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g r a p h i c a l a b s t r a c t
� Atmospheric ultrafine and fine par-
ticle pollution in Shanghai were very
serious.

� Air pollution had close links with
NO3

� and NH4
þ in condensation and

droplet mode.
� Great contribution of SOC in droplet
mode to OC and PM pollution.

� Possible connections between the
formation of SOC and SNA were
revealed by PSCF.
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Size-segregated aerosol particles were collected with a 10-stage Micro-Orifice Uniform Deposit Impactor
(MOUDI) at an urban site in Shanghai, China for four non-consecutive months representing four seasons
from 2015 to 2016. Chemical composition, including water-soluble ions as well as organic carbon (OC),
elemental carbon (EC) and secondary organic carbon (SOC) of size-resolved (0.056e18 mm) atmospheric
aerosols in four seasons and in different polluted cases were studied. The size distributions of sulfate,
nitrate and ammonium (SNA) and carbonaceous aerosol (OC, EC and SOC) were discussed and the po-
tential sources of PM1.8-associated secondary species (SO4

2�, NO3
�, SNA and SOC) in different seasons were

identified by potential source contribution function (PSCF) model. Results showed that atmospheric
ultrafine and fine particle pollution in Shanghai were very serious during the study period. Most of the
water-soluble ions tended to be enriched in fine particles, especially being abundant in the droplet mode
in polluted cases. Compared with sulfate, size distributions of nitrate and ammonium presented more
significant seasonal variations and showed distinctive characteristics in polluted days. Abundant nitrate
was concentrated in fine particles in cold seasons (spring and winter), whereas it was enriched in coarse
mode during summer and autumn. The droplet mode sulfate with high concentration did not result in
the aggravation of air pollution, while the nucleation mode sulfate may have made a great contribution
to the air pollution in urban Shanghai. It was also found that the formation of air pollution in urban
Shanghai had a significant link with nitrate and ammonium, especially with nitrate and ammonium in
condensation mode and droplet mode, and the contribution of sulfate to the pollution formation in
Shanghai would somehow be surpassed by the increasing nitrate and ammonium. OC and EC concen-
trations from spring to winter were found to be 11.10, 7.10, 12.30, 20.16, and 3.73, 2.84, 4.63, 7.10 mg m�3,
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respectively, distinctly presenting the summer minima and winter maxima in this study. The maximum
OC/EC was in the droplet mode and the minimum was in the nucleation mode for both clean and
polluted days. The great contribution of SOC to OC in droplet mode and the occurrence of PM pollution
necessarily had an important bearing on the SOC formation in droplet mode particles. Particle acidity
may play a key role in secondary organic aerosol formation and the particles with the size of 0.056
e0.1 mm was the most sensitive particles to acid catalysis in SOA formation. The similar PSCF results of
PM1.8-associated SOC to those of SO4

2�, NO3
� and SNA indicated possible connections between the for-

mation of SOC and secondary inorganic species in PM.
© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

As a typical mega-city located in the Yangtze River Delta,
Shanghai has experienced an eruption of vehicle population and a
sharp increase in energy consumption during the past few decades,
which lead to the increasing occurrence of regional air pollution.
Air pollution, especially particulate matter (PM) pollution, has
drawn increasingly extensive attention in recent years due to its
impacts on visibility (Chen and Xie, 2013), human health (Iii et al.,
2002; Sheppard et al., 1999; Bell et al., 2006; Underwood, 2017) and
climate change (Cifuentes et al., 2001; Forster and Taylor, 2006; Li
et al., 2017; Xing et al., 2016). The radiative properties of aerosol
are determined by its chemical composition such as sulfate, nitrate,
ammonium, mineral dust, soot, organic carbon (OC) and elemental
carbon (EC) (Andreae et al., 2008; Laskin et al., 2010), resulting in
the decrease of visibility and frequent occurrence of atmospheric
pollution events. As secondary aerosols and carbonaceous aerosols
in particulate matter have been shown to play a significant role in
the atmosphere regarding solar radiation transfer, human health
effects, and atmospheric chemistry (Stockwell et al., 2003; H€oller
et al., 2002; Bond, 2004), studying the chemical composition and
the characteristics of PM and its impacting factors is important for
air pollution control as well as regional air quality improvement.
The size distributions of ambient aerosols provide detailed infor-
mation on mode distributions and give evidence on the formation
and transformation of particulate pollutants in the atmosphere
(Whitby, 1978; Hering and Friedlander, 1982; John et al., 1990;
Ondov and Wexler, 1998). While several studies have been car-
ried out to investigate the PM chemical species in Shanghai (Wang
et al., 2016; Yao et al., 2002; Zhao et al., 2015), few studies on the
characteristics of size-resolved atmospheric inorganic and carbo-
naceous aerosols in different seasons and different polluted con-
ditions in urban Shanghai have been reported.

To better understand air pollution formation, a study linking
regional PM chemical characteristics with its size distribution and
other influencing factors was imperative. Therefore, a 4-months
monitoring program, which started from April 2015 to January
2016, was performed in Shanghai. Wemeasured the concentrations
of size-resolved PM and the composition including water-soluble
ions (F�, Cl�, SO4

2�, NO3
�, Liþ, Naþ, NH4

þ, Kþ, Ca2þ, Mg2þ, formate,
acetate, methanesulfonic acid, oxalate) as well as carbonaceous
species (OC, EC and SOC) in clean and polluted days. The correla-
tions between particle sizes, pollutants, meteorology and pollution
levels were investigated. The potential sources of PM1.8-associated
secondary species (SO4

2�, NO3
�, SNA (SO4

2�þNO3
�þNH4

þ) and SOC) in
different seasons were identified by potential source contribution
function (PSCF) model. Thus, the characteristics of size-resolved
atmospheric inorganic and carbonaceous aerosols in urban
Shanghai were further demonstrated. Nowadays China is facing
severe particulate pollution, this study will provide useful infor-
mation on the size-resolved PM pollution in China.
2. Measurements and methodology

2.1. Particle sampling

Size-segregated aerosol samples were collected on the campus
of Fudan University (31.30

�
N, 121.50

�
E), Shanghai, China (Fig. 1),

which is representative of urban Shanghai. The sampling was
conducted for 68 days and covered four periods: April (2015),
August (2015), October (2015), January (2016), representing spring,
summer, autumn, and winter of Shanghai, respectively. Tempera-
ture (T), wind speed (WS) and direction, relative humidity (RH) and
visibility were routinely measured.

Daily 24-h size-segregated samples in the range of 0.056e18 mm
were collected on 47mmquartz filters (PALLFLEX, USA) using a ten-
stage micro-orifice uniform deposit impactor (MOUDI, MSP Corp.,
USA; Model 110-R) operating at a flow rate of 30 L/min. The
equivalent aerodynamic cut-off diameter (Dp) of each stage is 18,
10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.10, and 0.056 mm, respectively.
The particle modes were divided by the cut points and were
defined as follows: 0e0.1 mm for nucleation mode, 0.1e0.56 mm for
condensation mode, 0.56e1.8 mm for droplet mode, and 1.8e18 mm
for coarse mode, respectively. Since the cut point of 2.5 mm is not
available in this study, the classification of the polluted cases was
based on PM1.8 concentrations.

The quartz fiber filters (PALLFLEX, USA) were pre-combusted at
500 �C for 4 h in a muffle furnace to remove original organic traces.
The filters wereweighed before and after sampling by an intelligent
weighing system (Hangzhou Wmade Intelligent Technology co.,
LTD, reading precision 10 mg) after at least 24 h of equilibration at
(20 ± 1) �C and a relative humidity of (40 ± 1) %. The samples and
field blank filters were then placed in membrane filter boxes and
reserved in a refrigerator under �18 �C prior to analysis. The
sampling was taken only when the meteorological conditions were
favourable (i.e. no wet precipitation). All of the procedures were
strictly quality controlled to avoid any possible contamination of
the samples. Eventually, 805 size-segregated aerosol samples were
successfully collected and used.

In addition, since the ten aerosol particle size bins of the deposit
impactor exhibit an approximately normal distribution against the
particle diameter on a logarithmic scale (Marple et al., 1991), dC/
dlog10Dp (where C is mass concentration and Dp is aerodynamic
diameter) was calculated to represent the size resolved concen-
trations in this study.

