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Abstract. The Chinese Spring Festival is one of the most
important traditional festivals in China. The peak transport
in the Spring Festival season (spring travel rush) provides
a unique opportunity for investigating the impact of human
activity on air quality in the Chinese megacities. Emission
sources are varied and fluctuate greatly before, during and
after the Festival. Increased vehicular emissions during the
“spring travel rush” before the 2009 Festival resulted in high
level pollutants of NOx (270 µg m−3), CO (2572 µg m−3),
black carbon (BC) (8.5 µg m−3) and extremely low single
scattering albedo of 0.76 in Shanghai, indicating strong,
fresh combustion. Organics contributed most to PM2.5, fol-
lowed by NO−

3 , NH+

4 , and SO2−

4 . During the Chinese Lu-
nar New Year’s Eve and Day, widespread usage of fireworks
caused heavy pollution of extremely high aerosol concentra-
tion, scattering coefficient, SO2, and NOx. Due to the “spring
travel rush” after the festival, anthropogenic emissions grad-
ually climbed and mirrored corresponding increases in the
aerosol components and gaseous pollutants. Secondary inor-
ganic aerosol (SO2−

4 , NO−

3 , and NH+

4 ) accounted for a dom-
inant fraction of 74 % in PM2.5 due to an increase in human
activity. There was a greater demand for energy as vast num-
bers of people using public transportation or driving their
own vehicles returned home after the Festival. Factories and
constructions sites were operating again.

The potential source contribution function (PSCF) anal-
ysis illustrated the possible source areas for air pollutants
of Shanghai. The effects of regional and long-range trans-

port were both revealed. Five major sources, i.e. natural
sources, vehicular emissions, burning of fireworks, industrial
and metallurgical emissions, and coal burning were iden-
tified using the principle component analysis. The average
visibility during the whole study period was less than 6 km.
It had been estimated that 50 % of the total light extinction
was due to the high water vapor in the atmosphere. This
study demonstrates that organic aerosol was the largest con-
tributor to aerosol extinction at 47 %, followed by sulfate
ammonium, nitrate ammonium, and EC at 22 %, 14 %, and
12 %, respectively. Our results indicated the dominant role
of traffic-related aerosol species (i.e. organic aerosol, nitrate
and EC) on the formation of air pollution, and suggested the
importance of controlling vehicle numbers and emissions in
mega-cities of China as its population and economy continue
to grow.

1 Introduction

China is currently playing an important role in the global eco-
nomic growth and renaissance. The expansion of the urban
population has resulted in tremendous increases in energy
consumption, emissions of air pollutants and bad air quality
days in megacities, city clusters, and their immediate vicini-
ties. Air pollution has become one of the top environmental
concerns in China. Tropospheric NO2 column over China has
experienced a large growth over Eastern China, especially
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above the industrial areas with a fast economical growth (van
der A et al., 2006). Although PM10 index was trending down
(Chan and Yao, 2008), some aerosol components such as
black carbon (BC) and organic carbon increased since 2000
based on an anthropogenic emission inventory of China de-
veloped for 1990–2005 (Lei et al., 2011). Fossil-fuel com-
bustion is the main source for BC in East Asia (Zhang et
al., 2009). The heating rate from fossil fuel containing BC is
about 100 % larger than biomass burning containing BC, and
Asia was also subject to large ratio of BC-to-SO2 emissions,
an index for the net warming (Ramana et al., 2010). As many
developing countries and regions are becoming more indus-
trialized, emissions of air pollutants are likely to increase dra-
matically. Hence, there is a great need to implement control
measures to improve air quality and protect public health.

The Yangtze River Delta, Beijing, and the Pearl River
Delta are the most economically vibrant regions in China.
SO2 emission from the coal-fired power sector was projected
to decrease since 2005, attributed mainly to the wide applica-
tion of the flue gas desulfurization (FGD) technology (Zhao
et al., 2008). The surface annual SO2 concentration was also
observed to decrease after 2005 in Shanghai due to the clos-
ing of dirty and inefficient power plant units and the imple-
mentation of new technology (Lin et al., 2012). It has been
suggested that controlling emissions from industrial facilities
and operating vehicles was an efficient way to reduce SO2,
NOx, NMVOC and PM10 during the 2008 Beijing Olympic
Games (Wang et al., 2010). A model study using the Model-
3/CMAQ (Community Multi-scale Air Quality) stated that
upgrading to National IV emission standards would effec-
tively reduce daily averaged NO2 and PM10 concentrations
by 11.7 ppbv and 21.3 µg m−3 for the Pearl River Delta re-
gion (Che et al., 2011).

Shanghai is China’s most populated urban area and has
a total residential population of about 23 million. Approx-
imately 9 million people are temporary residents from the
other provinces and cities, which accounts for 39 % of
Shanghai’s total population (SMSB, 2011). Emission sources
of Shanghai were complicated to evaluate because of the
variety, type, and the times they were most heavily used.
The typical causes for haze formation were investigated and
determined to be derived from secondary inorganic pollu-
tion, dust, and biomass burning (Huang et al., 2012). In this
study, we conducted an intensive field campaign in Shanghai
around the Chinese Spring Festival (Lunar New Year) travel
season in 2009, which is also referred to as “Chunyun” in
Chinese or the “spring travel rush”. During this period, ex-
tremely high traffic inflows and outflows occur as numerous
migrant residents return to their hometowns to reunite with
their families and celebrate the traditional Chinese Spring
Festival. The transport system, e.g. trains, airplanes, and
buses, experience tremendous challenges. In 2009, the total
number of journeys during the “spring travel rush” reached
∼ 23 billion, which exceeded the entire population of China.
It was estimated that approximately 21 million people chose

to travel by roads. Thus, the Chinese New Year exodus is re-
garded as the world’s largest annual migration (BBC, 2009).
The emission sources are expected to vary greatly during this
time due to tremendous fluctuations in human activity. Dif-
ferent from previous studies aiming to characterize the phys-
ical, chemical and optical features of haze in Shanghai (Fu
et al., 2008; He et al., 2012; Huang et al., 2012; Wang et
al., 2006), this study evaluated the impact of anthropogenic
emission (e.g. vehicular and industrial emission) variations
on the aerosol chemical composition, optical properties and
the atmospheric visibility through a “virtual atmospheric ex-
periment”. Our previous research results indicate that the
traffic restrictions on the World Carfree days (22 Septem-
ber) in multi-years over Shanghai had little positive effect on
the air quality. This was because the control measures im-
plemented on both time durations and restriction areas were
very limited (J. Li, personal communication, 2010). While in
this study, the long Spring Festival travel season provided us
with a unique opportunity to evaluate these effects. To our
knowledge, reports on the impact of emission variations on
air quality in megacities prior to, during and after the Chinese
Spring festival were infrequent.

