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Abstract. This work presents an overview of 1 yr measure-

ments of ozone (O3) and fine particular matter (PM2.5) and

related trace gases at a recently developed regional back-

ground site, the Station for Observing Regional Processes

of the Earth System (SORPES), in the western part of the

Yangtze River Delta (YRD) in eastern China. Ozone and

PM2.5 showed strong seasonal cycles but with contrast pat-

terns: O3 reached a maximum in warm seasons but PM2.5 in

cold seasons. Correlation analysis suggests a VOC-sensitive

regime for O3 chemistry and a formation of secondary

aerosols under conditions of high O3 in summer. Compared

with the National Ambient Air Quality Standards in China,

our measurements report 15 days of O3 exceedance and 148

days of PM2.5 exceedance during the 1 yr period, suggesting

a severe air pollution situation in this region. Case studies

for typical O3 and PM2.5 episodes demonstrated that these

episodes were generally associated with an air mass trans-

port pathway over the mid-YRD, i.e., along the Nanjing–

Shanghai axis with its city clusters, and showed that syn-

optic weather played an important role in air pollution, es-

pecially for O3. Agricultural burning activities caused high

PM2.5 and O3 pollution during harvest seasons, especially in

June. A calculation of potential source contributions based

on Lagrangian dispersion simulations suggests that emis-

sions from the YRD contributed to over 70 % of the O3 pre-

cursor CO, with a majority from the mid-YRD. North-YRD

and the North China Plain are the main contributors to PM2.5

pollution in this region. This work shows an important envi-

ronmental impact from industrialization and urbanization in

the YRD region, and suggests an urgent need for improving

air quality in these areas through collaborative control mea-

sures among different administrative regions.

1 Introduction

Ozone (O3) and fine particular matter (PM2.5) are two of the

most important components in the tropospheric atmosphere

because of their effects on human health, biosphere and cli-

mate (e.g., Chameides et al., 1999a, b; Jerrett et al., 2009;

Allen et al., 2012). Because of complex sources and chemical

reactions, and a relatively long atmospheric lifetime in the at-

mosphere that favors regional/long-range transport, both pol-

lutants are of great concern for regional air quality but are

very difficult to control (Cooper et al., 2005; Zhang et al.,

2008; van Donkelaar et al., 2010).

Due to huge consumption of fossil fuels in the past decades

(Richter et al., 2005), many regions in China have been ex-

periencing heavy and even increasing O3 and PM2.5 pollu-

tion, especially in the developed coastal regions, such as the

Beijing–Tianjin area, Pearl River Delta (PRD) and Yangtze

River Delta (YRD) (Ding et al., 2008; Xu et al., 2008; Wang

et al., 2009; Tie and Cao, 2009). In the latest decades, a large

number of studies were performed to address their spatiotem-

poral distributions and to understand their causes in those

developed regions. A relatively long history of research and

hence a good understanding have been gained in the Beijing–

Tianjin and the PRD regions (e.g., Zhang et al., 2003; Wang

et al., 2003, 2006, 2009, 2010; Lin et al., 2008), while in the

YRD region, in which only few measurement studies have
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been conducted, large knowledge gaps still exist in the un-

derstanding of the characteristics and main sources of O3 and

PM2.5.

The YRD region is located in the eastern part of the

Yangtze Plain adjacent to the most polluted North China

Plain (Fig. 1b). It includes the mega-city Shanghai and

the well-industrialized and urbanized areas of the southern

part of Jiangsu Province and the northern part of Zhejiang

Province, with over ten mega/large cities, such as Hangzhou,

Suzhou, Wuxi and Changzhou lying along the mid-YRD, i.e.,

the Shanghai–Nanjing axis (see Fig. 1c). Consisting of only

2 percent of the land area, this region produces over 20 per-

cent of China’s Gross Domestic Product (GDP), making it

the most densely populated region in the country and one

of its emission hotspots. Furthermore, this area and the sur-

rounding Yangtze Plain also form one of the most important

agricultural bases in China with wheat and rice planted al-

ternatively in cold and warm seasons. Previous studies sug-

gested that both O3 and aerosols could affect the crop growth

in this region (e.g., Feng et al., 2003; Chameidies, 1999a,

b), and also suggest that agricultural activities, such as fer-

tilization and intensive straw burning activities, could signif-

icantly influence regional air quality in this region (e.g., Ye

et al., 2011, Wang et al., 2004, 2009; Ding et al., 2013b). In

addition, the YRD is located in a typical monsoon region,

with warm and humid conditions in summer and cold and

dry weather in winter. The complex monsoon and synoptic

weather may play an important role in air pollution transport

and formation in this region. Therefore, this is a region of

great interest to study the complex interactions between hu-

man activities, biosphere and the atmosphere.

The earliest measurement study of O3 in the YRD region

started in the 1990s at the Lin’an site, a regional station lo-

cated in the southeast YRD (Luo et al., 2000; Wang et al.,

2001). Studies at this site provided the first picture of the

seasonal behaviors of O3 and its precursors in the southeast

YRD (Wang et al., 2001, 2004; Xu et al., 2008). Besides

Lin’an, there were only very limited studies of O3 made in

urban areas in some YRD cities (e.g., Tu et al., 2007; Geng et

al., 2008; Ran et al., 2012 ). PM2.5 measurements in this re-

gion have been performed only in recent years (e.g., Fu et al.,

2008; Zhou et al., 2009; Li et al., 2011; Huang et al., 2012;

Zhang et al., 2013). However, most of these studies were

done close to Shanghai, i.e., the eastern YRD, and mainly

cover short periods. For the more inland western YRD area,

which is generally downwind from the entire YRD under pre-

vailing winds between northeast and southeast, only very few

studies of O3 and PM2.5 were conducted, and these only at

urban sites (e.g., Wang et al., 2002; Yang et al., 2005; Tu et

al., 2007). Therefore, there is a significant lack of knowledge

on the regional characteristics of these pollutants, which is

inherently important for the assessment of the regional im-

pacts of the YRD emissions on atmospheric composition and

also for the policy making of air pollution measures in west

YRD cities like Nanjing.

