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A B S T R A C T

An intensive measurement campaign was conducted in Xi'an, China from December 2012–January 2013 to
investigate the chemical composition, formation, and optical properties of PM1. The PM1 mass concentration
(average=138.8 ± 83.2 μgm−3) accounted for ∼50% of the PM2.5 mass. Organic aerosols (OA) and sec-
ondary inorganic aerosols (SIA) were the most abundant PM1 components, contributing 53.0% and 35.0% to the
mass, respectively. Both primary emissions and aqueous-phase oxidation of secondary aerosols played roles in
the pollution episodes. The average light scattering and absorption coefficients during the campaign were
805 ± 581Mm−1 and 123 ± 96Mm−1, respectively. Both the mass scattering and mass absorption efficiencies
for PM1 were higher than that for PM2.5-1, indicating stronger ability of light extinction for the smaller particles
at visible wavelengths compared with the larger ones. The contributions of aerosol species to light extinction
coefficients under two visibility conditions were estimated based on multiple linear regression models, and the
OA was found to be the largest contributor to light extinction in both cases. A larger contribution of SIA to light
extinction for visibility< 5 km demonstrated its greater impacts on visibility during heavy pollution conditions.
These findings provide insights into the importance of submicron particles for pollution and visibility de-
gradation in northwestern China.

1. Introduction

Atmospheric aerosols affect the radiative and energy budgets of the
atmosphere directly by scattering and absorbing solar radiation and
indirectly by changing cloud reflectivity (Boucher, 2013; Wang et al.,
2010). Aerosol optical properties, including the scattering coefficient
(bscat) and absorption coefficient (babs), are closely connected to the
composition, size distributions, and morphological characteristics of
the aerosol. Moreover, meteorological conditions, such as ambient re-
lative humidity (RH), can affect hygroscopicity of the particle, which in
turn affects the aerosol light extinction coefficient (bext= bscat + babs)

and ultimately visibility (Zieger et al., 2013). Atmospheric particulate
matter (PM) mainly consists of organic matter (OM), secondary in-
organic aerosols (SIA, including sulfate, nitrate, and ammonium), black
carbon (BC), and soil dust. Of these, SIA and OM are the major light
scattering components, which can exert cooling effects on the earth/
atmosphere system, while the BC aerosol is strongly light absorbing and
can cause global warming (Menon et al., 2002; Ramanathan and
Carmichael, 2008). Recent studies also have shown that some types of
OM, called brown carbon (BrC), also can absorb sunlight, especially in
short wavelengths and as a result lead to radiative effects (Laskin et al.,
2015).
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The chemical components of PM are important determinants of the
particles’ optical properties, which also are affected by their size, shape,
and mixing state (Seinfeld and Pandis, 2006). The relationship between
the chemical components and bext has been investigated widely in
China during last decade (e.g., Tao et al., 2014; Tian et al., 2015), but
most of those studies relied on daily filter-based measurements, and
thus, it was difficult to follow the optical properties of the aerosol
during the evolution of pollution events. Many studies have used the
Interagency Monitoring of Protected Visual Environments (IMPROVE)
formula (Hand and Malm, 2007) to calculate the chemical bext (Cao
et al., 2012; Tao et al., 2017; Zhou et al., 2017), but there is a short-
coming of this approach. That is, the mass extinction efficiencies for the
chemical species used in the IMPROVE formula may not be the most
appropriate for any specific region.

Recently, several campaigns have been conducted in China that
involved high time-resolution measurements of chemical species and
optical properties. For instance, Han et al. (2017) investigated differ-
ences in the contributions of chemical species to bext in Beijing during
summer and winter, and they found that ammonium sulfate (30%)
contributed the most to bext in summer while organic aerosol (OA) was
the largest contributor (51%) in winter. Based on a positive matrix
factor analysis of OA and the multiple linear regression method, Lan
et al. (2018) found that secondary aerosols (79.4%) contributed more to
light extinction than primary aerosols (20.6%) at Dongguan, in south-
eastern China. Results of a three months in Beijing, which involved real-
time measurement of PM1, showed a much higher contribution of sec-
ondary organic aerosol (SOA) to extinction compared with that from
the primary organic aerosol (POA, Wang et al., 2015).

Although these studies have provided important information on
physical and chemical properties of aerosols, the impacts of chemical
species on aerosol optical properties relied on high time-resolution
measurement are still not well constrained, especially in northwestern
China where pollution is often serious (Li et al., 2016; Y. Wang et al.,
2017b). Xi'an, the largest city in the northwestern China, has suffered
from severe air pollution for decades as a result of the rapid urbani-
zation, growth in motor vehicle usage, and large energy consumption in
the region (H. Xu et al., 2016a). High mass concentrations of PM2.5

(345–512 μgm−3) have been reported throughout the year in Xi'an
(Cao et al., 2012; Zhang et al., 2015), and the poor air quality and the
potential effects on human health have led to increasing public con-
cerns (http://xaepb.xa.gov.cn).

