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The causes of haze formation in Beijing, Chinawere analyzed based on a comprehensivemeasurement, including
PBL (planetary boundary layer), aerosol composition and concentrations, and several important meteorological
parameters such as visibility, RH (relative humidity), and wind speed/direction. Themeasurement was conduct-
ed in an urban location fromNov. 16, 2012 to Jan. 15, 2013. During the period, the visibility varied from N20km to
less than a kilometer, with a minimum visibility of 667 m, causing 16 haze occurrences. During the haze occur-
rences, the wind speeds were less than 1 m/s, and the concentrations of PM2.5 (particle matter with radius less
than 2.5 μm) were often exceeded 200 μg/m3. The correlation between PM2.5 concentration and visibility
under different RH values shows that visibility was exponentially decreased with the increase of PM2.5 concen-
trations when RH was less than 80%. However, when RH was higher than 80%, the relationship was no longer
to follow the exponentially decreasing trend, and the visibility maintained in very low values, even with low
PM2.5 concentrations. Under this condition, the hygroscopic growth of particles played important roles, and a
large amount of water vapor acted as particle matter (PM) for the reduction of visibility. The variations of mete-
orological parameters (RH, PBL heights, and WS (wind speed)), chemical species in gas-phase (CO, O3, SO2, and
NOx), and gas-phase to particle-phase conversions under different visibility ranges were analyzed. The results
show that from high visibility (N20 km) to low visibility (b2 km), the averaged PBL decreased from 1.24 km to
0.53 km; wind speeds reduced from 1 m/s to 0.5 m/s; and CO increased from 0.5 ppmv to 4.0 ppmv, suggesting
that weaker transport/diffusion caused the haze occurrences. This study also found that the formation of SPM
(secondary particle matter) was accelerated in the haze events. The conversions between SO2 and SO4

_ as well
as NOx to NO3

− increased, especially under high humidity conditions. When the averaged RH was 70%, the
conversions between SO2 and SO4

_ accounted for about 20% concentration of PM2.5, indicating that formation
of secondary particle matter had important contribution for the haze occurrences in Beijing.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

High occurrence of haze events (visibility lower than 10 km) in
Beijing, the capital city of China, causes deeply concern in the scientific
community in recent years. This severe environmental problem has
eric Research, Boulder, CO, USA.
widely impacts on the people's life, traffic, climate, and other important
aspects (Charlson et al., 1987; Ramanathan and Vogelmann, 1997;
Tegen et al., 2000; Yu et al., 2002; Tie et al., 2009a,b). In haze events,
the concentrations of PM2.5 (the particle matters with the radius less
or equal to 2.5 μm) rapidly increased, with a maximum of 600 μg/m3

(Quan et al., 2013). The extremely high aerosol concentrations caused
a very low visibility, and the hygroscopic growth of aerosol particles
due to increased RH (relative humidity) in haze events led to further
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Fig. 1. The measured visibility (a), PM2.5 concentrations (b), and PM1 (c) from Nov. 16,
2012 to Jan. 15, 2013 at Baolian station in Beijing. There were 16 haze occurrences during
this period. The red dots show short-haze events (1–2 days). The blue dots show long-
haze events (longer than 3 days), which were also indicated by L-1 to L-5 in panel c. In
panel c, the green line presents for PPMand red line for SPM. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this
article.)
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increase their effects on atmospheric visibility (Liu et al., 2011; Quan
et al., 2011).

The aerosol concentrations in atmosphere are affected by several
factors, including pollutant emissions, atmospheric advection/diffusion,
and second aerosol formation etc. (He et al., 2001; Yang et al., 2011; Sun
et al., 2013). Large pollutant emission in north China plain (NCP) is a
dominant reason for causing the high aerosol concentrations in this
region (Tie et al., 2006; Guinot et al., 2007; Chan and Yao, 2008), and
unfavorablemeteorological conditions can further increase aerosol con-
centrations. First, there is generally a barrier (very low mixing rate) at
the top of the PBL to prevent particles being across from the PBL to the
free troposphere (Han et al., 2009; Zhang et al., 2009). As a result, aero-
sol particles are constrained in the PBL, and aerosol concentrations are
anti-correlated with the PBL heights (Zhang et al., 2009; Quan et al.,
2013). Second, the aerosol particles are horizontally transported
from source regions to downwind regions, and the rate of the trans-
port depends strongly uponwind speeds. In addition to the factors of
emission/transport/diffusion, the formation of aerosols might be en-
hanced due to the participation of liquid phase reactions (Zhang
et al., 2013), especially for inorganic components (sulfate, nitrate,
ammonia, etc.).