2.2. Chemical analysis

One fourth of each aerosol sample and the blank filter were
extracted ultrasonically by 5 ml ultra-pure deionized distilled wa-
ter (specific resistance �18.2 MU, Millipore) for 40 min. Water
extracts of samples and blank filters were analysed for F�, Cl�, SO4

2�,
NO3

�, PO4
3�, Liþ, Naþ, NH4

þ, Kþ, Ca2þ, Mg2þ, formate, acetate,



Fig. 1. Location of Shanghai in China.
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methanesulfonic acid, and oxalate by ion chromatography (940
Professional IC, Metrohm, Switzerland.) with a separation column
of Metrosep A supp 16e250, a Metrosep A supp 16 guard column
for anion and a Metrosep C6 analytical column, a Metrosep C4
guard column for cation. The relative standard deviation of each ion
was less than 2% from reproducibility tests. OC and EC were
determined by a DRI Model 2001 Thermal/Optical carbon analyser
(Atmoslytic Inc., Calabasas, CA, USA). A 0.506 cm2 punch of each
sample was analysed for eight carbon fractions following the
IMPROVE thermal/optical reflectance (TOR) protocol (Chow et al.,
1993). Four OC fractions (OC1, OC2, OC3, and OC4 at 120 �C,
250 �C, 450 �C, and 550 �C, respectively, in a helium atmosphere),
three EC fractions (EC1, EC2, and EC3 at 550 �C, 700 �C, and 800 �C,
respectively, in a 2% oxygen/98% helium atmosphere) and OP (a
pyrolyzed carbon fraction determined by transmittance) were
produced. IMPROVE OC is operationally defined as
OC1 þ OC2 þ OC3 þ OC4 þ OP and EC is defined as
EC1þ EC2þ EC3� OP. The concentrations of OC and EC reported in
this study were all corrected for the field blanks.
2.3. Estimates of secondary organic carbon (SOC)

To quantify the contributions of both primary organic carbon
(POC) and SOC to carbonaceous aerosol, SOC were evaluated by the
minimum OC/EC ratio method in this study. EC has often been used
as a tracer of POC for it is mainly emitted from combustion sources
and the chemical transformations of EC are limited (Huntzicker
et al., 1982; Turpin and Huntzicker, 1991; Gray et al., 1986). In
contrast, OC is resulted from both primary emission sources and
secondary transformation from primary gaseous organic com-
pounds in the atmosphere (Turpin and Huntzicker, 1995). Thus, an
underlying hypothesis was proposed that because EC and primary
OC often have the same sources, a representative ratio of primary
OC/EC for a given area can exist. If the measured ambient OC/EC
ratio exceeds this expected value, then the additional OC is
considered to be secondary. Based on this hypothesis, theminimum
OC/EC ratio method to estimate the SOC has been proposed. The
equation is as follows:
OCpri ¼ EC� ðOC=ECÞpri (1)

OCsec ¼ OCtot � OCpri (2)

where OCpri is estimated POC, OCsec is estimated SOC, OCtot is
measured total OC, EC is measured elemental carbon, and (OC/
EC)pri is the ratio of OC to EC in the primary aerosol.

This method has been widely applied because it is simple and
alternative, and the required data can be easily obtained or esti-
mated. However, it is difficult to determine the (OC/EC)pri
comprehensively for a given area because it is source dependent
and is influenced by meteorological conditions. Castro et al. (1999).
suggested that (OC/EC)pri could be replaced by (OC/EC)min (the
minimum ratio of OC/EC), and thus the equation could bewritten as
below:

OCsec ¼ OCtot � EC� ðOC=ECÞmin (3)

The minimum ratio of OC/EC may be affected by many factors
such as meteorological conditions, the variation of the emission
source, and the migration of aerosols. Thus, SOC concentration
derived by the EC tracer method could be significantly under-
estimated in this study. In order to reduce the influence of con-
tingency to the maximum extent, the (OC/EC)pri we used is the
annual minimum of each sampling size.
2.4. pH calculation

Since an established analytical method that directly determines
aerosol pH does not exist, thermodynamic modelling approach E-
AIM (Extended Aerosol Inorganics Model, http://www.aim.env.uea.
ac.uk/aim/aim.php) (Clegg et al., 1998; Wexler and Clegg, 2002;
Friese and Ebel, 2010) was employed to explore the characteris-
tics of acidity of size-resolved PM. The E-AIM can be used to
simulate gas-aerosol partitioning processes and calculate the
equilibrium composition of the aqueous or solid aerosol phase. The
aqueous and solid phase of ionic composition in the mixing system
Hþ e NH4

þ e SO4
2� e NO3

� e Cl� e Naþ e H2O can be accurately

http://www.aim.env.uea.ac.uk/aim/aim.php
http://www.aim.env.uea.ac.uk/aim/aim.php


X.X. Ding et al. / Atmospheric Environment 167 (2017) 625e641628
simulated at a given temperature (T) and relative humidity (RH) by
E-AIM 4. The T, RH, andmolar concentrations of total aerosol acidity
([Hþ]Total), SO4

2�, NO3
�, Cl�, NH4

þ, and Naþ were used as the input in
model 4 of E-AIM to obtain the concentrations of free ions in the
aqueous phase, and/or any salt of these ions that was formed in the
solid phase at equilibrium. At the same time, the mole fraction and
activity coefficient of each ion in aqueous phase were reported. The
[Hþ]Total was estimated from the ionic balance of the relevant ionic
species (Pathak et al., 2008; Zhang et al., 2007):

[Hþ]Total¼ 2� SO4
2�/96þNO3

�/62þ Cl�/35.5eNH4
þ/18eNaþ/23(4)

where SO4
2�, NO3

�, Cl�, NH4
þ and Naþ in Eq. (4) represent the mass

concentrations of ions. Based on model outputs, the in situ particle
pH was calculated as follow:

pH ¼ �log(g � [Hþ]Frac) (5)

where g and [Hþ]Frac are the activity coefficient on mole fraction
basis and the molar fraction of aqueous phase Hþ, respectively.
While g � [Hþ]Frac represents the aqueous phase activity of Hþ.
(Zhang et al., 2007).

2.5. Back trajectory analysis and PSCF

48-h backward trajectories of air masses arriving at the sam-
pling site were calculated using the HYSPLIT model (http://ready.
arl.noaa.gov/HYSPLIT.php) to investigate the influence of different
air masses from distant sources on aerosol composition. The
meteorological data fields used to run the model are available at
NOAA's ARL archives. Potential source contribution function (PSCF)
model was used to identify the likely locations of the sources based
on the HYSPLIT model. The zone of concern was divided into i�j
small equal grid cells. All of the hourly endpoints in the back tra-
jectories generated by the HYSPLIT model were classified into
0.2� � 0.2� grid cells. The PSCF values for the grid cells in the study
domain were calculated by counting the trajectory segment end-
points that terminated within each cell (Ashbaugh et al., 1985). The
number of endpoints that fell in the ijth cell was designated nij and
the number of endpoints for the same cell having arrival times at
the sampling site corresponding to PM concentrations higher than
an arbitrarily set criterion was defined to be mij.

The PSCF value for the ijth cell was defined as

PSCFij ¼ mij
�
nij (6)

In this study, the annual mean value of a particular species was
treated as the criterion, based on trial and error.

To reduce the effect of small values of nij, the PSCF values were
multiplied by an arbitrary weight function Wij to better reflect the
uncertainty in the values for these cells (Polissar et al., 1998). The
weighting function was defined as below.

wij ¼

8>><
>>:

1:00 80<nij
0:70 20<nij � 80
0:42 10<nij � 20
0:05 nij � 10

9>>=
>>;

(7)

3. Results and discussion

3.1. Levels of size-resolved particulate matter in Shanghai

Due to the continuous changes in source emissions, meteo-
rology, photochemical reactions, planetary boundary layer heights,
and regional transport, etc. the PM concentrations showed
temporally dynamic variations. PM18 ranged from 26.39 to
222.22 mg m�3, with an average of 98.58 mg m�3. PM1.8 ranged from
7.18 to 169.91 mg m�3 and averaged 55.32 mg m�3. PM1 ranged from
5.79 to 95.25 mgm�3 and averaged 42.70 mgm�3. PM0.1 ranged from
0 to 29.63 mg m�3 and averaged 6.03 mg m�3. Fig. 2 shows the time
series of particle size categories measured at Shanghai throughout
the whole field campaign. Among the whole field campaign, urban
Shanghai's daily PM1.8 level exceeded the second grade national
standard of China (75 mg m�3) for PM2.5 for 10 days and exceeded
the first grade national standard (35 mg m�3) for 45 days. The
annual concentration of the PM0.1 was 6 times higher than that
observed in Taiwan (1.42 mg m�3) (Bamber, 2012), PM1 was much
higher than that measured in urban Shanghai (49.8 mg m�3) in
2013e2014 and Beijing (56.6 mg m�3) in 2011e2012 (Qiao et al.,
2015; Sun et al., 2015), and PM1.8 was 1.6 and 1.8 times higher
than the values of PM2.5 that measured in North plain in China
during 2005e2010 (53.65 mg m�3) and in urban Shanghai during
2011e2013 (47 mg m�3) (Zhao et al., 2013; Wang et al., 2016),
respectively. Compared with those studies, the concentration of PM
in Shanghai was extremely high, indicating that the atmospheric
ultrafine and fine particle pollution in Shanghai during the study
period was very serious.