2 Methodology

2.1 Observational site

The observational site (31.3◦ N, 121.5◦ E) in this study was
on the roof (∼ 20 m high) of a teaching building on the cam-
pus of Fudan University in Yangpu district of Shanghai. Al-
most no high buildings are around this sampling site. This
observational site is approximately 40 km inland from the
East China Sea. About 1.3 million residents are living in this
area (SMSB, 2011). The daily concentrations of SO2, NO2,
and PM10 measured in our monitoring site during this study
period had consistent temporal variation and similar magni-
tudes to the reported data of the whole Shanghai metropolitan
area from Shanghai Environmental Monitoring Center (http:
//www.envir.gov.cn/airnews/) as shown in Fig. S1. Thus, this
site could be regarded as a representative of the megacity
Shanghai, standing for the mixing of residential, traffic, con-
struction, and industrial sources.

2.2 Aerosol, trace gases, and visibility measurement

The Thermo Scientific TEOM 1405-D monitor simultane-
ously measured PM2.5, PM-Coarse (PM10−2.5) and PM10
mass concentration upon an oscillating balance. Particulate
matters accumulating on a filter mounted changes in the fre-
quency of oscillation, which were related to the mass of
material accumulating on the filter, were detected in quasi-
real time and converted by a microprocessor into an equiva-
lent PM mass concentration every few seconds, as a 10 min
running average. Sampler split a PM10 sample stream into
its fine (PM2.5) and coarse (PM10−2.5) fractions using a
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USEPA-designed virtual impactor for the additional 2.5 µm
cutpoint. The total flow rate operated at 16.67 L min−1, and
two separate flow controllers maintained the coarse parti-
cle stream at 1.67 L min−1 and the fine particle stream at
3.0 L min−1. The instrument was operated at a temperature
of 50◦C to avoid the interference of moisture on the calcula-
tion of aerosol concentrations. PM concentrations were aver-
aged and used at intervals of 1 h in this study. Trace gases in-
struments included 43i SO2 analyzer, 42i NO-NO2-NOx an-
alyzer, 49i O3 analyzer and 48i CO analyzer. Some measures
were implemented to eliminate the potential interference of
NOy species on NO2 measurements as much as possible, e.g.
using a filter and subtracting the concentration of HONO.
The routine QA/QC included the daily zero/standard cali-
bration, span and range check, station environmental control,
staff certification, etc., according to the Technical Guideline
of Automatic Stations of Ambient Air Quality in Shanghai
based on the national specification HJ/T193-2005, which was
developed following the technical guidance established by
the US Environmental Protection Agency (USEPA, 1998).
The multi-point calibrations were applied upon initial in-
stallation of the instruments at the routine intervals of every
week. And the two-point calibrations were applied on a daily
basis. Visibility was measured by using a Vaisala Present
Weather Detector (Model: FD12P). Its sensor, which com-
bined the functions of a forward scatter visibility meter and
a present weather sensor, could measure visibility (meteoro-
logical optical range, MOR), precipitation intensity, and pre-
cipitation type. The detector measured visibility by using the
principle of forward scatter measurement within a range of
10–50 000 m (Vaisala, 2002).

2.3 Measurement of aerosol optical properties

2.3.1 Aerosol scattering coefficient measurement

A nephelometer (EcoTech, M9003) was used to contin-
uously measure the aerosol scattering coefficient (σsp) at
the wavelength of 520 nm. It has a detection limit of less
than 0.3 M m−1 with 60 s integration and a light scattering
angle of 10–170◦. Correction factors from Anderson and
Ogren (1998) were used to account for the forward scatter-
ing within the angle of 0–10◦. Air was pumped at a flow rate
of 5 L min−1 into a heating system. The processor-controlled
heating system automatically maintained the relative humid-
ity in the chamber below 40 %. Zero calibrations were per-
formed daily with particle-free air to subtract the Rayleigh
scattering from the total light scattering coefficient. Span cal-
ibrations were performed daily using 99.99 % CO2.

2.3.2 Black carbon (aerosol absorption coefficient)
measurement

An aethalometer (AE-21, Magee Scientific Co.) equipped
with a PM2.5 inlet impactor was used to continuously mea-

sure the concentration of BC (black carbon) at the wave-
length of 880 and 370 nm. The aethalometer measures BC
concentrations by collecting the particles on a rolled quartz
filter with a cellulose fiber backing, and continuously mon-
itoring the transmission intensity of light beams at 880 and
370 nm wavelengths. The theory of calculating BC concen-
tration could be found elsewhere (Magee-Scientific, 2005).
Due to known issues of multiple scattering and filter loading
problems, the calculated aerosol absorption coefficient was
corrected by using an empirical correction method proposed
by Arnott et al. (2005).

Babs,n =
SGBCn − αBsca,n

M

√
1+

(V dt
A

)
∑n−1

i=1 Babs,i

τa,f x

, (1)

wheren represents then-th measurement of BC.V is the
flow rate, dt is the measurement interval, andA is the filter
area. SG,α, M, andτα,f x are empirical values that are listed
in a lookup table in Arnott et al. (2005). As the aerosol scat-
tering coefficient was obtained at 520 nm as stated above, we
have to convertσap to its values at 520 nm from the Angstrom
absorption exponentδap, δap = −dlog(σap)/dlog(λ). Theδap
thus obtained was used in the Angstrom relation (δap(λ) =

βapλ
−δ) to obtain the absorption coefficient at required wave-

length. Then we can obtain the aerosol absorption coefficient
and scattering coefficient at the same wavelength of 520 nm.
The single scattering albedo (SSA) can be calculated using
ω = σsp/(σap+ σsp).

2.4 Manual sampling

Aerosol samples of TSP and PM2.5 were collected on
Whatman 41 filters (Whatman Inc., Maidstone, UK) using
medium-volume samplers manufactured by Beijing Geologi-
cal Instrument-Dickel Co., Ltd. (model: TSP/PM10/PM2.5-2;
flow rate: 77.59 L min−1). All the samplers were co-located
with the online instruments on the roof (∼ 20 m) of the 4th
Teaching Building at Fudan University, Shanghai. The dura-
tion time of sampling was generally 24 h. More samples with
shorter duration time were collected during the heavy haze
days. The filters before and after sampling were weighed us-
ing an analytical balance (Model: Sartorius 2004MP) with a
reading precision 10 mg after stabilizing in constant tempera-
ture (20± 1◦C) and humidity (40± 1 %). All the procedures
were strictly quality controlled to avoid the possible contam-
ination of samples.