To fill the knowledge gap, continuous online measure-

ments of trace gases, aerosols and other relevant parame-

ters were carried out at a background site SORPES (Sta-

tion for Observing Regional Processes of the Earth System),

an integrated measurement platform for the study of atmo-

spheric environment and climate change. This work presents

the first results of 1 yr measurements of O3 and PM2.5 and

related trace gases at the site during August 2011–July 2012,

and gives a synthetic analysis about their characteristics and

sources by using Lagrangian dispersion modeling. We give

detailed descriptions about the measurement site and instru-

ments and an introduction of general meteorological condi-

tions in Sect. 2, and present main results, including overall

temporal variation, correlation analysis and case studies in

Sect. 3. A summary is given in Sect. 4.

2 Description of experiment and meteorological

conditions

2.1 Brief introduction to the SORPES site

The Station for Observing Regional Processes of the Earth

system is a research and experiment platform developed

by the Institute for Climate and Global Change Research

(ICGCR) at Nanjing University (NJU) in collaboration with

the University of Helsinki. The overall objective of this plat-

form is to characterize the temporal variation of key param-

eters related to climate change and to understand the inter-

actions of different regional processes of the Earth system

in eastern China, a region strongly influenced by monsoon

weather and by intensive human activities. With a joint ef-

fort between NJU and the University of Helsinki, SORPES

is in the process of being developed into a SMEAR (Station

for Measuring Ecosystem–Atmosphere Relations) type mea-

surement station (Hari et al., 2009), but focuses more on the

impact of human activities on the climate and on the envi-

ronment system in the rapidly urbanized and industrialized

YRD region. Considering the geography, climate, and the en-

vironment characteristics in eastern China, measurements at

the SORPES sites focus on four major processes: land sur-

face processes, air pollution–climate interaction, ecosystem–

atmosphere interaction, and hydrology and water cycle. The

entire platform will be developed into an integrated obser-

vation network with a “flagship” central site, a few outlying

“satellite” sites and mobile platforms in the vicinity.

At the current stage, the efforts mainly focus on the devel-

opment of the flagship central site, which is located on the

Xianlin Campus of NJU in the suburban area northeast of

Nanjing (118 ◦ 57′10′′ E, 32 ◦ 07′14′′ N), about 20 km from

the downtown area (Fig. 1a). Since the prevailing winds in

this region are from northeast and southeast in the cold and

warm seasons, respectively, the Xianlin site is generally up-

wind from downtown Nanjing and can be considered as a re-

gional background station for atmospheric chemistry studies.
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(a) (b) 

(c) 

Zhenjiang 

Fig. 1. (a) A map showing the location of the SORPES Xianlin site. (b) Averaged GOME2 tropospheric NO2 columns for the period

of August 2011–July 2012. (c) A map showing cities in the Yangtze River Delta. The GOME2 data were accessed from Tropospheric

Emission Monitoring Internet Service of KNMI (Koninklijk Nederlands Meteorologisch Instituut or Royal Netherlands Meteorological

Institute) (www.temis.nl).

As Nanjing is located in the northwest of the YRD region

(Fig. 1c), the site is also generally downwind of the most

developed mid-YRD regions including the megacity Shang-

hai and the Suzhou–Wuxi–Changzhou city cluster. There-

fore, the measurements at the station can help address im-

pacts from these areas of highly intensive human activity in

a regional air quality perspective.

Measurements of trace gases, aerosols, and relevant mete-

orological parameters began in the summer of 2011. Most

of the instruments are housed on the top floor of a labo-

ratory building, which sits on the top of a hill about 40 m

above the ground level. Trace gases like O3, carbon monox-

ide (CO), sulfur dioxide (SO2), nitric oxide (NO), total re-

active nitrogen (NOy) and PM2.5 mass were routinely mea-

sured. O3, SO2, NO, NOy and CO trace gases were measured

with a resolution of 1 min using online analyzers (Thermo

Instruments, TEI 49i, 43i, 42i, 42iY and 48i, respectively).

Ambient air was drawn from the 1.4 m above the rooftop

to the laboratory building through a manifold connected to

O3, SO2, NO and CO analyzers with PFA Teflon tubes (in-

side diameter: 1
4

inch). A separate sample line with a MoO

converter was used for NOy analyzer. The length of sam-

ple lines for these trace gases are in a range of 6.5–7.3 m.

PM2.5 mass concentrations were measured using a mass ana-

lyzer (Thermo SHARP-5030), which has been used in many

other studies and found to perform well for long-term runs

(e.g., Petäjä et al., 2013). Since aerosols are quite hygro-

scopic in China (e.g., Eichler et al., 2008; Liu et al., 2011).

The SHARP-5030 aerosol mass analyzer was operated un-

der dry conditions, with a 1 m long DHS heater settled up to

keep the RH of samples no larger than 35 %. Besides PM2.5

mass, aerosol size distribution measurements were also avail-

able since November 2011 by using an Air Ion Spectrometer

(AIS) and differential mobility particle sizer (DMPS), and

those data were reported in a companion paper (Herrmann et

al., 2013).

The instrument precision was ±2 ppbv for O3 and ±3 %,

±1 %, ±10 % and ±4 % for SO2, CO, NO and NOy, respec-

tively. For SHARP PM2.5, the precision was ±2 µg m−3 for a

concentration below 80 µg m−3 and ±5 µg m−3 for a concen-

tration over 80 µg m−3. All trace gas analyzers were weekly

span calibrated and daily zero checked, and multi-point cali-

bration was made once a month. N-propyl nitrate (NPN) was

used to calibrate the NOy converter, and the converter effi-

ciency was higher than 95 % during the 1 yr measurement

period. It should be pointed out that during the 1 yr period

of this study, at the foot of the hill upon which the SORPES

site is located there were some construction works, which

may have occasionally influenced the site. However, because

these activities were not upwind and emissions from these ac-

tivities (such as windblown soil dust) were mainly in coarse

mode, the fine particle and trace gases concentrations were

rarely influenced by these activities. For the 1 yr period (Au-

gust 2011–July 2012), these instruments performed well and

data coverage of most of the species were higher than 95 %.