Distinct PM seasonal variations in Shanghai have been observed.
As can be seen from Fig. 2, the concentration of PM (such as PM1,
PM1.8, and PM18) in winter was much higher than that in summer,
while the concentrations of PM in spring and autumnwere similar,
showing the order of winter > spring > autumn > summer. How-
ever, PM0.1 presented different seasonal variation and followed the
sequence of spring > summer > autumn > winter. The seasonal
characteristics of PM mass concentrations in Shanghai can be
explained as the combined effect of meteorological conditions,
local emissions, and long-range transport. The PM mass concen-
trations in summer were remarkable lower than other sampling
seasons due to the impact of the higher wind speeds and the
transport of clean oceanic air masses experienced during the
summer time which tend to favour PM dispersion and result in a
drop of PM concentration (shown in Fig. S1 in the Supplement). The
typically high values in cold seasons lasted from late autumn till
early spring. Dominant north and northwest wind during cold
seasons which brought relatively polluted overland air masses, and
the substantial increase of local emissions from coal combustion in
cold seasons combined with the influence of lower mixing layer
height and the frequent occurrence of fog-haze episodes under
stagnant weather gave rise to the heavier polluted air in cold sea-
sons in Shanghai (Li et al., 2014).

3.2. Size-resolved atmospheric water-soluble components in
aerosols

3.2.1. Chemical composition of size-resolved atmospheric aerosols
in four seasons

Water-soluble ions F�, Cl�, SO4
2�, NO3

�, Liþ, Naþ, NH4
þ, Kþ, Ca2þ,

Mg2þ, formate, acetate, oxalate and methanesulfonic acid were
measured. The water-soluble ions in PM18 was 34.02 mg m�3 for the
annual average, with 27.10, 24.37, 29.63 and 49.04 mgm�3 in spring,
summer, autumn and winter, respectively, constituting 25%, 39%,
33% and 37% of the mass concentration, respectively. For PM1.8, the
annual average water-soluble ions concentrationwas 21.65 mg m�3,
with 17.10, 16.77, 19.43 and 29.87 mg m�3 in spring, summer,
autumn and winter, respectively, constituting 32%, 49%, 37% and
40% of the mass concentration, respectively. For PM1, the annual
average concentration of water-soluble ions was 16.33 mgm�3, with
13.71,13.79,15.01 and 20.92 mgm�3 in spring, summer, autumn and
winter, respectively, constituting 31%, 49%, 36% and 39% of the mass

http://ready.arl.noaa.gov/HYSPLIT.php
http://ready.arl.noaa.gov/HYSPLIT.php


Fig. 2. Time series of particles size categories measured at Shanghai during the whole field campaign from April 10, 2015 to January 26, 2016.
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concentration, respectively. While for PM0.1, the contribution of
water-soluble ions to PM0.1 mass concentration was lower than
those to PM18, PM1.8 or PM1, with the concentrations of 0.90, 1.10,
1.14 and 1.39 mg m�3 and with the corresponding fractions of 11%,
18%, 19% and 30% in spring, summer, autumn and winter, respec-
tively. Compared to other seasons, the smallest contribution of
water-soluble ions to PMmass in spring was probably related to the
long-range transported dust from north and northwest of China, of
which a large proportion was water insoluble. In addition, PM0.1
usually contains Aitken nuclei (particles with diameters between
10 and 100 nm or so) and fresh aerosols created in situ from the gas
phase by nucleation (particles smaller than 10 nm or so). Most of
the Aitken nuclei start their atmospheric life as primary particles,
and secondary material condenses on them as they are transported
through the atmosphere (Seinfeld and Pandis, 2006). Therefore, the
high contribution of water-soluble ions to PM0.1 mass inwintermay
be primarily attributed to the condensation of secondary species on
primary particles under favourable atmospheric conditions. Mass
fractions of water-soluble ions in nucleation mode, condensation
mode, droplet mode and coarse mode were 19%, 39%, 49% and 24%,
respectively. The mass concentrations of the water-soluble ions
followed the sequences of Cl� > SO4

2� > Ca2þ > NO3
� > Naþ >

Liþ > Kþ > NH4
þ > F� > Mg2þ > C2O4

� > CH3COO� > HCOO� for
nucleation-mode particles, SO4

2� > NO3
� > Naþ > Cl� > NH4

þ >
Ca2þ > C2O4

2� > Liþ > Kþ > F� > Mg2þ > HCOO� > MSA > CH3COO�

for condensation mode, SO4
2� > NO3

� > Naþ >
NH4

þ > C2O4
2� > Cl� > Ca2þ> Kþ > F� > Liþ > Mg2þ >

MSA > HCOO� > CH3COO� for droplet mode, while the sequence
was NO3

� > SO4
2� > Ca2þ > Cl� > Naþ > F� >

NH4
þ > Liþ > C2O4

2� > Kþ > Mg2þ > CH3COO� > HCOO� > MSA for
coarse mode particles. Cl� and Ca2þ were the important water-
soluble ions and couldn't be ignored in nucleation-mode parti-
cles. These results show the concentration characteristics of the
different water-soluble ions in different particle size fractions, and
may imply a difference in mixing ratios among the dominant
chemical compounds involving these ions in different particle
modes. The seasonal composition of water-soluble ions in different
sizes of atmospheric aerosols were shown in Fig. 3. As shown in
Fig. 3, particulatematter presented similar two-peak pattern in four
seasons. One peak was in the fine mode (0.56e1 mm), the other in
the coarse mode (5.6e10.0 mm). The fine mode was probably
mainly attributed to anthropogenic pollutants such as coal burning
sources and vehicular emission while the coarse mode was attrib-
uted to natural sources, such asmineral dust and sea salt (Han et al.,
2005). It should be noted that in spring and autumn, the peak in
coarse mode (5.6e10.0 mm) was higher than that in fine mode
(0.56e1 mm), while it was just the opposite in summer and winter.
The relatively high peak in coarse mode in spring and autumn may
be attributed to the impact of the long-range transport originated
from northern and northwestern China (Sun et al., 2005). It should
be pointed out that a significant portion of PM shown as “Others” in
Fig. 3 was observed. The possible composition of the “others” may
be insoluble crust materials and metal elements arising from tyre
wear, brake wear and resuspension (Zhou et al., 2012; Squizzato
et al., 2016), etc. Mineral dust from insoluble crust materials plays
complex roles in sulfate and nitrate aerosol formation and new
particle formation and growth (Dupart et al., 2012; Liu et al., 2012;
Nie et al., 2014; Xie et al., 2015), and hence the composition of the
“others” and its potentially roles still needs to be further
investigated.

As the dominant pollutants, the secondary inorganic aerosol
components (SNA: SO4

2�, NO3
� and NH4

þ) in PM18 were 18.42 mgm�3,
17.49 mg m�3, 14.34 mg m�3 and 29.62 mg m�3 in spring, summer,
autumn and winter, respectively, constituting 17%, 28%, 16% and
24% of the mass concentration, respectively. The ion mass con-
centrations of SNA followed the sequence of NO3

� > SO4
2� > NH4

þ in
winter while the sequencewas SO4

2� >NO3
� >NH4

þ in other seasons.
The sequence of SNA in droplet modewas SO4

2� > NO3
� > NH4

þ for all
the four seasons. For droplet-mode particles, SNA accounting for
33%, 46%, 27% and 31% of themass concentration in spring, summer,
autumn and winter, respectively. The contribution of SNA to the
particles in summer was highlighted in the droplet-mode. Thus, the
highmass fraction percentage of water-soluble ions in summer that
has been mentioned in the earlier discussion was mainly caused by



Fig. 3. Size-resolved aerosol composition in four seasons in Shanghai. The marker shows the average mass concentration in each size bin with the error bar representing the
standard deviation.
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SNA, especially by the SNA in the droplet mode.
The chemical composition of aerosols possessed distinct sea-

sonal variations. Sulfate presented one-peak pattern in four seasons
with the peak in the particles with size between 0.56 and 1 mm. The
size distribution of sulfatewas quite different from a previous study
(Whitby, 1978), which characterized the size distribution of sulfate
with a trimodal model, consisting of the nucleation mode, the
accumulation mode and the coarse mode. Different from other
seasons, in summer, sulfate has absolute dominance of SNA con-
centration. The high contribution of SNA to mass concentration for
both PM18 and droplet mode particles in summer that has been
mentioned above and the high sulfate contribution to SNA did not
result in a high particle pollution level for summer (Fig. 2) due to
the dominant clean oceanic air sources, showing the characteristics
of air pollution in summer. Though the concentration of sulfate in
summer was low, its contribution to the mass concentration of SNA
was the largest, accounting for 68% of SNA in 0.056e18 mmparticles
and even 96% of SNA in the droplet mode particles. This shows the
dominant contribution of sulfate to SNA and the own characteris-
tics of secondary sulfate pollution in summer in urban Shanghai.
Compared with sulfate, the overall concentrations of the nitrate
and ammonium presented more significant seasonal variations.
Nitrate presented a one-peak pattern in winter, while in other
seasons, the log-normal size distribution of nitrate showed a
bimodal size distribution with two peaks in the size ranges of
0.32e1 mm and 1.8e10.0 mm. Abundant nitrate was concentrated in
fine particles in cold seasons (spring and winter), whereas it was
enriched in coarse mode during summer and autumn. In the size
range of 0.56e10.0 mm in cold seasons, more nitrate with
decreasing size of PM was observed. Ammonium was relatively
abundant in spring and winter, with the similar size distribution of
nitrate in cold seasons. It accounted for 20% of SNA in PM in spring
and the value was reduced to 11% for winter. Moreover, compared
to sulfate, ammonium also presented a one-peak pattern in four
seasons with the peak in the size range of 0.56e1 mm though less
ammonium was observed in summer and autumn. The average
temperature decreased from above 28 �C in summer to 9 �C in
winter and RH decreased from 70% in summer to 55% in spring,
indicating that the variations of NO3

� and NH4
þ might be strongly

related to the meteorological factors. Due to the thermodynamic
instability of ammonium nitrate, the lower temperature and RH in
winter and spring favour the shift of thermodynamic equilibrium
from gaseous nitric acid and ammonia to particulate phase
ammonium nitrate, and thus elevated the levels of NO3

� and NH4
þ in

fine particles, while the higher temperature and RH in summer and
autumn might accelerate the decomposition of ammonium nitrate
and thus suppressed the nitrate aerosol formation in fine particles
(Wang et al., 2012). The results mentioned above show the
remarkable seasonal characteristics of secondary aerosol pollution
in urban Shanghai.