2.5 Chemical analysis

2.5.1 Ion analysis

One-fourth of each sample and blank filter was extracted
ultrasonically by 10 mL deionized water (18 M� cm−1).
Eleven inorganic ions (SO2−

4 , NO−

3 , F−, Cl−, NO−

2 , PO3−

4 ,
NH+

4 , Na+, K+, Ca2+, Mg2+) and four organic acids
(formic, acetic, oxalic, and methylsulfonic acid – MSA) were
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analyzed by Ion Chromatography (ICS 3000, Dionex), which
consisted of a separation column (Dionex Ionpac AS 11), a
guard column (Dionex Ionpac AG 11), a self-regenerating
suppressed conductivity detector (Dionex Ionpac ED50) and
a gradient pump (Dionex Ionpac GP50). The detail proce-
dures were given elsewhere (Yuan et al., 2003).

2.5.2 Element analysis

Half of each sample and blank filter was digested at 170◦C
for 4 h in high-pressure Teflon digestion vessel with 3 mL
concentrated HNO3, 1 mL concentrated HCl, and 1 mL con-
centrated HF. After cooling, the solutions were dried, and
then diluted to 10 mL with distilled deionized water. Total
31 elements (Ag, Al, As, Ba, Br, Ca, Cd, Ce, Co, Cr, Cu,
Eu, Fe, Ge, I, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Sc,
Se, Sr, Ti, V, and Zn) were measured by using an induc-
tively coupled plasma atomic emission spectroscopy (ICP-
OES; SPECTRO, Germany). The detailed analytical proce-
dures were given elsewhere (Sun et al., 2004; Zhuang et al.,
2001).

2.5.3 Carbonaceous aerosol analysis

Quartz filters were pre-heated at 500◦ for 5 h before using
and the samples were analyzed for OC/EC using DRI Model
2001 (Thermal/Optical Carbon Analyzer). The IMPROVE
thermal/optical reflectance (TOR) protocol (Chow and Wat-
son, 2002) was used for the carbon analysis. The eight frac-
tions (OC1, OC2, OC3, OC4 at 120, 250, 450 and 550◦C,
respectively in a helium atmosphere, EC1, EC2, EC3 at 550,
700 and 800◦C, respectively, in the 98 % helium/2 % oxygen
atmosphere) and OPC (optically detected pyrolized carbon)
were measured separately. The IMPROVE protocol defined
OC as OC1+ OC2+ OC3+ OC4+ OPC and EC as EC1
+ EC2+ EC3− OPC.

2.6 Potential source contribution function

In the study, the potential source contribution function
(PSCF) was calculated to infer the potential source areas.
Hopke et al. (1995) developed PSCF to identify the potential
source regions giving rise to observed concentrations at a re-
ceptor site. In this model, air mass back trajectories are com-
bined with the measured concentrations or identified source
factor contribution to produce conditional probabilities over
the region, where the region is subdivided into a number of
grid cells. Three-days air mass back trajectories were cal-
culated by running the NOAA Air Resource Lab (ARL)
HYSPLIT model (R. Draxler and G. Rolph, HYSPLIT
(HYbrid Single-Particle Lagrangian Integrated Trajectory)
Model, 2003,http://www.arl.noaa.gov/ready/hysplit4.html),
driven by the Global Data Assimilation System (GDAS)
global reanalysis dataset. Backward trajectories were initi-
ated every hour from 500 m above ground level over our
measurement site. The total numbers (ni,j ) of trajectory end-

points (i.e. coordinates of the back trajectory for each hour
before arriving at the receptor site) falling within grid cell
[i,j ] during the study period are counted. Also, the num-
ber of those in the same grid cell with pollutant level higher
than a set threshold was calculated asmi,j . Then, the ratio
betweenni,j andmi,j is the PSCF value for this grid cell:
PSCFi,j = mi,j /ni,j . To minimize the biased PSCF caused
by the lowni,j values, PSCFij was weighted withwij by set-
ting at 0.05 forni,j ≤ 10, 0.42 for 10< ni,j ≤ 20, and 0.70
for 20< ni,j ≤ 80. Note that PSCF did not incorporate any
emission input and could not resolve detailed small-scale fea-
tures while it was an indication of the likelihood that a given
region contributed to the receptor site.

3 Results and discussion

3.1 Air pollution during the Chinese Spring Festival
season

One intensive atmospheric field campaign was carried out
in Shanghai, an Eastern China megacity. The study period
lasted from 15 January to 12 February in 2009, covering one
of the most important Chinese traditional national holidays,
the Chinese Spring Festival. The average concentrations of
PM2.5 and PM10 during the study period were 61.5± 47.3
and 89.8± 53.1 µg m−3, respectively. PM2.5 accounted for
a dominant fraction of 68.5 % in PM10, indicating that fine
particle was the main source of aerosol in Shanghai. Figure 1
shows the times series of hourly PM2.5, PM10 concentrations,
aerosol scattering (σsp) and absorbing coefficient (σap), and
single scattering albedo (ω) during the study period. Also,
meteorological parameters are shown in the same figure, in-
cluding hourly wind speed/direction, relative humidity, rain-
fall amount, and visibility.

There were several pollution episodes based on the parti-
cle concentration and visibility. The first pollution episode
occurred from 16–18 January with average visibility of
4.1± 2.2 km. The average PM2.5 and PM10 concentration
reached 85.4± 33.2 and 142.5± 26.2 µg m−3, respectively.
Correspondingly high aerosol scattering coefficient (σsp)

also occurred with mean value of 297.2± 189.8 M m−1 as
shown in Fig. 1e.

As stated in the introduction section, the spring travel rush
usually starts about 1–2 weeks before the Chinese Lunar
New Year. During this period, most of the immigrant resi-
dents in Shanghai start traveling back to their birth places
for a reunion with their families. Agents in companies, in-
dustries and government usually give their employees their
holiday leave about a week before the holiday officially be-
gins. Most people intend to travel during this period. As a
result, the week before the Spring Festival is the busiest pe-
riod for the transportation system, including road vehicles,
railroads, and airlines. To meet the increasing demands on
transportation resources, hundreds of thousands of temporary
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Fig. 1. Time-series of meteorological conditions and various aerosol parameters with time 

resolution of 1 hour from January 15 to February 12, 2009 in Shanghai. (a) wind speed/direction 

and visibility (b) relatively humidity (RH) and rainfall (c) PM2.5 and PM10 mass concentration 

during the whole study period (d) PM2.5 and PM10 mass concentration on the Chinese Lunar New 

Year’s Eve (January 25) and the Chinese Lunar New Year’s Day (January 26) (e) aerosol 

scattering coefficient (σsp), absorption coefficient (σap) and single scattering albedo (ω0). 