In this work, a comprehensive measurement was carried out during
a period (with 16 haze occurrences) fromNov. 16, 2012 to Jan. 15, 2013
to investigate the causes of the occurrences of the haze events. The
framework of this study as the following orders; (1) The instruments
and measurements were described; (2) The analysis of the results was
given. The analysis focuses on the following issues: (a) the characteris-
tics of the haze events, (b) the effects RH on visibility, (c) the relation-
ship between visibility and meteorological and particle conditions,
(d) the relative contributions of meteorological and particle conditions
to visibility, and (e) the relative contributions of particle composition
to visibility in the haze events.
2. Instruments and measurements

A comprehensive measurement was conducted from Nov. 16, 2012
to Jan. 15, 2013 in Beijing located at Baolian (BL)meteorological station,
ChinaMeteorological Administration (CMA) (39°56′N, 116°17′E). In the
measurement, atmospheric visibility, mass concentration of PM2.5,
chemical composition of non-refractory submicron particles (NR-
PM1), gaseous pollutants (SO2, NOx, carbon monoxide (CO), ozone
(O3)), and meteorological variables (such as temperature, PBL
heights, RH, pressure, wind speed, and wind direction) were ob-
served simultaneously.

The mass concentration of PM2.5 was observed by a R&P model
1400a Tapered Element Oscillating Microbalance (TEOM, Thermo Sci-
entific Co., USA) instrument with a 2.5 μm cyclone inlet. The collocated
gaseous species including CO, SO2, NOx and O3 were observed by vari-
ous gas analyzer (Thermo Scientific Co., USA).

Chemical composition of NR-PM1 was measured by an Aerodyne
high-resolution Time-of-Flight Aerosol Mass Spectrometer (HR-
ToF-AMS). The sampling time resolution was 2 min. The measured
composition of particles included sulfate (SO4

_), nitrate (NO3
−), am-

monium (NH4), chloride (Chl), three primary organic (OA) aerosols,
including hydrocarbon-like OA (HOA), cooking OA (COA), and coal
combustion OA (CCOA), and one secondary OA aerosol,
i.e., oxygenated OA (OOA). According to their origin, PM can be de-
fined into two classes: primary PM (PPM), including, Chl, HOA,
COA, CCOA, and secondary PM (SPM), including SO4

_, NO3
−, NH4,

and OOA.
The evolution of PBL was observed by a micro-pulse lidar (MPL-4B,

Sigmaspace Co., USA). Atmospheric visibility was observed by a
PWD20 (Vaisala Co., Finland), and meteorology variables were ob-
served by WXT-510 (Vaisala Co., Finland). Detailed instructions of
above instruments were given by Quan et al. (2013).
3. Result and analysis

3.1. Characteristics of haze events

According to the definition by CMA (ChineseMeteorological Admin-
istration), a haze event is defined by the following conditions,
i.e., visibility b 10 km and RH b 90%. During the 2 month experiment pe-
riod (from Nov. 16, 2012 to Jan. 15, 2013), there were totally 16 haze
events, indicating by the red and green dots (see Fig. 1). The time of
haze events comprised approximately 60% of the total time in the
2 months, indicating that during wintertime in Beijing, the haze events
were very active. During the 16 haze events, the PM2.5 concentrations
were higher than 100 μg/m3 (see panel b in Fig. 1), suggesting that the
high particle concentration was a main reason for causing the haze
events. Considering the CMA definition and the measured results, the
haze and heavy haze events were clarified in this study as average con-
centration of PM2.5 is above 75 μg/m3 and visibility is less than 5 km for
more than 6 h, and average concentration of PM2.5 is above 150 μg/m3

and visibility is less than 2 km for more than 12 h, respectively. In addi-
tion to this general conclusion,more detailed feathers of the haze events
were found, including: (1) The duration of haze events ranged from 1 to
2 days (“short haze” marked by red dots) to 3–6 days (“long haze”
marked by green dots). (2) During the “long haze” events, the PM2.5