For this study, an intensive campaign was conducted at Xi'an during
winter to measure aerosol chemical composition and aerosol light
scattering and absorption at high time-resolution. The chemical evo-
lution and optical characteristics of submicron particles under heavy
pollution conditions were the main foci of the investigation. Further,
the mass scattering and absorption efficiencies of primary and sec-
ondary organic aerosols, as well as SIA, were calculated using multiple
linear regression models, and the contribution of each chemical com-
ponent to the total bext was evaluated. The results of this study will help
us understand the changes in aerosol populations and their optical
properties under severe pollution conditions.

2. Experimental

2.1. Sampling site and instrumentation

Measurements were made in Xi'an, China from the rooftop of the
Institute of Earth Environment, Chinese Academy of Sciences (34.23 °N,
108.88 °E, 10m above ground level) from 23 December 2012 to 18
January 2013. The sampling site is situated within the high-tech region,
which is southwest of the city center (Fig. S1), and it is encircled by
office buildings and residential/commercial areas. Hourly PM2.5 mass
concentrations were measured with an E-BAM online sampler (Met One
Instruments Inc., Washington, USA), which is an automatic air monitor
that uses beta attenuation to estimate mass (Cheng et al., 2011).

The non-refractory submicron aerosol (NR-PM1) was measured in
situ using a quadrupole aerosol chemical speciation monitor (Q-ACSM,
Aerodyne Research Inc., Billerica, Massachusetts), which operated at an
air flow of 0.1 Lmin−1 and had a time resolution of ∼15min (Detailed
descriptions see Text S1). PM1 mass was calculated as the sum of NR-
PM1 (including organics, SO4

2−, NO3
−, NH4

+, and Cl−) and BC, which
was measured as described below. The mass concentrations of BC were
measured with a single particle soot photometer (SP2) (Droplet
Measurement Technology, Boulder, CO, USA), and detailed descriptions
of this instrument can be found in Text S2 and elsewhere (e.g., Schwarz
et al., 2006; G. Wang et al., 2018). A photoacoustic extinctiometer
(PAX, Droplet Measurement Technology) was used to simultaneously
measure the bscat and babs at λ=532 nm (Kok et al., 2010; Wei et al.,
2013) (Detailed descriptions see Text S3). The calibration results for Q-
ACSM, SP2 and PAX can be found in Fig. S2.

Hourly average nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon
monoxide (CO) and ozone (O3) concentrations were measured by four
online gaseous analyzers (EC9841 Nitrogen Oxides Analyzer, EC9850
Sulfur Dioxide Analyzer, EC9830 Carbon Monoxide Analyzer and
EC9810 Ozone Analyzer, Ecotech, Melbourne, Australia, respectively).
Hourly meteorological data, including relative humidity (RH), tem-
perature, and wind speed, were measured with an automatic weather
station (MAWS201, Vaisala, Vantaa, Finland) configured with a RH/
temperature probe (Vaisala Model QMH101) and a wind sensor
(Vaisala Model QMW101-M2). In addition, hourly boundary-layer
heights were retrieved from the HYSPLIT Trajectory Model of NOAA,
which was driven with the gridded meteorological data (Global Data
Assimilation System, GDAS1, https://ready.arl.noaa.gov/HYSPLIT.
php).

2.2. Data treatment and source analyses

Daily PM2.5 filter samples were collected from 10:00 a.m. local time
(LT, all time references below are given in LT) to 10:00 the next day
with the use of a battery-powered mini-volume sampler (Airmetrics,
Springfield, OR, USA). The filter-based PM2.5 mass concentrations were
used to correct the E-BAM mass data, and for this, the hourly PM2.5

concentrations measured with the E-BAM were integrated over 24 h
intervals (from 10:00 to 10:00 the next day) to match the filter-based
PM2.5 concentrations. As shown in Fig. S3, the average E-BAM PM2.5

values exhibited a tight linear correlation with the gravimetric filter-
based PM2.5 mass loadings (r= 0.98). Based on this result, the hourly
PM2.5 mass concentrations measured with the E-BAM were adjusted by
multiplying the mass by 1.34.

The organic aerosol was separated into two general components,
that is, primary organic aerosol (POA) and oxygenated organic aerosol
(OOA). These two OA components showed distinctly different mass
spectral profiles, timeseries, and diurnal cycle characteristics. The mass
concentration and composition of submicron particles measured with
the Q-ACSM were analyzed using the standard ACSM data analysis
software written in Igor Pro (WaveMetrics, Inc., Portland, OR., USA).
The timeseries, diurnal cycles, mass spectra, and correlations with ex-
ternal tracers were analyzed using the Positive Matrix Factorization
(PMF) technique and tested using the Igor Pro-based PMF Evaluation
Tool (PET, v 2.04) (Ulbrich et al., 2009). The two components of OA,
POA and OOA (see Fig. S4), were identified through these procedures.