 

 

Fig. 1. Time series of meteorological conditions and various aerosol parameters with time resolution of 1 h from 15 January to 12 February
2009 in Shanghai.(a) wind speed/direction and visibility(b) relatively humidity (RH) and rainfall(c) PM2.5 and PM10 mass concentration
during the whole study period(d) PM2.5 and PM10 mass concentration on the Chinese Lunar New Year’s Eve (25 January) and the Chinese
Lunar New Year’s Day (26 January)(e)aerosol scattering coefficient (σsp), absorption coefficient (σap) and single scattering albedo (ω0).

buses and trains are in operation. The average aerosol ab-
sorption coefficient (σap) during this period in 2009 reached
89.2± 56.7 M m−1, corresponding to the black carbon (BC)
concentration of 8.5 µg m−3, which was the highest during
the study period. This extremely high BC concentration cor-
roborated the effect of spring travel rush on the air pollution
as stated above. Consequently, the average single scattering
albedo (ω), which was defined as the ratio ofσsp to the to-
tal aerosol extinction coefficient (σsp+ σap), reached the ex-
tremely low value of 0.76, indicative of a large release of
fresh combustion aerosol. Figure 2 shows the time series of
hourly gaseous concentrations, including NOx (NO+ NO2),
CO, SO2, and O3. Of the major gases emitted from vehi-
cle exhaust, NOx and CO evidenced the highest concentra-
tions during this pollution episode. The average NOx and
CO concentration reached remarkably high concentrations of
270 and 2572 µg m−3, respectively, indicating significantly
increased vehicle emission. During this period, the relative
humidity was at the moderate level of∼ 70 %. Wind speeds
maintained around 1.0 m s−1 and were occasionally stagnant

(Fig. 1). This typical stagnant synoptic meteorology favored
the local atmospheric processing and accumulation of pollu-
tants. As this pollution occurred before the Spring Festival,
we denoted it as the “pre-holiday pollution episode”.

In the following several days, the aerosol concentrations
had obvious decreases, which was partly due to the increased
wind speeds that favored the diffusion of pollutants and
partly due to several precipitation events as shown in Fig. 1.
Extremely high particle concentrations occurred on 25 and
26 January which were the exact dates of the Chinese Lu-
nar New Year’s Eve and Lunar New Year’s Day. Particle
concentrations began rising at 19:00 LST (Local Standard
Time) on the 25th and remained at high levels for∼ 16 h
until 10:00 LST on 26 January 2009 (Fig. 1d). The hourly
peaks climbed to over 900 µg m−3 of PM2.5 between 00:00
and 01:00 LST on the 26th, which was 10 to 20 times above
the normal level. Correspondingly, the peak value of hourly
σsp reached the extreme value of 807.2 M m−1. Additionally,
the pollution gases SO2 and NOx reached very high lev-
els of 438 and 286 µg m−3, respectively. The intensive and
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Fig. 2. Time-series of hourly NOx (NO + NO2), CO, SO2 and O3 concentrations. The dashed 

arrow lines denote the trends of CO and SO2 concentrations during the post-holiday pollution 

episode from January 31 to February 11. 

Fig. 2. Time series of hourly NOx (NO + NO2), CO, SO2 and O3
concentrations. The dashed arrow lines denote the trends of CO and
SO2 concentrations during the post-holiday pollution episode from
31 January to 11 February.

widespread exploding of fireworks was responsible for this
burst of heavy pollution as all the residents were simultane-
ously celebrating the national holiday. The average visibility
was 4.9 km and we denoted this period as the “holiday pol-
lution episode”. Afterwards, particle concentrations dropped
considerably, probably due to the substantial decrease in ex-
ploding fireworks in addition to above normal precipitation
on 29–31 January (total rainfall: 22.1 mm).

After the seven-day national holiday, aerosol pollution
started to rise on 31 January and persisted until 11 Febru-
ary. As visualized in Fig. 1, obviously increasing trends of
PM concentrations andσsp were observed during this period
on a daily basis. Correspondingly, some pollution gases, (i.e.
CO, SO2, and NOx) also had similar temporal patterns, as
shown in Fig. 2. We attributed this to another peak trans-
port rush period after the national holiday, when people
from other provinces and cities started returning to Shang-
hai for work and school. Daily increasing travel flows were
reflected by the change of anthropogenic activities, such as
increased usage of domestic and industrial electricity (e.g.
SO2) and a greater demand on various transportation sys-
tems (e.g. NOx and CO). The particle concentration was
lower than the pre-holiday pollution with average PM2.5 and
PM10 concentrations of 67.7 and 97.5 µg m−3, respectively.
σsp in this period averaged 283.2± 121.6 M m−1, close to the
pre-holiday pollution episode. However,σap was much lower
(37.6± 19.4 M m−1) and almost 40 % of the pre-holiday pol-
lution episode. We explained that people had relatively flex-
ible traveling schedules after the festival compared to the
stringent schedule before the festival. Daily traffic emissions
were probably not as concentrated, either, which explains the
much lowerσap, NOx (NO, NO2), and CO levels. Visibility
was lower during the whole study period than anytime during

the year, with mean values of 2.96± 1.77 km. Relatively high
humidity (Fig. 1a) was one of the important factors account-
ing for the low visibility. We denoted this pollution episode
as the “post-holiday pollution episode”.

3.2 Source identification by PSCF

We conducted PSCF analysis to explore the potential source
regions of Shanghai’s air pollution. The results, aiming at
four air pollutant parameters (i.e. SO2, NOx, BC and PM2.5),
are shown in Fig. 3. Hourly measurement data from Shanghai
with corresponding three days back trajectories at the altitude
of 500 m during the whole study period were used as input
for the PSCF model. The study revealed that there appeared
to be fewer potential source regions for SO2 compared to
the other pollutants (Fig. 3a). Since power plants were the
major source for SO2 emission in YRD, we think that the
higher PSCF values of SO2 were directly related to the dis-
tribution of power plants. Figure S2 shows the distribution
of coal-fired power plants with the individual annual energy
(kWh) over the YRD region in 2009. It could be observed
that higher PSCF values generally coincided with those ar-
eas where power plants with the larger energy capacity are
located, e.g. southern Jiangsu province, major areas of An-
hui province, and northern Jiangxi province.

The potential source regions of NOx and BC were more
widespread than the source regions for SO2 (Fig. 3b and c).
NOx and BC were dominated by the line emission (e.g. ve-
hicles) and area emission (e.g. industries and residential),
which were more regionally distributed. Thus, Shanghai was
most likely the recipient of NOx and BC from areas outside
the city by means of regional transport. As shown in the fig-
ure, there is a high probability that NOx in Shanghai came
from the southwest while BC had a high probability of drift-
ing from the northwest. Compared to the relatively limited
potential source regions of SO2, NOx and BC over the conti-
nent, PM2.5 of Shanghai evidently had a broad transport path-
way from the northeast over the Eastern China Sea (Fig. 3d).
We believe that the high PSCF values there were derived
from the continental outflows from the North China Plain,
e.g. Shandong province, Beijing, etc. Thus, particle pollu-
tion in Shanghai was partially caused by long-range transport
from its upstream areas.