concentrations were extremely high, causing the occurrences of heavy
haze (visibility b 1 km). For example, on Jan. 13, 2013, the PM2.5 concen-
trations reached to a maximum value of 600 μg/m3, resulting in a very
poor visibility condition (a few hundred meters). (3) The formation of
the haze events was in an accumulation mode, especially for the “long
haze” events. This feather was clearly indicated during the “long haze”
period fromDec. 11 to 16, 2012. During the period, the PM2.5 concentra-
tion gradually increased from 50 μg/m3 to 200 μg/m3 in 5 days. (4) In
contrast to the accumulation mode of the haze formation, the disap-
pearance of the haze eventswas generally in a quickmode. For example,
on Dec. 15, 2012, the PM2.5 concentration was about 300 μg/m3 and the
visibility was about 1 km. On the next 2 days (Dec. 16–17, 2012), the
PM2.5 concentration decreased to a small value, and the visibility in-
creased to about 20 km. (5) The secondary particles (SPM) had impor-
tant contribution to the haze events, especially during the “long haze”
events. Fig. 1 (panel c) shows that the measured primary particles
(PPM) had a similar magnitude in concentrations compared to the
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Fig. 2. The relationship between the measured visibility and PM2.5 concentration under
the different RH conditions. The black, blue, green, and red lines present the fits of the
dots for the different RH conditions. The dark-red box shows the low visibility with low
particle concentration when the RH values were larger than 80%. (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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secondary concentrations (SPM) during the “short haze” events. How-
ever, during the “long haze” events (L-1 to L-5), the PPM concentrations
were clearly smaller than the secondary particle concentrations, espe-
cially in the late stage of the events. For example, during the early
stage of L-2 the PPM and SPM were about 50 μg/m3 on Dec. 12, while
during the late sage of L-2, the PPM decreased to about 20 μg/m3, and
SPM increased to about 110 μg/m3 on Dec. 16.

3.2. Effect of relative humidity on visibility

In addition to aerosol concentration, relative humidity (RH) is also
one important factor that affects atmospheric visibility. One of the rea-
sons is that the aerosol composition in Beijing contained a large amount
of hydrophilic aerosol particles, such as ammonium sulfate and ammo-
nium nitrate (Sun et al., 2013). These hydrophilic aerosol particles have
a strong hygroscopic property, and the radius of aerosol particles can be
doubled by coating with the water vapor on the surface of aerosol
particles under high RH value (N80%) (Liu et al., 2011). Fig. 2 shows
the relationship between visibility and PM2.5 concentrations under the
different RH conditions. With the increase of PM2.5 concentration, the
visibility range decreased correspondingly, but their relation appears
in a non-linearity correlation. When PM2.5 concentrations were very
high (above 100 μg/m3), the change in visibility was not sensitive to
PM2.5 concentration. In contrast, when aerosol concentrations were
low (under 100 μg/m3), the change in visibility was very sensitive to
aerosol concentrations. For example, with RH of 40–60%, when aerosol
concentration increased from 100 μg/m3 to 200 μg/m3, visibility de-
creased from 3.7 km to 2.5 km. The ratio of the changes between visibil-
ity and PM2.5 (ΔVis/ΔPM2.5) was −0.012 (km μg−1 m3). In contrast,
when aerosol concentration increased from 50 μg/m3 to 100 μg/m3, vis-
ibility decreased from 6.5 km to 3.0 km. The ratio of (ΔVis/ΔPM2.5) is
−0.070 (km μg−1 m3), which is about 6 times higher than the first
value.

It is worth to note that when RH value was below 80%, the relation-
ships between PM2.5 concentration and visibility were in a similar mat-
ter (an exponentially decreasing trend), with a tendency toward lower
visibility from the lower RH range (b40%) to the higher RH range (60–
80%). There was also a threshold concentration (50 μg/m3) of PM2.5.
Under the threshold concentration, the visibility was above 10 km,
which was in a non-haze condition, while above the threshold concen-
tration, the visibility was less than 10 km, which was in a haze condi-
tion. According to the previous studies, the threshold concentrations
were found to range from 80 μg/m3 to 100 μg/m3 in Guangzhou (Deng
et al., 2008) and in Xi'an (Cao et al., 2012). These values are higher
than the value in Beijing due to the different characteristics of particles
(size distributions, composition of particles, etc.).

