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ABSTRACT 
 

To investigate the characteristics and sources of PM2.5 in the Yangtze River Delta (YRD) region, a total of 10 sampling 
sites were selected in the three major cities of Shanghai, Nanjing, and Ningbo and the regional background city of Lin’an, 
and 380 samples were collected in spring and winter. The spatiotemporal characteristics of the PM2.5 mass concentration 
and the chemical components were analyzed. Meanwhile, air mass clusters and the positive matrix factorization (PMF) 
source apportion model were comprehensively used to identify the sources of PM2.5. The mass concentration of PM2.5 in 
winter (83.51–107.64 µg m–3) was higher than that in spring (54.11–85.72 µg m–3). Sulfate, nitrate, and ammonium (SNA) 
dominated the PM2.5, accounting for 39.0% in spring and 46.1% in winter in the YRD region. Higher ratio of secondary 
organic carbon (SOC) to organic carbon (OC) generally occurred in winter due to increased emissions of organic 
precursors. The mean equivalent ratio of AE/CE was 0.81 ± 0.25 in winter and 0.96 ± 0.33 in spring, which indicated a 
slight alkalinity of the atmospheric particles in the YRD region. Secondary aerosols (29.44%) and traffic (25.66%) were 
identified as the main sources of PM2.5 in the YRD during spring, and they contributed 22.71% and 29.71% in winter. In 
addition, air mass flow from Northern China imported substantial fugitive soils to the YRD region in spring and enhanced 
the contribution of combustion in winter through long-range transport, while air masses originating from Southwestern 
China were strongly associated with biomass burning. Our results showed that the PM2.5 concentration and chemical 
characterization in the YRD region was significantly influenced by air mass transport. 
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INTRODUCTION 
 

Atmospheric particulate matter (PM), especially fine 
particulate matter (PM2.5, particles with a diameter less than 
2.5 µm), is a key issue that reduces visibility and is 
considered as one of the most important environmental 
factors for adverse health effects, including cardiovascular 
and respiratory diseases (Malilay, 1999; Yang et al., 2011). 
PM2.5 is a complex mixture of water-soluble inorganic ions 
(WSIIs), typical elements, elemental carbon (EC) and organic 
matter (OM). Specifically, the WSIIs carbon compounds in 
PM2.5 reduce visibility and alter the atmospheric radiation 
balance (Kong et al., 2014; Deng et al., 2016), and the  
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elements represent potential risks to human health by causing 
chronic disease, lung and heart disease, and even cancer 
(Qi et al., 2016). Aerosol particles also affect the climate 
by disturbing the Earth’s radiation balance (Makkonen et 
al., 2010). Particle matter originates from multiple primary 
emission sources, including natural and anthropogenic 
sources. For example, mineral dust and sea salts can be 
regarded as a natural source. Traffic, combustion, industrial 
activity and agricultural activity are common anthropogenic 
sources (Thurston et al., 2011; Cheng et al., 2014b; David 
et al., 2014; May et al., 2014). In addition, secondary 
photochemical reactions account for a large amount of 
PM2.5 and can be transported a long distance to induce haze 
on a regional scale (Wang et al., 2006; Huang et al., 2014b; 
Tian et al., 2015; Yang et al., 2015).  

With the rapid economic growth, industrial expansion and 
urbanization in China, severe high-frequency haze episodes 
have occurred in the past few decades, which has raised 
concern worldwide (Kong et al., 2014; Zhang and Cao, 
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2015). It was reported that less than 1% of the 500 largest 
cities in China meet the air quality standards (10 µg m–3 for 
the annual mean) recommended by the World Health 
Organization (WHO) (Zhang and Crooks, 2012; Zhang and 
Cao, 2015). Improving megacity air quality, such as in the 
Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD) 
and Pearl River Delta (PRD) regions, is urgent (Zhao et al., 
2013b; Guo et al., 2014; Zhang and Cao, 2015; Zhang et 
al., 2015). 

The YRD, covering an area of approximately 99,600 
km2 with a population greater than 108.6 million, is one of 
the most populated and developed regions in China and is 
located on the western coast of the Pacific Ocean (Cheng et 
al., 2014b). The gross domestic product (GDP) of the YRD 
accounts for 17.4% of the entire Chinese economy through 
heavy industry, such as automobile machinery and chemical 
manufacturing (Yu et al., 2015). The main cities in the 
YRD, such as the megacity Shanghai and typical industrial 
cities Nanjing and Ningbo, with numerous chemical industries 
and one of the top ports in China, have all experienced 
serious haze issues. A few studies have focused on the 
source of PM2.5 in the YRD and have shown that secondary 
aerosols are the largest contributing factor (more than 50%), 
while primary emissions are also significant source, including 
vehicles emission in Ningbo (22%) and biomass burning in 
Nanjing (16%), Shanghai (16%) and Suzhou (26%) (Hua et 
al., 2015). Meanwhile, during winter, regional transport is the 
main source of PM2.5 (37–68%), and industry and combustion 
are the dominant primary emission sources (more than 50% 
of the total), except in Shanghai, where mobile sources 
(17.71%) and combustion (21.73%) are the most important 
primary sources (Li et al., 2015). Moreover, the PM2.5 from 
various sources presents different characteristics with respect 
to the chemical compounds, such as WSIIs, typical elements, 
EC and OM. Therefore, analysis of the chemical composition 
of PM2.5 is necessary.  

