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Abstract

Characteristics of the chemical and optical properties of aerosols in urban Shang-
hai and their relationship were studied over a three-day period in October 2011. A
suite of real-time instruments, including an Aerosol Time-Of-Flight Mass Spectrometer
(ATOFMS), a Monitor for AeRosols and GAses (MARGA), a Cavity Ring Down Spec-5

trometer (CRDS), a nephelometer and a Scanning Mobility Particle Sizer (SMPS), was
employed to follow the quick changes of the aerosol properties within the 72-h sam-
pling period. The origin of the air mass arriving in Shanghai during this period shifted
from the East China Sea to the northwest area of China, offering a unique opportu-
nity to observe the evolution of aerosols influenced by regional transport from the most10

polluted areas in China. According to the meteorological conditions and temporal char-
acterizations of the chemical and optical properties, the sampling period was divided
into three periods. During Period 1 (00:00–23:00, 13 October), the aerosols in urban
Shanghai were mainly fresh and the single scattering albedo varied negatively with
the emission of elemental carbon, indicating that local sources dominated. Period 215

(23:00 on 13 October to 10:00 on 15 October) was impacted by regionally transported
pollutants and had the highest particulate matter (PM) mass loading and the lowest
particle acidity, characterized by large fractions of aged particles and high secondary
ion (nitrate, sulfate and ammonium) mass concentrations. Two sub-periods were iden-
tified in Period 2 based on the scattering efficiency of PM1 mass. The comparison of20

these sub-periods highlights the influence of particle mixing state on aerosol optical
properties. Period 3 (from 10:00 on 15 October to 00:00 on 16 October) had a low
PM1/PM10 ratio and a new particle formation event. We directly observed the influence
of regionally transported pollutants on local aerosol properties and demonstrate that
the PM mass extinction efficiency is largely determined by the chemical components25

and mixing states of the aerosol.
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1 Introduction

Aerosol particles can scatter and absorb incoming solar radiation as well as outgoing
thermal radiation, directly affecting the Earth’s radiation budget and hence the global
climate (Pöschl, 2005). The direct radiative forcing of aerosols is largely determined
by their chemical components. Aerosols consisting mostly of inorganic materials (e.g.5

sea salt (Murphy et al., 1998; Li et al., 2011c), sulfate (Harris and Highwood, 2011),
and nitrate (Nguyen et al., 2012)) and non-absorbing organic species (e.g. hydropho-
bic organic compounds (Maria et al., 2004)) tend to scatter light causing a “cooling
effect,” while those composed mostly of black carbon (BC) (Jacobson, 2001; Kopp and
Mauzerall, 2010), soot (Zhang et al., 2008; Monge et al., 2010), mineral dust (Ra-10

manathan et al., 2001; Lelieveld et al., 2002; Kaufman et al., 2005), and moderately
absorbing organics (Andreae and Gelencsér, 2006; Sun et al., 2007; Wonaschütz et
al., 2009; Yang et al., 2009) tend to be absorbing, exerting a “heating effect.” Accord-
ing to their distributions of different chemical compositions, aerosols can be divided
into external and internal mixtures, with the latter subdivided as homogeneous and15

heterogeneous mixtures, each of which has different interactions with light (Seinfeld
and Pandis, 1998). Chemical compounds with different optical properties, coupled with
complex mixing states, collectively increase the intricacies of aerosol and light inter-
actions (Li et al., 2011b). There are growing needs to better understand and measure
atmospheric aerosol optical properties.20

Aerosols in the atmosphere evolve and participate in various physical and chem-
ical modifications, e.g. coagulation, gas-to-particle partitioning, aqueous phase pro-
cessing, and photochemical oxidation (Pöschl, 2005; Robinson et al., 2007; Jimenez
et al., 2009). These reactions (also known as “aging”) change the reactivity, hygro-
scopicity, volatility, and likely alter the optical properties of the aerosol (Lelieveld et25

al., 2002; Kanakidou et al., 2005; Adler et al., 2011; Cappa et al., 2011). To precisely
trace the evolution of chemical and optical properties, simultaneous measurements
of both chemical and optical properties with high time resolution are required. In the
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past decade, online aerosol mass spectrometry has made significant contributions to
studies of ambient aerosols, allowing particle composition to be correlated with rapid
changes in environmental conditions (Pratt and Prather, 2012). For example, Moffet
and Prather (2009) developed a single particle mass spectrometry method to simulta-
neously measure their mixing state and optical properties, concluding that when soot5

particles were coated by organic carbon or other secondary species, their absorption
efficiency was enhanced by a factor of 1.6. Recently, Adler et al. (2011) combined a
High-Resolution Aerosol Mass Spectrometer (AMS) and a White Light Aerosol Spec-
trometer (WELAS) to follow the chemical and optical evolution of biomass burning
aerosols, finding a decrease in the overall aerosol absorption and scattering coeffi-10

cients as the particles are aged through secondary organic aerosol processing. Cappa
et al. (2012) used a suite of on-line instruments with high resolution to study the in situ
absorption behavior of black carbon (BC) in different mixing states, demonstrating that
after BC particles were coated with organic carbon through photochemical reactions,
no significant absorption enhancement occurred. All these findings are possible due to15

the use of highly time-resolved chemical analyses.
With rapid economic growth and urbanization, mega-cities in China have expe-

rienced severe air pollution problems (Chan and Yao, 2008). Visibility degradation
caused by enhanced aerosol concentration has become a pervasive phenomenon
in the regions with dense population and fast industrialization (Wang et al., 2009a).20