As shown in Fig. S4, mass spectra with strong signals for CnH2n-1
+

(e.g., m/z 41, 55), CnH2n+1
+ (e.g., m/z 43, 57), and m/z 60 were de-

fined as POA (Alfarra et al., 2007; Elser et al., 2016; Sun et al., 2016).
The POA concentrations correlated well (r= 0.80–0.91) with those
primary emission substances of CO, BC, and Cl− (see Fig. S5), in-
dicating that the reasonable identification of POA. The mass spectra of
OOA were showed a prominent peak at m/z 44, which is consistent
with patterns reported previously (Ng et al., 2010; Sun et al., 2016).
Also, OOA showed a strong correlation with secondary inorganic spe-
cies (including sulfate and nitrate) (Fig. S5).
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3. Results and discussion

3.1. Aerosol mass concentration and chemical composition

The PM2.5 mass concentrations varied from 3 to 894 μgm−3 over
the course of the study (Fig. 1), and the arithmetic mean value
(± standard deviation) was 264 ± 171 μgm−3, which is 3.5 times
higher than the China National Ambient Air Quality Grade II Standard
(75 μgm−3, GB3095-2012). Compared with previous studies conducted
in Xi'an, the average PM2.5 concentration was slightly higher than in the
winters of 2006 (229.5 μgm−3), 2008 (199.4 μgm−3), and 2010
(233.0 μgm−3) (H. Xu et al., 2016a). The PM1 mass dominated the
PM2.5 mass concentration (see Fig. S6) and varied widely, from 7 to
436 μgm−3, with an average of 138.8 ± 83.2 μgm−3(Fig. 1). The
mass concentrations of PM2.5 and PM1 were both larger than what has
been reported for most wintertime studies in China, and they were
several orders of magnitude higher than those typical cities of the
U.S.A. or European countries (see Table S1). Therefore, the air quality
in Xi'an during the study was extremely poor.

The average mass concentration of OA was 73.8 ± 46.8 μgm−3;
indeed, OA was the most abundant PM1 species, and it accounted for
53.0% of PM1 mass. The mass concentration of SIA was 48.6 μgm−3,
and it contributed more than 35.0% to the total PM1 mass. The mass
loading of BC (8.8 ± 7.2 μgm−3) and Cl− (7.6 ± 5.4 μgm−3) were
lower than OA and SIA, contributing 5.0% and 6.0% to PM1 mass.

Fig. 2 shows the diurnal variations of PM1 chemical species, and in
it, the median values instead of averages were plotted to minimize the
effects of extreme events. The median PM1 mass concentration ex-
hibited a pronounced diurnal cycle, with low values in the afternoon
between 14:00 and 19:00 and high values from 21:00 to 01:00. This
diurnal pattern can be explained by the variation of boundary-layer
height, which was deep in the afternoon and shallow at night (Wang
et al., 2016). As for PM1 chemical species, the various groups of com-
ponents showed distinct differences. For example, the mass con-
centrations of SO4

2−, NO3
−, and NH4

+ showed similar diurnal pat-
terns, which started to increase around 8:00 and reached a peak in the
afternoon around 12:00–15:00. Although the deep boundary-layer
height in the afternoon favored the dilution of the aerosol, the forma-
tion of SIA through heterogeneous reaction evidently offset the dilution
effect (Sun et al., 2016). The observed diurnal pattern of ammonium
generally followed the variations in the combined concentrations of
SO4

2−, NO3
−, and Cl− which represent for (NH4)2SO4, NH4NO3, and

NH4Cl.

The OA showed a decreasing trend during the daytime but increased
at night. As OA has multiple primary and secondary origins, an ex-
planation for the diurnal cycle is complicated. As shown in Fig. 2, POA
showed similar variation to the OA; that is, low mass loadings during
the day and high loadings at night. The observed diurnal variability for
POA is consistent with previous studies (Elser et al., 2016; Sun et al.,
2013) that ascribed the variations to local emissions (e.g., traffic, bio-
mass burning, and coal combustion) and changes in the boundary-layer
height. In contrast to POA, OOA showed a peak from 10:00–14:00,
which may be explained by photochemical production (Elser et al.,
2016; Sun et al., 2014), and the ratio of OOA to OA showed a significant
increase from 10:00–16:00 (Fig. S7). Chloride showed low concentra-
tions in the afternoon and high concentrations in the early morning,
suggesting that variations in the boundary-layer height and gas-aerosol
partitioning (e.g., NH4Cl partitioning) (Baek et al., 2006) affected its
diurnal pattern. The BC mass concentration exhibited a diurnal pattern
of “two peaks and two valleys”, which can be explained by the varia-
tions in boundary-layer height combined with the activity patterns of
daily life (Wang et al., 2014).

3.2. Impacts of chemical species on pollution episodes

The causes for pollution are often complex due to the variety of
aerosol processes (that is, photochemical and aqueous-phase produc-
tion, removal, etc) and meteorological factors involved. To investigate
the pollution formation in Xi'an, the PM2.5 mass concentrations higher
than 150 μgm−3 were classified as heavy pollution episodes (PE),
whereas other days were referred to as the reference days (e.g., Liang
et al., 2016; Sun et al., 2019). As shown in Fig. 1, three PEs occurred;
these were PE1(24–28 December 2012), PE2 (30 December 2012–1
January 2013), and PE3 (4–14 January 2013). Fig. 3 shows the con-
tributions of the chemical species to the PM1 mass for each of the three
PEs, and a statistical summary is presented in Table 1. The average
mass concentrations of PM2.5 were 332, 174, and 374 μgm−3 for PE1,
PE2, and PE3, respectively, and these were 1.3–2.8 times larger than
the average value for reference days (134 μgm−3). The average mass
concentrations of PM1 were 201, 126, 175 μgm−3 during PE1, PE2, and
PE3, respectively, and accounted for 62.3, 65.5, and 50.0% to the
corresponding PM2.5 mass. Moreover, the mass concentrations of PM1

during the three PEs were 1.8–2.8 times larger than on the reference
days.