Previous studies were limited to a particular city or one 
type of site (Qi et al., 2016). In this study, PM2.5 samples 
collected at 10 sampling sites covering three main cities 
(Shanghai, Nanjing and Ningbo) and one regional background 
city (Lin’an) in the YRD were characterized chemically to 
analyze their origins to comprehensively represent the YRD 
region. Positive matrix factorization (PMF), which has 
previously been widely and successfully used to determine 
the percentage of sources and to help the government develop 
pollution reduction plans, was used for aerosol source 
identification (Bamber, 2012; Molnar et al., 2014; Yang et 
al., 2015; Orogade et al., 2016; Zhang et al., 2016; Yang et 
al., 2017). The YRD is located in an area that is strongly 
influenced by the East Asian Monsoon (102°–122.5°E, 
22.5°–40°N) (Li et al., 2016a). The climate and weather in 
spring and winter is strongly affected by the East Asian 
Winter Monsoon (EAWM). Specifically, the strong 
northerlies at high altitudes bring cold and dry air masses 
to eastern China in spring and winter (Zhang et al., 2010; 
Li et al., 2016a). In addition, the characteristics of severe 
haze in winter might be attributed to the weak EAWM (Zhang 
et al., 1996; Li et al., 2016a). Therefore, our research 
mainly addressed winter and spring, which are controlled 

by the EAWM, and the chemical characterization and 
source apportionment associated with the typical air mass 
in these seasons were investigated.  

 
EXPERIMENTAL METHODS 
 
Sampling Sites and Sample Collection 

PM2.5 samples were collected from 9 sampling sites in 
Shanghai, Nanjing, and Ningbo and from one background 
site in Lin’an (Fig. 1 and Table 1) from 23rd December, 
2014 to 22nd January, 2015 and from 23rd March to 28th 
April, 2015. The PM2.5 samples were collected from 9:00 
am to 9:00 am on the second morning, and the duration 
was not less than 20 hours. At each sampling site, there 
were two low-flow (5 L min–1) air samplers (MiniVol TAS, 
AirMetrics Corp., Eugene, OR, USA), and 47 mm quartz 
filters (QM/A, Whatman, UK) and 47 mm polycarbonate 
filters (Whatman, UK) were used to simultaneously collect 
samples to analyze the chemical compositions of the PM2.5. 
Before use, the quartz filters were pre-heated at 450°C for 
5 hours in a muffle furnace to avoid the influence of 
carbon.  

 
Chemical Analyses 

Each filter was equilibrated in a temperature (25 ± 
0.1°C) and relative humidity (52 ± 2%) controlled chamber 
for 48 hours and was weighed three times on an electronic 
microbalance (Sartorius 0.01 mg, Germany) to control the 
relative deviation within 5% before and after sampling. The 
enveloped filters were stored in a refrigerator under –15°C 
before sampling and chemical analysis to minimize the 
evaporation of volatile components. The quartz filters were 
used to analyze WSIIs, EC and OC, while the polycarbonate 
filters were used for elemental analysis. 

Five cations (NH4
+, Na+, K+, Mg2+, and Ca2+) and four 

anions (SO4
2–, NO3

–, Cl–, and F–) were determined via ion 
chromatography (883 Basic, Metrohm, Switzerland). The 
A Supp 5–150 column (Metrosep Corp., Switzerland) with 
an eluent of 3.20 × 10–3 µmol L–1 Na2CO3 and 1.00 × 10–3 
µmol L–1 NaHCO3 was used for anions measurement, while 
the cations were separated on a C4-150 column (Metrosep 
Corp., Switzerland) using 1.70 × 10–3 µmol L–1 HNO3 and 
0.70 × 10–3 µmol L–1 pyridine dicarboxylic acid as the 
eluent. The method detection limits (MDLs) for F–, Cl–, 
NO3

–, SO4
2–, Na+, NH4

+, K+, Ca2+, and Mg2+ were 0.05, 
0.03, 0.02, 0.02, 0.19, 0.19, 0.15, 0.31, and 0.45 µmol L–1, 
respectively. 

A 1.5 cm2 section of quartz filter was punched to determine 
the components of EC and organic carbon in PM2.5 samples 
using a thermal-optical transmittance (TOT) carbon analyzer 
(Sunset Model-4, USA), following the National Institute for 
Occupational Safety and Health (NIOSH) protocol (Birch 
and Cary, 2007). The detection limit for the carbon analysis 
was 0.05 µg carbon cm–2. 

The elemental components of the PM2.5 samples were 
analyzed using polycarbonate filters through wave dispersive 
X-ray fluorescence (WD-XRF) spectrometry (Axios-MAX, 
Panalytical, Holland). Seventeen elements (V, Na, Mg, Al, 
Si, S, K, Ca, Ti, Mn, Fe, Co, Cu, Zn, As, Ba and Pb) were 
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Table 1. Description of the sampling sites. 

Cities Code Categories Description 
Shanghai 
(SH) 

SHHK Urban Located at the Shanghai Academy of Environmental Sciences (Huanke, HK) at 
the center of Shanghai and surrounded by commercial properties and 
residential dwellings.  

SHFX Suburban Located at the Environmental Monitoring Station in Fengxian (FX) District 
near a few main roads and influenced by anthropogenic activities. 

SHQP Suburban Located at the Environmental Monitoring Station in Qingpu (QP) District and 
surrounded by a residential and business area.  

Nanjing 
(NJ) 

NJGL Urban Located at Nanjing University in Gulou (GL) District near the center of 
Nanjing and surrounded by commercial properties and residential dwellings. 

NJPK Suburban Located at Nanjing University of Information Science & Technology in Pukou 
(PK) District and surrounded by chemical and steel factories. 

NJXL Suburban Located at Nanjing University Xianlin (XL) Campus and surrounded by a 
residential and business region. 

Ningbo 
(NB) 

NBHC Urban Located at the Environmental Monitoring Center of Ningbo (Huance, HC) and 
surrounded by commercial properties and residential dwellings. 

NBYZ Suburban Located at the University of Nottingham Ningbo in Yinzhou (YZ) District of 
Ningbo and surrounded by a residential and business area. 

NBBL Suburban Located at the Ningbo Urban Environment Observation and Research Station 
near the sea in Beilun (BL) District of Ningbo and surrounded by a large 
automobile factory and gas plant. 

Lin'an 
(LA) 

LA Background One of the World Meteorological Organization Global Atmosphere Watch 
(WMO/GAW) network stations in Lin’an, surrounded by a hill with 
vegetation that is minimally affected by anthropogenic activity.  