Fine particles from anthropogenic emissions, either primary or formed through sec-
ondary processes, contribute the most to visibility impairment (Huang et al., 2012a;
Yang et al., 2012). Sulfate, nitrate, ammonium, organic matter, and elemental carbon
have been identified as the major chemical components in fine particles in Chinese
mega-cities and contribute over 90 % of the extinction coefficient (Cao et al., 2012;25

Wang et al., 2012; Zhang et al., 2012a). However, although the aerosol optical proper-
ties were monitored in real-time, chemical analysis was performed off-line by collecting
filter samples in most of the above studies and particle mixing state was not examined.
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Our group has used the Aerosol Time-of-Flight Mass Spectrometer (ATOFMS) to
measure the size and chemical composition of individual particles and their correla-
tions with the fluctuation of gas phase pollutants and meteorological conditions in the
urban area of Shanghai. The capabilities of this online single particle mass spectro-
metric method were proven essential to these studies (Wang et al., 2010; Huang et al.,5

2012d; Yang et al., 2012). Recently, we attempted to connect the evolution of the mix-
ing state of carbonaceous particles with visibility degradation during haze episodes in
Shanghai (Yang et al., 2012). In this paper, we deployed a series of high time-resolution
instruments focusing on a 72-h period in which we studied the evolution of the prop-
erties of the urban aerosol in the Shanghai atmosphere. The aerosol properties we10

focus on here include single particle size and chemical composition, particle size dis-
tribution, bulk aerosol mass concentrations of water soluble inorganic ions, and optical
properties (including scattering/absorption coefficient and single scattering albedo). As
the fine particles (especially smaller than 1 µm) significantly affect atmospheric visibility
(Seinfeld and Pandis, 1998), we will emphasize the influence of the evolution of various15

particle types and chemical species on the optical properties. This is the first report of
highly time-resolved variations of aerosol optical properties associated with chemical
compounds of single particle analysis in Shanghai.

2 Experimental

2.1 Single particle mass spectrometry20

We used an ATOFMS (TSI 3800, Shoreview, MN, USA) to do single particle size and
chemical analysis. Detailed information about the ATOFMS is available in previous pub-
lications (Gard et al., 1997; Wang et al., 2010). Briefly, aerosols in the size range
of 0.2–2.0 µm are effectively drawn from the ambient atmosphere into the vacuum
through an aerodynamic focusing lens (Liu et al., 1995a, b). The supersonic expan-25

sion accelerates the particles to a terminal size-dependent aerodynamic velocity. This
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velocity is measured by two orthogonally oriented continuous lasers (532 nm) fixed at
a set distance. Particle size is calculated from the measured speed using a calibra-
tion curve generated by monodisperse polystyrene latex spheres (Nanosphere Size
Standards, Duke Scientific Corp., Palo Alto) with known diameters (0.22–2.00 µm). A
pulsed desorption/ionization laser (Q-switched Nd:YAG laser, 266 nm) is fired when a5

particle arrives at the ion source region. Both positive and negative ions are analyzed
simultaneously by the time-of-flight mass spectrometer. In this work, the power of the
desorption/ionization laser was kept at ∼1.0 mJ per pulse.

All single particle mass spectra acquired were converted into a list of peaks at each
m/z using TSI MS-Analyze software with a minimum signal threshold of 30 arbitrary10

units above the baseline. The resulting peak lists were then imported into YAADA (ver-
sion 2.11, www.yaada.org), a software toolkit in Matlab (version R2010b) for further
analysis of particle sizes and chemical components. In this work, a total of 111 678
particles were chemically analyzed (with both positive and negative ion spectra) by the
ATOFMS, accounting for about 18 % of all sized particles. Based on the similarities15

of the mass-to-charge ratio and peak intensity, particles were clustered by using the
ART-2a (adaptive resonance theory) (Song et al., 1999) method with a vigilance factor
of 0.85, a learning rate of 0.05 and 20 iterations. The resulting particle clusters were
then grouped by hand into 11 general particle types according to mass spectral pat-
terns. The grouped particles accounted for 92.9 % of all the particles with bipolar mass20

spectra. No significant temporal trend was found for the unclassified particles.

2.2 Monitor for AeRosols and GAses (MARGA)

A MARGA (ADI 2080, Applikon Analytical B. B. Corp., The Netherlands) with a PM2.5
cyclone impactor was used to measure particulate water-soluble inorganic ions. The
details of MARGA have been described previously (Jongejan et al., 1997; Li et al.,25

2010; Du et al., 2011; Makkonen et al., 2012). Briefly, MARGA is composed of two
identical sampling boxes and an analytical box. The sampling box consists of two parts:
one is a wet rotating denuder (WRD) for absorbing gas (HCl, HONO, SO2, HNO3, NH3)
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and the other is a steam jet aerosol collector (SJAC) for collecting particles (sampling
efficiency of 99.7 %). Ambient air is drawn at the flow rate of 2 m3 h−1 through the WRD
followed by the SJAC, respectively. The two liquid samples are dissolved in hydrogen
peroxide solution and are temporarily stored in syringes (25 mL) in the analytical box.
After filling the syringes for one hour, samples are then injected into the ion chromato-5

graph (IC) in the analytical box. The IC is continuously controlled by an internal calibra-
tion method using a standard LiBr solution. In this work, only the mass concentrations
of water-soluble inorganic ions (i.e. NH+

4 , Na+, K+, Ca2+, Mg2+, SO2−
4 , NO−

3 , Cl−) in
bulk particles were analyzed.