In this study, CH3COO�, HCOO� and MSAwere present in PM in
negligible concentrations, though they were possibly under-
estimated due to the evaporation of these species in acidic particles
in the measurements. C2O4

2� showed a significantly increase in
autumn for the droplet mode particles. The concentrations of Naþ

varied with seasons. The concentration peak of Naþ was in droplet
mode in summer, autumn and winter, while less Naþ was found in
spring. Most Naþ tended to be enriched in fine particles, especially
being abundant in the droplet mode, and this tendency was
particularly obvious in winter.

In addition, the mass ratio of [NO3
�]/[SO4

2�] has beenwidely used
as an indicator of the relative contribution of mobile vs. stationary
sources of nitrogen and sulfur in the atmosphere (Xiao and Liu,
2004; Arimoto et al., 1996; Yao et al., 2002). High [NO3

�]/[SO4
2�]

mass ratio means that the mobile sources are more important than
stationary sources of pollutants (Arimoto et al., 1996), and vice
versa. In this study, the SNA pollution in summer in Shanghai
featured the lowest [NO3

�]/[SO4
2�] mass ratio of 0.22, with relatively

high ratios for spring (0.64), autumn (0.68) and winter (1.16). The
lowest [NO3

�]/[SO4
2�] mass ratio found in summer indicates the
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absolute predominance of stationary source of pollutants in sum-
mer. While the higher [NO3

�]/[SO4
2�] mass ratios in the spring,

autumn and winter may be due to the relatively low temperature,
which favoured a shift from the gas phase as nitric acid to the
particulate phase as ammonium nitrate. Moreover, the higher
[NO3

�]/[SO4
2�] mass ratios found in our study were also associated

with the rapid increase of motor vehicles and the reduction of SO2
emission resulting from the implementation of SO2 emission con-
trol measures in recent years. The contribution of mobile sources
becomes important and may be the dominant source of pollutants
in urban shanghai, especially in winter, which can be explained by
the extremely high traffic load of transportation in China when
approaching the time of Chinese New Year. Due to the traffic stress
caused by the large floating population in urban Shanghai at that
period, the intensive use of vehicles will definitely increase the
emission of nitrogen oxides to the atmosphere. The high mass ratio
of [NO3

�]/[SO4
2�] and high mass concentration of SO4

2� in spring and
autumn indicated that both stationary and mobile sources were
important to PM pollution in urban Shanghai though the air
pollution control measures are implemented during the measure-
ment periods.

3.2.2. Chemical composition of size-resolved atmospheric aerosols
in different pollution levels

In order to better understand the change of the atmospheric
aerosol composition and its particle size distribution, the polluted
cases were further divided into five levels in this study. According
to the daily PM1.8 concentrations, the pollution conditions of each
day were segregated into clean cases (PM1.8 < 35 mg m�3), lightly
polluted cases (35 < PM1.8 < 75 mg m�3), moderately polluted cases
(75 < PM1.8 < 115 mg m�3), heavily polluted cases
(115 < PM1.8 < 150 mg m�3), and severely polluted cases
(PM1.8 > 150 mg m�3). 25 data sets of size-resolved aerosol samples
were collected during clean days and 65 data sets were collected
during polluted days (45 lightly polluted days, 17 moderately
polluted days, 2 heavily polluted days, 1 severely polluted day).

In our study, the coarse modes showed the largest contribution,
accounting for 27e59% of PM10 mass, followed by the droplet mode
and condensation mode in the range of 18e57% and 11e38% of
PM10, respectively. This distributionwas quite different from that in
Hong Kong sub-urban area (droplet mode > condensation
mode > coarse mode > nucleation mode) (Gao et al., 2016), where
even the highest PM10 concentration (80 ± 13 mg m�3) was lower
than the average concentration of PM10 in this study, indicating that
the increasing particle size for PM in higher polluted areas and the
difference might be explained by local emissions, meteorological
regimes and regional transport in different sampling sites. As the
level of air pollution was aggravating, the atmospheric particles’
preference for fine particles became more obvious. When the air
was clean, 47% of the mass concentration was attributed to PM1.8
while the value was increased to 71% when the air was severely
polluted. And the contribution of coarse mode to total PM
decreased from 0.37 in clean days to 0.31 in polluted days. These
results indicated the increase of the particles with reducing sizes in
polluted days and may imply new particle formation and growth in
polluted days (Xie et al., 2015; Nie et al., 2014).

The concentrations of the total water-soluble ions in PM18 were
16.67 mg m�3 and 35.07 mg m�3, accounting for 41% and 28% of the
mass concentration of PM18 in clean and polluted days, respec-
tively. Mass fraction percentage of water-soluble ions in nucleation
mode, condensation mode, droplet mode and coarse mode in clean
days were 44%, 47%, 51% and 35%, respectively, and were 13%, 30%,
44% and 20% in polluted days, respectively. The average size-
resolved aerosol composition under 5 polluted cases during the
sampling periods were compared in Fig. 4. As shown in Fig. 4, the
chemical composition of aerosols in different polluted cases
possessed a large difference. For those species that has been ana-
lysed in this study, they tended to be enriched in fine particles,
especially being abundant in the droplet mode during the pollution
episodes. As shown in Fig. 4, most composition exhibited signifi-
cantly higher concentrations in droplet mode compared with that
in other modes. Particles tended to have a more complex compo-
sition as the aggravating of the pollution level. Both the main
species of the particles and the size distribution of each component
within the period changed with different levels. Less nitrate,
formate, acetic acid, oxalate and methanesulfonic acid were
observed during the clean days, whereas the content of those
components showed a significant increase as the occurrence of
pollution episodes. As an excellent indicator for estimating biomass
burning emission and tracing carbonaceous aerosol long-range
transport in the atmosphere (Dibb et al., 1996; Liu et al., 2000;
Duan et al., 2004; Hsu et al., 2009), water-soluble Kþ showed
distinct increase with the aggravating of the pollution level, the
concentration of which increased from 0.29 mg m�3 in clean days to
0.71 mg m�3 in severely polluted days. However, the average con-
centration of Kþ (0.43 mg m�3) in polluted days was relatively low
compared with SNA, indicating that no large-scale biomass burning
and its corresponding regional transport appeared during the
pollution periods and the biomass burning emission was not the
dominant factor for the air pollution. The concentration of Naþ

varied with the pollution levels. The concentration peak of Naþwas
0.56e0.1 mm in clean days, while the range of the peak expanded to
0.1e1.8 mm in polluted days. And the situation can be applied to
most of the species. The concentration peaks for droplet-mode
particles were relatively sharper in polluted cases comparing
with that in clean days, and with a broader size range from 0.56 to
1.8 mm than 0.56e0.1 mm in clean days. This can be related with the
accumulation of precursor pollutants during the pollution forma-
tion process. Throughout the whole sampling period, the SNAwere
the most abundant species, accounting for 21% of the mass con-
centration of PM18. The average mass concentrations of NO3

�, SO4
2�

and NH4
þ were 8.66, 12.28, 1.58 mg m�3 in polluted days, respec-

tively, much higher than those in clean days (2.19, 8.03 and
0.18 mg m�3, respectively). Therefore, the formation of the pollution
events in the observation periods were mainly influenced by the
secondary aerosol pollution. Although the concentration of SNA
(10.70e52.48 mgm�3) increased synchronously with the increase of
pollution level, the ratios of SNA/PM (0.20e0.23) did not present
significant difference between the five different polluted cases. As
can be seen in Fig. 4, less nitrate was observed during the clean days
in urban Shanghai, whereas a significant increase of nitrate
occurred with the occurrence of pollution episodes. With the
increasing of the pollution level, the fraction of nitrate and
ammonium in SNA (i.e., (NH4

þþNO3
�)/SNA) increased from 0.31 in

clean days to 0.42, 0.56, 0.38, 0.65 in lightly polluted days,
moderately polluted days, heavily polluted days, severely polluted
days respectively, which indicated that the enhanced formation of
nitrate and ammonium in polluted days and their increasing
contribution to the air pollution in urban Shanghai. SO4

2� was the
most abundant species of SNA, accounting for 35e69% of SNA in PM
mass, and the value even reached to 72e81% in fine particles.
However, its contribution to the pollution formation in Shanghai
would somehow be surpassed by the increasing nitrate and
ammonium.