3.3 Chemical signatures for pollution identification

3.3.1 Elemental concentration levels and source
apportionment

A total of 31 elements were measured and analyzed in this
study, and their average concentrations with one standard de-
viation in PM2.5 and TSP are summarized in Table 1. Of all
the elements, sulfur (S) had the highest concentration with
mean values of 4.12± 3.26 and 6.04± 4.36 µg m−3 in PM2.5
and TSP, respectively. Sulfur mainly derived from the usage
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              Fig. 3. Potential Source Contribution Function (PSCF) maps for (a) SO2, (b) NO2, (c) BC, and (d) PM2.5.  

Fig. 3.Potential source contribution function (PSCF) maps for(a) SO2, (b) NO2, (c) BC, and(d) PM2.5.

of coal and it indicated coal combustion was still a major
component of air pollution in Shanghai. Al and Ca ranked
the second and third among all the elements. Their concen-
trations in this study were a factor of 2–5 times lower than
the previous results of 2004 and 2005 in Shanghai (Wang
et al., 2006). One reason for this could be that emissions
from construction activities were more effectively controlled
due to the forthcoming 2010 Shanghai World Expo. Various
measures were implemented to reduce construction and road-
side dust pollution, including requirements on the covering
or containment of idle soil, cement, and construction waste
(UNEP, 2009). On the other hand, most of the construction
sites were temporarily shut down due to the long Spring Fes-
tival vacation. By using the formula proposed by Malm et
al. (1994), the mineral concentration could be calculated as
[Minerals] = 2.2[Al] + 2.49[Si] + 1.63[Ca]+ 2.42[Fe]+
1.94[Ti]. It accounted for about 12.0 % and 27.7 % to PM2.5
and TSP mass, respectively. This demonstrates that miner-
als contributed a minor part to the aerosol, especially in fine
particles.

Enrichment degrees of elements could be assessed
by using the enrichment factors (EF) analysis: EF=

(X/XRef)aerosol/(X/XRef)crust, whereX was the element of
interest andXRef was the reference element with Al chosen
in this study. Elements with EFs less than 10 were usually

regarded to be primarily derived from natural sources, which
included Al, Ca, Fe, Mg, Na, Sc, and P in this study. Ele-
ments with EFs in the range of 10–100 included Sr, Mn, K,
Ti, V, Ba, Ni, Cr, Cu, and Mo, suggesting that these elements
were moderately contaminated. The remaining elements had
EFs close to or elevated above 1000. The average EFs of Pb,
Zn, Cd, As, Sb, S, and Se were 765, 936, 1258, 2431, 2793,
7552, and 8888, respectively, indicating that they were highly
contaminated.

In order to further characterize the sources of elements,
the principle component analysis (PCA) was applied by us-
ing the rotated component matrix. The results are shown in
Table 2. Five factors were extracted from the whole dataset,
which could explain 83.17 % of the variance, suggesting
most of the sources have been explained. The first factor
(PC1) could explain 18.16 % of the total variance and it in-
dicates high loadings for Al, Ca, Mg, Na, Ti and moder-
ate loading for Fe. This factor obviously represents the nat-
ural source. The second factor (PC2), with a variation of
18.39 %, shows high loadings for Co, Cr, Fe, Mn, Mo, and
Ni. We attribute this factor to vehicular emissions. Those
trace metals are released into the atmosphere through the
process of vehicular braking and the release of vehicular ex-
haust (Amato et al., 2009). The third factor (PC3) had a high
loading for Ba, Cu, K, and Sr, and a moderate loading for
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Table 1. Average concentration of elements with one standard de-
viation (µg m−3) in PM2.5 and TSP.

PM2.5 TSP

Elements Average S.D. Average S.D.

Al 0.64 0.78 2.51 1.62
As 0.019 0.007 0.018 0.009
Ba 0.09 0.25 0.14 0.20
Br BDL BDL 0.01 0.01
Ca 0.72 0.78 3.39 1.63
Cd 8.98× 10−4 5.57× 10−4 1.10× 10−3 9.74× 10−4

Ce 1.70× 10−3 6.47× 10−3 1.71× 10−2 2.14× 10−2

Co 4.15× 10−4 4.66× 10−4 BDL BDL
Cr 0.02 0.06 0.02 0.02
Cu 0.04 0.02 0.07 0.09
Eu 2.29× 10−4 6.71× 10−4 5.59× 10−3 8.88× 10−3

Fe 0.56 0.50 1.93 1.07
Ge 0.01 0.01 BDL BDL
I BDL BDL BDL BDL
K 1.01 1.31 1.80 1.47
Mg 0.26 0.27 0.81 0.62
Mg 0.26 0.28 0.82 0.66
Mn 0.04 0.04 0.07 0.04
Mo 7.11× 10−4 5.61× 10−4 1.02× 10−3 1.09× 10−3

Na 0.45 0.40 1.73 1.04
Ni 0.01 0.02 0.01 0.01
P 0.003 0.02 0.04 0.07
Pb 0.06 0.04 0.11 0.21
S 4.12 3.26 6.04 4.36
Sb 3.06× 10−3 2.57× 10−3 4.46× 10−3 6.38× 10−3

Sc 6.38× 10−5 6.44× 10−5 6.67× 10−5 1.26× 10−4

Se 2.00× 10−3 1.60× 10−3 6.57× 10−4 9.84× 10−4

Sr 0.02 0.03 0.06 0.17
Ti 0.32 0.26 1.10 0.73
V 0.01 0.01 0.01 0.01
Zn 0.13 0.28 0.50 0.65

S.D. denotes “standard deviation” and BDL denotes “below detection limit”.

Pb, which could explain 17.96 % of the variance. At normal
times, these metals derived from miscellaneous sources. As
this study covered the most intense episodes of exploding
fireworks, we conclude that these metals were probably built
into fireworks during their production. Previous results from
the Lantern Festival in Beijing also revealed that these met-
als increased substantially in the atmosphere when fireworks
were exploded simultaneously en masse (Wang et al., 2007).

The fourth factor (PC4) showed high loadings for Cd, Pb,
Sb, and Se and could explain 15.89 % of the variance. These
elements probably came from industrial and metallurgical
emissions. The major source of Pb in Shanghai in early years
was from traffic emissions. Lead pollution dominated until
leaded gasoline was phased out beginning in 1997. Now, coal
combustion plays a major role in the release of emissions into
the atmosphere (Chen et al., 2005; Tan et al., 2006; Zhang et
al., 2009). This PCA analysis supports a final factor (PC5).
It shows significant loadings for As, Ge, S, and Se, which
evidently derived from coal burning. Se and SO2−

4 signif-
icantly correlates (R = 0.76) as shown in Fig. 6a. The ex-
tremely high enrichment of Se suggests that coal burning was
a significant source of air pollution in Shanghai.

Table 2.Principle component analysis of the major elements.