Fig. 2 also shows that when the RH values were very high and above
80% (80–90%), the relationship between PM2.5 concentration and
visibilitywas very differentwith the lowRH cases. First, the relationship
was no longer to follow the exponentially decreasing trend. Second, the
visibility kept in a very low value, even with low PM2.5 concentrations.
For example, when PM2.5 concentrations ranged between 25 μg/m3

and 100 μg/m3, the visibilities changed from 2.5 km to 1.0 km, respec-
tively. In contrast, the visibilities changed from 7.5 km to 3.0 km, with
RH of 60–80%. This result suggests that there was a rapid hygroscopic
growth of particles, especially in the case of RH N 80%. In this case, a
large amount of water vapor coated on particle surface, and acted as
scattering particles to significantly reduce visibility. Using themeasured
results, the amount of water coating on particle surface can be estimat-
ed. For the visibility of 2.5 km, the averaged concentrations of PM2.5

were 25 μg/m3 and 150 μg/m3 for RH of 80–90% and 40–60%, respective-
ly. If the numbers of particleswere not changed, themass of particles in-
creased by 6 times, implying that the size of particles increased by
approximate 2.5 times.

3.3. Relationship of visibility with meteorology and particles

In order to get more insights of the development of haze events in
this region, the relationships between visibility and the meteorological
parameters (RH, PBL height, and wind speed), chemical species in gas-
phase (CO, O3, SO2, and NOx), particles (PM2.5 and PM1) were analyzed.
Based on the ranges of visibility, the visibility was classified into 4 cate-
gories: (a) visibility N 10 km (V1) which presents the non-haze days
following the definition of CMA; (b) 10 km ≥ visibility N5 km (V2)
which presents light haze days; (c) 5 km ≥ visibility N 2 km (V3)
which present modest-heavy haze days; and (d) 2 km ≥ visibility
(V4) which present extreme haze days. Fig. 3 shows the variations of
PM2.5, PM1, RH, PBLmax (daily maximum PBL height), wind speed, CO,
O3, SO2, NOx, the ratios of N (nitrogen) and S (sulfur), under the 4 visi-
bility conditions. The PBLmax was defined as the PBL height during
13:00–15:00. The N and S ratios were the ratios between the particle
phase of nitrogen and sulfur (Na and Sa) and the total nitrogen and
sulfur (both gas and particle phases; Na + Ng and Sa + Sg).

Fig. 3 shows that (1) the particle concentrations (PM2.5 and PM1)
rapidly increased with the decrease in visibility. The PM2.5 concentra-
tions increased from about 10 μg/m3 at V1 to 185 μg/m3 at V4, and the
PM1 concentrations increased from about 5 μg/m3 at V1 to 105 μg/m3

at V4, suggesting that the high PM concentrationswere themain reason
for the poor visibility in Beijing. Previous studies (Quan et al., 2013;
Zhang et al., 2013; and He et al., in press) suggested that meteorological
parameters, such as PBL height, wind speed, and relative humidity
caused a strong variability for PM concentrations, which was consistent
with this study. The PBLmax decreased with the decrease of visibility
(i.e., increase in PM concentrations). The PBLmax height was 1.24 km
and 0.53 km in V1 and V4 respectively. The lower PBL height depressed
particles in a shallower layer, and caused higher PM concentrations and
lower visibility. Thewind speed during this entire episodewas very low
(lower than 1 m/s). For example, the averagedwind speedwas 1m/s at
V1, and around 0.5m/s at V2, V3, and V4. The lowwind speedwas also a
main factor to cause the heavy haze frequently occurred during the ep-
isode (16 occurrences). Another important meteorological parameter
was the relative humidity, and it strongly correlated with the visibility
during the episode. The RH values increasedwith the decrease of visibil-
ity. At V1, the averaged RH valuewas 25%, and at V4, it increased to 70%.

Gas-phase chemical species (CO, O3, SO2, and NOx)were also signif-
icantly varied under the different visibility ranges. The concentrations of
CO increasedwith the decrease of visibility. At V1, the CO concentration
was about 0.5 ppmv, but it rapidly increased to about 4.0 ppmv at V4.
CO is not an active photochemical species, and its chemical lifetime is
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Fig. 3. The relationship between the measured visibility and the meteorological parameters (RH, PBL heights, and wind speeds), chemical species in gas-phase (CO, O3, SO2, and NOx),
particles (PM2.5 and PM1) under the different visibility ranges (V1, V2, V3, and V4).