For PE1, SIA and OA contributed similarly to the PM1 mass, 45.4%
and 44.8%, respectively (Fig. 3). To defined the difference in the

Fig. 1. Time series plots of (a) light scattering coefficient (bscat) and absorption coefficient (babs); (b) mass concentrations of PM1 and PM2.5 and the main chemical
species in PM1 during the campaign. BC, POA, and OOA stand for black carbon, primary organic aerosol, and oxygenated organic aerosol. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Diurnal cycles of the mass concentrations (μg m−3) of PM1, organics, primary organic aerosol (POA), oxygenated organic aerosol (OOA), SO4
2−, NO3

−,
NH4

+, Cl−, and black carbon (BC). The colored lines represent the median for each hour of the day, and the shaded areas show the range between the 10th and 90th
percentiles of the data.

Fig. 3. (a) Arithmetic mean mass contribu-
tion of primary organic aerosol (POA),
oxygenated organic aerosol (OOA), SO4

2−,
NO3

−, NH4
+, Cl−, and black carbon (BC) to

PM1 mass during three pollution episodes
and on reference days (areas outlined with
thick yellow lines represent the organic
aerosol); (b) Enhancement ratios of PM1

chemical species concentrations between
each pollution episode versus reference
days. PE1, PE2, and PE3 represent pollution
episodes that occurred from 24 to 28
December 2012, 30 December 2012–1
January 2013, and 4–14 January 2013, re-
spectively. (For interpretation of the refer-
ences to color in this figure legend, the
reader is referred to the Web version of this
article.)
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concentration of chemical species during a pollution episode versus
reference days, enhancement ratios were calculated as follows:

=Enhancement ratio species species[ ] /[ ]pollution reference (1)

where [species] represents the concentration of the chemical species of
interest, and the subscripts denote the pollution episodes and reference
days. The enhancement ratios of all the measured chemical species
were within range of 1.9–4.5 during PE1 compared with the reference
days, and SO4

2− increased the most.
To explore the mechanisms by which SIA formed, we calculated the

molar ratios of SO4
2− to SO2 (Sulfur Oxidation Ratio, SOR=n-SO4

2-/
(n-SO2 + n-SO4

2-)) and NO3
− to NO2 (Nitrogen Oxidation Ratio,

NOR=n-NO3
-/(n-NO2 + n-NO3

-)) to evaluate the sulfur and nitrogen
partitioning between the particle and gas phases (Hu et al., 2014). For
all data, temperature had only a weak relationship with SOR and NOR
(Fig. 4a and c), suggesting a minor effect of temperature on SIA for-
mation during the study. In contrast, SOR exhibited an obvious power
function relationship with RH (Fig. 4b). That is, the SOR values were
low and stable when the RH was less than 35.0%; however, as the RH
increased to between 65.0% and 75.0%, the SOR increased rapidly. This
indicates that sulfate formation was favored by high RH. Although the
case was not as obvious for NOR, it also showed a positive correlation
with RH (Fig. 4d). During this event, SOR, NOR, and RH were
0.11,0.33, and 48.1%, respectively, both SOR and NOR showed a clear
increasing linear trend with RH, and the SOR during PE1 was twice
than that on reference days (Fig. S8). Furthermore, as shown in Table 1,
the concentration of ozone is lowest during PE1, and the visibility was
considerably reduced, both of which indicate weak photochemical ac-
tivity (Quan et al., 2014; Wang et al., 2001). Therefore, the enhance-
ments of sulfate and nitrate during PE1 can be explained by the aqu-
eous-phase oxidation of gas precursors such as SO2 and NOx. The
importance of aqueous-phase oxidation for the air pollution formation
also has been recognized for some urban cities in north China (Q. Wang
et al., 2018; Zhao et al., 2013).

The causes for PE2 evidently were unlike those for the two other PEs
because chemical composition of the PM differed between the events.

As shown in Fig. 3, OA accounted for a large majority (66.0%) of the
PM1 mass during PE2, and this was three times larger than the con-
tribution from SIA (21.5%). Of the OA species, POA accounted for
35.8% of the PM1 mass, which was larger than the contribution from
OOA (30.2%). This indicates that the primary emissions of OA were
important for the development of this second event. Moreover, it is
noteworthy that the POA enhancement ratio was larger than that for
OOA, indicating that organics from primary emissions were the main
driving factors aggravating the extent of pollution for this event. The
mass concentrations of SIA during PE2 were similar to those during
reference days (Table 1), and this may be attributed to relatively weak
aqueous-phase oxidation under low RH conditions (9.0–45.3%). The
PE2 event lasted for only two days, and then the pollutants were dis-
persed by the light winds (> 1.0m s−1) on 1 January 2013.