2.3 Optical measurements10

A home built cavity ring-down spectrometer (CRDS) was combined with an integrating
nephelometer (TSI 3563) and NOx analyzer to monitor the optical properties of am-
bient aerosols. Detailed information about this optical measurement system has been
reported (Li et al., 2011a). Briefly, two highly-reflective dielectric mirrors (540 nm center
wavelength, 99.9985 % reflectivity, 6m radius of curvature, 0.8 in diameter, Los Gatos15

Research, Inc.) and a stainless steel cell with two aerosol inlets at both ends and one
outlet in the middle formed the cavity. A 0.03 L min−1 flow of dry nitrogen is released
near the mirrors to prevent particle contamination. The aerosol flow is set to 1 L min−1

with a filling length of 58 cm in the cavity while the entire distance between the two mir-
rors is 76.4 cm. A light pulse (532 nm, 100 µJ, duration 11 ns) produced by a Q-switched20

pulsed laser (CrystaLaser QG-532-500) is injected into the cavity. Then the intensity of
light leaking through one of the mirrors is recorded by a Hamamatsu R928 photomu-
tiplier. Typically 1000 ring-down traces are averaged to calculate the decay time. The
extinction coefficient is determined by Eq. (1):

Cext=
L
lc

(
1
τ
− 1
τ0

)
(1)25
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where Cext is the extinction coefficient of particles, L is the length of the cavity, “l” is the
effective length occupied by particles, “c” is the speed of light, τ0 is the ring-down time
of the cavity filled with particle-free air, and τ is the calculated decay time.

The aerosol scattering coefficient and hemispheric backscattering coefficient is mea-
sured by an integrating nephelometer (TSI 3563) at three different wavelengths (450,5

550, and 700 nm) with the flow of 5 L min−1. Zero adjusting is done automatically every
2 h. Finally, the scattering coefficient is calculated at 532 nm (αscat,532) according to
Eq. (2) (Anderson and Ogren, 1998):

αscat,532 = αscat,λ

(
532
λ

)−å

(2)

where αscat,λ is the scattering coefficient at the wavelength of λ and “å” is the Ångstrøm10

exponent. The single scattering albedo ω0 is the ratio of the scattering coefficient to
the extinction coefficient at a given wavelength (in this paper the default wavelength is
532 nm):

ω0=
αscat

αext
(3)

The absorption (αabs) and scattering (αscat) coefficients combine to make the extinction15

coefficients (αext) according to Eq. (4):

αext = αabs +αscat (4)

2.4 Sampling period and site

The sampling lasted for 72 consecutive hours during 13–15 October 2011. The instru-
ments were operated in the building of the Department of Environmental Science and20

Engineering, Fudan University (FDU, 31◦14′ N, 121◦29′ E) in urban Shanghai, close
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to both residential and traffic emissions sources. Aerosols were transferred to the in-
struments through a 6 m long stainless steel pipe (45 mm inner diameter) with the in-
let 2 m above the roof of the building. A cyclone pump was used to pull air through
the sampling system at 30 L min−1, minimizing particle residence time in the sampling
line. Aerosols were dried by diffusion drying tubes before they reached the ATOFMS,5

MARGA, CRDS, and Nephelometer. The size distribution of the aerosol was monitored
by a scanning mobility particle sizer (SMPS, TSI 3936) during the campaign. Local
meteorological data including temperature, relative humidity (RH), wind speed and di-
rection, and hourly averaged concentrations of PM10, PM2.5 and PM1 were provided
by the Shanghai Meteorological Bureau (temperature and RH seen in Fig. S1 in the10

Supplement).

3 Results and discussion

3.1 Overview of the meteorology

Backwards air trajectories were analyzed for each day using the HYSPLIT-4 (Hybrid
Single-Particle Lagrangian Integrated Trajectory) Model developed by NOAA/ARL. 48-15

h back trajectories of each air mass at 100 m arrival height were computed every 6-h for
each day ending at 16:00 UTC in Shanghai (GMT+8). As shown in Fig. 1, the origins
of air masses arriving at the sampling site changed dramatically during the sampling
period. Local wind directions also changed, consistent with variation of the air mass.
During almost the entire day of 13 October 2011, the air mass moved slowly from the20

East China Sea with an average wind speed of 3 m s−1, bringing in clean air to the city.
Daily average mass concentrations of PM1 and PM10 were 17 and 21 µg m−3, respec-
tively. A drizzle started at 14:30 on 13 October and gradually developed to a heavy
shower at around 22:00, causing a dip in the mass concentration of PM1 (Fig. 2a). The
rainfall stopped at around 04:00 on 14 October.25
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Coincident with the rainfall, starting at 23:00 on 13 October the wind direction
changed from east to northwest. The air mass arriving at the sampling site travelled
through Jiangsu Province and some industrial sites northwest of Shanghai, which are
the most polluted areas in the Yangtze River Delta (Huang et al., 2012b, c), bringing in
significant amounts of particulate pollutants. The PM1 mass concentration increased5

steadily and reached a maximum value of 120 µg m−3 at about 22:00 on 14 October.
The high PM1 loading lasted until around 10:00 on 15 October. From the latter half of
15 October, the air mass was transported over a long distance from the northwest of
China. The average mass concentration of PM10 in this period was 76 µg m−3. How-
ever, the mass ratio of PM1 to PM10 was relatively low (the average value was 0.35),10

indicating an input of coarse particles. At midday on 15 October, a new particle forma-
tion event occurred (SMPS data in Fig 2a).