Table 1
Media values of measured visibility, particles, meteorological parameters, chemical con-
centrations, and S, N ratios under different visibility ranges (V1, V2, V3, and V4).

Variables V1 V2 V3 V4

Visibility (km) 16.0 7.0 2.6 0.6
PM2.5 (μg/m3) 11 52 95 185
PM1.0 (μg/m3) 5 33 62 105
RH (%)25 36 50 70
PBL (km) 1.2 0.9 0.7 0.5
Wind speed (m/s)0.9 0.5 0.5 0.4
CO (ppmv) 0.5 1.8 2.2 3.8
O3 (ppbv) 22.0 1.0 0.5 0.4
SO2 (ppbv) 8 38 45 50
S_ratio 0.01 0.02 0.03 0.12
NOx (ppbv) 4 32 45 50
N_ratio 0.04 0.05 0.07 0.11

Note:
V1 (visibility N 10 km).
V2 (10 km ≥ visibility N5 km).
V3 (5 km ≥ visibility N2 km).
V4 (2 km ≥ visibility).
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about a fewmonths. In a short period, CO can be considered as an inert
pollution tracer, whichwasmainly controlled bymeteorological param-
eters (Brasseur et al., 1999; Tie et al., 2013). The correlation between
visibility and CO concentration shows that the CO concentration in-
creased with the decrease of visibility. The concentrations of CO were
0.5 ppmv and 3.8 ppmv at V1 and V4, respectively, suggesting that the
meteorological conditions (such as lower PBL height and wind speed)
played important roles in controlling the air pollutants.

The concentration of O3 decreasedwhen the visibility decreased. Be-
cause tropospheric O3 is produced by photochemical processes
(Chameides and Walker, 1976), the concentrations are low under
weak photochemical activities (low visibility range). It is worth to
note that the concentrations of O3 were close to zero under the V2,
V3, and V4 conditions. This result suggested that the O3 photochemical
production eased during haze events during wintertime in Beijing.

The variations of SO2 and NOx had a similar pattern. The concentra-
tions of SO2 and NOx rapidly increased from V1 to V2. However, the in-
crease of SO2 and NOx was slow from V3 to V4. Because the RH values
increased from 50% (V3) to 70% (V4), one explanation for the slow
growth is that the gas-phase of SO2 and NOx converted to particle-
phase under high humidity conditions (Zhang et al., 2013). This conver-
sion also showed in the S ratio (defined as Sa/(Sa+Sg); Sa represents the
sulfur mass in aqueous phase, and Sg represents the sulfur mass in gas
phase), and N ratio (defined as Na/(Na + Ng); Na represents the nitrogen
mass in aqueous phase, and Ng represents the nitrogen mass in gas
phase). The ratios were useful to determining the magnitudes of the
gas-phase to aqueous-phase conversions. For example, the higher values
of the ratios suggested more aqueous-phase were formed during haze
events. Both the ratios had a rapid increase from V3 and V4, especially
for the S ratio. It is interesting to note that the changes were small from
V1 to V3, with the RH values were less than 50%. This result suggests
that chemical conversions from gas-phase (Sg and Ng) to particle-phase
(Sa and Na) occurred rapidly under high humidity condition.

3.4. Meteorological and chemical contributions

Above analysis indicated that both meteorological and chemical pro-
cesses could influence aerosol concentration in haze events. To estimate
the relative contribution of meteorological and chemical processes to
the haze events, CO is selected as a chemical inactive tracer because of
it's long chemical lifetime. The chemical lifetime of CO ranges about a
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Fig. 4. The variations of CO, CO ∗ PBL, and CO ∗ PBL ∗ WS (a), SO2, SO2 ∗ PBL, and
SO2 ∗ PBL ∗WS (b), and SO4, SO4 ∗ PBL, and SO4 ∗ PBL ∗WS (c) under the different visibility
ranges (V1, V2, V3, and V4). The y-axis units are the relative values with the reference
values at V1.
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few months, which depends upon the concentration of OH value
(Brasseur et al., 1999). As a result, the variability of CO ismainly controlled
by meteorological factors. As indicated in Fig. 3 (the detailed values are
shown in Table 1) with the decreasing in visibility, CO increased. The in-
crease in CO was strongly related to the meteorological factors, such as
the decease of the PBL heights and wind speeds. Because the concentra-
tion of CO was relatively constrained within PBL based on the vertical
measurement aircraft over the north China plain (Liu et al., 2009; Zhang
et al., 2009), CO ∗ PBL was calculated under different visibility range. Be-
cause the changes of PBL (decreasing from V1 to V4) were already
contained in the variable of CO ∗ PBL, the PBL effect was eliminated, and
the variation of CO ∗ PBL was mainly affected by wind speed. To further
Fig. 5. The measured ratios of PM2.5/CO (μg/m3/ppmv), SO2/CO (ppbv/ppmv), NOx/CO (ppbv/p
Because CO is considered as an inert tracer, the changes in the ratios suggest the chemical acti
eliminate the effect of wind speed, CO ∗ PBL ∗ WS was also calculated.
The values of CO ∗ PBL ∗ WS were useful to compare with the values of
SO2 ∗ PBL ∗ WS and SO4