3.2.3. Characteristics of size-resolved SNA on polluted days
As mentioned in 3.2.2, controlling the fraction of nitrate and

ammonium in SNA will effectively help to reduce the air pollution
in urban Shanghai, thus the characteristics of size-resolved SNAwill
be further discussed in this section. Fig. 5 presented the size



Fig. 4. Size-resolved aerosol composition under 5 polluted cases (a. clean, b. lightly polluted, c. moderately polluted, d. heavily polluted, e. severely polluted). The marker shows the
average mass concentration in each size bin with the error bar representing the standard deviation.

Fig. 5. Log-normal size distributions of sulfate, nitrate and ammonium in clean and polluted conditions.
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distribution of sulfate, nitrate and ammonium in clean
(PM1.8 < 35 mg m�3) and polluted (PM1.8 > 35 mg m�3) days. As
shown in Fig. 5, sulfate presented one peak mode in both clean and
polluted cases with the peak size of 0.56e1 mm. Nitrate and
ammonium showed a broad peak from 3.2 to 10 mm in clean days
and presented a peak in the particles with size between 1 and
1.8 mm in polluted days. A small peak was also found in
0.18e0.32 mm for nitrate in polluted days. It was notable that the
concentration of nitrate in particles of the diameter >3.2 mm was
higher in clean days than in polluted days. The sequence of SNA in
coarse mode was NO3

� > SO4
2� > NH4

þ in polluted days and
SO4

2� > NO3
� > NH4

þ in clean days, respectively. For fine particles, the
sequence of SNAwas SO4

2�>NO3
�>NH4

þ for both clean and polluted
days.

Table 1 compared the chemical components of size-resolved PM
in polluted and clean days. As shown in Table 1, the nucleation



Table 1
The ratios of the concentrations of size-resolved components in particulate matter in polluted and clean days during the field observation in Shanghai.

Species Period Nucleation mode Condensation mode Droplet mode Coarse mode PM18

PM Polluted/Clean 3.88 2.75 3.32 2.57 2.85
SO4

2- 2.2 1.38 1.78 1.11 1.53
NO3

� / 7.86 13.77 2.31 3.96
NH4

þ 1 13 35 2.5 8.58
NO3

�/SO4
2- Clean 0.24 0.30 0.17 1.40 0.73

Polluted 0.64 0.53 0.60 1.89 1.13
NH4

þ/SO4
2- Clean 0.21 0.03 0.01 0.12 0.09

Polluted 0.20 0.14 0.13 0.12 0.14
RC/A Clean 0.69 0.13 0.04 0.25 0.26

Polluted 0.52 0.30 0.24 0.19 0.28
pH Clean 0.64 0.67 0.74 0.66 0.67

Polluted 0.68 0.84 1.01 0.68 0.77
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mode presented the highest ratio of size-resolved PM concentra-
tion in polluted and clean days, followed by droplet mode and
condensation mode, and the sequence was consistent with sulfate,
indicating that though the concentrations of nucleation mode PM
and sulfate were less than that of other modes, their influence on
the air pollution formation cannot be ignored. Considering that the
droplet mode sulfate with high concentration did not result in the
aggravation of air pollution (discussed in Section 3.2.1), we spec-
ulated that maybe the contribution of sulfate to the air pollution in
urban Shanghai was mainly caused by the nucleation mode sulfate,
and relatively small shifts of the nucleation mode sulfate can result
in substantial differences in the aerosol scattering coefficient and
thus result in visibility degradation under appropriate meteoro-
logical conditions (Seinfeld and Pandis, 2006; Tao et al., 2015).

Except nitrate in nucleation mode, the concentration of the
chemical components presented in Table 1 in each mode increased
by 1e35 fold during pollution episodes. Extreme increase of the
nitrate and ammonium concentration was observed for particles in
condensation mode and droplet mode, indicating that the forma-
tion of air pollution in urban Shanghai had a significant link with
nitrate and ammonium, especially with the nitrate and ammonium
in condensation mode and droplet mode.

As mentioned in Section 3.2.2, the fraction of nitrate and
ammonium in SNA (i.e., (NH4

þþNO3
�)/SNA increased significantly

with the pollution level, while the contribution of sulfate to the
pollution formation in Shanghai somehow tend to recede by the
influence of nitrate and ammonium, connecting with the extreme
augment of the nitrate and ammonium during polluted days in
condensation and droplet mode rather than coarse mode particles,
we speculated that during the processes of the formation of sec-
ondary aerosols in the polluted days, fresh nitrate and ammonium
were mainly formed in the fine particles, and with the aging of the
aerosols, the conversions of the formed unstable ammonium-
containing species including ammonium nitrate might go from
fine to coarse particles. The SNA in Shanghai featured high [NO3

�]/
[SO4

2�] mass ratio of 1.13 in polluted days, with relatively low ratios
(0.73) for clean days. The increasing [NO3

�]/[SO4
2�] mass ratio in

coarse mode from 1.40 in clean days to 1.89 in polluted days,
indicating that the large contribution of mobile source to coarse
particle pollutants in urban shanghai. In contrast, the [NO3

�]/[SO4
2�]

ratio was lower than 1 in fine particles in clean and polluted days,
which indicates that the stationary emissions were still the domi-
nant source of the fine particle pollution.
3.2.4. Characteristics of acidity of size-resolved PM
The ion balance expressed by the equivalent charge ratios (RC/A)

of the major cations was usually used to estimate the neutralizing
level of atmospheric aerosols (Adams et al., 1999; Zhang et al.,
2002; He et al., 2012):
RC/A ¼ ([NH4
þ]eq þ [Ca2þ]eq)/([SO4

2�]eqþ [NO3
�]eq) (8)

where [NH4
þ]eq, [Ca2þ]eq, [SO4

2�]eq and [NO3
�]eq stand for the con-

centrations of their equivalent charges, respectively.
As shown in Table 1, the average equivalent charge ratios for

PM18 were 0.26 and 0.28 in clean days and polluted days, respec-
tively, both were lower than unity (RC/A ¼ 1), indicating that par-
ticles in Shanghai were acidic. Compared with the previous studies,
the RC/A of our study was significantly lower than those measured
in Beijing (0.93 in haze period, 1.10 in clear period) (Wang et al.,
2006) and Guangzhou (RC/A ¼ 2.5) (Wu et al., 2006), indicating
that the aerosol acidity of urban Shanghai was stronger than those
areas. Calculated pH of size-resolved PM in polluted and clean days
were presented in Table 1. The average pH of size-resolved particles
in the clean and polluted days were 0.67 and 0.77, respectively,
consistent with the results of RC/A, showing that the size-resolved
aerosols were acidic during the whole observation period. The pH
of condensation mode particles in this study was comparable to
PM1 pH (0.77 ± 0.96) estimated in the northeastern United States in
winter (Guo et al., 2016). Fig. 6 presented the size distribution of
calculated pH as a function of PM18 concentration. As shown in
Fig. 6, particles with size between 0.56 and 1 mm all owned the
highest pH in different polluted cases. The relationships between
secondary organic carbon (SOC) and pH for different size-resolved
particles were shown in Table S1. As shown in Table S1, for most
size-resolved particles (except particles with the sizes of 0.56e1 mm
and 1e1.8 mm), the concentrations of SOC increased with the
increasing of the acidity of aerosols, indicating that acid catalysis
may play a key role in secondary organic aerosol (SOA) formation
(Guo et al., 2016) and the acidity may have implications on pollu-
tion levels (Zhao et al., 2015). For particles with the size between
0.056 and 0.56 mm, the correlation coefficients between SOC con-
centration and pH decreased with the increasing of the particle
size, indicating that the acidic condition might lead to more SOA
formation for aerosols with smaller diameters (Jang et al., 2002).
These results implied that controlling the acidity of the small
aerosols (with the size of 0.056e0.1 mm)might be a possible way to
reduce the SOA pollution in Shanghai.
3.3. Characteristics of size-resolved carbonaceous aerosols

3.3.1. Size distribution of carbonaceous species in four seasons
Based on the minimum OC/EC ratio method, the size distribu-

tion of carbonaceous species (OC, EC and SOC) of particulate mat-
ters in four seasons in Shanghai were presented in Fig. 7. As shown
in Fig. 7, the average concentrations of carbonaceous species had
similar seasonal patterns (winter > autumn > spring > summer) to
particulate mass (winter > spring > autumn > summer). OC and EC
concentrations from spring to winter were 11.10, 7.10, 12.30, 20.16,



Fig. 6. Calculated pH of size-resolved PM.

Fig. 7. Log-normal size distributions of carbonaceous species (OC, EC and SOC) of particulate matters in four seasons in Shanghai.
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and 3.73, 2.84, 4.63, 7.10 mg m�3, respectively. The levels of OC and
EC in fine particles (PM1.8) during winter were 3.0 and 1.8 times
higher than those in summer and 2.8 and 1.9 times higher for OC
and EC in PM10, respectively. The maximum carbonaceous species
in PM1.8 appeared on January 2, 2016, 16.56 mg m�3 for OC and
6.13 mg m�3 for EC respectively, sum of which, i.e. total carbon (TC)
accounted for about 19.7% of PM1.8 (112.85 mg m�3). It was because
that increasing source emissions from intensive energy
consumption, low mixing height and low precipitation during
winter may contribute to the high carbon loading during cold
season.