Based on the above analysis, we divided the entire sampling time into three time
periods, summarized in Table 1. Period 1 (00:00–23:00, 13 October) is relatively clean
with an air mass originating from the East China Sea; Period 2 (23:00, 13 October to15

10:00, 15 October) is impacted by regionally transported pollutants from high emission
zones. Period 3 (10:00–24:00, 15 October) is characterized by long-distance transport
of coarse particles mixed with a new particle formation event. The quick change in
meteorological conditions provided a good opportunity to trace the evolution of aerosols
in the Shanghai urban area with highly time-resolved monitors.20

3.2 Temporal variations of chemical and optical properties

3.2.1 Particle classification

Classification of particles analyzed by the ATOFMS can help to elucidate the origins,
degree of aging, and mixing state of atmospheric aerosol particles. We classified
92.9 % of all hit particles into 11 groups according to their mass spectral character-25

istics. The names of these groups and their number fractions are shown in Table 2.
The average mass spectral patterns of each group are shown in Figs. S2 and S3 in
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the Supplement. The size distributions and temporal variation of the number fractions
of these aerosol types are shown in Fig. 3. The difference between the definition of
fresh and aged are the intensities of m/z −62 (NO−

3 ) and −46 (NO−
2 ) in the negative

spectra, with the aged groups having stronger signals from both nitrate ions (Moffet et
al., 2008). In addition, the appearance of the nitrate cluster at m/z −125 (H(NO3)−2 )5

indicates an excess of nitrate in all aged aerosol groups. More information about the
size distributions of different particle types is presented in the supplementary materials.

In Period 1 when the air mass came from East China Sea, the total number of par-
ticles sized by the ATOFMS was relatively low. The number fractions of fresh OC and
fresh biomass burning types accounted for as high as 60 %. Nearly constant particle10

numbers of the fresh biomass burning particles (shown in Fig. 3b) suggest some stable
emission sources around, likely due to harvest-related activities. Compared with Peri-
ods 2 and 3, Period 1 had a larger number fraction of the EC type (4.2 % vs. 1.9 %
for Periods 2 and 3) in average. The temporal profile of EC’s number fraction had a
distinct diurnal pattern peaking at 8:00 a.m. (as shown in Fig. 3c), due to the emission15

from commuter traffic. The freshness of the particles and the diurnal pattern of EC
particles suggest that particles in Period 1 were mostly locally emitted.

From the beginning of Period 2, when the wind blew from the northwest, the raw
particle counts detected by the ATOFMS jumped to about four times those seen in
Period 1. Additionally, the aged particle types (aged biomass burning, OC, ECOC and20

ammonium) accounted for nearly 70 % in number fraction in Period 2, indicating that
more organic species, ammonium and NOx pollutants were transported to the sampling
site. The fraction of aged OC particles generally exceeded the fresh type in Period 2.
However, there was a burst for both the fresh OC and fresh ECOC particles occurred
near 14:00 on 14 October followed by aged OC and aged ECOC peaks, suggesting25

the photochemical production of secondary organic aerosols. The time delay between
the peaks of the fresh and aged types was about 8-h. Ammonium particles accounted
for about 25 % of all observed particles and were nearly constant during the entire Pe-
riod 2. In contrast, the number fraction of ammonium particles in Periods 1 and 3 stayed
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less than 10 %. Two distinct peaks in ammonium particles occurred, with one at 00:00
on 14 October and the other around 12:00 on 4 October. The first peak was accompa-
nied by high relative humidity (∼94 %), while the second peak was consistent with the
peak of sulfate/nitrate mass spectra and aged OC particles at noon on 14 October.

In Period 3, the number fraction of the fresh biomass type accounted for about 20 %5

of all particles. Additionally, the number fraction of the fresh OC type exceeded that
of the aged OC type. This roller coaster transformation of fresh and aged OC clearly
shows the evolution of aerosols from regional to local origins. The number fraction of
ammonium particles varied similarly with the OC particles. As mentioned above, at the
beginning of Period 3 an air parcel carrying coarse particles from the northwest arrived10

at Shanghai, as indicated by a low PM1/PM10 value (35 %, compared with 78 % in Pe-
riods 1 and 2). However, no significant increase of dust particle number was recorded
by the ATOFMS (observed dust particles only accounted for 2.0 %) because most dust
particles exceeded its sampling size range. For the same reason, a new particle forma-
tion event was not observed by the ATOFMS, as the particles were below the sampling15

size range. The newly formed ultrafine particles and their impacts on aerosol optical
properties will be discussed below. The temporal profiles of metal-containing and Na-
K-rich particle types presented no significant spikes during the whole sampling period,
suggesting local origins.

The discussion above reveals that the aerosol types and number concentration de-20

pend heavily on the source of the air mass arriving in Shanghai. This observation is
consistent with previous studies that show the area to the northwest of Shanghai (i.e.
the China Central Plain) is a very polluted region and that the regionally transported
pollutants from there can cause a higher PM1 loading in Shanghai (Huang et al., 2012a,
c).25

3.2.2 Water soluble inorganic ions in PM2.5

Figure S4 in the Supplement shows the hourly resolved mass concentrations of
PM2.5 water-soluble inorganic ions in this experiment. Nitrate, sulfate, and ammonium
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reached as high as 40, 35, and 23 µg m−3, respectively, during the entire Period 2.
These values were approximately 10 times higher than in other time periods, demon-
strating the enhanced secondary production during this period, consistent with the ob-
servation from the classification of single particles. The mass concentrations of cal-
cium and magnesium jumped suddenly from 0.3 and 0.08 µg m−3 to about 1.2 and5

0.18 µg m−3, respectively, at the beginning of Period 3, corresponding to the time when
the air parcel brought dust particles from the northwest of China. Water soluble potas-
sium is often used as a tracer for biomass burning (Du et al., 2011). In this experiment,
the mass concentration of water soluble K+ varied from 2–4 µg m−3. In Periods 1 and
2, the temporal profile of water soluble potassium agreed well (R2 = 0.74) with that of10

biomass burning particle-counts from the ATOFMS, further confirming our particle clas-
sification. During the entire sampling period (Periods 1–3), K+ correlated very well with
chlorine (R2 = 0.85), suggesting the presence of KCl-containing particles in the atmo-
sphere. The water soluble inorganic ions show clearly that the regionally transported
pollutants, especially ammonium, nitrate, and sulfate, have a strong influence on the15

composition of aerosols in urban Shanghai.