During the last pollution episode (PE3), the concentrations of PM1

and its major chemical components showed remarkable increases
compared with the reference days. On 3 January, just before PE3, the
RHs were low (16.4–26.7%), and the PM1 mass concentrations varied
from 11.0 to 41.2 μgm−3. As the event developed, the PM1 loadings
increased gradually as the RH increased, presumably because that fa-
vored aqueous-phase oxidation led to high secondary aerosol loadings
as discussed above. Meanwhile, low and steady wind speeds (average
value of 0.1m s−1) and low boundary-layer heights (average value of
208m) suppressed the dispersion of the pollutants, and that further
aggravated the pollution event, which lasted for 10 days.

As shown in Fig. 3a, the PM1 mass was dominated by OA (51.7%)
during PE3, and the OA in turn, was composed of 48.2% of POA and a
slightly higher amount of OOA (51.8%). However, when
PM1 > 200 μgm−3, the POA fraction of OA exceeded that from OOA
(Fig. S9). This change in the POA fraction of OA highlights the im-
portance of primary OA emissions for extremely polluted conditions.
The contributions of SO4

2−, NH4
+, NO3

−, BC, and Cl− to PM1 were
12.4, 12.0, 10.3, 7.7, and 5.9%, respectively. Compared with the re-
ference days, the enhancement ratios for all chemical species during
PE3 were comparable, ranging from 2.3 to 2.9.

Table 1
A summary of arithmetic mean PM2.5 and PM1 mass loadings, PM1/PM2.5 ratios, chemical species in PM1, light scattering and absorption coefficients (bscat and babs,
respectively), meteorological conditions, ozone concentrations, and oxidation ratios during pollution episodes (PEs) and reference days.

Variable PE1a PE2 PE3 Reference days

Mass and chemical species loadingsb (μg m−3)
PM2.5 331.8 ± 142.9 173.8 ± 87.7 373.7 ± 148.9 134.2 ± 113.7
PM1 201.8 ± 86.0 126.2 ± 73.5 175.4 ± 56.1 72.1 ± 58.0
PM1/PM2.5 ratio 0.62 ± 0.15 0.65 ± 0.14 0.50 ± 0.13 0.55 ± 0.20
POA 38.7 ± 27.4 42.7 ± 36.0 42.2 ± 22.9 17.5 ± 22.1
OOA 48.1 ± 18.1 36.0 ± 17.9 45.4 ± 11.4 17.8 ± 11.7
SO4

2- 38.6 ± 21.2 7.3 ± 3.1 21.0 ± 7.7 8.6 ± 7.2
NO3

− 20.7 ± 5.9 8.6 ± 3.5 17.5 ± 4.8 7.3 ± 5.7
NH4

+ 28.5 ± 9.9 9.8 ± 4.2 20.4 ± 6.0 8.9 ± 6.3
Cl− 10.3 ± 5.1 7.2 ± 6.0 10.0 ± 4.7 4.0 ± 3.9
BC 8.6 ± 4.7 7.8 ± 6.5 13.1 ± 7.4 4.5 ± 5.3
Light extinction (Mm−1)
bscat 1075.1 ± 514.2 509.0 ± 278.0 1173.9 ± 524.9 357.9 ± 328.9
babs 127.0 ± 64.2 103.3 ± 80.6 183.0 ± 98.2 61.2 ± 65.4
Meteorological conditionsc

Visibility (km) 4.1 ± 2.1 10.2 ± 8.8 3.8 ± 2.7 20.5 ± 16.8
RH (%) 48.1 ± 12.1 29.3 ± 9.4 41.1 ± 10.4 32.6 ± 11.8
WS (m s−1) 0.3 ± 0.2 0.2 ± 0.2 0.1 ± 0.1 0.5 ± 0.5
Boundary layer height (m) 200.7 ± 196.2 310.4 ± 291.2 207.8 ± 206.0 328.1 ± 305.4
Ozone (ppb) and oxidation ratiosd

O3 3.6 ± 1.5 7.4 ± 7.7 4.3 ± 3.2 11.0 ± 8.2
SOR 0.11 ± 0.05 0.05 ± 0.01 0.06 ± 0.03 0.05 ± 0.02
NOR 0.33 ± 0.04 0.24 ± 0.07 0.30 ± 0.05 0.16 ± 0.07

a PE1, PE2, and PE3 represent pollution episodes on 24–28 December 2012, 30 December 2012–1 January 2013, and 4–14 January 2013, respectively.
b POA, OOA, and BC are primary organic aerosol, oxygenated organic aerosol, and black carbon, respectively.
c RH is relative humidity, and WS is wind speed.
d SOR and NOR denote molar ratios of SO4

2− to SO2 (SOR=n-SO4
2-/(n-SO2+n-SO4

2-)) and NO3
− to NO2 (NOR=n-NO3

-/(n-NO2 +n-NO3
-)), respectively.
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3.3. Aerosol optical properties

3.3.1. Light extinction of PM1 and PM2.5

Aerosol light extinction exhibited dramatic day-to-day variations in
Xi'an during the early to mid-winter study. As shown in Fig. 1a and 1b,
the variations in bscat tracked well with the PM2.5 mass, and the hourly
bscat values ranged from 47 to 2815Mm−1 during the campaign, with
an average of 805 ± 581Mm−1. Although a relatively smaller mag-
nitude than bscat was found for babs, it also showed large variations from
7 to 587Mm−1, with an average value of 123 ± 96Mm−1.