Rotated component matrix

Factor PC1 PC2 PC3 PC4 PC5

Al 0.63 −0.04 0.58 0.16 −0.35
As −0.09 0.10 0.33 −0.02 0.85
Ba 0.02 −0.08 0.95 0.00 0.05
Ca 0.90 0.04 0.22 0.02 −0.30
Cd 0.03 −0.04 0.04 0.83 0.34
Co 0.12 0.95 −0.01 0.11 0.07
Cr −0.16 0.95 0.05 −0.21 −0.07
Cu 0.25 0.19 0.62 0.26 0.04
Eu 0.21 −0.09 0.48 −0.39 −0.35
Fe 0.57 0.72 0.11 0.14 −0.17
Ge −0.02 0.12 0.04 0.34 0.85
K 0.00 0.03 0.92 0.17 0.30
Mg 0.74 0.00 0.56 −0.12 −0.03
Mn 0.30 0.85 −0.06 0.25 0.05
Mo 0.16 0.65 −0.13 0.59 0.20
Na 0.87 0.01 0.05 −0.18 0.15
Ni −0.11 0.97 −0.06 −0.13 0.05
Pb 0.06 −0.10 0.56 0.73 0.26
S −0.02 −0.11 0.00 0.32 0.75
Sb 0.21 0.14 0.08 0.83 0.09
Sc 0.59 0.07 0.04 0.59 −0.11
Se −0.13 −0.06 0.13 0.70 0.57
Sr 0.12 −0.09 0.95 0.00 0.10
Ti 0.82 0.10 0.09 0.36 −0.12
V 0.58 0.22 −0.17 0.27 0.28

% of 18.16 18.39 17.96 15.89 12.77
variance

3.3.2 Pollution process analysis

Since five major sources were extracted from the PCA anal-
ysis, it was necessary to show the time series of some typical
elemental tracers in order to understand the atmospheric pro-
cessing of different emission sources (Fig. 4). The time series
of mineral source (PC1: Al, Ca, Fe, Na) showed high con-
centrations before the holiday. On the one hand, busy trans-
portation before the holiday caused more suspension and re-
suspension of road dust. On the other hand, relatively low
humidity (Fig. 1) did not favor the deposition of dust. It was
noticed that highest peaks of mineral elements occurred from
23–25 January. The meteorological conditions in Fig. 1 indi-
cate that RH had a sharp decrease from 23 January to around
20 % in the next few days. In Fig. 1e, the PM2.5/PM10 ra-
tio was observed to be the lowest ratio of 0.15 during the
whole study period. Thus, this typical meteorological con-
dition and characteristics of aerosol inferred that there was
a cold front bringing floating dust, which was mainly com-
posed of coarse particles rich in mineral elements. After
the holiday, the levels of minerals stayed at low concentra-
tions at most circumstances. Higher humidity may be one
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Fig. 4. Time-series of typical elements from five major sources as determined  

 

 

 

Fig. 4. Time series of typical elements from five major sources as
determined by the Principle Component Analysis (PCA). All units
are in µg m−3.

of the causes for lowering the mineral aerosol. The traffic
source (PC2: Mn, Mo, Ni) generally had a consistent tempo-
ral variation with the traffic related gases (e.g., NOx, CO) in
Fig. 2, corroborating the effect of intensified traffic emission
on aerosol chemical species during the two specific periods
of the “spring travel rush” as discussed in Sect. 3.1. Tracers
for fireworks (PC3: K, Ba, Sr) had small fluctuations during
the study period except for the obvious enhancement on 25
January, which was the exact date of New Year’s Eve. As for
the industrial source (PC4: Cd, Sb), higher concentrations
occurred before the holiday and then it decreased during the
holiday. After the holiday, it gradually increased again due to
re-opening of factories. The temporal variations of the coal
burning source (PC5: As, Se, Ge, S) coincided well with that
of SO2 (Fig. 2) and particulate SO2−

4 (Fig. 5). Higher ele-
mental concentrations mainly occurred after the holiday and
this was attributed to the higher demand for electricity when
people were heading back home.

Figure 5 presented the time series of daily SO2−

4 , NO−

3 ,
NH+

4 , and organic carbon (OC) concentrations in PM2.5
during the study period. During the pre-holiday pollution
episode (16–18 January), the secondary inorganic species
were at moderate levels. SO2−

4 , NO−

3 , and NH+

4 averaged 5.3,
7.2, and 5.5 µg m−3, respectively. The biggest contributor to
aerosol was OC, which averaged 13.7 µg m−3 and showed

 

 

 

Fig. 5. Time-series of daily OC, NO3
-, SO4

2-, and NH4
+ concentrations (μgm-3) during the study 

period. 

 

 

Fig. 5. Time series of daily OC, NO−3 , SO2−

4 , and NH+

4 concentra-

tions (µg m−3) during the study period.

the highest levels during the whole period. If we applied an
OM/OC ratio of 2.0 to estimate the mass of organic matter
(OM) (Turpin and Lim, 2001), the average mass contribution
of OM to PM2.5 could be as high as 44.6 %. As discussed in
Sect. 3.1, we have mainly attributed this pollution episode to
increased vehicle emissions. Figure 6b shows the linear cor-
relation between OC and CO, and their significant correlation
(R = 0.71), corroborating the impact of vehicle emissions on
the first pollution episode.

In the following days from 19–24 January, all the chemical
species stayed at relatively low levels. As discussed above,
favorable meteorological conditions, e.g. higher wind speed
and more precipitation, played an important role. During the
holiday pollution episode (25–26 January), OC concentration
had doubled compared to the previous days (19–24 January),
with the average concentration of 11.5 µg m−3. At the same
time, the secondary inorganic species remained low with 3.7,
1.7, and 3.5 µg m−3 for SO2−

4 , NO−

3 , and NH+

4 , respectively.
We speculate that the remaining part of aerosol derived from
the explosion of fireworks, which have been identified as ox-
idated metal that was added to fireworks during production.

During the post-holiday episode (31 January–10 Febru-
ary), organic aerosol was at a moderate level while the sec-
ondary inorganic species reached the highest levels during
the study period. SO2−

4 , NO−

3 , and NH+

4 averaged 19.2,
10.2, and 13.4 µg m−3, respectively. The sum of these three
species accounted for a dominant fraction of 74 % in PM2.5.
Consistent with the temporal variation of aerosol concen-
trations, aerosol scattering coefficient and pollutant gases
(Figs. 1 and 2), SO2−

4 , NO−

3 , and NH+

4 also exhibited an
upward trend during the post-holiday episode. This day-to-
day pattern reflected that vehicular and industrial emissions
had gradually increased probably due to growth of human
flows from regions outside Shanghai and the re-opening of
most industries. It was noted that the NH+

4 concentration
during the post-holiday pollution episode was 3–4 times
higher than normal. The increased NH+

4 was attributed to
anthropogenic activities such as vehicular exhaust, human
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Fig. 6. The linear correlation between(a) Se and SO2−

4 in PM2.5 (b) CO and PM2.5 OC (c) the equivalent NH+4 concentration and the sum

of equivalent SO2−

4 and NO−

3 concentration in PM2.5 and(d) TSP. The dashed blue line denotes the 1:1 line.

excrement, burning of agriculture straw, etc. NH+

4 was a ma-
jor alkaline component for neutralizing acids. As shown in
Fig. 6c and d, the equivalent NH+4 concentration had a per-
fect linear correlation (R > 0.90) with the sum of SO2−

4 and
NO−

3 equivalent concentrations in both PM2.5 and TSP. And
the slopes between NH+4 versus [SO2−

4 + NO−

3 ] were close
or slightly higher than 1.0, indicating complete neutraliza-
tion. Thus, the enhancement of ammonium was the major
cause for the increase of sulfate and nitrate.