 

 
Fig. 1. Location of the sampling sites in the YRD. 
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detected, with detection limits of 3.0 × 10–4–5.4 × 10–2 
µg cm–2, but only Al, Si, Ca, Ti, Mn, Fe, Cu, Zn and As 
were analyzed in this study.  
 
Source Analysis of PM2.5 

In order to trace the origins of air parcel, the Hybrid 
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 
Model developed by the National Oceanic and Atmospheric 
Administration Air Resources Laboratory (NOAA/ARL, 
http://www.arl.noaa.gov/ready/hysplit4.html) was used to 
calculate the back trajectories at 500 m (Walker et al., 
2000; Avery et al., 2006). The 72 h backwards trajectories 
starting at 16:00 UTC (0:00 a.m. local time) were calculated. 
The trajectories were automatically clustered and further 
categorized manually according to various origins and 
different seasons (spring and winter) in Shanghai, Nanjing, 
Ningbo and Lin’an. 

The EPA PMF 5.0 developed by the U.S. Environmental 
Protection Agency (EPA) is an effective and commonly 
used source apportionment receptor model. In this study, 
PMF was used to identify the sources of the PM2.5 samples 
in the YRD. Least-squares techniques were applied in the 
PMF model, and the mathematical model in matrix form is 
(Heo et al., 2008; Paatero et al., 2014; Zong et al., 2016):  
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   (1) 

 
where xij represents the concentration of the jth species 
measured on the ith sample, p is the number of factors 
contributing to the samples, gik is the mass concentration of 
sample i contributed by factor k, fkj is the mass fraction of 
the jth species contributed by factor k, and eij is the 
residuals of the jth species in sample i. The values of g and 
f are adjusted during various runs of the PMF model until 
the minimum Q for specific p factor is found. Q is calculated 
as follows (Paatero et al., 2014): 
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where uij is the uncertainty of the jth species concentration 
of the ith sample.  

PMF was performed several times with various factor 
numbers (from 5 to 8) and Fpeak values (from –1 to 1) to 
determine the most reasonable result. The input data included 
each PM2.5 concentration and the uncertainties of a few 
water-soluble inorganic ions (Cl–, NO3

–, SO4
2–, Na+, NH4

+, 
and K+), carbonate components (EC, OC and OM) and 
specific elements (Mg, Al, Si, Ca, Ti, Mn, Fe, Cu, Zn, As 
and Ba). According to previous research, the classic bootstrap 
(BS), dQ controlled displacement of factor elements (DISP), 
and bootstrap enhanced by displacement of factor elements 
(BS-DISP) could be conducted to determine a reliable result 
(Paatero et al., 2014). The correlation coefficient between 
the predicted and observed concentration of PM2.5 in our 

study was approximately 80%. 
 
QA/QC and Statistical Analyses 

For the chemical detection, blank values were subtracted 
from the sample concentrations. In addition, the matrix spike 
and duplicate samples were analyzed for every 20 samples 
in each batch. As a result, the recoveries of the spiked samples 
ranged from 90% to 110%, and relative standard deviations 
(RSD) from 1.10% to 13.20% were obtained. The statistical 
analyses were performed using SPSS 20.0 (IBM Co., USA), 
and the differences in seasonal and spatial variation were 
examined using the Kruskal-Wallis test. 
 
RESULTS AND DISCUSSION 
 
PM2.5 Mass Concentration 

The average PM2.5 concentrations in the three main cities 
of Shanghai, Nanjing and Ningbo in the Yangtze River 
Delta were 101.09 ± 47.61 µg m–3 in winter and 76.32 ± 
27.28 µg m–3 in spring, which were 1.21 and 1.41 times 
greater than the values at the background site, respectively. 
Even the lowest PM2.5 concentration (54.11 µg m–3) in 
Lin’an in spring was more than 3 times higher than the 
National Ambient Air Quality Standard (NAAQS) established 
by the U.S. Environmental Protection Agency (US EPA), 
with an annual average PM2.5 of 15 µg m–3 for the secondary 
standard (US EPA, 2013). Among all the sampling sites in the 
YRD region, the PM2.5 concentrations dramatically increased 
from spring to winter, with a growth rate of 1.26–1.54. 
Regardless of the season, the PM2.5 concentrations in the 
three main cities were ranked in the following order: 
Nanjing > Shanghai > Ningbo. Additionally, the PM2.5 

concentrations were generally higher at urban site than 
those at suburban sites in Shanghai; however, in Nanjing 
and Ningbo, the highest PM2.5 concentrations were observed 
at NJPK and NBYZ, respectively. The suburban site NJPK 
was located in an industrial area that could be an important 
source of PM2.5 in the atmosphere. Although the NBYZ site 
was located in a campus town, a highway and a few main 
roads were near the site and were sources of PM2.5. 

Air pollution events in the YRD and BTH regions in 
China were the most widely studied and have raised 
considerable concern. The PM2.5 concentration in the YRD 
(Table 2) was relative lower than the PM2.5 in main cities in 
the BTH region (around 90–150 µg m–3 in spring and 100–
200 µg m–3 in winter, Zhao et al., 2013a). The PM2.5 
concentration at the background site in the YRD was close 
to that of the national background site, Shangdianzi in the 
BTH region, which had the PM2.5 concentration of 87 µg m–3 
in spring and 56 µg m–3 in winter (Zhao et al., 2013a). 
Compared to the values from previous studies in the YRD, 
the mass concentrations of PM2.5 in winter and spring were 
higher than those during non-haze days in autumn (24–44 
µg m–3) in 2011, but fell in the range of PM2.5 concentrations 
on hazy days in autumn (63–128 µg m–3) (Hua et al., 2015). 
The result indicated that higher particle concentrations and 
worse air quality occurred in spring and winter due to the 
fugitive dust and the more stable atmospheric environment, 
such as the thermal inversion in these two seasons.  
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Table 2. The PM2.5 concentrations at the sampling sites in the YRD region. 

