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ABSTRACT
Beijing has been experiencing severe particulate pollution accompanying the fast growing population and economy.
This study investigated the impact of PM2.5 and its water soluble organic and inorganic constituents on visual impairment
in Beijing under different meteorological conditions. According to the analysis of PM2.5 samples collected in Spring 2012,
water soluble species took up 38.1% of PM2.5 mass, among which NO3– was the most abundant constituent, followed by
SO42–, NH4+ and water soluble organic matter. The correlation analysis between visibility and aerosol loadings as well as
meteorological parameters revealed the dominant impact of meteorological conditions, relative humidity in particular, on
visibility impairment over the mass concentration of PM2.5. Compared to the total aerosol loading of PM2.5, visibility was
better correlated with the total mass of water soluble constituents (WSC). The visual range in Beijing was the most
sensitive to both WSC and PM2.5 in the RH range of 30–70%. Severe visual impairment was observed for RH ≥ 70% with
the least sensitivity to WSC and PM2.5. The effects of synoptic scale circulation on meteorological variables that affect air
quality were also examined with the movement of a cold front as a case study. The findings have direct implications to
region-wide policy-making and control strategies.
Keywords: Visibility impairment; Water soluble ion; Water soluble organic carbon; Hygroscopic growth; Synoptic circulation.

INTRODUCTION
Aerosols in the atmosphere can severely impair visibility
through the absorption and scattering of light. The light
extinction by aerosols depends on their composition and
structure (Baumer et al., 2008). The light scattering efficiency
of aerosols is a strong function of particle size and aerosols
with diameters of 0.5–2 μm are most efficient for scattering
visible light. Hygroscopic species such as sulfate and nitrate
can increase the water uptake of aerosols, which can shift to
a larger size under high-humidity conditions and deteriorate
visibility through enhanced light scattering (Chan et al.,
1999). Secondary formation of hydrophilic aerosols and their
hygroscopic growth have been suggested to be the major
causes for the formation of haze in polluted areas (Carrico
et al., 2005).
Water soluble inorganic ions along with carbonaceous
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species especially organic carbon account for a major fraction
of PM2.5 (Seinfeld and Pandis, 2006; Pathak et al., 2009).
Elevated levels of these species have been revealed in hazy
weather worldwide. In a visibility study in Los Angeles,
Farber et al. (1994) found that sulfate followed by nitrate
and carbon species were the dominant particulate species in
hazy weather. Similar results were reported in Seoul through
the chemical analysis of PM2.5 in haze episodes (Kang et al.,
2004; Geng et al., 2011). In Shanghai, secondary inorganic
pollution, dust, and biomass burning were identified as three
typical haze types (Du et al., 2011; Huang et al., 2012).
Compared to water soluble inorganic ions, the lower
hygroscopicity of the organic species can lead to less
sensitivity of visibility degradation to ambient relative
humidity (Carrico et al., 2005; Levin et al., 2009). The
hygroscopic growth of fine aerosols attributable to particulate
organic matter (POM), when considered as a whole, was
often negelected in model calculations of aerosol light
extinction coefficients (Cheung et al., 2005; Odman et al.,
2009). However, water soluble organic matter (WSOM) can
take up a significant portion of POM, especially in polluted
areas where secondary aerosol formation is facilitated (Yang
et al., 2005; Huang et al., 2006). Unlike the non-water
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annual energy consumption in Beijing has also increased,
with obvious transition of the energy structure from coal
dominant to clean energy dominant as shown in Fig. 1. The
number of civil motor vehicles in Beijing showed an
accelerating growth from 2005 to 2010 and reached 4.8
million by the end of 2010. In 2011 the Beijing government
started to limit new car registrations to 20,000 annually so
as to ease the traffic and pollution pressure. Fig. 1 also shows
the temporal variation of the occurrence frequency of daily
averaged visibility in different ranges in Beijing. Hazy
weather is common in Beijing with daily averaged visibility
less than 10 km on over 50% of the days annually.