The SOC concentration ranged from 0.855 to 12.04 mg m�3, with
the average of 5.63 ± 3.45 mg m�3. SOC averagely accounted for
about 56% of the total OC concentration. The SOC concentration and
contribution to OC in this study were higher than those reported in
other areas, such as Taiwan (4.2 mgm�3 and 40%) (Lin and Tai, 2001)



Fig. 8. The concentrations of the size-resolved carbonaceous aerosols in clean and

X.X. Ding et al. / Atmospheric Environment 167 (2017) 625e641 635
and San Joaquin Valley of California (20%) (Strader et al., 1999). The
average SOC concentrations in Shanghai were 6.28, 3.61, 6.95 and
10.36 mg m�3 in spring, summer, autumn and winter respectively,
accounting for 57%, 51%, 57%, 51% of OC, respectively, indicating the
significant role of secondary transformation in carbonaceous
pollution in Shanghai. The highest seasonal average SOC observed
in winter may be attributed to the increasing emission rate of pri-
mary carbonaceous particles and organic gases in winter which
weremainly produced by the fuel combustion processes. The stable
atmosphere and low temperature in winter facilitated the accu-
mulation of the precursors of SOA (SOA ¼ 1.6 � SOC) (Turpin and
Huntzicker, 1995) and accelerated the adsorption and condensa-
tion of semi-volatile and intermediate-volatile organic compounds
into aerosols (Wang et al., 2016). The low temperature in winter
also favoured gaseparticle equilibrium to move towards the par-
ticulate phase. As a result, the SOA formation was accelerated in
winter (Strader et al., 1999). The observed lowest seasonal average
SOC concentration in summer and its similar SOC/OC ratio to other
seasons may be due to the low levels of organic precursors and OC
though the high temperature and strong sunlight in summer favour
the photo-chemical secondary transformation.

As shown in Fig. 7, carbonaceous species presented similar two-
peak pattern in four seasons. One peak was in the fine mode
(0.56e1 mm), the other was in the coarse mode (5.6e10.0 mm).
Abundant carbonaceous species were concentrated in fine parti-
cles, especially in winter. The concentration peaks for fine particles
were relatively sharper in winter, while for OC and EC, there also
exist an extra small peak range from 0.18 to 0.32 mm in fine particles
in spring, summer and autumn. The size distributions of SOC in four
seasons were rather different from OC and EC. While it still pre-
sented with two main peaks (0.56e1 mm and 5.6e10.0 mm), it also
featured with two small peaks with the size range between 0.056-
0.1 mm and 1.8e3.2 mm for fine particles and coarse particles,
respectively, indicating the complex transformation mechanism of
OC.

Table 2 presented the concentrations of the size-resolved
carbonaceous aerosols and the seasonal variations of OC/EC, SOC/
OC in different size mode particles during the field observation in
Shanghai. The daily average OC and SOC in the whole period fol-
lowed the sequence of coarsemode> droplet mode > condensation
mode > nucleation mode, while the order of EC was coarse
mode > condensation mode > droplet mode > nucleation mode.
The PM1.8-associated carbonaceous aerosols almost contribute half
of the total carbonaceous aerosols. For PM1.8-associated SOC, it
accounted for 50%, 44%, 55% and 51% of PM1.8-associated OC in
spring, summer, autumn and winter respectively, with seasonal
concentrations of 3.47, 2.00, 4.49, 6.94 mg m�3. With the same SOC/
OC ratio in PM18, the SOC/OC ratio in PM1.8 was higher in autumn
than in spring. For nucleation mode, the SOC/OC ratio in summer
was quite lower than those in other seasons, indicating the clean air
sources in summer. Although the SOC/OC ratios of PM18 in summer
Table 2
Statistical data of size-resolved carbonaceous aerosols in four seasons and in polluted an

Species Period Nucleation mode Condensation m

OC whole period 0.55 3.69
EC 0.72 1.27
OC/EC 0.76 2.90
SOC 0.50 1.80
SOA 0.80 2.88
SOC/OC spring 1.00 0.47

summer 0.37 0.45
autumn 1.25 0.52
winter 1.00 0.49
and winter were the same, the SOC/OC ratio of PM1.8 in winter was
particularly higher than that in summer, indicating that photo-
chemical secondary transformation in winter was not the domi-
nant factor to SOC formation in fine particles, while the stable at-
mosphere and low temperature dominated the formation of SOC.

SOA plays an important role in physical and chemical properties
of the atmospheric particles, closely relating to haze, visibility,
climate, and health (Reid et al., 2013). The annual average con-
centration of estimated SOA was 10.88 mg m�3, covering of 11%
PM18 mass, indicating that SOA also has an important effect on the
air pollution in urban Shanghai.

3.3.2. Size distribution of carbonaceous aerosols for different
pollution levels

The concentrations of OC, EC and SOC were 4.88, 1.88,
2.33 mg m�3 in clean days and 13.14, 5.03, 6.83 mg m�3 in polluted
days, respectively. The latter increased by 2.69, 2.68 and 2.93 folds
than the former, respectively, indicating that the carbonaceous
aerosol pollution was very serious in urban Shanghai. The levels of
OC, EC and SOC all followed the sequence of coarse
mode > condensation mode > droplet mode > nucleation mode in
clean days while the sequence changed to condensation
mode > droplet mode > condensation mode > nucleation mode in
polluted days, implying the unique aerosol formation processes in
polluted days. The concentration variations of the size-resolved
carbonaceous aerosols in clean and polluted days were presented
in Fig. 8. As shown in Fig. 8, the concentration of each carbonaceous
species in each mode increased by about 2 fold in polluted cases.
The ratio of OC in polluted and clean days followed the sequence of
droplet mode > coarse mode > condensation mode > nucleation
mode. The contribution of SOC to OC was higher in polluted days
than in clean days, and the difference was mainly caused by
d clean days during the field observation in Shanghai.

ode Droplet mode Coarse mode 0.056e18 mm

4.06 4.36 12.66
1.04 1.55 4.58
3.90 2.81 2.76
1.90 2.58 6.80
3.04 4.13 10.88
0.45 0.68 0.57
0.44 0.62 0.51
0.49 0.59 0.57
0.47 0.52 0.51

polluted days. Hatched histogram refer to polluted days.
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nucleation mode in which OC was totally composed by SOC in
polluted days while no SOC was found in nucleation mode in clean
days. The values in other modes were close. The highest ratio of the
concentration in polluted and clean days for both OC and SOC were
in the droplet mode, implying the great contribution of SOC to OC in
droplet mode and the occurrence of pollution necessarily had an
important bearing on the SOC formation in droplet mode particles.

The OC/EC, SOC/OC in different size modes particles were pre-
sented in Table 3. The OC/EC ratios for PM18 were almost the same
in polluted days and in clean days, it may be explained by the
complementary effect of the OC/EC in different size modes, which
will be discussed in detail in Section 3.3.3. The maximum OC/EC
was in droplet mode and the minimumwas in the nucleation mode
for both clean and polluted days. The fact that the higher OC, EC,
and SOC in polluted days than those in clean days may mean that
the air pollution was induced greatly by these species. The higher
OC/EC and lower SOC/OC in droplet mode both in polluted days and
in clean days may suggest that OC was easy to be concentrated in
this mode though SOC was also continuously formed. It should be
pointed out that the concentrations of OC and SOC were still lower
than that of polluted days though the value in coarse mode in clean
days was higher than that in polluted days.

To better understand the change of the carbonaceous aerosols
and the particle size distributions of carbonaceous species, the size
distribution of particulate matter, OC, EC and SOC under these 5
polluted cases were illustrated in Fig. 9. The log-normal size dis-
tributions of OC and EC showed a trimodal with peaks in the par-
ticles with size between 0.18 and 0.32 mm, 0.56e1 mm and
5.6e10.0 mm when PM1.8 < 115 mg m�3. When it comes to heavily
and severely polluted cases, OC and EC presented two-peak pattern
with one peak in 0.56e1 mm and the other in 5.6e10.0 mm. OC and
EC were preferably enriched in fine particles. Mass concentrations
of OC and EC in fine particles accounted for 73% and 70% of the total
OC and EC. Compared with OC, EC was preferably enriched in
particles with size less than 1 mm.

The size distributions of SOC in different polluted cases were not
as regular or smooth as those of OC and EC.Weak peaks were found
for the size distributions of SOC during clean days while tri-modal
and even quad-modal were observed in polluted days, implying the
complex formation processes of SOC in the atmosphere. It pre-
sented a quad-modal with peaks in the particles with size between
0.18 and 0.32 mm, 0.56e1.0 mm, 1.8e3.2 mm and 5.6e10.0 mmwhen
the atmosphere was lightly or moderately polluted while it was
found to be a tri-modal when it was heavily or severely polluted.
The peaks for SOC in heavily polluted weathers were 0.1e0.18 mm,
0.32e3.2 mm and 5.6e10 mm. It is noteworthy that during the
lightly and moderately polluted days, the size distributions of SOC
in atmospheric particles nearly share the peaks with the same size
ranges.