Sites 
Spring Winter 

Min Max Mean ± SD Min Max Mean ± SD 
SHHK1 44.13 129.96 87.88 ± 24.22 33.43 248.26 117.57 ± 64.58 
SHFX2 26.09 85.51 77.32 ± 24.09 28.26 160.14 101.45 ± 50.06 
SHQP2 26.81 115.22 56.96 ± 17.46 32.61 167.39 81.88 ± 38.68 
Shanghai 26.09 129.96 74.38 ± 25.14 28.26 248.26 102.55 ± 54.77 
NJGL1 43.45 116.80 74.03 ± 20.57 45.39 253.75 104.57 ± 44.45 
NJPK2 54.35 143.48 100.59 ± 29.20 59.30 197.83 107.67 ± 34.90 
NJXL2 42.17 134.72 92.57 ± 27.04 35.76 243.80 94.24 ± 47.08 
Nanjing 42.17 143.48 82.52 ± 32.20 35.76 253.75 99.78 ± 44.62 
NBHC1 38.68 172.57 75.68 ± 18.75 41.49 156.34 91.61 ± 39.62 
NBYZ2 60.36 123.19 81.82 ± 17.30 35.51 202.90 115.52 ± 51.81 
NBBL2 20.29 87.68 49.52 ± 20.67 17.39 155.07 85.63 ± 43.16 
Ningbo 20.29 172.57 68.30 ± 27.13 17.39 202.90 97.98 ± 49.98 
YRD region 20.29 172.57 76.32 ± 27.28 17.39 248.26 101.09 ± 47.61 
Background 29.71 93.76 54.11 ± 16.68 32.79 184.64 83.51 ± 33.45 

1 Urban sites; 2 Suburban sites. 

 

Water-Soluble Inorganic Ions 
The water-soluble inorganic ions, carbonaceous 

components and main elements had an overwhelming 
contribution of 63.30–99.00% to the PM2.5 mass concentration 
(Table 3), and the WSIIs accounted for 29.02%–62.00% of 
the PM2.5. As the main components of WSIIs, secondary 
inorganic ions, i.e., SO4

2–, NO3
– and NH4

+ (named SNA) 
contributed 29.72–56.67% of the PM2.5 in the YRD region, 
whereas the SNA accounted for 50.68% in winter and 
64.59% in spring at the background site.  

The SNA and Cl– mass concentrations in spring and 
winter in the YRD region are shown in Fig. 2. The SNA 
concentrations were relatively higher in Shanghai than in the 
other two cities during winter, whereas the SNA concentration 
was higher in Nanjing during spring. Compared with the 
previous studies in Shanghai (Ye et al., 2003; Wang et al., 
2006; Cao et al., 2012; Feng et al., 2012; Huang et al., 
2014a; Zhao et al., 2015; Wang et al., 2016; Tao et al., 
2017), the SNA concentration (58.12 µg m–3) in winter was 
much higher than the other studies, but similar to that in the 
winter in 2003 (53.6 µg m–3, Cao et al., 2012). The SNA 
concentrations generally increased from spring to winter, 
similar to the seasonal variation of PM2.5, except for 
Nanjing. The SNA concentration in Nanjing during winter 
(43.98 µg m–3) was similar with that in spring (43.76 µg m–3), 
which was not in accordance with the previous studies 
(Yang, 2005; Li et al., 2016b; Tao et al., 2017). The SNA 
concentration during winter was half of that in winter 
period of 2013 (89.5 µg m–3, Li et al., 2016b). Higher SNA 
concentrations were observed in spring than in winter at 
the NJGL and NJPK sites. The NO3

–/SO4
2– ratios were 

0.62–1.34 and 0.90–1.46 in spring and winter, respectively, 
in the three main cities. The lower NO3

–/SO4
2– ratios in 

spring (Fig. 2), especially in Nanjing, which may be the 
result of meteorological parameters. The secondary formation 
of sulfate and nitrate could be estimated by the sulfur 
oxidation ratio (SOR = [SO4

2–⁄([SO4
2–] + [SO2]), [ ] presents 

the molar concentration) and nitrogen oxidation ratio 
(NOR = [NO3

–]⁄((NO3
–] + [NO2])), respectively. According 

to previous studies, the SOR had good correlation with 
relative humidity (RH) (Mcmurry and Wilson, 1983; Xu et 
al., 2012; Li et al., 2016b). During the sampling period, the 
RH in spring was 72%, while the RH in winter was 66%, 
which may result in the higher SO4

2– in spring in the YRD. 
Besides, NOR was favored by the relative lower temperature 
in winter but SOR was decreased, which resulted in the 
higher NO3

–/SO4
2– in winter (Huang et al., 2016). The higher 

NO3
–/SO4

2– ratios in Shanghai and NJXL suggested the 
important influence of vehicle exhaust on the particle 
concentration. Cl– is commonly used as a tracer of coal 
combustion, indicating the essential contribution of coal 
combustion to PM2.5. As expected, higher Cl– concentrations 
were observed in winter in the YRD region, except for NJPK, 
which was dominantly affected by industrial emissions.  
 
Carbonaceous Components 

Organic matter was estimated as 1.6 times the organic 
carbon (OC) content (Deng et al., 2016). The carbonaceous 
components (CC, equal to EC + OM) during winter (28.63 
± 3.14 µg m–3) was higher than that in spring (19.95 ± 1.78 
µg m–3), contributing 27.73% and 26.20% to PM2.5 for all 
three main cities. Compared with the previous research 
(Tao et al., 2017), the CC concentrations in spring and 
winter decreased slightly. The seasonal trend of increasing 
from spring to winter was observed for both the EC and 
OM concentrations, corresponding to the seasonal variation 
of the PM2.5. The ratio of OC/EC in Shanghai, Nanjing and 
Ningbo in spring (4.57 ± 1.29) was slightly higher than that 
in winter (4.16 ± 1.08) and was similar to that in Beijing 
(4.4 in summer) (Cao et al., 2007). The OC/EC ratio in spring 
was relatively higher than that in winter, except the value 
in Shanghai. Organic carbon was composed of primary 
organic carbon (POC) and secondary organic carbon (SOC).  