Meteorological measurements have been available at

the site with Automatic Weather Station (CAMPBEL co.,

AG1000) since December 2011 but there was a data gap in

www.atmos-chem-phys.net/13/5813/2013/ Atmos. Chem. Phys., 13, 5813–5830, 2013
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early 2012. However, in this study we used meteorological

parameters, such as pressure, air temperature, relative humid-

ity and precipitation, recorded at a site about 2.5 km west of

the SORPES station run by Nanjing Meteorological Bureau.

Available concurrent measurements at the two sties suggest

a very good correlation for most of these parameters.

2.2 Meteorological conditions and transport features

Monthly averaged general meteorological parameters at

Nanjing are shown in Table 1. They suggest that the region

had a contrasting air temperature in winter and summer, with

monthly means from about 3 ◦C in January to 29.4 ◦C in July.

High relative humidity (RH) and a large amount of rainfall

occurred in August (290 mm in total), and less precipitation

and low RH in autumn and winter. Wind data suggest that the

prevailing wind was from northeast in winter and from east

and southeast in summer (see wind-rose plot in Fig. 1a).

To further understand the general transport characteristics

of air masses recorded at the site, we conducted 7 d backward

particle release simulations using a Lagrangian dispersion

model Hybrid Single-Particle Lagrangian Integrated Trajec-

tory (HYSPLIT), developed in the Air Resource Laboratory

(ARL) of the USA National Oceanic and Atmospheric Ad-

ministration (NOAA) (Draxler and Hess, 1998). In this study,

we applied the model following a method developed by Ding

et al. (2013a). Briefly, for each hour during the study period,

the model was run 7 d backwardly with 3000 particles re-

leased 100 m a.g.l. over the site. The spatiotemporal distri-

butions of these particles were used to further calculate the

source–receptor relationship. The residence time of particles

at 100 m level was used to identify “footprint” retroplume

and to calculate the potential source contribution (PSC). This

method has been evaluated and has shown very good per-

formance in the simulation of long-living species like CO,

and shows wide application in understanding the transport

and origins of air pollutants (Stohl et al., 2003; Cooper et al.,

2005; Ding et al., 2009, 2013a). In this study, 3 h 0.5 by 0.5

degree Global Data Assimilation System (GDAS) data were

used to drive the model. A high resolution emission inven-

tory (0.2 by 0.2 degree), developed by Zhang et al. (2009),

was used to calculate the PSC of CO and PM2.5.

Based on a 7 d backward particle release simulation for

each hour during the 1 yr study period, Fig. 2a–d give the

averaged distribution of retroplumes at the site for spring,

summer, autumn, and winter, respectively. These figures

give clear pictures about the transport history of air masses

recorded at the site. Previous studies suggested that Asian

monsoon dominates the regional/long-range transport of the

air pollution in East Asia (e.g., Liu et al., 2002; Naja and

Akimoto, 2004). In summer and winter, the retroplumes

show completely different transport patterns under the in-

fluence of the Asian monsoon (Fig. 2b and d). In summer,

the air masses generally originated from the Northwest Pa-

cific Basin and the South China Sea and were transported

Table 1. Statistics of general meteorological parameters at Nanjing

for the 1 yr period August 2011–July 2012∗.

Month Pressure Temp RH Rainfall

(hPa) (◦C) (%) (mm)

Jan 1023.7 2.9 66.1 22.6

Feb 1021.1 3.0 67.5 77.0

Mar 1016.9 9.0 67.4 83.4

Apr 1007.9 18.0 64.6 60.2

May 1006.3 21.9 65.8 62.6

Jun 1000.0 25.5 68.9 20.4

Jul 999.4 29.4 67.4 184.0

Aug 1002.3 27.0 80.2 291.1

Sep 1009.4 23.1 71.0 13.1

Oct 1016.6 17.5 69.1 29.4

Nov 1018.3 14.7 72.5 23.2

Dec 1025.9 4.2 64.8 17.0

∗Note: average for pressure, air temperature, and RH, and

accumulated monthly value for rainfall.

to the site by southeasterly/southwesterly summer monsoon.

However, during wintertime, the air masses were generally

originating from the inner Eurasian continent and transported

southeasterly by the winter monsoon, resulting in a high res-

idence time from Mongolia to the North China Plain. As-

sociated with a continental high pressure system, those con-

tinental air masses in winter were generally transported to

the site from the Yellow Sea (NE) by clockwise anti-cyclone

flows. Spring and autumn are the two transition periods with

air masses mainly transported from eastern China, the Yellow

Sea and the East China Sea and adjacent oceans. As we show

in Sect. 3.1, the distinguished transport patterns in different

seasons controlled the seasonal behaviors of primary pollu-

tants at the site. The transport patterns also indicate that the

observed air masses could carry information from the entire

eastern part of China and further suggest that the SORPES

site could be an ideal regional background station for assess-

ing change of atmosphere on a larger scale.

3 Results and discussions

3.1 Seasonal behaviors

With 1 yr continuous measurements for the period of Au-

gust 2011–July 2012, we acquired the first picture of sea-

sonal behaviors of O3, PM2.5, and relevant precursors in the

west YRD region. Figure 3a–f give monthly variation of O3,

PM2.5, SO2, CO, NOy, and NO, respectively.

Ozone shows a distinguished seasonal pattern, with an

overall broad peak in summer and early autumn (a maxi-

mum in July and a secondary maximum in September) and a

minimum in winter (November). The observed seasonal be-

havior of O3 at the site is different from what has been re-

ported in previous studies conducted in eastern and southern

Atmos. Chem. Phys., 13, 5813–5830, 2013 www.atmos-chem-phys.net/13/5813/2013/
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Fig. 2. Averaged retroplume (“footprint” residence time) showing transport pathways of air masses observed at Nanjing during (a) spring,

(b) summer, (c) autumn, and (d) winter for the 1 yr period. Note: Red circle on the map shows the SORPES site location.

Fig. 3. Seasonal variation of (a) O3, (b) PM2.5, (c) SO2, (d) CO, (e) NOy and (f) NO. Bold solid lines are the median values, diamonds show

the monthly averages and thin solid lines represent percentiles of 75 % and 25 %.