Atmospheric NH3 levels are high in the most polluted ar-
eas in China such as NCP (North China Plain), and YRD
(Yangtze River delta). The 90 % increase of NH3 emissions
during 1990–2005 resulted in∼ 50–60 % increases of NO−3
and SO2−

4 aerosol concentrations (Wang et al., 2011). It was
suggested that the most effective pathway to mitigate air pol-
lution is to adopt a multi-pollutant strategy to control NH3
emissions in parallel with current SO2 and NOx controls in
China.

3.4 Factors affecting the visibility impairment

3.4.1 Role of ambient water vapor

Figure 7a shows the scatter plot between hourly visibility and
PM2.5 concentration grouped by the corresponding relative
humidity (RH). The data with precipitation events and in-
tense events of exploding fireworks was excluded to avoid the
statistical analysis of extreme values. Generally, the two pa-
rameters presented a negative relationship but it was nonlin-
ear. If we use a threshold of visibility of 10 km to distinguish
between haze and non-haze weather, it could be observed
visually that the non-haze events (i.e., visibility≥ 10 km)
were usually accompanied by PM2.5 concentrations lower
than 65 µg m−3. It was also noted that there was relatively
low humidity during non-haze episodes while for the haze
events (i.e., visibility< 10 km) PM2.5 concentrations fluctu-
ated dramatically. The relative humidity (∼ 80 %) was much
higher during the haze events than the non-haze events. As
visualized in this figure, for a fixed visibility, PM2.5 concen-
tration with higher RH was lower than that with lower RH. In
other words, at higher RH the atmospheric visibility should
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Fig. 7. (a) Scatter plot between hourly visibility and PM2.5 concentration grouped by the corresponding relatively humidity(b) linear
relationship between the measured and calculated visibility, the regression equation and 1:1 line are also shown in the figure.

be more easily impaired by aerosol. This phenomenon was
related to the dependence of aerosol scattering efficiency on
the ambient water content. Major aerosol components, such
as sulfate, nitrate, and ammonium were highly hygroscopic.
When RH increased, the aerosol scattering efficiency would
exponentially increase (Day and Malm, 2001).

To quantitatively investigate the impact of ambient wa-
ter vapor on the atmospheric visibility, we compared the
visibility measured by a visibility ambient light sensor and
the calculated visibility estimated from the aerosol scatter-
ing and absorption coefficient. Visibility had an inverse re-
lationship with total extinction coefficient according to the
Koschmieder formulaLV = 3.912/σext (Eq. 1), whereLV
was the visibility and the total extinction coefficientσext
was due to scattering and absorption by particles and gases,
σext = σsp+ σap+ σsg+ σag+ σsw (Eq. 2). Scattering (σsp)

and absorption coefficient (σap) by particles were measured
by nephelometer and aethalometer, respectively. Absorption
of visible light by gases (σag) was considered to be essen-
tially due to NO2 and it could be estimated using the for-
mulaσag = 0.33× [NO2] (Groblicki et al., 1981). Here, NO2
was in units of× 10−9 V/V . Rayleigh scattering coefficient
(σsg) was assumed to be a constant of 0.013 km−1 at sea level
(Chan et al., 1999; Peundorf, 1957). Andσsw was the scat-
tering coefficient of light due to moisture in the air, which
was not measured in this study. We calculated the extinction
coefficient withoutbsw and then converted into visibility us-
ing Eq. (1). The calculated visibility was denoted as Viscal
and the measured visibility was denoted as Vismea. Figure 7b
shows the scatter plot between Viscal and Vismea. The two
parameters were closely correlated with a correlation coeffi-
cient of 0.77. However, the measured and calculated visibil-
ity had great discrepancy as indicated by the regression slope
of Viscal/Vismea= 1.4. This indicated that there must be other
parameters contributing to the total extinction. As we cal-
culated the visibility without addingbsw, we believed that

this discrepancy between the measured and calculated values
should be due to the ambient water vapor.bsw could be ne-
glected when relatively humidity (RH) was lower than 70 %
(Cass, 1979; Chan et al., 1999), while in this study the aver-
age relative humidity during the whole study period reached
over 75 % and it exceeded 80 % during the post-holiday pol-
lution episode as inferred in Sect. 3.1.

Shanghai is a coastal city and its climate is humid with
over 70 % RH all year around (Wang et al., 2006). Thus, it
was not proper to excludebsw out of the calculation of the
total extinction and this could explain the overestimated vis-
ibility. Based on the regression slope in Fig. 7b and Eq. (1),
we could estimate that the contribution of water vapor to
the visibility impairment was about 50 %. On the one hand,
the high humidity caused considerable light extinction due
to itself. On the other hand, the high humidity could make
some hygroscopic components (e.g. sulfate ammonium, ni-
trate ammonium) become larger and more efficiently scatter
light. Previous studies showed that the contribution of water
content to the total sunlight scattering could be over 40 % at
one background site in the Yangtze River Delta region (Xu et
al., 2002), and also around 40 % at one site in the Pearl River
Delta region with 80 % RH (Cheng et al., 2008a). Even in
Beijing, the contribution of water vapor could reache 25 % in
summer (Zhang et al., 2010). In this study, the role of ambi-
ent water vapor on light extinction was higher than the above
studies, which could be due to the higher RH in this study.