In this study, the concentration of SOC was determined 
by the EC-trace method (Castro et al., 1999; Snyder et al., 
2009), and (OC/EC)pri was estimated as the smallest ratio 
of particle OC to EC in each season and at each sampling 
site. 
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Table 3. Chemical composition of PM2.5 during spring and winter in the YRD region. 

 Spring Winter 
Shanghai Nanjing Ningbo Lin'an Shanghai Nanjing Ningbo Lin'an 

PM2.5 74.38 ± 25.14 82.52 ± 32.20 68.30 ± 27.13 55.18 ± 24.02 102.55 ± 54.77 99.78 ± 44.62 97.98 ± 49.98 83.85 ± 36.90
EC 2.83 ± 1.32 2.65 ± 1.02 2.27 ± 1.18 2.40 ± 0.87 4.04 ± 1.98 3.85 ± 1.34 3.69 ± 1.62 3.16 ± 0.95 
POC 8.83 ± 3.99 8.00 ± 3.28 5.82 ± 2.62 6.39 ± 2.39 13.31 ± 6.26 11.69 ± 4.29 8.86 ± 5.34 9.52 ± 2.86 
SOC 2.48 ± 1.65 3.48 ± 2.02 4.04 ± 2.37 3.24 ± 1.51 4.62 ± 4.03 3.04 ± 2.10 5.52 ± 3.25 2.65 ± 1.35 
OM 18.30 ± 6.91 18.17 ± 6.31 15.63 ± 5.11 16.04 ± 4.60 28.13 ± 12.99 23.68 ± 7.80 22.49 ± 9.95 19.46 ± 5.91
OC/EC 4.32 ± 0.95 4.43 ± 0.85 4.94 ± 1.78 4.46 ± 1.56 4.59 ± 1.39 4.01  ± 0.91 3.96 ± 0.85 3.89 ± 0.51 
SOC/OC 0.24 ± 0.14 0.31 ± 0.13 0.30 ± 0.16 0.36 ± 0.15 0.46 ± 0.29 0.28 ± 0.20 0.41 ± 0.20 0.22 ± 0.06 
F– 0.17 ± 0.17 0.36 ± 0.82 0.07 ± 0.05 0.26 ± 0.62 0.11 ± 0.06 0.09 ± 0.06 0.05 ± 0.04 0.02 ± 0.01 
Cl– 1.27 ± 0.57 1.62 ± 1.15 1.59 ± 1.45 0.63 ± 0.28 6.94 ± 4.41 4.04 ± 2.79 4.26 ± 2.88 2.08 ± 1.55 
NO3

– 11.18 ± 6.22 16.11 ± 6.90 7.41 ± 4.58 7.96 ± 5.14 25.44 ± 19.45 16.39 ± 11.39 16.34 ± 12.52 14.48 ± 8.39
SO4

2– 8.69 ± 4.94 21.39 ± 16.33 8.72 ± 4.11 22.26 ± 8.37 18.26 ± 10.96 11.72 ± 7.45 17.03 ± 11.04 19.29 ± 7.26
NH4

+ 5.69 ± 2.77 7.91 ± 3.90 4.17 ± 2.83 4.73 ± 2.01 14.42 ± 8.59 12.3 ± 5.34 10.56 ± 5.91 8.55 ± 4.58 
Na+ 1.87 ± 0.50 2.65 ± 0.63 2.58 ± 0.70 3.19 ± 1.17 1.77 ± 1.35 1.33 ± 0.79 2.63 ± 1.59 2.78 ± 1.31 
K+ 0.19 ± 0.16 1.52 ± 0.73 0.75 ± 0.35 0.44 ± 0.25 1.48 ± 1.03 1.35 ± 0.68 1.03 ± 0.63 1.24 ± 1.5 
Mg2+ 0.10 ± 0.03 0.19 ± 0.09 0.21 ± 0.18 0.16 ± 0.06 0.36 ± 0.14 0.31 ± 0.10 0.30 ± 0.11 0.29 ± 0.13 
Ca2+ 0.64 ± 0.21 1.36 ± 0.52 0.63 ± 0.32 1.31 ± 0.48 1.69 ± 0.84 1.34 ± 0.6 0.95 ± 0.4 1.08 ± 0.70 
Al 0.13 ± 0.13 0.14 ± 0.11 0.14 ± 0.09 0.11 ± 0.13 0.23 ± 0.15 0.30 ± 0.16 0.25 ± 0.18 0.24 ± 0.12 
Si 0.42 ± 0.36 0.34 ± 0.27 0.33 ± 0.26 0.31 ± 0.36 0.70 ± 0.44 0.76 ± 0.41 0.74 ± 0.51 0.58 ± 0.32 
Ca 0.17 ± 0.12 0.21 ± 0.11 0.11 ± 0.05 0.09 ± 0.05 0.33 ± 0.21 0.44 ± 0.22 0.25 ± 0.16 0.21 ± 0.10 
Ti 0.02 ± 0.02 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.03 ± 0.02 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.05 
Fe 0.90 ± 0.42 0.97 ± 0.76 0.72 ± 0.40 1.14 ± 0.33 0.98 ± 0.55 1.03 ± 0.56 1.05 ± 0.64 1.27 ± 0.69 
Mn 0.06 ± 0.05 0.07 ± 0.05 0.06 ± 0.05 0.06 ± 0.05 0.07 ± 0.05 0.07 ± 0.05 0.07 ± 0.05 0.09 ± 0.07 
Cu 0.07 ± 0.01 0.08 ± 0.04 0.07 ± 0.02 0.07 ± 0.03 0.08 ± 0.05 0.09 ± 0.05 0.08 ± 0.04 0.11 ± 0.05 
Zn 0.15 ± 0.13 0.26 ± 0.14 0.21 ± 0.15 0.11 ± 0.06 0.31 ± 0.22 0.37 ± 0.17 0.42 ± 0.27 0.22 ± 0.09 

 

 
Fig. 2. The seasonal and spatial variation of the SNA (sum of SO4

2–, NO3
–, and NH4

+) and Cl– concentrations in the PM2.5 

in the YRD region. 