3.2.3 Profile of aerosol acidity

Sulfate, nitrate, and ammonium are usually considered to be secondary inorganic
species in the atmosphere, related to human activity. As the major acids and the only
base in the atmosphere, the ratio of sulfate and nitrate to ammonium, also called the20

particle acidity (He et al., 2012), can be used as a direct indicator to express the rel-
ative amount of acids and bases in the particulate phase. Particle acidity is an impor-
tant parameter related to aerosol chemical and physical properties (Wang et al., 2010;
Huang et al., 2012d). In the ATOFMS, particle acidity is defined as the ratio of the
sum of absolute peak area of NO−

3 and HSO−
4 to that of NH+

4 (Denkenberger et al.,25

2007). The inset in Fig. 4 shows that particle acidity is closely related to the particle
size, and thus the size distribution of these three species could help us to clarify the
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internal variation of particle acidity (see the discussion and Fig. S5 in the Supplement).
The size-resolved particle acidity shows that the highest particle acidity appeared at
∼0.28 µm, and as the particles grew, particle acidity declined. In a similar study by
Denkenberger et al. (2007), the maxiuma paticle acidty occurred at the diameter of
0.16 µm, smaller than our observation.5

The temporal variation of the ATOFMS particle acidity is plotted in Fig. 4. The color
gradient from blue to red indicates the average size of aerosol particles observed with
the ATOFMS. The black line is the equivalent charge ratio of major anions (SO2−

4 and
NO−

3 ) to cations (NH+
4 ) from MARGA data (Makkonen et al., 2012). As with the size

distribution of particle acidity from the ATOFMS, the high bulk particle acidity is con-10

sistent with small average particle size. Figure 4 shows the changes of particle acidity
and size when the air masses arriving at Shanghai changed, consistent with the three
time periods described in this study. During Period 1, particle size stayed relatively
small and particle acidity was fairly high. In Period 2 particle acidity stayed relatively
low and constant, while in Period 3 it was high again, especially during the new par-15

ticle formation event, indicating that aerosols influenced by regionally transported pol-
lutants from the northwest of Shanghai had lower particle acidities and larger particle
sizes. Since MARGA can achieve quantitative detection of the concentration of soluble
compounds in the particles, the highly-correlated temporal trends of the ATOFMS and
MARGA results (R2 = 0.82) confirms the validity of the particle acidity calculated from20

the ATOFMS data.
The equivalent charge ratio of [SO2−

4 ] and [NO−
3 ] to [NH+

4 ] measured with the MARGA
in Period 2 reached about 1.0, indicating that in the particle phase, ammonium almost
completely neutralized nitric and sulfuric acid. The entirely neutralized conditions in the
particle phase suggest the input of particulate ammonium in this episode. Departures25

from the acid-base ion balance, as seen in Periods 1 and 3, suggest that the local atmo-
sphere is deficient in ammonia (Pathak et al., 2009; Wang et al., 2009b) while regional
transport during Period 2 brings an ammonia- rich air mass to urban Shanghai. He et
al. (2012) estimated the aerosol acidity of PM2.5 in Beijing using these three inorganic
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ions and found that the particles in the urban area were more acidic, consistent with our
observations. Zhang et al. (2012b) also determined the aerosol acidity in several cities
in China and suggested that most urban aerosols were substantially neutralized by lo-
cal industrial NH3 emissions. Since the cities they investigated are much smaller than
the scales of Beijing and Shanghai, where there are no industrial estates releasing am-5

monia in the central urban area, their conclusion does not conflict with ours. When the
air mass carried coarse dust particles to urban Shanghai in Period 3, particles stayed
acidic. A low correlation coefficient between [SO2−

4 ] and [Ca2+] in Period 3 (observed
over the entire sampling period) indicates that dust aerosols were of little importance
in determining fine particle acidity.10

3.2.4 Evolution of optical properties

The aerosol optical properties are summarized in Fig. 2. In Period 1, both the mass
concentration of particulate matter (PM) and the extinction coefficient were fairly low.
About 86 % of the PM mass loading was fine particles (<2.5 µm). A minimum in the sin-
gle scattering albedo (∼0.63) occurred at about 08:00 on 13 October, corresponding15

to the EC peak shown in Fig. 3b. The correlation coefficient between the EC particle
number fraction and the single scattering albedo reached about −0.76, indicating a
strong inverse relationship between them. During the rain at around 22:00 on 13 Oc-
tober, all the instruments detected its influence on atmospheric aerosols, showing a
quick change of aerosol chemical and physical properties, as seen in Figs. 2 and 4.20

After the shower, the air was fairly clean with PM1 levels of only 7.3 µg m−3. The sin-
gle scattering albedo at that time reached about 0.55, indicating that the absorption
coefficient accounted for a significant fraction of extinction coefficient. However, no EC
peaks were detected in individual particle mass spectra around that time. This could
be explained by the increased number fractions of ultrfine particles (e.g. fresh EC par-25

ticles) that are too small to be detected by the ATOFMS. The PM1 mass concentration
more than doubled in Period 2, as did the extinction and scattering coefficients, and
stayed high until the beginning of Period 3. In Period 2, about 78 % of the PM10 mass
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loading was due to particles with diameters smaller than 1 µm, compared with 35 % of
that in Period 3. The extinction coefficient was always high during Period 2 while the
single scattering albedo in this period actually showed two different patterns. The first
14-h in Period 2 had high single scattering albedo (∼0.79) while from about 18:00 on
14 October it stayed at about 0.66. During the new particle formation event in Period 3,5

the values of PM1 loading and the extinction coefficients were much lower, indicating a
relatively clean air compared with Period 2.