soluble portion of POM, WSOM is more hydrophilic and
its effects on the hygroscopic growth of fine aerosols as
well as visual impairment need to be studied explicitly.
Because of high industrial emissions, increased dependence
on private motor vehicles associated with growing population,
and natural topographical and meteorological conditions,
Beijing has been experiencing severe particulate pollution
and frequent haze episodes. A number of studies on
atmospheric particulate matter in Beijing have reported
high levels of PM2.5 and particulate salts and organics (He
et al., 2001; Wang et al., 2005; Chan and Yao, 2008; Zhou et
al., 2012). Previous studies also found that visibility in Beijing
was negatively correlated to the PM2.5 mass concentration
(Sun et al., 2006; Zhou et al., 2012). Zhang et al. (2010)
investigated the temporal variation of visibility in Beijing
from 1999 to 2007 as well as its dependence on relative
humidity and PM10 and found that the increase of RH
would result in visibility degradation despite of decreasing
levels of PM10.
The goal of this paper is to investigate the mechanism of
visual impairment in Beijing from the chemical view of
PM2.5 and its water soluble organic and inorganic constituents
under different meteorological conditions, so as to elucidate
the combined effects of relative humidity and PM2.5 on
visibility degradation.

Sampling
Atmospheric measurements were carried out on the
campus of Beijing Normal University located between the
2nd and 3rd Ring Roads in the north of Beijing downtown
area, which represents a typical urban environment in
Beijing. The sampling station was situated on the roof of a
six-floor building, about 20 m above ground. PM2.5 samples
were collected on quartz filters (Whatman, 20.3 × 25.4 cm)
by a high-volume air sampler at a flow rate of 1.05 m3/min
(Wuhan Tianhong Instruments Co., Ltd., TH-1000C). Aerosol
sampling was carried out in Spring 2012 (March and April)
with the collection of separate day-time and night-time
samples. The day-time samples were collected from 7:00 to
19:00 and the night-time samples from 19:00 to 7:00 the
next day. No aerosol sampling was performed on rainy
days. A total of 30 PM2.5 samples were collected and
analyzed in this study, including 15 day-time samples and
15 night-time samples. The filters were carefully folded
and weighed before and after sampling with an analytical
balance (Sartorius, BT 125D) after stabilizing under constant
temperature (20°C) and relative humidity (40%) to determine
the mass of PM2.5 (Wang et al., 2005). After the mass
measurement, the samples were stored in polyethylene bags
and preserved in a refrigerator for further analysis.

EXPERIMENTAL
Study Area
Beijing, the capital of China, is located at 39°56'N and
116°20'E in a warm temperate zone with typical continental
monsoon climate. The population in Beijing has increased
from 13.6 million in 2000 to 19.6 million in 2010; meanwhile,
the gross domestic product (GDP) has increased from 38.2
billion dollars in 2000 to 208.5 billion dollars in 2010
(Beijing Statistical Yearbook, 2011). Accompanying the
growth of population and development of economy, the
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Fig. 1. (a) Annual energy consumption in million tons of standard coal equivalent (SCE) and total number of civil motor
vehicles in Beijing (data source: Beijing Statistical Yearbook). (b) Annual occurrence frequency of daily averaged visibility in
different ranges in Beijing (data source: www.wunderground.com).
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Meteorological parameters including pressure, temperature,
relative humidity, wind speed, gust speed, wind direction,
solar radiation and precipitation were simultaneously recorded
by an automatic meteorological station (MetOne Instruments,
Inc.) at the sampling site with 30-min time resolution.
Atmospheric visibility was measured with a visibility sensor
(Belfort Model 6000, visual range: 200 m–50 km) with 1min time resolution. The day-time and night-time average
values of the meteorological parameters and visibility were
obtained as the arithmetic mean of the raw data.
Chemical Analysis
One-fourth of each sample filter as well as a blank filter
was extracted with 30 mL deionized water ultrasonically
for 40 min. The extract was centrifuged and passed through
a microporous membrane with a pore size of 0.45 μm and
further analyzed for the ionic composition (Wang et al.,
2005) and dissolved organic carbon (Wang et al., 2002)
respectively. The ionic analysis was performed by ion
chromatography (Dionex 600) to determine the concentration
of inorganic ions as well as oxalic acid. Five cations
including NH4+, Ca2+, K+, Mg2+, Na+ and five anions
including NO3–, SO42–, Cl–, NO2–, C2O42– were measured.
The recovery of each ion ranged between 83% and 107%.
The amount of dissolved organic carbon in the extract was
measured by a laboratory TOC analyzer (GE, Sievers 900).
The blank values were subtracted from sample measurements.
Aerosol Water Content Calculation
Aerosol water uptake can have a large effect on light
scattering by altering particle size and refractive index. As
an indicator of the mutual effects of RH and water soluble
constituents in PM2.5, aerosol water content was calculated
using the online Aerosol Inorganics Model (AIM) (website:
www.aim.env.uea.ac.uk/aim/aim.php) (Wexler and Clegg,
2002). AIM-II was employed with temperature, RH, H+,
NH4+, SO42–, NO3– as the major input. Oxalic acid was
selected to represent organic compounds. The H+ input in
the model was calculated as: [H+]measure = 2[SO42–]measure +
[NO3–]measure – [NH4+]measure (Cheng et al., 2011).
RESULTS AND DISCUSSION
Composition of Water Soluble Species in PM2.5
PM2.5 samples were collected and analyzed for the water
soluble organic and inorganic constituents in Spring 2012.
Water soluble organic matter in PM2.5 tends to be more
oxygenated than the non-water soluble portion of POM;
thus the mass concentration of WSOM was estimated by
multiplying the measured mass concentration of organic
carbon by a factor of 2.1, as suggested by Turpin and Lim
(Turpin and Lim, 2001). Accordingly, the total mass
concentration of the water soluble constituents (WSC) of
PM2.5 can be calculated as the sum of the mass concentrations
of WSOM and inorganic ions. Fig. 2 shows the temporal
variation of the mass concentrations of PM2.5 and WSC
during the sampling period of Spring 2012. The spring of
Beijing is characterized by frequent strong northwestern
wind, which could either clean up the local air pollutants or

