all receptors setup in the modeling system, Shanghai,
Hangzhou and Suzhou represents urban area, indicating high NOx
emission rates with large vehicle population, and relatively rare
industries with VOCs emissions around. Results show that in urban
area, long-rang transport causes around 20e40 ppb of O3 on
average. However, for high hourly O3 concentrations at the urban
receptors, contributions from local emissions increase significantly.
The contributions to hourly O3 at SAES site from Shanghai is up to
74.06%, together with contributions from Zhejiang, Anhui and Jiang,
causing high ozone peaks in daytime. Suzhou is similar to urban
Shanghai, ozone concentrations can reach very high under



Fig. 9. Time series of the regional contribution to hourly O3 concentrations during July, 2013.
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influence from all the three regions. Hangzhou is located in the
southwest of the Yangtze River Delta modeling domain, and it is the
upwind region of both Shanghai and Jiangsu province. Regional
contributions to Hangzhou O3 are different from Shanghai and
Suzhou. The daily high ozone concentrations in this period are
mainly from local source photochemical reaction and long-range
transport.

For Jinshan, Lingang, Chongming and Dianshan Lake, their
ozone concentrations are mainly controlled by Zhejiang. However,
the ozone reached much higher concentrations from July 25, due to
contributions from Shanghai and the three provinces, showing that
the western and southwestern wind may increase ozone in the
whole region.

4.4. Regional contribution in different pollution episodes

Two high pollution episodes occurred during July, 2013. Case I
was from 7 July 00:00 LST to 11 July 23:00 LST. During this period,
the maximum hourly ozone concentration in Shanghai reached
161.61 ppb. The maximum solar radiation was 915.2 W/m2, the
average wind speed was only 1.7 m/s in urban Shanghai area, and
4.6 m/s at the Hongqiao airport; the prevailing wind direction was
southerly. Fig. 10 shows the average wind field and distribution of
average daily maximum O3 during this episode. Daily max O3
contributions include 23%e61% from long-range transport and
regional background. Regional contributions from YRD vary with
locations of the receptors. At SAES site, 14.1% ± 14.5%,46.9% ± 16.5%
O3 is contributed by Shanghai and Zhejiang province, respectively.
At the CM receptor, 21.6% ± 10.5% O3 is caused due to precursor
emissions in the Shanghai area. At DSL site, Zhejiang contributes
62.0% ± 18.3% O3. For this result, it is quite obvious that the pre-
cursor gas emissions in both Zhejiang and Shanghai regions cause
high ozone pollution episode in the downwind area of the YRD
region.

Case II was from 20 July 0:00 LST to 27 July 23:00 LST. During
this period, the solar radiation was 909.5 W/m2, the average wind
speed was 1.6 m/s in urban Shanghai area, and 3.9 m/s at the
Hongqiao airport; the prevailing wind direction was southwestly.
Fig. 11 shows the average wind field and distribution of average
daily maximum O3 during this episode. During Case II, the long-
range transport contribution to daily max O3 at SAES, SZ, HZ
increased to 22.45%, 31.25% and 34.57% in average. Besides,
Shanghai and Zhejiang have significant impact on maximum O3 at
SAES, LG, and CM, while Jiangsu and Zhejiang are more important
to DSL.

In Case III, since the typhoon “Suli” affected eastern China,
causing high wind speed (4.2 m/s in urban Shanghai and 8.2 m/s at
the HongQiao airport in average), the O3 concentrations were



Fig. 10. Hourly averaged wind pattern and distribution of average daily maximum O3

during Jul.7e11, 2013.

Fig. 11. Hourly averaged wind pattern and distribution of average daily maximum O3

during Jul.20e27, 2013.