3.3 Relationship between optical properties, PM1, and chemical composition

The most direct effect of aerosols on people’s senses is the degradation of visibility
through absorption and scattering of light. The information from the number distribu-10

tion of aerosols determined by the SMPS, hourly averaged PM1 mass concentration,
and the extinction (αext), scattering, and absorption coefficients and single scattering
albedo recorded by the CRDS and the nephelometer were combined to investigate the
variation of aerosol optical properties during this campaign (Fig. 2). Using a fixed obser-
vation wavelength (λ =532 nm), we will discuss two key parameters: PM mass loading15

and chemical composition. Note that relative humidity (RH) also has a profound im-
pact on visibility (Chow et al., 2002a). In our experiment, aerosols passed through a
diffusion drying tube before the measurement of optical properties, so the discussion
excludes the influence of RH on the aerosol optical properties.

3.3.1 Relationship between PM1 mass loading and extinction coefficient20

Mie theory describes the absorption and scattering behavior of particles with parti-
cle sizes approximately that of the wavelength of incident light. As proved by previous
studies, the highest particulate mass extinction efficiency lies in the size range of 0.1–
1.0 µm, the range described by the PM1 mass loading (Seinfeld and Pandis, 1998).
As the particle size gets larger, the extinction efficiency is nearly dependent on D−1

p .25

A tight linear correlation can be expected between PM1 mass loading and extinction
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coefficient (as shown in Fig. S6 in the Supplement). The correlations (R2) between ex-
tinction coefficient and different PM mass loadings in the three time periods shown in
Table 3 are consistent with the statement above. In order to check the contribution of
PM mass in different size ranges (PM1,1−2.5,2.5−10) in determining the aerosol extinction
coefficient, size segregated PM mass loadings are also plotted in Fig. S6 in the Sup-5

plement. The distinct temporal trends of PM larger than 1 µm show that large particles
had less impact on the extinction coefficient compared with PM1.

The correlations between PM1 and extinction coefficient in Periods 1 and 2 were
much lower than that for Period 3, suggesting that the chemical composition and mix-
ing state of the particles and their variations could also contribute to the extinction co-10

efficient. A high R2 could be an indicator of consistent chemical components or mixing
state in the particle phase or a constant complex refractive index of the aerosol. Knowl-
edge of PM mass loading alone cannot determine the extinction coefficients, given the
observed effect of chemical composition.

3.3.2 Relationship between PM1 chemical composition and15

extinction coefficient

To investigate the effects of different PM1 chemical compositions on the extinction coef-
ficient during these periods, we identified some consecutive hours in each time period
which have nearly constant fractions of major particle types, as shown in Fig. 3c, and
single scattering albedo temporal trends, as shown in Fig. 2c. Four new sub-periods20

were chosen with one in Period 1, two in Period 2 and one in Period 3, named Pe-
riod 1a, 2a, b and 3a, respectively. The start and end time for each of these sub-periods
is given in Table 1. Chemically-resolved size distributions of all particle types and raw
particle counts in these four periods are shown in Fig. S7 in the Supplement. The linear
fits of extinction coefficient versus PM1 mass loading in each of these sub-periods are25

shown in Fig. 5a. The high correlations (R2 = 0.90, 0.94, 0.88, and 0.93, respectively)
are consistent with stable chemical and physical properties of the particles in these
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time-periods, which are higher than the R2 of the extinction versus PM1 for the whole
period, in all cases (Period 1: 0.65, Period 2: 0.61, and Period 3: 0.92, as shown in
Table 3).

The value of the slope indicates the mass extinction efficiency of the particles. A
larger slope means more effective extinction (Titos et al., 2012; Wang et al., 2012). In5

order to clarify the relative weight of scattering and absorption in the total extinction
efficiency, we calculated linear fits of the scattering and absorption coefficients, re-
spectively, with PM1 mass loading (as shown in Table S1 and Fig. 5b). The values we
calculated agree well with previously reported PM mass extinction efficiencies (Bergin
et al., 2001; Chow et al., 2002b). The fraction of different particle types observed with10

the ATOFMS during these sub-periods is shown in Fig. 5b and the size distributions of
the particles types in each sub-period is given in Fig. S7.

The scattering efficiency of Period 1a (1.41) was much smaller than that of Period 2a
(4.31). A comparison of particle types observed in these two sub-periods (more aged
OC and ammonium particles in Period 2a) indicates that ammonium and nitrate could15

be the causes of the larger scattering and extinction efficiencies in Period 2a. Period 1a
and Period 3a both represent relatively clean local air conditions as discussed above.
However, Period 3a had a higher extinction efficiency than Period 1a (4.87 vs. 2.04).
Both the contributions of scattering and absorption effects on extinction efficiency were
larger in Period 3a than in Period 1a, with the absorption fraction changing more dra-20

matically. The difference of single scattering albedos in Period 1a and Period 3a, ∼0.70
and ∼0.62, respectively, was mainly caused by the increase in the aerosol’s light ab-
sorption ability. The large number fraction of biomass burning particles (47 %) could be
the reason for the high absorption efficiency in Period 3a (Adler et al., 2011). As dis-
cussed above, there was a new particle formation event in Period 3, but the ATOFMS25

could not follow the chemical evolution of the freshly formed particles. However, previ-
ous studies (Seinfeld and Pandis, 1998) have shown that for particles that absorb light,
the mass absorption efficiency is nearly constant, independent of particle size, for par-
ticles with diameter less than 0.2 µm, and thus the newly formed small particles could
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also contribute to the absorption efficiency in Period 3a. The higher number fractions
of aged biomass burning and aged OC particles (containing more material such as
secondary inorganic salts which scatter efficiently) in Period 3a could be the reason for
its higher scattering efficiency compared with Period 1a.