carry dust from the Gobi desert to Beijing and lead to high
dust concentrations (Chan and Yao, 2008). Crustal species
such as Si, Al, Ca, Fe generally dominate in the aerosols
that are regionally transported from the north and the west
(Sun et al., 2005). As a result, the PM2.5 concentration during
the sampling period varied significantly, ranging between
55.9–668.7 µg/m; WSC took around 38% of PM2.5 mass and
showed a smaller variation range between 11.28–169.06
µg/m3. The day-time average concentrations of PM2.5 and
WSC (250.9 µg/m3 and 80.41 µg/m3 respectively) were
both higher than the night-time concentrations (168.9 µg/m3
and 68.30 µg/m3 respectively), indicating higher source
contributions in the day time.
Accompanying the varying aerosol concentration and
composition as well as meteorological conditions, the
visual range in the sampling period varied significantly
from 1.3 km to 47.0 km, as shown in Fig. 2. Table 1 shows
the average concentration of the analyzed water soluble
species in PM2.5 on clear (visibility ≥ 20 km), moderate (20
km > visibility ≥ 10 km), and hazy (visibility  10 km) days
respectively. The concentration of each water soluble species
in PM2.5 was greatly enhanced on hazy days, with an
exception of Ca2+ which was closely related to regional
transport of mineral dust to Beijing.
Table 1 also shows the average mass percentages of each
water soluble species in the total mass of WSC and PM2.5.
NO3– was the most abundant water soluble species in PM2.5,
followed by SO42–, NH4+ and WSOM. The formation of
NO3– and SO42– mainly come from the oxidation of precursor
gases, i.e., NOx and sulfur dioxide. Coal combustion is the
major source of sulfur dioxide while NOx can be produced in
various combustion processes such as coal combustion and
vehicular emissions. It has been reported that gaseous
ammonia could be neutralized by atmospheric nitric acid
and acidic sulfate particles to form NH4+ (Yang et al.,
2005; Ianniello et al., 2011). NH4+ showed high correlation
coefficients with NO3– (0.91) and SO42– (0.93) in this
study, which was consistent with the proposed formation
mechanism of particulate NH4+.
The historical concentrations of major inorganic ions in
PM2.5 in the spring of Beijing have been reported in
previous studies (He et al., 2001; Wang et al., 2005; Zhou
et al., 2012). As shown in Table 2, PM2.5 and its major ions
exhibited an increasing trend in general. Besides, the molar
ratio of NO3– to SO42– increased from 1.11 in 2000 to 2.01
in 2012, consistent with the rapid increase of the number of
motor vehicles in Beijing (Fig. 1). The equivalent
concentration ratio of NH4+ to the sum of NO3– and SO42-–
was smaller than 1 throughout the years, indicating the acidic
nature of PM2.5 in Beijing. According to a recent study on
PM2.5 acidity, the acidity of PM2.5 in megacities was closely
related to the formation of NO3–, which was enhanced due
to the growing emission of NOx by motor vehicles (He et
al., 2012).
The mass concentration of water soluble organic matter
was comparable to that of the major inorganic ions in
PM2.5, taking 16.2% of WSC and 5.0% of PM2.5. Oxalate,
the dominant ion of dicarboxylic acids, accounted for
around 3% of WSOM. Oxalate is generally believed to be
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Fig. 2. Variation of the total mass concentrations of PM2.5 and its water soluble constituents (WSC) as well as the visual range
in Beijing during the sampling period of Spring 2012.
Table 1. Mean and standard deviation of the concentrations (µg/m3) of water soluble species and their mass percentages in
the total mass of water soluble constituents and PM2.5 in Beijing in Spring 2012.
Species
NO3–
SO42–
Cl–
C2O4–
NO2–
NH4+
Ca2+
K+
Mg2+
Na+
WSOM
WSC
PM2.5