China. For instance, a summer minimum and autumn maxi-

mum of O3 were recorded at Hong Kong in southern China

(Wang et al., 2009), and an early summer (June) broad max-

imum of O3 was reported in Beijing (Ding et al., 2008;

Lin et al., 2008, 2009). For the YRD region, available ob-

servations from either surface measurement at Lin’an (Xu

www.atmos-chem-phys.net/13/5813/2013/ Atmos. Chem. Phys., 13, 5813–5830, 2013
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et al., 2008) or satellite retrievals at Shanghai (Dufour et

al., 2010) suggest a later spring (May) maximum and early

autumn (September) secondary maximum, which was at-

tributed to a well-defined summertime decrease of O3 asso-

ciated with “clean” maritime air transported from the Pacific

Ocean by the monsoons. Considering the geographical loca-

tion of Nanjing, which is downwind of the YRD under the

influence of southeasterly summer monsoon, the emissions

in the YRD region and the strong solar radiation might be

the main causes of an O3 formation in summer, resulting in

a different seasonal cycle of O3 compared to other coastal

sites in the east/southeast YRD. In fact, the CO and NOy data

(Fig. 3d–f) show that these precursors were still at fairly high

levels (about 600 ppbv and 25 ppbv, respectively) in summer.

For the fine particle PM2.5, Fig. 3b shows an overall

well-defined seasonal pattern with a maximum in autumn

(November) and a minimum in summer (July). This clear

seasonal pattern could be due to the change of emission, de-

position and vertical mixing processes in different seasons.

Emission of particulate matter is generally high in cold sea-

sons because heating in northern China requires more con-

sumption of fossil fuels (Zhang et al., 2009) and in winter

the dry weather and strong winds contribute to increased par-

ticle suspension and advection. Deposition should also have

a strong seasonal variation because high precipitation (Ta-

ble 1) favors wet-deposition and high soil humidity, and the

growth of deciduous plants may enhance the dry deposition

of particular matter in warm seasons (Zhang et al., 2001).

The relatively low concentration of PM2.5 in summer may be

also partly due to an increased vertical mixing (i.e., a higher

boundary layer height) and more convection in that season

(Ding et al., 2009). PM2.5 mass concentration also showed

strong month-to-month variations, e.g., a sharp peak in June

and a drop in February. The June peak was mainly associ-

ated with intensive activities of straw burning, as we dis-

cuss in Sect. 3.3. The drop of PM2.5 concentration together

with other primary pollutants, such as SO2, CO and NOy, in

February is attributed mainly to the winter break of the Chi-

nese Spring Festival, which started at the end of January and

lasted until mid-February.

Other primary trace gases all show dramatic seasonal cy-

cles but also some unique month-to-month variation patterns.

For instance, NOy concentration increased at the end of au-

tumn, with a maximum appearing in December together with

a sharp peak of NO. Examination of the time series suggests

that in December there was a multi-day episode of NO with

mixing ratio up to 300 ppbv and these episodes were gener-

ally associated with northwest wind, suggesting a fresh emis-

sion from factories in the industrial zone in the northwest.

The high NO concentrations also cause titration of O3 in

November and December (Fig. 3a). SO2 concentration shows

a strong increase in winter but a significant drop in Novem-

ber. The drop was associated with the PM2.5 maximum and a

relatively high RH (Fig. 3b and Table 1), suggesting a possi-

ble role of heterogeneous reactions (Ravishankara, 1997). In

fact, in this region a high frequency of fogs generally occurs

in autumn, especially in November.

3.2 Inter-species correlations

Investigation of correlations between different species was

done to help interpret the data and gain some insights into

the related mechanisms/processes. In Fig. 4a–e, we give scat-

ter plots of O3–NOy, SO2–NOy, CO–NOy, PM2.5–O3 and

PM2.5–NOy, respectively. To differentiate the correlations

under the influence of relevant meteorological/environmental

factors, the data points are color-coded with different param-

eters (e.g., air temperature, relative humidity and O3 mixing

ratio).

Figure 4a shows that O3 measured at the site has an over-

all negative correlation with NOy. The color of data points

shows that the negative correlation mainly exists for data of

low air temperature, suggesting a titration effect of freshly

emitted NO with O3 in cold seasons and at nighttime. In con-

trast, a positive correlation between O3–NOy prevailed dur-

ing high air temperature, which mainly appeared in daytime

of warm seasons with a moderate level (<100 ppbv) of NOy.

These results suggest a strong photochemical production of

O3 in this region in summer, resulting in the seasonal cycle

pattern of O3 shown in Fig. 3a.

The two primary pollutants SO2 and NOy show a quite

good correlation (Fig. 4b). However, the SO2/NOy ratio ob-

tained from this study is much lower than levels previously

reported at Lin’an ten years ago (e.g., Wang et al., 2004).

This can be explained by a significant reduction of SO2 emis-

sion from power plants but an increased NOx emission as-

sociated with a huge consumption of petroleum fuels in the

past decade in this region (Richter et al., 2005; Zhang et al.,

2009). The color of data points given in Fig. 4b shows an

obvious relationship between RH and SO2/NOy ratio. A bet-

ter correlation and a higher SO2/NOy ratio is obtained for air

with low humidity, while for the humid air masses the rela-

tionship is much more scattered, and the ratio of SO2/NOy is

clearly low, suggesting a higher conversion of SO2 to sulfate

and/or deposition in the humid environment (Khoder, 2002).

A scatter plot of CO–NOy given in Fig.4c is color-coded

with O3 concentration. It shows that high O3 levels are gen-

erally associated with air masses of high CO/NOy ratio. For

NOy lower than 100 ppbv, an increase of CO always results

in higher O3 concentration, but NOy reverses. As volatile or-

ganic compounds (VOCs) generally have good correlation

with CO and play a similar role as CO in the photochemi-

cal ozone production (Atkinson, 2000), the O3–CO–NOy re-

lationship strongly indicates a VOCs-limited regime of O3

formation in this region. Geng et al. (2008) also reported a

VOCs-limited regime in Shanghai by using measured and

modeling results. It needs to be pointed out that even though

NOx control policies have been implemented in China, our

results suggest that an inappropriate control of NOx alone

may lead to increased O3 pollution for the YRD region.