 

SOC = OC – POC = OC – EC × (OC⁄EC)pri  (3) 
 

The ratio of SOC to OC in Nanjing was comparable 
between spring and winter, while the SOC/OC ratios in 

Shanghai and Ningbo were elevated in winter, especially at 
sampling site NBBL (0.63 ± 0.06), where the nearby gas 
plant emitted a considerable quantity of SOC precursors. 
Previous studies have attributed the higher SOC contribution 
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during winter to increased emissions of organic precursors, 
the stable atmosphere and lower temperature, which could 
facilitate the concentration of volatile and semi-volatile 
organic compounds on the particles (Li and Bai, 2009; Lv 
et al., 2016).  
 
Elements 

Similar to the other components in PM2.5, the total 
concentration of elements (Al, Si, Ca, Ti, Fe, Mn, Cu, and 
Zn) in winter (2.90 ± 0.18 µg m–3) was higher than that in 
spring (1.89 ± 0.22 µg m–3), which accounted for ~3.0% of 
PM2.5 in the three main cities. Al, Si, Ca and Ti, usually 
used as indicators of soil or construction dusts, accounted for 
34.72–66.74% of the total elements at all ten sampling sites. 
The contribution of Al, Si, Ca and Ti to the total elements 
consistently increased from spring to winter, which indicated 
the enhanced influence of dust during winter in the YRD 
region. In winter, the fraction of these four crustal elements 
reached the peak of 66.74% in Nanjing, while the lowest 
crustal/total elements ratio occurred in Shanghai (35.02%).  

The soil-related mass is estimated by summing the 
weight of oxygen for the elements associated with crust 
(i.e., Al2O3, SiO2, CaO, K2O, FeO, Fe2O3 and TiO2), and 
the formula is (Terzi et al., 2010): 
 
Ccrust = 2.20CAl + 2.49CSi + 1.63CCa + 2.42CFe + 1.93CTi 

 (4) 
 
where CAl, CSi, CCa, CFe, and CTi are the mass 
concentrations of Al, Si, Ca, Fe and Ti in PM2.5, 
respectively.  

Higher concentrations of crust were observed in winter 
than in spring for all ten sampling sites, which was in 
disagreement with the seasonal trend reported from previous 
research in Northern China (Gao et al., 2015). Compared 
with the dry spring in Northern China, rain events frequently 
occur in the YRD region in spring, which would decrease 
the concentration of soil dust. The spatial variation of crust 
was Nanjing > Shanghai > Ningbo during spring, while in 
winter it was Nanjing > Ningbo > Shanghai (Table 4). There 

was a relatively high dust concentration at the background site 
compared to the three main cities, which indicated that the 
local soil dust or soil dust transported from other areas 
could not be neglected, even at the background site.  
 
Acidity of Atmospheric Particles 

Acidity analysis of the atmospheric particles was 
essential because acidity is a key parameter affecting the 
hygroscopicity, solubility, toxicity, and heterogeneous 
reaction characteristics of aerosols (Gao et al., 2015), 
thereby affecting atmospheric visibility, radiative balance, 
ocean biogeochemistry and even global climate change 
(Jickells et al., 2005; He et al., 2012). The ratio of AE 
(anion equivalents) and CE (cation equivalents) is commonly 
used to evaluate the ion balance, which would also indicate 
the acidity of the atmospheric aerosol. The AE and CE 
were calculated as follows (Yang et al., 2016):  
 
AE = NO3

–⁄62 + SO4
2–⁄48 + Cl–⁄35.5 (5) 

 
CE = NH4

+⁄18 + Ca2+⁄20 + K+⁄39 + Mg2+⁄12 + Na+⁄23 (6) 
 

An AE/CE ratio of 1 reflected that all significant aerosol 
ions had been quantified and were in ionic equilibrium. An 
AE/CE ratio greater than 1 indicates a higher ratio value of 
acidic particles.  

In the YRD region, the mean equivalent ratios of AE/CE 
were 0.81 ± 0.25 in winter and 0.96 ± 0.33 in spring, which 
indicated slight alkalinity of the atmospheric particles 
during the study period. The AE/CE ratio in the YRD 
region was similar to the winter value in Beijing (0.94, Gao 
et al., 2015). The AE/CE ratios in Shanghai and Ningbo 
were slightly less than 1, which reflected that the alkalinity 
of aerosols did not vary from winter to spring. The result 
suggests that the aerosols in the YRD region were 
influenced by the air mass from Northern China because of 
the relatively higher acidity of aerosols in southern China 
than that in Northern China (Wang et al., 2006; He et al., 
2012). Conversely, acidic aerosols were observed in Lin’an, 
with AE/CE ratios of 1.08 ± 0.34 in winter and 1.24 ± 0.34

 

Table 4. Fraction of crustal elements to total elements and the crust concentration in spring and winter in the YRD region. 