Vis. ≥ 20 km
(N = 8)
Mean ± SD
(µg/m3)
16.64 ± 14.62
9.65 ± 10.60
2.70 ± 1.68
0.23 ± 0.14
0.14 ± 0.10
7.44 ± 6.08
2.78 ± 2.36
0.72 ± 0.92
0.30 ± 0.43
0.15 ± 0.29
7.73 ± 4.33
48.25 ± 36.88
172.1 ± 115.6

20 km > Vis. ≥ 10 km
(N = 6)
Mean ± SD
(µg/m3)
16.80 ± 5.75
15.12 ± 4.07
2.24 ± 0.87
0.33 ± 0.08
0.18 ± 0.07
7.99 ± 3.23
2.46 ± 0.79
0.73 ± 0.33
0.31 ± 0.17
0.003 ± 0.004
9.65 ± 4.44
55.47 ± 12.50
180.2 ± 64.4

Vis. < 10 km
(N = 16)
Mean ± SD
(µg/m3)
31.96 ± 13.27
25.32 ± 11.01
5.24 ± 3.08
0.33 ± 0.11
0.16 ± 0.09
17.00 ± 7.73
2.08 ± 1.86
1.59 ± 0.74
0.44 ± 0.29
0.23 ± 0.35
10.47 ± 4.29
94.50 ± 38.34
239.9 ± 142.2

All samples (N = 30)
Mean ± SD
(µg/m3)
24.84 ± 14.43
19.10 ± 11.92
3.96 ± 2.77
0.31 ± 0.12
0.16 ± 0.08
12.65 ± 8.00
2.34 ± 1.83
1.19 ± 0.84
0.38 ± 0.32
0.16 ± 0.30
9.58 ± 4.34
74.36 ± 40.01
209.9 ± 124.4

%WSC ± SD
(%)
32.2 ± 6.4
23.9 ± 7.1
5.3 ± 1.7
0.5 ± 0.2
0.3 ± 0.2
16.2 ± 4.7
3.9 ± 2.9
1.4 ± 0.7
0.5 ± 0.3
0.1 ± 0.3
16.2 ± 11.6
-

%PM2.5 ± SD
(%)
12.8 ± 6.2
9.6 ± 4.7
1.9 ± 0.9
0.2 ± 0.1
0.1 ± 0.0
6.7 ± 3.7
1.2 ± 0.5
0.6 ± 0.5
0.2 ± 0.1
0.1 ± 0.1
5.0 ± 2.1
38.1 ± 15.1
-

Table 2. Mean (and standard deviation) of the historical spring time concentrations of major inorganic ions in PM2.5 in
Beijing.
[NO3 ]
[NH 4 ]
Reference

2
[SO 4 ] [NO3 ]  2[SO 24  ]
2000
88.6
10.15
7.26
4.28
1.11
0.72
He et al., 2001
2001–2003 162.06 ± 179.94 13.52 ± 13.95 11.92 ± 11.79 6.47 ± 6.75 1.37
0.76
Wang et al., 2005
2006
269.9 ± 109.9
15.2 ± 9.4
13.8 ± 10.4
2.9 ± 3.7
1.41
0.30
Zhou et al., 2012
2012
209.9 ± 124.4 19.10 ± 11.92 24.84 ± 14.43 12.65 ± 8.00 2.01
0.88
This study