The average single scattering albedos of Period 2a and b were 0.79 and 0.66, re-5

spectively. The lower extinction efficiency of Period 2b was mostly due to the much
weaker particle light scattering ability (1.54 in Period 2b vs. 4.31 in Period 2a), while
their light absorption ability only decreased a little (from 0.86 to 0.76) compared with
Period 2a. Compared with the big differences in composition between Period 1a and
3a, Period 2a and b had nearly the same fractions of different particle types, as shown10

in Fig. 3c. The differential mass spectrum between particles in Period 2a and b (Fig. S8)
shows that the particles in Period 2a contained more inorganic species (ammonium,
nitrate, and nitrate cluster) and metals (i.e. potassium, iron, and lead), while the rela-
tive intensities of organic ion signals (i.e. C2H+

3 , C2H+
5 , C3H+, C2H3O+) were ∼20 %

stronger in Period 2b. The transition between Period 2a and b occurred at around 14:0015

in 14 October, the same time that the peaks of fresh OC and OCEC were observed,
suggesting that secondary organic species formed in photochemical reactions could
have changed the aerosol mixing state thereafter. Also, the OC/EC ion ratio (Spencer
and Prather, 2006) was calculated as a function of size in single particles for these
two periods (Fig. S9 in the Supplement). Though the two periods had almost the same20

number fraction of carbonaceous particles (91.2 % and 91.9 % of all detected particles,
respectively), particles in Period 2b had a higher OC/EC ratio in the large size range
(>500 µm). The comparisons here suggest that the secondary organic material coat-
ing could lead to a smaller scattering efficiency. Recently, Adler et al. (2011) reported
an observation of chemical aging altering aerosol optical properties, in which freshly25

emitted biomass burning particles became less absorbing after the addition of SOA.
In our experiment, most particles in Period 2a were already deeply aged, containing
secondary inorganic materials like sulfate and nitrate salts with strong scattering ability.
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The further chemical aging process (SOA formation) in Period 2b covered the particle
surfaces with less scattering materials.

In long term bulk measurements, mass fractions of sulfate, nitrate, and ammonium
have been the focus when studying the contribution of chemical composition to the
aerosol’s extinction (scattering) coefficient (Cao et al., 2012; Wang et al., 2012; Zhang5

et al., 2012a). However, in a highly time resolved short term experiment like this, av-
erage mass fractions cannot offer as much information. Figure 5c shows the frac-
tion of the average mass concentrations of SO2−

4 , NO−
3 , and NH+

4 in PM2.5 in the
four sub-periods. The relative distribution of these species was nearly the same in
all four sub-periods. Particles in Period 2a and b had almost the same mass fraction10

of these three species while they had distinct extinction behaviors. This suggests the
importance of knowing the particles’ mixing state in determining their extinction ability,
as discussed above.

The four sub-periods discussed above were characterized by different particle mix-
ing states and chemical components and hence distinct optical properties. In each15

sub-period, a good correlation between PM1 mass loading and extinction coefficients
was observed because of the constant chemical composition and mixing state of the
particles, facilitating the prediction of bulk aerosol optical properties. Particles falling
in the intervals between these sub-periods were in transition regimes, which caused
the worse correlation coefficients for entire sampling period (as shown in Table 3). Our20

studies reveal that the highly time-resolved chemical analysis of aerosols can ensure
more precise interpretations of aerosol optical properties, compared to the analysis
solely based on meteorology and bulk chemical measurements.

4 Conclusions

Using high-time-resolution instruments, we investigated the evolution of the chemical25

and optical properties of PM1 in the Shanghai urban area during a 72-h sampling
period. We divided the study into three time periods based on the meteorological
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conditions. Period 1 represented the typical local air conditions; during Period 2 lo-
cal aerosols were influenced by regionally transported particles; and Period 3 included
a fast long-range transport of coarse dust particles with few fine particles, as well as
a new particle formation event. A detailed investigation of the temporal variation of the
11 particle types observed with the ATOFMS revealed that, during regional transport,5

aerosols were more aged and the ammonium particles increased dramatically. The in-
crease in the mass concentrations of water soluble inorganic ions demonstrated the
input of secondary inorganic species (sulfate, nitrate, and ammonium). The northwest
air mass advection brought with it a great deal of ammonium to Shanghai, lowering the
particle acidity in Period 2. Also, regional transport of pollutants greatly increased the10

extinction coefficient compared to local aerosols, as shown in Period 2.
To investigate the impacts of particle mass concentrations and chemical components

on the aerosol optical properties, four sub-periods, during which the particle chemical
composition and single scattering albedo stayed constant, were picked out of these
three time periods. The correlations between the extinction coefficient and PM1 mass15

loading in these sub-periods showed much better linearity compared to the rest of
the sampling period. The comparisons of the chemical composition among the four
sub-periods based on single particle analysis shows that: (1) nitrate and ammonium
strongly increase the particle scattering efficiency; (2) a coating of secondary organic
material might cause the decreased scattering efficiency of particles containing sec-20

ondary inorganic materials like sulfate and nitrate salts. Our observations demonstrate
that the highly time-resolved analysis of particle mixing state can help us have a better
understanding of aerosol optical properties. In the current study, all the experiments
were carried out under dry conditions. The influences of relative humidity on aerosol
mixing state and the resulting optical property changes should be considered in future25

studies.
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Supplementary material related to this article is available online at:
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Table 1. The names, start times, end times, and duration of the three periods
and four sub-periods.