Atmos. Chem. Phys., 13, 5813–5830, 2013 www.atmos-chem-phys.net/13/5813/2013/
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Fig. 4. Scatter plots of (a) O3–NOy color-coded with air temperature, (b) SO2–NOy color-coded with relative humidity, (c) CO–NOy color-

coded with O3 concentrations, (d) PM2.5–O3 color-coded with air temperature, and (e) PM2.5–NOy color-coded with RH.

Figure 4d gives a scatter plot of PM2.5 and O3 color-coded

with air temperature. Interestingly, a negative correlation can

be found for low air temperature samples but a pronounced

positive correlation existed for high temperature data points.

The anti-correlation for cold air could be mainly attributed

to the titration effect of high NO concentration, which was

associated with high primary PM2.5 in cold seasons, and the

positive correlation with an increasing slope indicates a for-

mation of secondary fine particles in summer associated with

high concentration of O3. Here the secondary particle forma-

tion may be related to high conversion rate of SO2 to sul-

fate under a high concentration of oxidants (Khoder, 2002).

It may also be related to formation of secondary organic

aerosols with high O3 concentrations (Kamens et al., 1999)

because biogenic emission of VOCs could also be high in

the upwind rural area under a condition of high air tempera-

ture and solar radiation in summer. Previous studies of PM2.5

chemical compositions in Shanghai and Nanjing (e.g., Wang

et al., 2002, 2006) and an intensive measurement of water

soluble ions at the SORPES station (Ding et al., 2013b) all

suggested that sulfate was the most dominate ion in PM2.5.

The detailed mechanisms still need to be further addressed

by long-term measurement of aerosol chemical composition.

Figure 4e shows a good positive correlation between

PM2.5 and NOy. It suggests that the PM2.5 at the site was

mainly associated with combustion sources. Some green data

points in the plot show very high NOy concentration as-

sociated with relatively low PM2.5. These data were corre-

sponded with the extremely high NO plumes in December,

which, as mentioned above, came from the nearby factories

in the northwest. Figure 4e also shows that high RH data are

very scattered but do not show a systematic high PM2.5/NOy

ratio, indicating that the influence of humidity to SHARP

PM2.5 measurement was not significant during the study pe-

riod, even under the high RH condition in summer.

3.3 Discussions on O3 and PM2.5 episodes

3.3.1 Overall statistics of exceedances to standards

The above analysis has shown overall high O3 concentra-

tions in summer and high PM2.5 levels during the entire year,

with extremely high PM2.5 concentrations in the cold sea-

sons. To further understand the air pollution situation, Table

2 gives statistical information of O3 and PM2.5 mass con-

centrations with a comparison to the National Ambient Air

Quality Standards in China (NAAQS-CN), which were re-

leased in early 2012 by the China State Council and will be

implemented nationwide in 2016 (MEP, 2012). According to

the Class II NAAQS for O3 (160 µg m−3 for 8 h average and

200 µg m−3 for 1 h average), there were 15 days of O3 ex-

ceedances in total during the 1 yr period, which mostly oc-

curred in warm seasons (June–October). This frequency is
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Fig. 5. Diurnal variations of (a) O3, (b) PM2.5, (c) SO2, (d) CO, (e) NOy, and (f) NO, averaged for O3 episode days with exceedances of the

NAAQS-CN and the pre-/post-episode days during the entire 1 y period.

Fig. 6. Diurnal variations of (a) PM2.5, (b) CO, (c) SO2, (d) NOy, (e) NO, and (f) O3, averaged for PM2.5 episode days with exceedances of

the NAAQS-CN and the non-episode days.
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Table 2. Monthly statistics of average, maximum and number of

exceedances of O3 and PM2.5 compared with the National Ambient

Air Quality Standards in China.

Month
O3(mg m−3) PM2.5 (µg m−3)

Mean Max1 N.o.E.2 Mean Max1 N.o.E.2

Jan 31.9 111.1 0 86.8 278.0 19

Feb 30.4 78.4 0 68.4 276.8 12

Mar 33.5 221.8 1 92.0 301.0 18

Apr 42.8 189.6 2 66.1 322.3 8

May 40.0 167.6 0 58.0 198.7 6

Jun 53.1 267.9 3 79.7 425.6 13

Jul 61.3 236.7 3 38.0 115.8 1

Aug 46.4 223.1 2 54.3 177.1 3

Sep 57.2 213.2 2 67.9 226.5 10

Oct 44.7 259.9 2 86.4 425.0 17

Nov 14.6 105.4 0 111.0 558.3 21

Dec 16.9 62.8 0 98.2 391.8 20

Annual 39.4 267.9 15 75.6 558.3 148

1Max means a maximum of hourly concentration.
2N.o.E of O3 accounts for days with 1 h or 8 h average exceed the Class II NAAQS-CN

(160 and 200 µg m−3 for 8 h and 1 h average, respectively). N.o.E. of PM2.5 accounts for

days with 24 h average over 75 µg m−3.

higher than that observed in Shanghai by Ran et al. (2012).

For PM2.5, the annual averaged concentration is 75.6 µg m−3,

more than twice the annual standard (35 µg m−3), and 148

days (40 % of the year, mainly in cold seasons from Septem-

ber to June) exceeded the daily limit of 75 µg m−3. It is note-

worthy that the annual mean PM2.5 concentration is almost

equal to the estimation given by van Donkelaar et al. (2010),

which suggested a multi-year average of PM2.5 mass con-

centration over 80 µg m−3 in eastern China by using satel-

lite data during 2001–2006. As our measurements were con-

ducted upwind of Nanjing, the results show a severe regional

air quality problem in the YRD.