Sites 
Spring Winter 

Crustal/total (%)* Crust (µg m–3) Crustal/total* Crust 
SHHK 53.50 ± 22.53 2.98 ± 1.69 55.85 ± 20.09 4.01 ± 2.80 
SHFX 35.02 ± 24.20 1.75 ± 1.53 52.00 ± 23.88 3.14 ± 2.71 
SHQP 40.74 ± 28.08 3.08 ± 1.68 55.83 ± 16.46 4.45 ± 2.42 
Shanghai 42.85 ± 25.95 2.57 ± 1.75 54.86 ± 19.56 3.94 ± 2.64 
NJGL 46.49 ± 18.27 2.04 ± 1.62 58.69 ± 14.40 3.87 ± 2.56 
NJPK 41.96 ± 24.35 4.03 ± 2.55 55.07 ± 18.76 4.41 ± 2.25 
NJXL 42.84 ± 24.85 2.60 ± 1.88 66.74 ± 17.08 5.19 ± 2.76 
Nanjing 44.47 ± 21.05 2.69 ± 2.09 61.00 ± 16.93 4.50 ± 2.61 
NBHC 44.54 ± 18.95 1.92 ± 1.44 49.39 ± 16.31 3.22 ± 2.16 
NBYZ 42.84 ± 20.41 2.40 ± 1.66 46.73 ± 20.79 3.80 ± 2.48 
NBBL 50.19 ± 21.08 2.26 ± 1.60 56.31 ± 19.80 4.93 ± 3.75 
Ningbo 46.63 ± 20.13 2.19 ± 1.55 50.95 ± 19.41 4.06 ± 2.97 
LA 34.72 ± 23.78 1.94 ± 1.96 51.30 ± 21.91 4.02 ± 2.25 

* Ratio of crustal elements (Al, Si, Ca, Ti, and Fe) to total elements. 
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in spring (Fig. 3). Therefore, the diverse characteristics of 
the aerosol acidity between studies may be due to various 
factors, such as the meteorological conditions and changes 
in primary emission strength (He et al., 2012). In agreement 
with previous surveys in Nanjing (Wang et al., 2000; Yang 
et al., 2005), the aerosol properties varied between winter 
and spring and were alkaline in winter (0.70 ± 0.23) but 
acidic in spring (1.10 ± 0.41) (Fig. 3). This seasonal variation 
suggested that the long-distance transport of dust from 
Northern China enhanced the alkalinity of aerosols and had 
a more significant effect in Nanjing, which is located 
farther north. 

 
Back Trajectories 

Back trajectories analysis was performed using the 
HYSPLIT model to explore the influence of air mass 
transport on atmospheric particles during the study period 
in the YRD region (Fig. 4). The characteristics of the air 
masses were similar in the three main cities and background 
site in both spring and winter. During winter, more than 
half of the air masses for the test sites (51% for Shanghai, 
65% for Nanjing, 59% for Ningbo) and 41% for the 
background site originated from Siberia and passed through 
the BTH region, one of the most polluted regions in China. 
Due to heating systems, North China usually experiences a 
large amount of coal and heavy air pollution in winter, which 
would bring large amounts of pollutants to the YRD region 
through the air flow. In addition, the other major origin of 
air flows was Central China, including Henan Province, the 
largest agricultural province in China, and biomass burning 
was a potential pollution source. In contrast, the origins of 
the air mass in spring were complex. There were three 
dominant origins of air masses transported to the YRD 
region in spring. Specifically, 28–36% came from North 
China, 31–50% from the combined region of the Bohai, 
Yellow and East China seas, and 15–36% from Southwestern 
China. Furthermore, 15% of the air mass flows were from 
Central China to Shanghai. Compared with the air masses 
from Northern and Central China, the air flows from the 
seas were less contaminated. Additionally, the air mass 

from Southwestern China might be influenced by the high 
acidity of the local aerosol and the biomass burning in 
Southeast Asia. 

The major chemical components in PM2.5, i.e., crust, 
SNA, and CC associated with the different air mass clusters, 
are shown in Fig. 5. The air masses influencing the YRD were 
from Northern China (NCT) and Central China (CCT), 
while in spring, the air mass origins included NCT, CCT, 
Southwestern China transport (SWCT), and sea generated 
transport (SeaT). For all ten sampling sites in the YRD 
region, the highest PM2.5 concentrations of 92.51 ± 16.15 
µg m–3 in spring and 117.33 ± 47.08 µg m–3 in winter were 
associated with air masses originating from Central China. 
The short-range transport suggested suppressed diffusion in 
the atmosphere, which could enhance pollutant accumulation. 
In winter, the elevated percentage of SNA was associated 
with the air mass from Central China in the YRD region, 
which suggested secondary inorganic formation in the 
region. Higher NO3

–/SO4
2– ratios were observed when the 

air masses came from Central China due to the large number 
of vehicles in the YRD region. Regardless of spring or 
winter, increased contributions of crust were observed, 
corresponding to air masses from Northern China (except 
for Lin’an), which indicated the occurrence of fugitive dust 
(Wang et al., 2002; Sun et al., 2006). The origins of the air 
masses were more complicated in spring and varied among 
the cities. Shanghai had a relative high PM2.5 concentration 
associated with air masses from Central China, while the 
air masses of Nanjing and Ningbo were dominated by NCT, 
SWCT and SeaT in spring. Higher PM2.5 concentrations 
occurred when the air masses came from Southwestern 
China, which had the lowest NO3

–/SO4
2–. Lower NO3

–/SO4
2– 

ratios were achieved associated with the air mass from 
southwest China in spring and that from northern China in 
winter, respectively. Therefore, the long transportation of 
coal combustion in southwest China and northern China 
influenced the YRD in spring and winter respectively. 
Compared with other cities in the YRD, Lin’an, as the 
backgrounds site, was severely influenced by air masses 
from Central China (59%) in winter and from the seas (50%)

 

 
Fig. 3. The AE/CE ratios of the PM2.5 in spring and winter in the YRD region. 
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(a) Spring 

 

 
(b) Winter 

Fig. 4. Air mass back trajectory clusters in spring (a) and winter (b). 
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Fig. 5. Chemical composition of the PM2.5 associated with different air mass clusters. 

 

in spring. Although there was no pronounced anthropogenic 
source near the background site, the air flows from Central 
China brought severe pollution to Lin’an, as discussed 
previously. Therefore, the air mass origins significantly 
affected the PM2.5 characteristics in the YRD, in addition 
to the typical emissions in a specific city.  
 