Both bscat and babs in the present study were higher than the values
typically observed in and around China (see Table S2). The average bscat
was over three times higher than what has been reported for Beijing
(256Mm−1, Zhou et al., 2017) and Lanzhou (240Mm−1, Pu et al.,
2015) in China or Daejeon in Korea (189Mm−1, Jung et al., 2017), but
it was lower than in Delhi, India (1027Mm−1, Tiwari et al., 2015). The
average babs was a factor of 1.3–3.0 higher than at Beijing (43Mm−1,
Zhou et al., 2017), Chengdu (60Mm−1, H. Wang et al., 2017a), and
Guangzhou (96Mm−1, Tao et al., 2015b) in China, and it was is also
higher than in surrounding countries such as India (86Mm−1, Tiwari
et al., 2015) and Korea (21Mm−1, Jung et al., 2017).

As shown in Fig. 5a, bext exhibited a strong correlation with PM2.5

mass (r= 0.93), and the specific PM2.5 mass extinction efficiency was
3.6 m2 g−1. Although bext also exhibited a strong correlation (r= 0.90)
with PM1 mass, there were two clusters apparent in the data (Fig. 5b).
The two groups were separated based on the average bext of 782Mm−1,
which is equivalent to a visibility of 5.0 km based on the Koschmieder
equation (Koschmieder, 1924). More important, the correlation of bext
with PM1 mass was stronger when visibility was>5.0 km (r= 0.96)
than when visibility was< 5.0 km (r= 0.73) (see in Fig. S10). This
result can be attributed to a larger proportion of PM2.5-1 (the difference
between PM2.5 and PM1 masses) relative to PM1 when the visibility was
lower.

Previous studies have indicated that PM1 often has a large impact on
visibility (Hyslop, 2009; Watson, 2002), and the highest mass extinc-
tion efficiency of PM lies in the particle size range of 0.1–1.0 μm (Huang
et al., 2013; Seinfeld and Pandis, 2006). In this study, the mass scat-
tering efficiency (MSE) and mass absorption efficiency (MAE) of PM1

and PM2.5-1 were estimated using linear regression and the following
formulas based on MSE (or MAE) theory (Hand and Malm, 2007; Titos
et al., 2012):

Fig. 4. Relationships between molar ratios
of SO4

2− to SO2 versus (a) temperature and
(b) relative humidity and the molar ratios of
NO3

− to NO2 versus (c) temperature and (d)
humidity. In each panel, the lower and
upper edges of the boxes denote the 25%
and 75% percentiles, respectively, while the
vertical lines show the 10% and 90% per-
centiles.

Fig. 5. Scatter plots of light extinction
coefficients (bext) versus mass concentra-
tions of (a) PM2.5 and (b) PM1. Data points
are color-coded based on PM1/PM2.5 ratios.
The horizontal dashed black line represents
the bext of 782Mm−1 (equivalent to visibi-
lity= 5.0 km). The red dashed ovals re-
present the two clusters with visibility
greater or less than 5.0 km. (For interpreta-
tion of the references to color in this figure
legend, the reader is referred to the Web
version of this article.)
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= × + × −−
b MSE PM MSE PM[ ] [ ]scat PM PM1 2.5 11 2.5 1 (2)

= × + × −−
b MAE PM MAE PM[ ] [ ]abs PM PM1 2.5 11 2.5 1 (3)

where MSEPM1 and
−

MSEPM2.5 1 are the MSEs for PM1 and PM2.5-1, re-
spectively; MAEPM1 and

−
MAEPM2.5 1 are the MAEs for PM1 and PM2.5-1;

and [PM1] and [PM2.5-1] represent the mass concentrations of PM1 and
PM2.5-1. About 70% of the measured data were randomly selected for
use in these calculations, while the other 30% of the data were used to
verify the validity and accuracy of the method. As shown in Fig. S11,
the estimated versus measured bscat and babs values were strongly cor-
related (bscat slope= 0.94, r= 0.99 and babs slope= 0.90, r= 0.96),
and this demonstrates the validity of the approach.