Year

PM2.5
(µg/m3)

SO42–
(µg/m3)

NO3–
(µg/m3)

formed by in-cloud processes (Kawamura et al., 2010). In
addition, the formation of secondary organic aerosols
including oxalate could be enhanced under high-humidity

NH4+
(µg/m3)

conditions similar to the in-cloud process (Hennigan et al.,
2008). Good correlation was found between oxalate and
NO3– or SO42– with correlation coefficients (r) of 0.84 and
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0.76 respectively, indicating similar secondary formation
processes of these species such as the in-cloud process.
WSOM comes from a variety of different sources, such as
primary emissions from biomass burning, fossil fuel
combustion, and photochemical oxidation of organic
precursors originated from both anthropogenic and biogenic
sources (Chebbi and Carlier, 1996). Due to the inherent
complexity of WSOM associated with various sources and
structures, WSOM was less correlated with NO3– (r: 0.55)
and SO42– (r: 0.56). The correlation coefficient between
WSOM and oxalate was 0.62.
Impact of Meteorological Conditions on Visibility
Impairment
Table 3 lists the correlation coefficients of visibility with
major water soluble species in PM2.5 and meteorological
parameters. The highest correlation was observed between
visibility and relative humidity, with a correlation coefficient
of –0.83. Visibility was positively correlated to temperature
and wind speed, indicating visibility improvement under
favorable weather conditions for pollutant dispersion. Based
on a long-term observation in Beijing covering four seasons
in 2006, Zhou et al. (2012) reported similar results on the
correlation of visibility with relative humidity (–0.53) and
wind speed (0.54) but a weak negative correlation with
temperature (–0.20). Higher atmospheric temperature can
not only facilitate the atmospheric dispersion of pollutants
but also promote the formation of secondary aerosols, which
exert opposite effects on atmospheric visibility. As shown in
our study, the former effect dominates in spring with moderate
temperature, resulting in a positive correlation between
visibility and temperature. However, the latter effect takes a
leading role in summer with high temperature, resulting in
a negative correlation. As a net outcome of both effects, the
atmospheric visibility showed a weak negative correlation
with temperature in the long-term observation (Zhou et al.,
2012).
Among the analyzed water soluble species, visibility
degradation in Beijing showed the highest dependence on
SO42–, followed by NH4+ and NO3–. Compared to the major
inorganic ions, the concentration of water soluble organic
matter varied in a smaller range and was less correlated with
visibility. In spite of the varying correlation coefficients
between visibility and different water soluble species, the total
mass of water soluble constituents showed good correlation
with visibility, as opposed to both PM2.5 and the rest water
insoluble portion of PM2.5. Aerosols with size around 550
nm are most efficient visible light scatterers, therefore, the
good correlation of visibility with WSC probably resulted
from the accumulation of WSC, the majority of which were
secondary species, in the sub-micron size that contributes
greatly to visibility degradation. Cheng et al. (2011) studied
the size distributions of water soluble ions in aerosols in