Fig. 12. Hourly averaged wind pattern and the distribution of average daily maximum
O3 during Jul.13e14, 2013.
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relatively low, with most coming from long-range transport and
regional background (referring to initial and boundary conditions
of O3) at the sites of SAES, HZ, SZ, JS and LG. However, Shanghai is
the most important region contributing to O3 at CM and DSL. Fig. 12
shows thewind pattern and distribution of average dailymaximum
O3 during this episode.
4.5. Spatial distribution of ozone source category contribution

Besides the regional contribution to surface ozone, the ozone
source apportionment in terms of source sectors is also very
important, since the pollution control strategy is usually developed
based on the anthropogenic emission source categories. The model
predicted source category contributions to daytime 8-h
(9:00e17:00) O3 and daily max O3 at the main receptors in YRD
are shown in Fig. 13. The major source categories contributing to
high O3 in the YRD region includes industrial boilers and kilns (up
to 30.0%) from fuel combustion, industrial processing (up to 24.3%),
transportation (up to 15.7%), and biogenic emissions (up to 24.9%).
Power plants cannot be negligible, which have a significant
contribution to downwind rural areas. For peak ozone at LG and JS,
power plans contribute 7.5% and 6.5% of ozone formation in
average.
4.6. Temporal change of ozone source contribution

Fig. 14 shows the main source category contributions to hourly
O3 in the YRD region in July 2013. In terms of the sources to the
summer time photochemical pollution, the major sectors include
industrial production process, industrial boilers and furnaces, mo-
bile sources, and biogenic emissions. Crude oil processing, chem-
icals, building materials and the production and use of industrial
solvents in the production process discharge a lot of volatile organic
compounds (VOCs), fuels coal, heavy oil, coke from industrial
boilers and furnaces discharge a lot of NOx. The exhaust of motor
vehicle includes VOCs and NOx. Therefore, precursor emission
sources in the Yangtze River Delta region contribute to the high
concentrations of urban O3.

Modeling results indicate that ozone contributions from in-
dustrial production process to Shanghai, Suzhou and Hangzhou are



Fig. 13. Source category contribution to daytime 8-h O3 (Red box) and daily max O3(Blue box) in the YRD in July, 2013 (AGR: agriculture; INDB: industrial boilers; INDP: industrial
processing; NAT: biogenic; POW: power plants; RES: residential; TRA: transport; VOL: volatile emissions; LRT: long range transport).
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14.9%, 20.8%, and 24.3%, respectively. Fuel combustion from in-
dustrial boilers and kilns account for 20.2%, 9.1%, and 3.8%,
respectively. Mobile sources including vehicle exhaust, ship emis-
sions and non-road are also significant, with the average contri-
bution reaching15.2%, 13.2%, and 15.7%, respectively. The source
category contributions to O3 at rural sites are similar. The contri-
butions to hourly O3 at CM site from mobile source, industrial
processing, volatile source, biogenic emissions, industrial boilers
and kilns, power plants and residential range between 0.00% and
25.8%, 0.0%e40.6%, 0.0%e26.3%, 0.0%e54.8%, 0.0%e57.2%, 0.0%e
18.8%, 0.0%e1.0%, respectively.



Fig. 14. Time series of the source category contribution to hourly O3 concentrations during July, 2013 (AGR: Agriculture; INDB: Industrial boilers; INDP: Industrial Processing; NAT:
Natural source; POW: Power plants; RES: Residential; TRA: Traffic; VOL: Volatile evaporation source; LRT: Long-range transport).
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4.7. Source category contribution to ozone in different pollution
cases

During Case I and Case II, the temperature is high, and the wind
speed is low. Under this favorable meteorological conditions, the
transportation impact is very obvious inmost receptors, accounting
for 11.0e14.3% of daytime 8-h O3 at different receptors in average.
Industry is the second significant source category that influences
high O3 in case I, among which, industrial processing contributes
4.3e22.2% of daytime 8-h O3 in average, and industrial boilers and
kilns accounting for 3.3e31.1%.( During Case I and Case II, biogenic
emissions impact is very obvious in most receptors, accounting for
20.0e30.0% of daytime 8-h O3 at different receptors in average.