The calculated MSE for PM1 was 4.1 ± 0.1m2 g−1, which is con-
sistent with theoretical values (3.7–4.1 m2 g−1) calculated using Mie
theory (Bates et al., 2005; Boucher and Anderson, 1995; Garland et al.,
2008), and it also was comparable with the values observed at Beijing
(3.6 m2 g−1, X. Xu et al., 2016b) and Guangzhou (4.3 m2 g−1, Xia et al.,
2017), China during winter. The MSE for PM2.5-1 was
2.1 ± 0.1m2 g−1, and that was smaller than the PM1 MSE. Further-
more, the estimated MAE for PM1 was 0.76 ± 0.03m2 g−1, which was
five-fold higher than that for PM2.5-1 (0.15 ± 0.03m2 g−1). The MAE
for PM1 in this study was close to the value found during winter in
Beijing (0.7 m2 g−1, X. Xu et al., 2016b). The larger MSE and MAE
values for PM1 relative to PM2.5-1 indicate stronger ability of light ex-
tinction for the small particles (diameters < 1 μm) than larger ones at
visible wavelengths. Results based on Equations (2) and (3), showing
that PM1 accounted for 71.9% of bscat and 85.7% of babs when visibility
was>5 km, and that the contributions of PM1 to bscat and babs de-
creased to 67.0% and 83.5% when visibility was< 5 km.

3.3.2. Impacts of chemical species on aerosol light extinction
To explore possible connections between chemical species and

aerosol light extinction, we divided the data into two groups to in-
vestigate relationships between bext and PM1 (see Fig. 5b as discussed in
Section 3.3.1). The first group was for data when visibility> 5 km (HV)
and the second for low visibility < 5 km (LV). The 5 km visibility
threshold has been used in several earlier studies to identify heavy
pollution episodes (e.g., Cao et al., 2012; Fu et al., 2013; Li et al., 2016).
Previous studies have shown that bext can be reconstructed from the
mass concentrations of aerosol chemical species and the corresponding
MSEs and MAEs (Hand and Malm, 2007; Titos et al., 2012), and this is
the approach we used for our analysis.

Of the various aerosol chemical constituents, (NH4)2SO4, NH4HSO4,
NH4NO3, and OA (including POA and OOA) are normally the main
particulate scatterers of sunlight in the atmosphere (Cao et al., 2012;
Zhou et al., 2017). During our campaign, there was sufficient NH4

+ to
neutralize the SO4

2− and NO3
− (see Fig. S12), and therefore, the mass

concentrations of (NH4)2SO4 and NH4NO3 were calculated from the
molar ratios of (NH4)2SO4 to SO4

2− and NH4NO3 to NO3
−. That is,

(NH4)2SO4=1.375× [SO4
2−] and NH4NO3= 1.29× [NO3

−] (Tao
et al., 2015a).

The two light-absorbing carbonaceous aerosol species are BC and
BrC (Andreae and Gelencsér, 2006; Yang et al., 2009). Of these, BC
forms through the incomplete combustion process whereas BrC has
multiple sources, including primary emissions and secondary

formation; thus, both POA and OOA have light-absorbing properties.
Two of the key aerosol optical properties, bscat and babs, can be

calculated from the following equations:

= × + ×

+ × + × +

b MSE NH SO NH SO MSE NH NO NH NO

MSE POA POA MSE OOA OOA a

(( ) ) [( ) ] ( ) [ ]

( ) [ ] ( ) [ ]
scat 4 2 4 4 2 4 4 3 4 3

(4)

= × + × + ×

+

b MAE BC BC MAE POA POA MAE OOA OOA

b

( ) [ ] ( ) [ ] ( ) [ ]abs

(5)

where the chemical substance enclosed in parentheses is used to show
the MSE or MAE for each scattering or absorbing species in PM1; the
brackets denote the mass concentrations of individual species; a and b
represent other light scattering and absorbing species, respectively. The
mass concentration of a chemical substance was multiplied by the
corresponding MSE (or MAE) to obtain the light scattering (or ab-
sorption) coefficient for the species. In the absence of detailed in-
formation on the microphysical and chemical structure of the aerosols,
the calculations were based on the assumption of external mixed among
the chemical species. We note that the aerosol optical properties can be
affected by the particles' mixing state, but it has been shown that light
extinction is not particularly sensitive to external or internal mixing of
the aerosol (Malm and Kreidenweis, 1997; Sloane, 1986).

The reconstructed bscat (r= 0.95 for HV and 0.72 for LV) and babs
(r= 0.99 for both HV and LV conditions) showed strong correlations
with the measured values (Fig. S13), indicating that the multiple linear
regression models accurately reconstructed the bscat and babs for PM1

from the chemical composition data. Furthermore, the slope of the re-
constructed bscat versus the measured bscat was close to 1.0
(slope= 0.91) for the HV group, but it was considerably smaller (0.51)
for the LV group. This may be due to a greater contribution from the
PM2.5-1 to bscat for the more heavily polluted condition.