PMF Analysis 

To quantify the sources of PM2.5 in the YRD during 
winter and spring, the chemical components of the PM2.5 

(EC, OC, OM, Mg, Al, Si, Ca, Ti, Mn, Fe, Cu, Zn, Cl–, 
SO4

2–, NO3
–, NH4

+, K+, Na+) were selected as indicators 
and were analyzed following EPA PMF 5.0. All the factors 
in the model were identified based on the above indication 
of WSIIs, elements and carbonaceous components. According 
to the factor profile obtained by PMF modeling (Fig. 6), 
the factor loading high concentrations of mineral elements, 
such as Al, Si, Ca and Ti, was identified as mineral dust 
(Nayebare et al., 2016; Lang et al., 2017), as discussed 
previously. Fe, Cu and Mn were abundant during industrial 

activity, such as steel factories; therefore, the factors mainly 
loading these types of elements were identified as industrial 
sources. The factors dominated by Cl– and OM were 
designated coal combustion. Meanwhile, the water-soluble 
K+ was widely provided as a product of biomass burning 
(Cheng et al., 2014a), while the factor profile of both Cl– and 
K+ was regarded as combustion (including coal combustion 
and biomass burning). In addition, the secondary aerosol 
source was represented by SNA in this study, and traffic 
emissions presented as a factor of the amount of EC, OC 
and OM and sometimes associated with Zn and Cu (Matawle 
et al., 2015; Pant et al., 2017). Factor profiles that were too 
complicated to distinguish a specific source, such as 
combined species from various sources, were defined as 
mixed sources. 

The source apportionment of PM2.5 in the YRD during 
spring and winter is shown in Fig. 7. The sources of PM2.5 
in winter were identified as traffic exhaust (29.71%) and 
secondary aerosols (22.71%). PM2.5 was also influenced by 
combustion (16.54%), industrial activity (12.83%), and soil 
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Fig. 6. Factor profile obtained by the PMF model in spring and winter. 

 

 
Fig. 7. Source apportionment of PM2.5 in the YRD during spring and winter. 
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dust (3.40%). The greatest fraction of PM2.5 in spring was 
explained by biomass burning, mineral dust, industrial 
activity, coal combustion, traffic sources and secondary 
sources, which accounted for 4.08%, 6.25%, 9.99%, 11.49%, 
25.66% and 29.44%, respectively (Fig. 7). The contribution of 
coal combustion and biomass burning contributed a 
combined 15.57% in spring, which was comparable to 
combustion (16.54%) in winter. Approximately 14% of the 
total contribution could not be distinguished (i.e., mixed 
source), and was characterized by Ca, Ti, Zn, and As in 
spring and carbonaceous components, Mn, and Na+ in 
winter. Additionally, the source apportionments in each 
city during spring and winter were modeled by PCA/APCS 
(in supplementary material). Although, the sources could 
hardly separate individually (Tables S1 and S2), the entire 
contribution of main sources (coal combustion, secondary 
aerosol, vehicles and biomass burning) were comparable 
between cities in YRD (Tables S3 and S4). 

The concentration and fraction of sources associated 
with air mass transport averaged among the YRD region 
(including the background site) identified by the PMF 
model in winter and spring are summarized in Table 5. The air 
masses from Northern China were generally associated with 
traffic sources, combustion sources, and industrial sources, 
while the secondary aerosols and soil dust contributed more 
to PM2.5 in spring than in winter, which might be attributed 
to the relatively high temperature and severe sand storms 
in Northern China in spring. The air masses from Central 
China were overwhelmingly influenced by secondary aerosols 
and traffic sources, with a lower contribution of combustion 
than that of Northern China. The source apportionment of 
PM2.5 associated with air masses from the sea was similar 
to that of air masses from Central China. The air flows 
from Southwest China were also related to the highest 
contribution of secondary aerosols. In addition, combustion 
accounted for approximately 16% when the air mass 
originated from Southwestern China, which was comparable 
to the contribution of combustion related to air masses from 
Northern China and higher than those related to air masses 
from other origins. The results indicated severe combustion 
activity in Southwestern China; moreover, biomass burning 
presented a higher weight than in Southwestern China (Tao et 
al., 2013; Chen and Xie, 2014; Tao et al., 2014). Therefore, 
the sources of PM2.5 in the YRD varied among seasons and 
was strongly affected by the air flow origin with different 
emission source distributions.  
 
CONCLUSION 
 

To investigate the spatiotemporal characteristics and 
source apportionment of PM2.5 in the YRD region, sampling 
campaigns were conducted at 10 sampling sites in Shanghai, 
Nanjing, Ningbo, and Lin’an during spring and winter. The 
PM2.5 mass concentration in winter was higher than that in 
spring, regardless of the sampling site. The spatial trends in 
PM2.5, as well as the chemical components, such as WSIIs, 
carbon components and typical elements, were not consistent 
and were influenced by the type of sampling site and the 
local emission sources. The atmospheric particles in the   
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YRD region were slightly alkaline during the study period, 
which suggested that long-distance transport of dust storm 
from Northern China enhanced the alkalinity of the aerosols, 
especially for Nanjing, which is located farthest to the 
north. The PM2.5 in the YRD region was overwhelmingly 
influenced by traffic exhaust and secondary aerosols, which 
accounted for 25.66% and 29.44% in spring and 29.71% 
and 22.71% in winter, respectively. Combustion contributed 
~16% of PM2.5 and could be further distinguished as coal 
combustion and biomass burning. The combined source 
apportionment and air mass trajectory analysis showed that 
air flows from Northern China imported substantial 
fugitive dust to the YRD region in spring and enhanced the 
contribution of combustion in winter through long-range 
transport. In addition, air masses originating from 
Southwestern China were highly associated with biomass 
burning, which also affected the PM2.5 in the YRD through 
air mass transport. Therefore, the transported atmospheric 
pollution played a key role in the PM2.5 concentration and 
chemical characterization in the YRD region, in addition to 
the primary emission in typical cities. The control of both 
typical primary emission and regional pollution transport is 
a reasonable strategy to mitigate the haze situation in the 
YRD region. 
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