The log-normal size distributions of PM shown in Fig. 9 pre-
sented a trimodal with peaks in the fine mode (0.56e1 mm) and the
coarsemode (5.6e10.0 mm)when PM1.8 < 150 mgm�3. While the air
was severely polluted, the size distribution of atmospheric particles
Table 3
Statistical data of size-resolved carbonaceous aerosols in polluted and clean days during

Species Period Nucleation mode Condensation

OC Polluted/Clean 1.95 2.11
EC 3.4 1.94
SOC / 2.41
OC/EC Clean 1.08 2.74

Polluted 0.61 2.96
SOC/OC Clean / 0.42

Polluted 1.00 0.49
was bimodal but with the main peak moved to a larger size
(1e1.8 mm). For the peak of 0.56e1 mm, it might be mainly influ-
enced by OC, EC and the sulfate peak in this size range. As for the
peak in 1e1.8 mm in severely polluted days, it might be caused by
the combined effect of nitrate, ammonia (see Fig. 5) and SOC. As for
the peak in 0.18e0.32 mm, it can be ascribed to SNA. As the main
composition that accounted for 18% of the mass concentration,
remarkable peak was found for sulfate in the peak size of
0.56e1 mm (Fig. 5), especially in polluted days, thus the contribu-
tions of OC and EC (accounting for 10% of PM) to the peak of the PM
were weakened. These results may indicate the different size dis-
tribution of different composition in PM and may imply the inter-
action between the formation of SNA, SOC and the formation of
mixture state in the atmosphere.

3.3.3. Correlations between OC and EC

3.3.3.1. Correlations between OC and EC in size-resolved particles in
different modes. The origins of OC and EC can be assessed by
studying the relationship between OC and EC mass concentrations
(Turpin and Huntzicker, 1991), for the correlation between OC and
EC concentrations should be strong if they were emitted from the
similar sources. Typical emission sources of carbonaceous aerosols
included diesel- and gasoline-powered vehicle exhaust (OC/
EC ¼ 1.0e4.2) (Schauer et al., 2002), fossil fuel combustion (OC/
EC¼ 2.0) (Cao et al., 2006), biomass burning (OC/EC¼ 9.0) (Cachier
et al., 1989), etc. OC/EC ratios were found to be 1.49e4.66 with a
mean value of 2.78 for PM18 samples and 0.69e9.64 for single size-
segregated samples, indicating that vehicle exhaust, fossil fuel
combustion and biomass burning were the possible sources of
carbonaceous aerosols in urban Shanghai.

EC was usually produced by the incomplete combustion of fossil
fuels, biofuel and biomass, which only came from some primary
sources, especially from direct vehicle emissions (Zhao et al., 2015).
OC level can be disturbed by the primary emission sources from
fossil fuel combustion and biofuel/biomass burning, together with
secondary formation of SOA. Besides fossil fuel combustion and
biofuel burning source emissions, the processes and transport of
biomass burning have important contribution to the measured OC.
The SOA derived from photochemistry of biogenic or anthropogenic
VOCs is an important source of OC. The transport and dispersion of
aged aerosol including SOA could also contribute to the OC con-
centration. Therefore, the relationships between OC and EC con-
centrations for different size mode particles were analysed (Fig. S2
in the Supplement). Strong correlations were observed between OC
and EC for condensation mode (R2 ¼ 0.85) and droplet mode
(R2 ¼ 0.94) particles, suggesting the same emission sources of
combustion and similar transport process for OC and EC in the
particles with the size of 0.1e1.8 mm (Zhao et al., 2015). Even so, the
high regression slope for droplet mode particles (4.42) indicated
that secondary OC in droplet mode particles was likely to be pro-
duced by photochemical processes during atmospheric transport
while excess primary OC import from different sources may also
enhance the value of OC on a transport pathway to urban Shanghai.
the field observation in Shanghai.

mode Droplet mode Coarse mode 0.056e18 mm

3.69 2.69 2.61
2.91 2.97 2.81
4.07 2.26 2.92
3.08 2.79 2.60
3.91 2.55 2.61
0.42 0.65 0.37
0.46 0.55 0.62



Fig. 9. Size distributions of particulate matter, OC, EC and SOC under 5 pollution conditions (a. clear, b. lightly polluted, c. moderately polluted, d. heavily polluted, e. severely
polluted).
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Moreover, OC to EC ratio is commonly regarded as SOA indicator
(Chow et al., 1993) and the ratio of 2.2 was assumed to indicate the
existence of SOC (Turpin and Huntzicker, 1991). According to this
hypothesis, SOA evidently exists in condensation mode and droplet
mode, whose OC/EC ratios were 2.94 and 4.42, respectively. The
weak correlation between OC and EC for coarse mode (R2 ¼ 0.32)
and high OC/EC ratio (2.81) were likely attributed to the influence
of different emission sources, the contribution of SOA formation
and/or its transport, as well as atmospheric dispersion process of
the carbonaceous species in coarse particles in urban Shanghai. No
credible relationships between OC and EC were found for nucle-
ation mode particles. This might be accounted to the low carbon
loading, the contribution of different source and the secondary
formation process in this size range.
3.3.3.2. Correlations between OC and EC in size-resolved particles in
four seasons. Table 4 showed the correlations between OC and EC in
size-resolved carbonaceous aerosols in four seasons in Shanghai.
The least OC/EC ratios were found in particles smaller than
0.056 mm, which were all lower than 1 in four seasons, indicating
no secondary reactions for OC. Particles that with the size >0.1 mm
Table 4
The ratios of OC/EC in size-resolved carbonaceous aerosols in four seasons during the fie

Seasons Nucleation
mode

Condensation
mode

Droplet
mode

Coarse
mode

PM18 Lin
aer

OC/
EC

spring 0.72 2.95 3.85 3.70 2.97 OC
summer 0.65 2.49 3.57 3.00 2.5 OC
autumn 0.79 2.94 3.87 2.46 2.65 OC
winter 0.84 3.07 4.03 2.60 2.84 OC
all presented with high OC/EC ratios, especially for droplet mode
particles, suggesting the enhancement of the secondary formation
of OC in the droplet mode. For seasonal comparison, OC/EC ratios
were relatively high in cold seasons (winter and spring) versus
values in warm seasons (summer and autumn), the reasons might
be: (1) more semi-volatile and intermediate-volatile organic com-
pounds adsorbed and condensed into aerosols in lower tempera-
ture in cold seasons; (2) more fuel combustion for heating in cold
seasons; (3) stable atmosphere, low temperature, low mixing layer
height and low precipitation resulted in the accumulation of SOA in
winter; (4) lower temperature favours gas-particle equilibrium to
move towards the particulate phase; (5) the effect of long-range
transport of polluted air with higher OC/EC ratio mainly origi-
nated from north and northwest China during cold seasons (Duan
et al., 2007).
3.4. Sources of secondary species

3.4.1. PSCF for sulfate, nitrate and SNA in PM1.8-associated particles
The concentrations of PM1.8-associated SO4

2�, NO3
� and SNA in

Shanghai were 9.44, 2.89 and 11.21 mg m�3 in spring, respectively,
ld observation in Shanghai.

ear regression equation (single
osols)

Linear regression equation (daily aerosol
samples)

¼ 3.36 EC þ0.05 (R2 ¼ 0.74) OC ¼ 4.28 EC - 4.88 (R2 ¼ 0.62)
¼ 3.49 EC - 0.16 (R2 ¼ 0.72) OC ¼ 2.94 EC - 2.15 (R2 ¼ 0.66)
¼ 4.08 EC - 0.42 (R2 ¼ 0.74) /
¼ 3.09 EC - 0.11 (R2 ¼ 0.64) /
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11.01, 0.60 and 11.69 mg m�3 in summer, respectively, 7.10, 2.20 and
9.39 mg m�3 in autumn, respectively, and 9.82, 10.77 and
20.67 mg m�3 in winter, respectively.

Provided daily concentrations of PM1.8-associated SO4
2�, NO3

�

and SNA in Shanghai in four seasons, PSCF may provide an effective
way to identify the likely locations of atmospheric aerosol sources
and show the extent of transport for different species in different
seasons. Fig. 10 presented the spatial distributions of the weighted
PSCF of PM1.8-associated SO4

2�, NO3
� and SNA in Shanghai in spring,

summer, autumn andwinter, respectively. It was clearly shown that
in addition to local sources, Shanghai was also affected by long-
range and meso-scale transport of emissions. In spring and
autumn, the daily concentrations of PM1.8-associated SO4

2� were
relatively lower than those in summer and winter. Potential source
areas with weighted PSCF values higher than 0.6 were maily
located in the Northern Yellow Sea in spring and the East Japan Sea
and some Asian countries such as Japan and Korea in autumn,
indicating the role of long-range transported sources to SO4

2� in
urban Shanghai in these two seasons. High weighted PSCF values
were seen in summer for PM1.8-associated SO4

2� in northwest East
Fig. 10. Spatial distributions of weighted PSCF values for sulfate, nitrate, SNA and SOC in PM
SOC in spring, summer, autumn and winter, respectively).
China Sea (ECS) and the YRD region, indicating that the SO4
2�

pollution of Shanghai in summer was mainly ascribed to the in-
fluences of sea salt and ship emissions and the inter-regional
transport in YRD. However, it was obviously shown in Fig. 10 that
the SO4

2� pollution of Shanghai in winter was mainly ascribed to
long-range and inter-regional transport and was mainly related to
the anthropogenic emissions from inland China.