Period 1 Period 2 Period 3

Start Time (local) 13 Oct 00:00 13 Oct 23:00 15 Oct 10:00
End Time (local) 13 Oct 23:00 15 Oct 10:00 16 Oct 00:00
Length (hour) 23 35 14

Period 1a Period 2a Period 2b Period 3a

Start Time (local) 13 Oct 00:00 14 Oct 00:00 14 Oct 18:00 15 Oct 12:00
End Time (local) 13 Oct 14:00 14 Oct 14:00 15 Oct 10:00 16 Oct 00:00
Length (hour) 14 14 16 12
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Table 2. Names and fractions of the 11 particle types identified from the ATOFMS data.

Group % of Particles

Fresh Biomass Burning (BB) 4.9
Aged Biomass Burning (BB) 17.5
Fresh Organic Carbon (OC) 12.0
Aged Organic Carbon (OC) 14.6
Fresh Elemental/Organic Carbon (ECOC) 4.8
Aged Elemental/Organic Carbon (ECOC) 3.9
Ammonium 19.3
Na-K-rich 3.6
Elemental Carbon (EC) 1.9
Dust 2.2
Metal 8.2
Total 92.9
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Table 3. The correlation coefficient (R2) between the extinction coefficient and mass concen-
tration of PM10, PM2.5, and PM1 in the three time periods.

Period 1 Period 2 Period 3

PM10 0.37 0.49 0.73
PM2.5 0.57 0.58 0.92
PM1 0.65 0.61 0.92
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Figures: 1 

 2 

Figure 1. a: Temporal wind direction and speed on Oct 13-15, 2011. b: Six-hourly resolved 48 h 3 

air mass back trajectories from Oct 13, 14, and 15, 2011. 4 

 5 

  6 

Fig. 1. (a) Temporal wind direction and speed on 13–15 October 2011. (b) Six-hourly resolved
48-h air mass back trajectories from 13, 14, and 15 October 2011.
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 1 
Figure 2. a: The number distribution detected by SMPS together with hourly average PM1 mass 2 

concentration. b: The extinction coefficient over the sampling period. c: The scattering coefficient, 3 

absorption coefficient and single scattering albedo over the sampling period. 4 

 5 

  6 

13-Oct-2011 14-Oct-2011 15-Oct-20110

100

200

300

400

S
in

g
le

 S
c
a

tte
rin

g
 A

lb
e

d
o

 

 

C
o
e

ff
ic

ie
n

t 
(M

m
-1
)  scattering   absorption

 single scattering albedo

0.5

0.6

0.7

0.8

0.9

 

(c)

(b)

0 1.800E4 3.600E4 5.400E4 7.200E4

(a)

14.6

100

200

0

40

80

120Period 2 Period 3

M
a

s
s
 D

is
trib

u
tio

n
 (

g
/m

3)

 

PM
1

 

 

D
ia

m
e
te

r 
b
y
 S

M
P

S
 (

n
m

)

dN/dlogD
p

Period 1

0

100

200

300

400

500

 

 

 

 extinction coefficient

C
o
e

ff
ic

ie
n

t 
(M

m
-1
)

Fig. 2. (a) The number distribution detected by SMPS together with hourly average PM1 mass
concentration. (b) The extinction coefficient over the sampling period. (c) The scattering coeffi-
cient, absorption coefficient and single scattering albedo over the sampling period.
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 1 

Figure 3. a: Chemically resolved size distributions of particle number fractions and the size 2 

distribution of unscaled total hit particle number by ATOFMS (gray line). b: Temporal variation of 3 

different particle type counts with 30-minute time resolution. c: Temporal variation of number 4 

fractions of different particle types with 30-minute time resolution. 5 
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Fig. 3. (a) Chemically resolved size distributions of particle number fractions and the size dis-
tribution of unscaled total hit particle number by ATOFMS (gray line). (b) Temporal variation
of different particle type counts with 30-min time resolution. (c) Temporal variation of number
fractions of different particle types with 30-min time resolution.
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 1 

Figure 4. Particle acidity plotted as a function of time from ATOFMS data with 15-minute 2 

resolution (circles, left-hand y-axis). The color indicates the average aerodynamic diameter for 3 

particle in the 200-1200 nm size range detected by ATOFMS. The black line shows MARGA data 4 

for particle acidity (right-hand y-axis). The inset shows the size resolved particle acidity from 5 

ATOFMS data, averaged over the entire study. 6 
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Fig. 4. Particle acidity plotted as a function of time from ATOFMS data with 15-min resolution
(circles, left-hand y-axis). The color indicates the average aerodynamic diameter for particle in
the 200–1200 nm size range detected by ATOFMS. The black line shows MARGA data for par-
ticle acidity (right-hand y-axis). The inset shows the size resolved particle acidity from ATOFMS
data, averaged over the entire study.
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 1 

Figure 5. a: Extinction coefficient plotted versus PM1 mass loading with linear fits in the four 2 

sub-periods. b: Average chemically resolved fractions of different particle types from ATOFMS in 3 

the four sub-periods. c: Distributions of water-soluble sulfate, nitrate, and ammonium mass 4 

concentrations in PM2.5 from MARGA in the four sub-periods. 5 

 6 

 7 

Fig. 5. (a) Extinction coefficient plotted versus PM1 mass loading with linear fits in the four
sub-periods. (b) Average chemically resolved fractions of different particle types from ATOFMS
in the four sub-periods. (c) Distributions of water-soluble sulfate, nitrate, and ammonium mass
concentrations in PM2.5 from MARGA in the four sub-periods.
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