_ ∗ PBL ∗ WS. Because CO can be considered as a
chemical inert tracer, while SO2 and SO4

_ were chemically active. The
gas to aqueous phase conversions led to decrease in SO2 and increase in
SO4

_ (Zhang et al., 2013). If the trends were similar between
CO ∗ PBL ∗WS and SO2 ∗ PBL ∗WS, it suggested that no significant occur-
rence of chemical conversions happened between SO2 and SO4

_. Other-
wise, important chemical conversions were happened. As shown in
Fig. 4, the value of CO ∗ PBL increased from V1 to V4, but the increase
trend was significantly slower than the trend of CO itself, suggesting
that the decrease of PBL height strongly affect the CO concentrations, es-
pecially in the visibility ranges of V3 and V4. The value of CO ∗ PBL ∗WS
was close to a constant value, suggesting that the 2meteorological factors
(PBL height and wind speed) were the 2 major factors for affecting the
variability of CO under different visibility conditions. In contrast, the
value of SO2 ∗ PBL ∗ WS was not a constant, it strongly decreased from
V3 to V4, suggesting that the decreasing of SO2 was not due to meteoro-
logical processes rather than chemical processes. It is interesting to note
that the value of SO4

_ ∗ PBL ∗WSwas also not a constant value, it strongly
increased from V3 to V4. The decrease of SO2 ∗ PBL ∗WS and the increase
of SO4

_ ∗ PBL ∗ WS indicated the chemical conversion from gas-phase
(SO2) to particle-phase (SO4) under high humidity condition (70% in V4).

To further understand the relative contribution of the chemical pro-
cesses to PM2.5, SO2, NOx, and O3 in the haze events, the ratios of PM2.5/
CO, SO2/CO, NOx/CO, and O3/COwere calculated under the different vis-
ibility conditions. As we mentioned, CO can be considered as a tracer,
and the variability due to meteorological factors was excluded from
the ratios. The results show that for the ratio of PM2.5/CO, it increased
with the decrease of the visibility ranges, indicating that more second-
ary PM2.5 was produced in the lower visibility conditions. For the ratio
of SO2/CO, it rapidly decreasedwith the decrease of the visibility ranges,
suggesting that more chemical conversion from gas-phase to particle-
phase occurred in the lower visibility condition. For the ratio of NOx/
pmv), and O3/CO (ppbv/ppmv) under the different visibility ranges (V1, V2, V3, and V4).
vities in different visibility conditions.
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Fig. 6. The measured primary particles (PPM), including Chl, HOA, COA, and CCOA, and
secondary particles (SPM), including SO4

_, NO3
−, NH4, and OOA, under the different visibil-

ity ranges (V1, V2, V3, and V4). The other OA contains HOA, COA, and CCOA. The upper
panel presents themass concentrations (μg/m3), and the lower panel shows themass per-
centage (%).
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CO, it also decreased with the decrease of the visibility ranges, but the
rate of decrease was slower than the ratio of SO2/CO, suggesting that
there was less chemical gas-phase to particle-phase conversion for
NOx than SO2, which was consistent to the study by Zhang et al.
(2013). Both the result of SO2/CO and NOx/CO ratios was consistent
with the result of S ratio and N ratio (shown in Fig. 3). Finally, for the
ratio of O3/CO, it rapidly decreased with the decrease of the visibility
from V1 to V2, and remained in a very low value in V3 and V4, suggest-
ing that photochemical production of O3 was ceased during the occur-
rences of haze events, which was also suggested by Bian et al. (2007)
(Fig. 5).