To help understand the causes of O3 episodes, in Fig. 5

we give the averaged diurnal patterns of O3, PM2.5 and re-

lated species for the 15 days with O3 exceedances, together

with those for 1 day before and after those exceedances,

as well as the annual means. O3 shows a typical diurnal

cycle with a minimum in the early morning and the daily

maximum in the early afternoon (∼14:00 LT). However, dur-

ing the episode days, O3 concentration experienced a dra-

matic daytime buildup (about 50 ppbv higher than pre-/post-

episode days), suggesting very strong in situ photochemical

production. For O3 precursors and PM2.5, their diurnal cycles

in either episode days or non-episode days all show a morn-

ing peak (Fig. 5d–f) and an afternoon dip. These patterns are

mainly related to the evolution of the boundary layer (PBL)

since there are only a few local sources in this region. The

morning peaks could be related to a nighttime accumulation

of primary pollutants within the nocturnal PBL, and the con-

centrations dropped gradually as the daytime PBL developed

after sunrise. As SO2 is mainly emitted from elevated sources

like power plants, it shows a delayed peak around 10:00 LT,

i.e., a time with PBL mixing height well developed, suggest-

ing a possible fumigation of residual layer pollution. A simi-

lar phenomenon of SO2 has also been reported at Lin’an and

Beijing (Wang et al., 2004, 2006). Comparison of the diurnal

patterns for episode and non-episode days also shows higher

concentrations of O3 precursors, PM2.5 and SO2 on episode

days, particularly in the early morning, suggesting an im-

portant contribution of in situ photochemical production in

a mixed plume. Another interesting point is that aerosols are

generally considered as a constrain factor to O3 production

as they can affect actinic flux of UV radiation (Dickerson et

al., 1997), but here we cannot see such an effect as PM2.5

was also well-correlated with O3 precursors.

Similar to Fig. 5, Fig. 6 gives statistical information of di-

urnal variations of PM2.5, CO, SO2, NOy, NO, and O3 for

the days of PM2.5 exceedances (40 % of the year) and non-

exceedance days. PM2.5 in the episode days shows dramat-

ically higher concentrations and stronger diurnal variability

than in the non-episode days, while the trace gases show sim-

ilar diurnal patterns but about 20–40 % higher concentrations

during episode days. The higher difference of PM2.5 in early

morning of the episode days might be related to primarily

emitted sources, which could be higher in dry cold seasons

because of higher emission rate and lower nocturnal PBL

height. On the other hand, since the non-episode days were

mainly in warm seasons, a relatively higher soil humidity and

consequently much denser foliage of the plants could also

cause a higher deposition rate, resulting in less accumulation

of primary aerosols in the boundary layer. The missing after-

noon dip of PM2.5 for non-episode days might be due to the

formation of secondary aerosols, as discussed in Sect. 3.2.

The O3 diurnal patterns given in Fig. 6 show higher O3 lev-

els for the entire period of non-episode days, which indicates

favorable conditions for the formation of secondary particles.

In fact, from the SO2 diurnal pattern of non-episode days, a

notable drop of SO2 concentration associated with the O3

peak may also indicate such an increased conversion.

3.3.2 Case studies for high O3 and PM2.5 episodes

To further understand the main causes – including weather

and transport characteristics – of high O3 and PM2.5

episodes, four typical episodes were selected for detailed

case studies and are presented below.

– Case I: mixed high O3/PM2.5 related to anticyclones.

Fig. 7a presents a case of high O3 and PM2.5 episode

that occurred during the period of 7–10 October 2011.

It shows that high O3 (up to 140 ppbv) occurred on 7

October and broad O3 peaks (up to 90 ppbv) appeared

in the following two days. PM2.5 and primary pollutants

(SO2, CO and NOy) also reached very high levels on 7

October. Examining weather charts for the period sug-

gests that a stagnant high pressure system dominated
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Table 3. Estimation of regional contribution of CO and PM2.5 to the SORPES site during the 1 yr period.

Region
CO (ppm) PM2.5 (µg m−3)

O3 Pre-/Post-O3 Annual Episode Non-episode Annual

Episode episode Rate Rate

YRD 0.632 0.547 72.1 % 51.6 38.8 69.0 %

M YRD 0.548 0.414 59.7 % 39.3 30.0 53.0 %

central and eastern China for a few days, with its cen-

ter located over the YRD on 7 October (see Fig. 7b).

The averaged 7 d backward retroplume for the period

of 7–9 October clearly shows a clockwise anticyclone

flow and a long residence time over the YRD region,

especially over the city clusters along the Shanghai–

Nanjing axis corresponding to Fig. 1c. For the first day

of the episode (7 October), the highest O3 together with

high PM2.5 and primary pollutants CO, SO2 and NOy

suggests a strong in situ photochemical production in

mixed regional plumes under the influence of anticy-

clones. In the following two days, continuous maritime

air from the East China Sea and the Northwest Pacific

Basin in the east, which brought relatively fresh emis-

sion from the YRD region (Fig. 7c), also produced high

O3 concentration up to 90 ppbv. PM2.5 mass concentra-

tion remained over 100 µg m−3 while CO, NOy and SO2

concentrations were moderate. In this case, the anticy-

clones (i.e., high pressure) caused favoring conditions,

e.g., sunny weather and low wind velocities, for pol-

lution accumulation and O3 production. A similar re-

lationship between high pressure and O3 episodes has

been reported elsewhere (e.g., Luo et al., 2000; Hegarty

et al., 2007; Guo et al., 2009). These results clearly

demonstrate a case of sub-regional transport of primary

and secondary air pollutants within the YRD region un-

der the influence of anticyclones.

– Case II: high PM2.5 before the passage of a cold front.

At the end of November 2011, an extremely high con-

centration PM2.5 episode was observed at the site,

with PM2.5 mass concentration raised over 500 µg m−3

(Fig. 8a). Weather charts show that this case occurred

under calm conditions before the passage of a strong

cold front, which was at the front of a strong conti-

nental high pressure system originating from Mongolia

and sweeping over Nanjing in the early morning of 30

November (see Fig. 8b). On 28 November, weak east-

erly and southeasterly winds dominated the YRD re-

gion, which brought pollutants from the city clusters to

the site (see the average retroplume given in Fig. 8c). In

contrast to Case I with the influence of dominant anti-

cyclones, no high O3 concentration was observed in this

case, which may be due to the strong titration effect of

high NO (see Fig. 8a) and weak solar radiation. It is also

worthwhile to point out that most of the species showed

a significant drop but O3 rose to about 20 ppbv after the

passage of the cold front on 30 November. Wind data

suggest a strong northeast flow passing over the Yel-

low Sea from the north, with air masses representing the

continental background from high latitudes. This phe-

nomenon is quite different from that observed in south-

ern China, where cold fronts have generally brought

polluted continental outflows from eastern China and

caused a sharp increase of primary plumes during and

after the passage of the cold front (Wang et al., 2003).