The daily concentrations of PM1.8-associated NO3
� in spring were

similar to those in autumn while they shared the different sources
as the NO3

� in spring had broader potential sources including YRD
region and sea sources from the Northern Yellow Sea while the
potential sources of PM1.8-associated NO3

� in autumn were mainly
ascribed to inter-regional transport. The daily concentrations of
PM1.8-associated NO3

� in summer were quite lower than those in
other seasons and the criterion, thus the potential sources can not
be simulated in this study. Extremely high weighted PSCF values
were presented in local Shanghai, the YRD region and northern
China, indicating the influence of the considerable amount of
anthropogenic pollutants transported from these areas via long-
range transport and inter-regional transport on the high loading
1.8-associated particles in Shanghai in four seasons (a-p, represent SO4
2�, NO3

�, SNA and
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NO3
� in winter.
The daily concentrations of PM1.8-associated SNA in spring,

summer and autumn were quite lower than those in winter. As
shown in Fig. 10, the distributions of weighted PSCF values for
PM1.8-associated SNA in four seasons were almost the combina-
tions of the weighted PSCF for PM1.8-associated SO4

2� and NO3
�,

showing the dominant role of SO4
2� and NO3

� in SNA in this study.

3.4.2. PSCF for SOC in PM1.8-associated particles
The concentrations of PM1.8-associated SOC in Shanghai were

3.47, 2.11, 4.49 and 6.94 mg m�3 in spring, summer, autumn and
winter, respectively. Based on the daily concentrations of PM1.8-
associated SOC in four seasons, weighted PSCF were plotted in
Fig. 10. For PM1.8-associated SOC, local Shanghai and the neigh-
boring city of Zhejiang and Jiangsu presented high weighted PSCF
values in spring, summer and autumn, indicating the contribution
of inter-regional transport to the carbonaceous pollution in
Shanghai in these seasons. The weighted PSCF results for PM1.8-
associated SNA in winter identified local Shanghai and the areas
that extended from southwest of Shandong province and Hubei
province to local Shanghai as the major potential source regions of
PM1.8-associated SOC in Shanghai in winter, showing the influence
of long-range transport on the high loading of carbonaceous
pollution in winter in Shanghai.

Compared with the weighted PSCF results of PM1.8-associated
SO4

2�, NO3
� and SNA in Shanghai, the potential source regions of SOC

in Shanghai shared some similarity with those of inorganic species
to some extent. The distributions of weighted PSCF values for
PM1.8-associated SOC were similar to those for PM1.8-associated
NO3

� in spring and winter and the potential source regions of SOC
and those of SO4

2�, NO3
� and SNA in winter belong to the same

district, indicating that there may exist some connections between
the formation of SOC and the secondary inorganic species in par-
ticulate matters.

4. Conclusions

Size-resolved aerosol particle samples were collected with a 10-
stage MOUDI at urban Shanghai for four seasons: spring (April
2015), summer (August 2015), autumn (October 2015) and winter
(January 2016). Water-soluble ions (i.e., F�, Cl�, SO4

2�, NO3
�, Liþ, Naþ,

NH4
þ, Kþ, Ca2þ, Mg2þ, formate, acetate, methanesulfonic acid, oxa-

late), OC and EC of the atmospheric aerosol particles in the size
range of 0.056e18 mmwere studied. The particles were divided into
four modes: nucleation mode (0e0.1 mm), condensation mode
(0.1e0.56 mm), droplet mode (0.56e1.8 mm) and coarse mode
(1.8e18 mm). The size distribution of SNA and OC, EC and SOC in
four seasons and in different pollution levels were discussed and
the potential sources of PM1.8-associated secondary species (SO4

2�,
NO3

�, SNA and SOC) in different seasons were identified by PSCF
model.

PM1.8 ranged from 7.18 to 169.91 mg m�3 and averaged
55.32 mg m�3. PM1 ranged from 5.79 to 95.25 mg m�3 and averaged
42.70 mg m�3. PM0.1 ranged from 0 to 29.63 mg m�3 and averaged
6.03 mg m�3. These results showed that atmospheric ultrafine and
fine particle pollution in Shanghai were very serious during the
study period. Mass fraction percentage of water-soluble ions in
nucleation mode, condensation mode, droplet mode and coarse
mode was 19%, 39%, 49% and 24%, respectively. The mass concen-
trations of the water-soluble ions followed the sequences of
Cl� > SO4

2� > Ca2þ > NO3
� > Naþ for nucleation-mode particles,

SO4
2� > NO3

� > Naþ > Cl� > NH4
þ for condensation mode,

SO4
2� > NO3

� > Naþ > NH4
þ > C2O4

2� for droplet mode, and
NO3

� > SO4
2� > Ca2þ > Cl� > Naþ for coarse mode particles,

respectively. Most of the water-soluble ions tended to be enriched
in fine particles, especially being abundant in the droplet mode in
polluted cases. Compared with sulfate, the size distribution of the
nitrate and ammonium presented more significant seasonal vari-
ations and showed distinctive characteristics in polluted days.
Abundant nitrate was concentrated in fine particles in cold seasons
(spring andwinter), whereas it was enriched in coarsemode during
summer and autumn. The droplet mode sulfate with high con-
centration did not result in the aggravation of air pollution, while
the nucleation mode sulfate may have made a great contribution to
the air pollution in urban Shanghai. It was also found that the
formation of air pollution in urban Shanghai had a significant link
with nitrate and ammonium, especially with the nitrate and
ammonium in condensation mode and droplet mode, and the
contribution of sulfate to the pollution formation in Shanghai
would somehow be surpassed by the increasing nitrate and
ammonium.

While OC and EC concentrations from spring to winter were
11.10, 7.10, 12.30, 20.16, and 3.73, 2.84, 4.63, 7.10 mg m�3, respec-
tively, distinctly presented the summer minima and winter max-
ima. SOC concentrations were 6.28, 3.61, 6.95 and 10.36 mg m�3 in
spring, summer, autumn and winter respectively, accounting for
57%, 51%, 57% and 51% of OC in spring, summer, autumn and winter
respectively. Strong correlations were observed between OC and EC
for condensation mode (R2 ¼ 0.85) and droplet mode (R2 ¼ 0.94)
particles, suggesting the similar emission sources and transport
process for carbonaceous aerosols in the particles with the size of
0.1e1.8 mm. The OC/EC ratios were 1.49e4.66 with a mean of 2.78
for PM18 samples and 0.69e9.64 for single size-resolved samples,
indicating that vehicle exhaust, industrial coal combustion and
biomass burning were the possible sources of carbonaceous aero-
sols in urban Shanghai. The maximum OC/EC was in droplet mode
and the minimum was in the nucleation mode for both clean and
polluted days. Tri-modal size distributions were found for OC and
EC with peaks in the particles with size between 0.18 and 0.32 mm,
0.56e1 mm and 5.6e10.0 mm when PM1.8 < 115 mg m�3 while they
presented bi-modal size distributions with peak in 0.56e1 mm and
5.6e10.0 mm when PM1.8 >115 mg m�3. The great contribution of
SOC to OC in droplet mode and the occurrence of PM pollution
necessarily had an important bearing on the SOC formation in
droplet mode particles. Particle acidity may play a key role in sec-
ondary organic aerosol formation and the particles with the size of
0.056e0.1 mm were the most sensitive particles to acid catalysis in
SOA formation. The similar PSCF results of PM1.8-associated SOC to
those of SO4

2�, NO3
� and SNA indicated possible connections be-

tween the formation of SOC and the secondary inorganic species in
PM.

Shanghai has been experiencing severe PM pollution in recent
years, and many extensive studies have been conducted to explore
the temporal-spatial variations in PM composition and concentra-
tions, sources, formation mechanisms, and evolution processes of
PM pollution involving SIA and SOA (Qiao et al., 2015; Wang et al.,
2016; Zhao et al., 2015). The enhanced role of SIA and SOA in PM2.5
or PM1 in the formation of haze episode have been revealed (Qiao
et al., 2015; Tang et al., 2016). Size distribution characteristics of SIA
in size-resolved particles have been investigated (Tao et al., 2014).
However, up to now, there is not much research on the size-
resolved particles in Shanghai. Results from this study can help to
better understand the formation of atmospheric SNA and SOC in
different particle modes and their contributions to the occurrence
of PM pollution events, and to greatly improve our understanding
of the level of air pollution in the Shanghai area.
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