Jinan, China and evidenced the accumulation of SO42–,
NH4+ and NO3– in fine mode of 0.18–1.0 µm. As shown in
Table 3, the correlation of visibility with WSC plus particulate
water was further improved compared to that with WSC.
More details on the effects of particulate water are presented
in the next section. It is noteworthy that the poor correlation
between the PM2.5 residual and visibility does not necessarily
suggest negligible impact of other chemical components in
PM2.5 on visibility degradation in Beijing. For example, the
contribution of organic carbon (both water soluble and
insoluble) and elemental carbon in PM2.5 to total light
extinction was 12.3% and 6.9% respectively during the
polluted period in Beijing, as reported by Jung et al. (2009).
However, the different physicochemical properties and
concentration trends of various chemical components in the
PM2.5 residual, such as crustal species, water insoluble
organic carbon and elemental carbon, probably masked the
effect of a single specific component of the PM2.5 residual
on visibility degradation and resulted in the poor correlation
between the PM2.5 residual and visibility.
Visibility in Beijing exhibited an obvious diel pattern
with the day-time average (16.2 km) higher than the nighttime (14.5 km), as shown in Fig. 2. The meteorological
conditions in Beijing were usually more stagnant at night,
as characterized by lower temperature, lower wind speed and
higher relative humidity. On the other hand, the night-time
concentrations of PM2.5 and its water soluble constituents
were generally lower due to the lessened source contributions
(Fig. 2). Consistent with the results of the correlation analysis,
the lower visibility at night associated with more stagnant
meteorological conditions and lower PM2.5 concentrations
suggested the dominant impact of meteorological conditions
on visibility impairment over the mass concentrations of
PM2.5 in the study period in Beijing.
It is known that high relative humidity could not exert a
large effect on visibility impairment if the aerosol mass
loading reduces to a low level, except in the foggy days
when relative humidity is usually larger than 90%. However,
in the context of high aerosol mass loading (average PM2.5
concentration of 209.9 µg/m3) in the study period in Beijing,
relative humidity turned out to be the most influencing factor
on visual impairment as indicated by the correlation analysis.
The formation of secondary aerosol species such as NO3–,
SO42– and secondary organic compounds could be enhanced
under high-humidity conditions similar to the in-cloud process
(Yu et al., 2005; Hennigan et al., 2008). Besides, such fine
hydrophilic aerosols could shift to a larger size by taking
ambient water vapor, resulting in higher extent of light
scattering and visibility degradation (Chan et al., 1999; Xiao
et al., 2011; Liu et al., 2012). The hygroscopic growth of fine
aerosols is determined by both ambient relative humidity
and particle hydrophilicity, signifying the importance of
water soluble species in PM2.5 at given relative humidity.

Table 3. Correlation coefficients of visibility with major water soluble species in PM2.5 and meteorological parameters.

r

NO3–

SO42–

NH4+

WSOM

WSC

H2O

–0.54

–0.65

–0.62

–0.23

–0.57

–0.49

WSC plus
H2O
–0.62

Rest of
PM2.5
–0.04

PM2.5

Temp.

RH

–0.22

0.53

–0.83

Wind
speed
0.48
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Impact of Water Soluble Species on Visibility Impairment
under Different RH
Fig. 3 shows the variation of visibility with relative
humidity and the atmospheric concentrations of particulate
water, WSC, WSC plus particulate water, and PM2.5.
Particulate water content was calculated by the online AIM
model based on ambient temperature, relative humidity and
concentrations of major inorganic ions. Oxalic acid was
selected to represent organic compounds. Inclusion of oxalic
acid in the calculation resulted in less than 1% increase of
the calculated aerosol water content due to the low proportion
of oxalic acid in the water soluble constituents of PM2.5. The
complexity of WSOM composition inhibited the accurate
calculation of the water content associated with WSOM by
the AIM model. However, the sum of water soluble organic
matter in PM2.5 was considerable and should be taken into
account for aerosol water uptake and subsequent hygroscopic
growth. Considering the good correlation between visibility
and WSC as shown in Table 3, the impact of water soluble
species on visibility impairment was investigated taking
the water soluble constituents of PM2.5 as a whole.
Power function fitting was conducted between visibility
and the influencing factors, as shown in Fig. 3. The best
fitting was observed between visibility and relative humidity.
As relative humidity increases, the visual range quickly
decreases. However, the aerosol water content did not
increase much until beyond 70% RH. The dependence of
visibility on aerosol water content suggests that water vapor
uptake by fine aerosols matters in the hygroscopic growth
regime below 70% RH even if the total mass of water is
low. As the ambient relative humidity goes beyond 70%,
activation of the aerosol particle would occur, resulting in
greatly enhanced aerosol water content and severe visibility
impairment. WSC was better fitted with visibility than
PM2.5, confirming the importance of water soluble species
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in visual impairment. What’s more, the fitting was further
improved between visual range and WSC plus particulate
water, which reflected the significant impact of the
hygroscopic growth of fine hydrophilic aerosols on visual
impairment.
According to the AIM calculation result, the aerosol water
content was extremely low below 30% RH, indicating
negligible hygroscopic growth of aerosols; on the other
hand, activation of the aerosol particle would occur beyond
70% RH. Therefore, the dependence of visibility on PM2.5
and its water soluble constituents was investigated in three
different regimes of RH. Fig. 4 shows the power function
fitting between the visual range and the atmospheric
concentrations of WSC and PM2.5 in different RH ranges in
Beijing. The visual range in Beijing was the most sensitive
to both WSC and PM2.5 in the RH range of 30–70%, where
equilibrium water uptake occurred. Severe visual impairment
was observed for RH ≥ 70%, where the visual range showed
the least sensitivity to WSC and PM2.5.
According to the fitting curves shown in Fig. 4, the mass
concentration of WSC or PM2.5 in Beijing should be below 57
µg/m3 or 147 µg/m3 in order to avoid the occurrence of haze
(visibility < 10 km) for RH > 70%. The limits are restricted
to 16 µg/m3 (WSC) and 39 µg/m3 (PM2.5) respectively for RH
≥ 70%. Further improvement of visibility requires more
efforts in the control and reduction of PM2.5 and its water
soluble constituents in Beijing.
Impact of Synoptic Circulation on Visibility Impairment
The meteorological variables that affect air quality are
strongly modulated by the synoptic scale circulation (Huth
et al., 2008; Zhang et al., 2012). Beijing is surrounded by
the Taihang Mountain in the west and the Yanshan
Mountain in the north and northeast, whereas the south is
connected to the Great North China Plain. Due to the unique
RH (%)
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Fig. 4. The power function fitting between the visual range and the atmospheric concentrations of the total water soluble
constituents and PM2.5 in different RH ranges in Beijing.