Besides the effect of transport, this case also shows the

effect of wet deposition on some pollutants. For exam-

ple, a significant drop of PM2.5 (to as low as 10 µg m−3)

and SO2 seems to be associated with precipitation after

the passage of the cold front (see Fig. 8a).

– Case III: high PM2.5 and O3 related to biomass burn-

ing. As we mentioned in the introduction, eastern China

is the most important agricultural base in China, with

wheat and rice production alternating in cold and warm

seasons. In the last decades, burning of crop straw

has been intensive during the harvest period. Ding et

al. (2013b) reported an outstanding case observed in

mid-June 2012 at the SORPES site and found that

episodes of extremely high PM2.5 concentrations could

substantially modify the weather. Here we further dis-

cuss air pollution transport for this case. The time se-

ries given in Fig. 9a shows extremely high PM2.5 mass

concentrations observed during the period of 9–10 June

and a multi-day episode of high O3 occurring during the

following days. Based on PM2.5 chemical composition,

Ding et al. (2013b) clearly demonstrated that the high

PM2.5 air masses were caused by straw burning plumes

mixed with fossil fuel combustion pollutants. Figure

9d further confirms the transport pathway of such an

episode and clearly shows that the observed air masses

were associated with long residence time over the burn-

ing area and polluted region around Nanjing. On 10

June 2011, a low pressure was located in the west of

Nanjing. Because of high NO concentrations and low

solar radiation due to extremely high PM2.5 concentra-

tions, O3 concentrations dropped to almost zero. How-

ever, two days after the episode, O3 increased to val-

ues over 120 ppbv during the period of 12–14 June.
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(a) 

(b) 

(c) 

Fig. 7. (a) Time series of O3, PM2.5, related trace gases and me-

teorological parameters for Case I, i.e., 6–10 October, 2011. (b)

Weather chart on 7 October 2011. (c) Averaged retroplume of air

masses at Nanjing for the period indicated at bottom of (a). Note:

The red circle in (b) and (c) shows SORPES site location.

Again, the synoptic weather shows an anticyclone lo-

cated over the YRD (see Fig. 9c), and the averaged

retroplume and trajectories clearly indicate that the high

O3 concentrations were associated with aged biomass

burning plumes mixed with anthropogenic pollutants in

      

 

 

(a) 

(b) 

(c) 

Fig. 8. Same as Fig. 7 but for Case II, i.e., 27–30 November 2011.

the southern part of YRD after being re-circulated back

from the sea east of the YRD (see Fig. 9e).

– Case IV: multi-day episode of high O3 and secondary

PM2.5. This case shows a multi-day episode of O3 and

PM2.5 observed during the period of 5–25 July 2012.

Figure 10a shows that O3 concentrations experienced

very strong diurnal cycles within these ten days, with

daytime maximum O3 concentrations over 120 ppbv on

16, 19, and 20 July. Examination of day-by-day weather
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(b) 

(d) 

(a) 

(c) 

(e) 

Fig. 9. (a) Time series of O3, PM2.5, related trace gases and meteorological parameters for Case III, i.e., 9–15 June, 2012; and weather charts

for (b) 10 June 2011 and (c) 12 June 2011. (d) Averaged retroplumes for the periods marked with black boxes in (a), and (e) with pink points

in (a), give MODIS fire accounts for the period of 6–13 June 2012. White line with triangles given in (e) shows 7 d backward trajectory for

15:00 LT on 13 June 2012.
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(a) 

(b) (c) (d) 

(e) (e) (f) (g) 

Fig. 10. (a) Same as Fig. 9a but for Case IV, i.e., 15–25 July 2012; (b–d) and (e–g) show weather charts and averaged retroplumes for the

three periods marked in (a).

charts suggests that the evolution of O3 concentrations

was closely related to the change of synoptic weather.

On 16 July, a front extended from southeast China to

South Korea, with northern and eastern China being

dominated by high pressure. Under such conditions, air

masses recorded at the site show clear contributions

from the city clusters in the YRD region. On that day,

a tropical depression (TD) was forming in the North-

west Pacific Basin (see Fig. 10b). The TD further de-

veloped into a typhoon (No. 7, Typhoon Khanun) and

its center moved to a location a few hundred kilome-

ters southeast of the YRD on 18 July (Fig. 10c). The ty-

phoon circulation caused a strong anti-clockwise trans-

port of air masses from the ocean (see Fig. 10f), caus-

ing a decrease of O3, PM2.5, and primary pollutants on

18 July. However, in the following two days, a sub-

tropical Pacific High dominated the Northwest Pacific

Basin as the typhoon weakened and disappeared after

landing in Korea. Under such conditions, the air masses

recorded at the site mainly came from southeast China

and swept again over the most polluted YRD city clus-

ters in the southeast. After this episode, strong south-

easterly maritime air continuously controlled eastern

China, and daily maximum O3 remained at high levels

www.atmos-chem-phys.net/13/5813/2013/ Atmos. Chem. Phys., 13, 5813–5830, 2013



5826 A. J. Ding et al.: Ozone and fine particle in the western Yangtze River Delta

even with low concentrations of precursors, suggesting

high photochemical production efficiency of O3 in this

region in summer. In this case, PM2.5 on 16 and 20 July

also showed some indications of secondary aerosol for-

mation. During the two days, PM2.5 mass concentration

showed very good correlation with O3 but not with pri-

mary pollutants CO, NOy and SO2, and SO2 mixing ra-

tios were relatively high, between 10 and 50 ppbv. As

mentioned above, SO2 can be easily converted to PM2.5

sulfate in an environment of high concentration of ox-

idants and high air temperature. Besides oxidation of

SO2, the formation of secondary aerosols may also have

included contributions from biogenic emissions (VOC)

because of high biomass production in this region in

summer, especially in the southern part of the YRD.