3.4.2 Aerosol optical properties apportioned to
chemical composition

In this section, the contribution of different chemical compo-
sition to the aerosol extinction was quantified. Aerosol was
categorized into six groups, i.e., sulfate ammonium, nitrate
ammonium, organic aerosol, elemental carbon, dust, and sea
salt. As shown in Fig. 6, the equivalent ratio of NH+

4 versus
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Fig. 8.Time series of fractional contribution of major aerosol com-
ponents (i.e., dust, sea salt, elemental carbon (EC), organic aerosol
(OA), (NH4)2SO4 and NH4NO3) to (a) the aerosol scattering coef-
ficient and(b) the aerosol absorption coefficient, respectively.

the sum of SO2−

4 and NO−

3 was close to 1.00. Thus, the con-
centration of sulfate ammonium and nitrate ammonium could
be estimated using the formula:m[(NH4)2SO4] = m[SO2−

4 ]
× (1 + 18×2/96), [NH4NO3] = m[NO−

3 ] × (1+18/62). Of
which m[SO2−

4 ] andm[NO−

3 ] represented the mass concen-
tration of SO2−

4 and NO−

3 , and 18, 96, and 62 represented
the molecular weight of NH+4 , SO2−

4 , and NO−

3 , respectively.
Organic aerosol (OA) was estimated by applying an OM/OC
ratio of 2.0 (Turpin and Lim, 2001). Estimation of sea salts
assumed all the measured Na+ was derived from the ma-
rine source, and the sea salts were estimated using [sea salt]
= [Na+] + [Na+] × 2.645. Here, 2.645 was the seawater
mass ratio of the other ions (Cl−, SO2−

4 , Ca2+, Mg2+, K+)

to Na+. The estimation of dust aerosol had been stated in
Sect. 3.3.1. As no scattering and absorption efficiencies of
chemical species in the Yangtze River Delta region were re-
ported yet, we adopted these parameters that were investi-
gated in the Pearl River Delta region (Table 3 in Cheng et al.,
2008b).

Figure 8 shows the fractional contributions of major chem-
ical composition to the aerosol scattering and absorption dur-
ing the whole study period. It was found that the whole
study period could be divided into two periods. From 15–
26 January, the aerosol scattering was dominated by the
organic aerosol and its average contribution to the aerosol
scattering reached 59 % during this period. Except for the
pre-holiday pollution episode when traffic emissions dom-
inated, the other low PM periods were also dominated by
the organic aerosol. This indicated that organic aerosol had
served as an important background aerosol component in
Shanghai. Since 27 January, the contribution from inorganic
components to the aerosol scattering started to overwhelm
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Fig. 9. Fractional contribution of major aerosol components (i.e.,
SO2−

4 , NO−

3 , NH+

4 , organic aerosol (OA), elemental carbon (EC),
sea salt and dust) to the total aerosol extinction.

that of organic aerosol. The average contribution of sulfate
and nitrate reached about 69 %, while that of OA decreased
to 26 %. Compared to the secondary inorganic and organic
components, the contribution of EC, sea salt and dust to the
aerosol scattering was much smaller, which, when totaled,
contributed about 7 %. Figure 8b shows the fractional contri-
butions of major chemical species to the aerosol absorption.
Elemental carbon evidently dominated the absorption during
the whole study, accounting for an average of over 90 % due
to the fact that EC had the strongest absorption efficiency.
Although organic aerosol and dust also had absorptive effect,
their magnitudes were significantly lower than that of EC.

Finally, we summarized the contribution of major chem-
ical species to the total aerosol extinction (scattering+ ab-
sorbing) in Fig. 9. Organic aerosol had the largest contribu-
tion at 47 %, whose source we determined was likely derived
from vehicle emissions. The next two biggest contributors
were sulfate ammonium and nitrate ammonium, which con-
tributed an average of 22 % and 14 %, respectively. Although
EC only comprised about 2∼ 5 % of the aerosol mass con-
centration, its contribution to the aerosol extinction was as
high as 12 %, due to its highest extinction efficiency. From
the results above, we could find that traffic-related species
(i.e., OA, nitrate and EC) all had significant radiative ef-
fects, which highlights the importance of controlling vehicle
numbers and emissions on the air pollution in mega-cities of
China.

Although automobile emissions have been greatly reduced
by using advanced technology, the dramatic increase in vehi-
cles numbers and driving miles has offset much of the emis-
sion control progress. Controlling the number of vehicles on
the road is at least as important as controlling vehicle emis-
sions. As the number of private cars goes up very quickly in
the mega-cities in China, restriction of private cars should be
an effective measure for the short-term. The traffic conges-
tion has been exacerbated in recent years by the dramatic in-
crease in vehicle numbers, which grew much faster than the
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road infrastructure (Lin, 2003). On the one hand, the mea-
sures to solve the traffic congestion should not only include
revising traffic-management schemes, such as building and
improving public transport, promoting bike use and walking,
but also by more efficient land-use patterns, the aim being
to decrease or eliminate the need to drive to and from work,
school, and shopping outlets. On the other hand, the social in-
equities derived from automobile usage should be taken into
consideration in the effort to restrict the increasing private
ownership of cars. The costs of driving a car affect not only
the individual, but society and come in the forms of increased
air pollution, increased health issues and a burdened public
infrastructure. However, while these costs are now imposed
on the whole society, they should be assumed by individual
car owners. Environmental awareness of curbing traffic pol-
lution should be raised amongst the general public.

4 Conclusions

We initiated an intensive atmospheric campaign during the
Chinese Spring Festival peak transportation season of 2009
in Shanghai, a Chinese megacity. Three pollution episodes
dominated by different emission sources were identified
prior to, during, and after the holiday, respectively. The
“spring travel rush” before the holiday caused significantly
increased vehicle emissions as a vast number of immigrant
residents in Shanghai were traveling back to their home-
town. Black carbon reached the highest of 8.5 µg m−3 during
the whole study period with extremely low single scattering
albedo of 0.76, indicating strong fresh combustion. Organic
aerosol dominated with contributions of 45 % and 60 % to
PM2.5 mass and the total aerosol scattering, respectively. On
the New Year’s Eve and Day, aerosol mass, scattering coeffi-
cient, and pollution gases (e.g. SO2, NOx) peaked due to in-
tense burning of fireworks during the celebration of the Chi-
nese New Year. After the holiday, gradually increasing emis-
sions due to “spring travel rush” resulted in increases of var-
ious pollutants. SO2−

4 , NO−

3 , and NH+

4 averaged 19.2, 10.2,
and 13.4 µg m−3, respectively, totaling a dominant fraction of
74 % in PM2.5. Principle component analysis on 31 elements
apportioned five major sources, i.e. natural sources, vehic-
ular emissions, burning of fireworks, industrial and metal-
lurgical emissions, and coal burning. Time series of typi-
cal trace elements illustrated well the variation of different
emission sources. Correlation between PM2.5 and visibility
indicated higher relative humidity had tremendous acceler-
ation on the visibility impairment. Comparison between the
measured and calculated visibility estimated that the effect of
ambient water vapor contributed as high as 50 % to the total
light extinction. Among the total causes of aerosol extinction,
organic aerosol contributed most at 47 %, followed by sul-
fate ammonium and nitrate ammonium with shares of 22 %
and 14 %, respectively. Although black carbon only com-
prised about 2–5 % of the aerosol mass, its contribution to

the aerosol extinction was as high as 12 %. Overall, we found
that traffic-related species (i.e. organics, nitrate and black
carbon) all had significant radiative effects, which highlight
the importance of controlling vehicle numbers and emissions
on the air pollution in mega-cities of China.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
11631/2012/acp-12-11631-2012-supplement.pdf.
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