The MSEs for POA, (NH4)2SO4, and NH4NO3 in PM1 were 1.5–2.0
times higher for the LV condition compared with the HV group
(Table 2). The MSE for (NH4)2SO4 in the LV condition was within the
range of 5.2–7.0m2 g−1 observed in Beijing (Han et al., 2015; Wang
et al., 2015), whereas the (NH4)2SO4 MSE for HV condition was smaller.
The NH4NO3 MSEs for both types of visibility conditions were larger
than those found in Beijing (6.0–7.0m2 g−1, Han et al., 2015; Wang
et al., 2015). For POA and OOA, the calculated MSEs were comparable
to values reported in previous studies (1.0–16.7 m2 g−1, Han et al.,
2015; Lan et al., 2018; Wang et al., 2015). The MAEs for BC and OOA
varied widely, but higher values for both of these species were found for
the lower visibility condition. The BC MAEs for both HV and LV con-
ditions (9.7 and 13.2 m2 g−1, respectively) were comparable with those
found in Beijing on clean days (7–14m2 g−1, with average of
10.3 m2 g−1; X. Xu et al., 2016b) and Nanjing (10.5–11.4m2 g−1

throughout the year; Tao et al., 2018), but they were much lower than
what has been reported for polluted conditions in some other cities
where the MAEs for BC ranged from 10 to 50m2 g−1 (Chan et al., 2011;
X. Xu et al., 2016b).

The OA accounted for the largest fraction of bext for both the HV and
LV conditions, 43.8 and 31.3%, respectively (Fig. 6). Further, the
contribution of OOA to bext was larger than POA under the HV condi-
tion (18.5 for POA and 25.3% for OOA), whereas the contribution of
POA (20.2%) exceeded that of OOA (11.1%) under LV condition—this

Table 2
Summary statistics for mass scattering and mass absorption efficiencies (units: m2 g−1) for selected PM1 chemical species under different visibility conditions.

Mass scattering efficiency Mass absorption efficiency

POAa OOA (NH4)2SO4 NH4NO3 BC OOA POA

Visibility > 5 km (HV) 4.1 3.9 3.6 8.9 9.7 0.47 0.20
Visibility < 5 km (LV) 6.1 2.7 6.0 17.4 13.2 0.68 −0.33

a POA, OOA, and BC stand for primary organic aerosol, oxygenated organic aerosol, and black carbon, respectively.
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can be explained by the large mass fraction of POA during the pollution
events. The second largest contributor to bext was NH4NO3, which ac-
counted for 25.2% and 28.6% of the values during the HV and LV
conditions, respectively. This indicates that NH4NO3 played an im-
portant role in reducing visibility, and that is consistent with the
growing impact of nitrate on haze formation over China caused by a
continuous increase in NOx emissions during last decades (Wang et al.,
2013). For (NH4)2SO4, the contributions to bext were 12.2% for the HV
and 15.1% for the LV condition. Interestingly, the combined contribu-
tion of NH4NO3 and (NH4)2SO4 (43.7%) to bext under LV condition
exceeded that of OA (31.3%), which indicates that secondary inorganic
species played critical role in visibility degradation during heavy pol-
lution condition. The fraction of the absorption coefficient attributed to
BC and OOA (10–12% and 2–3%, respectively) showed no significant
change between the LV and HV conditions.

4. Conclusions

High time-resolution measurements of aerosol light extinction and
PM1 composition at an urban site in Xi'an, China were made from 23
December 2012 to 18 January 2013. Changes in PM1 chemical com-
position were investigated for three pollution episodes, and MSE and
MAE for each PM1 chemical components were calculated to determine
the impacts of specific chemical species on aerosol light extinction. The
mass concentrations of PM2.5 varied dramatically and averaged
264 ± 171 μgm−3 while the average PM1 mass concentration was
138.8 ± 83.2 μgm−3, thus accounting for ∼50.0% of the PM2.5 mass.
Both the PM2.5 and PM1 loadings in this study were higher than the
reported values for most cities in China, indicating that severe air
pollution in Xi'an during winter.

During three pollution episodes, the PM1 mass loadings were
1.8–2.8 times larger than during the reference days. The PE1 was
characterized by a strong contribution of SIA (45.4%) to the PM1 mass,
and that was likely caused by the aqueous-phase oxidation of gas pre-
cursors. Unlike the two other PEs, OA contributed the largest percen-
tage (66.0%) of the PM1 mass during PE2, and the emission of POA was
important during the evolution of that pollution episode. The chemical
composition of the aerosol during PE3 was similar to that on the re-
ference days, but the concentration were ∼2-fold higher due to me-
teorological conditions unfavorable for the dispersal of pollutants.

The average bscat and babs values were 805 ± 581Mm−1 and
123 ± 96Mm−1, respectively. The MSE and MAE values for PM1,
which were calculated using a multiple linear regression model, were

higher than those for PM2.5-1 indicating that small particles played
stronger ability of light extinction. The MSEs for POA, ammonium
sulfate, and ammonium nitrate were 1.5–2.0 times greater for low
visibility conditions compared with high visibility days. The OA ac-
counted for the largest fraction of bext (43.8% for the HV and 31.3% for
LV condition), while the contribution of POA (20.2%) exceeded that of
OOA (11.1%) for the LV condition. Overall, NH4NO3 was second largest
contributor to bext, accounting for 25.2% of the effect when the visi-
bility was> 5 km and 28.6% when the visibility was less than that. BC
also accounted for a considerable and relatively stable proportion of the
bext (10.3% for the HV and 11.9% for LV condition). A chemical ex-
tinction apportionment showed that secondary inorganic aerosols
played an especially important role in visibility degradation when the
air pollution was severe.
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