3.4 Cross-boundary transport and implications for air

pollution control measures

The above results have shown an important role of sub-

regional transport, especially the emissions from the YRD,

on O3 and PM2.5 pollution in the study region. To get a more

holistic understanding about the regional transport, we car-

ried out further calculations of potential source contributions

(PSC) of the O3 precursor CO and PM2.5 for the measure-

ments based on the Lagrangian dispersion simulations (Ding

et al., 2013a). Figure 11 gives the maps of averaged PSC

of CO for all the 15 episode days, in which O3 mixing ra-

tios exceeded the Class II NAAQS-CN, and the 20 pre-/post-

episode days (i.e., one day before or after the 15 episode

days). The super-regional distributions of PSC of CO for

episode and non-episode days show quite small differences

(Fig. 11a and b), with high contributions from the eastern part

of China, particularly the YRD region. However, the zoomed

view of the PSC maps for the YRD suggests completely dif-

ferent transport patterns. For O3 episode days, the mid-YRD,

i.e., the area along the Nanjing and Shanghai axis with its city

clusters, is the main potential source region, but non-episode

days show a distinct pattern with main source regions in the

north YRD and only rarely from the mid-YRD cities. These

results clearly demonstrate that the mid-YRD city cluster is

the major source region for high O3 pollution in upwind Nan-

jing. It needs to be mentioned that Ran et al. (2012) suggested

that in the YRD megacity Shanghai, the O3 pollution mainly

appeared on the urban scale, but here in the western YRD re-

gion our results clearly show an important impact of regional

photochemical pollution.

Figure 12 presents the same calculations for PM2.5

exceedance and non-exceedance days. A comparison of

Fig. 12a,b shows large differences in PSC on the super-

regional scale. During episode days, sources have been iden-

tified to be located on the North China Plain and generally

more inland areas, while for non-episode days, the main

source regions form a band covering the eastern part of

China, from southern China to northern China, suggesting

an important role of long-range transport on PM2.5 pollu-

tion in Nanjing. The zoomed PSC maps show similar patterns

but with obviously lower contributions for non-episode days,

and a strong impact from the mid-YRD and north YRD. Fig-

ure 12c,d show high contributions of sources in the region

about 20–60 km northeast from the site, which belongs to

Zhenjiang City with relatively high PM emissions. It should

be pointed out that the PSC of PM2.5 only gives a “rough” es-

timation of the potential source region from primary sources,

since the formation of secondary aerosols and removal pro-

cesses like deposition have not been included. Nevertheless,

this analysis does provide some consistent and valuable in-

sights into cross-boundary transport in the YRD region.

To further gain quantitative understanding of cross-

boundary sub-regional transport, in Table 3 we give statistics

of regional contributions of CO and PM2.5 from the entire

YRD and mid-YRD regions. For the 1 yr average, emissions

from the YRD and mid-YRD account for 72 % and 60 % of

CO, and 69 % and 53 % of PM2.5 to the site, respectively.

For O3 episode days, the YRD, especially the mid-YRD,

shows a much higher contribution than non-episode days.

For PM2.5, though the relative contributions from YRD and

mid-YRD regions were of a high proportion, there was much

more influence from the YRD on episode days. These re-

sults suggest a substantial contribution of sub-regional/cross-

boundary transport on air quality at the site. However, cur-

rently in China air pollution control measures are imple-

mented relatively independently by local governments. For

the YRD region, composed of over ten cities belonging to

two provinces, Jiangsu and Zhejiang, and the municipality

of Shanghai, it is a challenge for policy makers to establish

collaborative control measures across administrative borders.

Nevertheless, this is a critically important and urgent task to

improve air quality in the inland downwind cities in the YRD

(and beyond), such as Nanjing.

4 Summary

In this study, we present an overview of 1 yr measurements

of O3 and PM2.5 as well as related precursors at the regional

background station SORPES in Nanjing, an inland YRD city

in eastern China. The characteristics and causes of O3 and

PM2.5 concentrations are discussed by investigations of tem-

poral variations, inter-species correlations, and case studies

based on weather data and Lagrangian dispersion modeling.

The main findings and conclusions are summarized as fol-

lows:

1. Both O3 and PM2.5 had distinguished seasonal varia-

tions during the 1 yr study period. O3 showed a maxi-

mum in July and a secondary peak in September, while

PM2.5 reached maximum values in November and a

minimum in July. Within the 1 yr measurement period,

there were 15 days of O3 exceedance and 148 days

(40 %) of PM2.5 exceedance of the National Ambient
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Fig. 11. (a) and (b) are averaged distributions of potential source contribution of CO for episode days with O3 exceedances and pre-/post-

episode days, respectively. (c) and (d) are zoomed views of (a) and (b), respectively. Note: the dashed line shows the mid-YRD area.

Fig. 12. Same as Fig. 11 but for days with PM2.5 exceedances and non-episode days, respectively.
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Air Quality Standards in China at the site, suggesting

heavy air pollution in this region.

2. Correlation analysis shows a positive O3–NOy correla-

tion for air masses with high air temperature in summer

but a negative one in winter, and shows a significant

conversion or deposition of SO2 under humid condi-

tions. CO–NOy–O3 correlations indicate a VOC-limited

regime for photochemical production of O3 in this re-

gion, and PM2.5–O3 correlations demonstrated the for-

mation of secondary aerosols under conditions of high

O3 in summer.

3. Case studies for typical O3 and PM2.5 episodes with

exceedance of national air quality standards suggest

an important influence of air pollutants emitted from

the mid-YRD, i.e., the Nanjing–Shanghai axis with its

city clusters in between. Synoptic weather plays an im-

portant role in the development of these episodes, and

O3 episodes are generally associated with anticyclones.

Emissions from agricultural burning in this region can

cause a significant rise in PM2.5 and O3 concentrations

during the harvest seasons.

4. Calculations of potential source contributions suggest

that emissions from the YRD, especially the mid-YRD,

contributed a majority of the CO (over 60 % on average)

at the site. For PM2.5, the emissions from the northern

part of the YRD, mainly nearby Zhenjiang City, and the

entire North China Plain are the main contributors.

This work highlights the important environmental impact

from human activities in the YRD region, and suggests that

collaborative control measures among different administra-

tive regions are urgently needed to improve air quality in the

western part of YRD region.
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