There is not so much difference between Case I and Case II in
terms of the source category contribution. However, Case III is
different due to the changed weather system. At SAES, JS and LG
site, the contributions from all the anthropogenic emissions are
smaller than the other two pollution cases due to increase of the
long-range transport. At the SZ, HZ, JS and DSL site, the day time 8-h
O3 contribution from industrial boilers and kilns and biogenic
emissions increased significantly. At SZ site, the industrial boilers
and kilns contribution increased from 7.5% in Case I and 4.2% in
Case II to 21.1% in Case III, and the biogenic contribution decreased
from 28.0% in Case I and 25.4% in Case II to 22.9% in Case III. At HZ
site, the industry contribution increased from 3.3% in Case I and
1.2% in Case II to 10.9% in Case III, the biogenic contribution
decreased from 26.7% in Case I to 25.2% in Case III. At JS site, the
industrial boilers and kilns increased from 16.1% in Case I and 7.9%
in Case II to 20.3% in Case III, the biogenic contribution decreased
from 29.5% in Case I and 25.6% in Case II to 18.4% in Case III. At DSL
site, the industrial boilers and kilns increased from 12.9% in Case I
and 7.9% in Case II to 24.0% in Case III, the biogenic contribution
decreased from 27.8% in Case I and 27.0% in Case II to 23.5% in Case
III.

5. Conclusions

This paper selects a summer time photochemical pollution
period to do a case study with the application of OSAT coupled
within the CAMx air quality model. The contributions from regions
and source categories to high ozone at 7 receptors in the YRD region
are analyzed. During the summer high ozone pollution period in
July 2013, long-range transport and regional background domi-
nates the night-time ozone in the YRD region. The daytime ozone in
the surface atmosphere is formed through complex photochemical
reactions following emissions of precursor gases such as NOx and
VOCs under presence of the sunlight. The daytime ozone concen-
trations in the YRD region are influenced by emissions both locally,
regionally and in other areas outside the YRD region. At the junc-
tion among two provinces and Shanghai city, ozone is usually
influenced by all the three areas and the long-range transport
outside the modeling domain. The daily max O3 at the DSL are
contributed by Zhejiang (48.5%), Jiangsu (11.7%), Anhui (11.6%) and
Shanghai (7.4%), long-range transport constitutes around 32.5% of
the daily max O3 in July. At the Chongming (CM) site, Shanghai
constitutes 15.6%, Jiangsu contributes16.2%, Anhui contributes and
Zhejiang accounts for 25.5% of the daily max O3. In comparison, at
the urban Shanghai (SAES) area, 16.0% O3 are influence by local
Shanghai, 41.7% from Zhejiang and 4.4% from Jiangsu region.

The analysis of the source category contribution to high ozone in
the Yangtze River Delta region indicates that the most prominent
types of emission sources contributing to O3 pollution include in-
dustrial boilers and kilns, industrial production process, andmobile
source. Emissions of NOx and other precursors emitted from the
fuel combustion of industrial boilers and kilns contribute a lot to
the high concentration in Hangzhou and Suzhou, while various
volatile organic compounds discharged from industrial production
process contributed a lot to the ozone in Shanghai. The contribution
from vehicle exhaust in the whole region can reach 15.7%. The
contribution from regional elevated power plants cannot be
neglected, especially to rural area. Unorganized VOCs emissions of
volatile evaporation pollution sources also have certain contribu-
tion to regional concentration of O3. Therefore, the emissions from
fuel combustion, VOCs emissions from industry and vehicle
exhaust are the main anthropogenic sources causing high ozone
concentrations in the Yangtze River Delta region.

This research shows that the O3 pollution in Shanghai, Jiangsu
and Zhejiang is caused by the joint effect from precursor emissions
within local, regional and even super-regional area. The high O3
episode in the YRD region, especially in the downwind area, is
mainly attributed by different source regions and major anthro-
pogenic source categories including industry and vehicle exhaust.
These results indicate that the regional collaboration is of most
importance to reduce ambient ozone pollution, particularly during
high ozone episodes. Results also show that the ozone formation at
most receptors especially in urban area are under VOC-limited
situation, therefore, the regional control on reactive VOCs are of
great significance to control ozone pollution situation.
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