Fig. 5. The satellite cloud images at (a) April 10th, 14:00, (b) April 10th, 20:00, and (c) April 11th, 02:00 (provided by
China Meteorological Administration). Beijing is marked with “A”.
topography of Beijing, the air quality is highly dependent
on the weather conditions driven by the day-to-day synoptic
circulation variability. In this study, great improvement of
visibility was observed during April 10th–12th (Fig. 2),
which was closely related to a cold front weather system.
Fig. 5 illustrates the movement of the cold front by satellite
cloud images. Moderate visibility and high concentrations
of PM2.5 were observed in the day time of April 10th under
the pre-frontal conditions. The cold front arrived in Beijing
at around 6:00 p.m., resulting in a short shower. The PM2.5
concentration was significantly reduced afterwards and the
visibility in Beijing was greatly improved in the clean and
dry atmosphere.
Dry and cold winter monsoons from Siberia and
Mongolia prevail in Beijing from September to next April.
Except for extreme dust storm events, the prevailing
northwestern wind and dry weather during this period are
generally favorable for the improvement of visibility in
Beijing. However, accumulation of water soluble species of
PM2.5 in the atmosphere would quickly deteriorate the
situation as soon as the ambient relative humidity increases.

CONCLUSIONS
According to the analysis of PM2.5 samples collected in
Spring 2012, it was found that Beijing was heavily polluted
by PM2.5 with an average of 209.9 µg/m3. Water soluble
species took up 38.1% of PM2.5 mass, among which NO3–
was the most abundant constituent, followed by SO42–, NH4+
and water soluble organic matter. The high ratio of NO3– to
SO42– reflected the growing emissions by motor vehicles in
Beijing. The concentrations of major water soluble species
in PM2.5 were all greatly enhanced in hazy days.
Both aerosol loadings and meteorological conditions
could affect the visual range in Beijing. According to the
correlation analysis, the impact of meteorological conditions
on visibility impairment dominated over the mass
concentration of PM2.5 in the context of high aerosol mass
loading in the study period in Beijing. The highest
correlation was observed between visibility and relative
humidity, with a correlation coefficient of –0.83. Compared
to the total aerosol loading of PM2.5, visibility was better
correlated with the total mass of water soluble species. The
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visual range in Beijing was the most sensitive to both WSC
and PM2.5 in the RH range of 30–70%. Severe visual
impairment was observed for RH ≥ 70%, where the visual
range showed the least sensitivity to WSC and PM2.5. In
order to avoid the occurrence of haze (visibility  10 km)
in Beijing under relatively humid conditions, the limits for
the mass concentrations of WSC and PM2.5 should be
restricted to 16 µg/m3 and 39 µg/m3 respectively.
The synoptic circulation strongly modulates the weather
conditions in Beijing and affects the air quality. The
prevailing northwestern wind and dry weather in the spring
are favorable for the improvement of visibility in Beijing.
However, the visibility is fragile due to the high atmospheric
concentrations of water soluble species of PM2.5 caused by
the accumulation of anthropogenic emissions. Strict pollution
control and emission reduction will be needed to improve
the air quality and visibility in Beijing.
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