3.5. Chemical composition in different visibility conditions

The above analysis shows that secondary particle formation was an-
other factor to increase aerosols concentration in haze events. To inves-
tigate the evolution of the secondary particle formation, the changes of
primary (PPM–Chl, HOA, COA, and CCOA) and secondary (SPM–SO4

_,
NO3

−, NH4, and OOA) under different visibility ranges were shown in
Fig. 6.

The upper panel of Fig. 6 shows thatmass concentrations of particles
under the different ranges of visibility. It shows that the mass concen-
trations increased rapidly from V1 to V4. The rapid increases include
both of the increases of PPM and SPM. The relative increases (increases
in percentage) show the information of secondary particle formation in
the haze events. As shown in the lower panel of Fig. 6, the percentage of
SPM species increasedwith the decrease in visibility, especially from V2
to V4. For example, SO4 changed from 11% to 25%; NH4 changed from
10% to 15%; NO3

− changed from 14% to 18%; and OOA changed from
14% to 18%. Contrary to the variation of SPM, the percentage of PPM
decreased correspondingly. For example, CCOA changed from 15% to
7%; HOA changed from 13% to 8%; COA changed from 7% to 3%; and Chl
changed from 7% to 5%. The composition measurements were consistent
with the N ratio and S ratio analysis. The most important secondary par-
ticle formation was from the gas-phase (SO2) to particle-phase (SO4

_)
conversion under low visibility with low concentration condition
(35 μg/m3 in V4). Compared to the concentration of PM2.5 in V4
(175 μg/m3 in V4), it was about 20% increase.

4. Summary

A comprehensive measurement was made to investigate the causes
of the haze events in Beijing during the winter of 2012–2013. The re-
sults are highlighted as follows:

(1) High aerosols and RH are two important factors that cause low
visibility events in Beijing. In haze events, the visibility can be
rapidly decreased from N20 km to b2 km in 1–2 days due to
the increases of PM2.5 concentrations and the RH values. The cor-
relation between PM2.5 concentration and visibility under differ-
ent RH value shows that the visibility was exponentially
decreased with the increase of PM2.5 concentrations when RH
was less than 80%. However, when RH was higher than 80%,
the relationship was no longer to follow the exponentially de-
creasing trend, and the visibility maintained in very low values,
even with low PM2.5 concentrations. Under this condition, the
hygroscopic growth played important roles, and a large amount
ofwater acted as particlematter (PM) for the reduction of visibil-
ity.

(2) The variations of meteorological parameters (RH, PBL heights,
and WS), chemical species in gas-phase (CO, O3, SO2, and NOx),
and gas-phase to particle-phase conversions under different vis-
ibility rangeswere analyzed. The results show that fromhigh vis-
ibility (N20 km) to low visibility (b2 km), the averaged PBL
decreased from 1.24 km to 0.53 km; wind speeds reduced from
1m/s to 0.5m/s; and CO increased from 0.5 ppbv to 4 ppbv, sug-
gesting that the weak transport/diffusion was an important fac-
tor to cause the haze occurrences.

(3) The ratios of PM2.5/CO, SO2/CO, NOx/CO, and O3/CO were calcu-
lated under the different visibility conditions. For the ratio of
PM2.5/CO, it increased with the decrease of the visibility ranges,
indicating that more secondary PM2.5 was produced in the
lower visibility conditions. For the ratio of SO2/CO, it rapidly de-
creased with the decrease of the visibility ranges, suggesting
that more chemical conversion from gas-phase to particle-
phase occurred in the lower visibility condition. For the ratio of
NOx/CO, it also decreased with the decrease of the visibility
ranges, but the rate of decrease was slower than the ratio of
SO2/CO, suggesting that there was less chemical gas-phase to
particle-phase conversion for NOx than SO2. Both the result of
SO2/CO and NOx/CO ratios suggests that secondary particle for-
mation (SPM) was accelerated in haze events. The conversions
between SO2 and SO4

_ aswell as NOx toNO3
− increased, especial-

ly under high humidity conditions. When the averaged RH was
70%, the conversions between SO2 and SO4

_ accounted for
about 20% concentration of PM2.5, indicating that formation of
secondary particle matter had important contribution to the
haze occurrences in Beijing.
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