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� Both aerosol concentrations and RH had strong effect for the occurrence of the haze events.
� The lower PBL height in haze events leads to an increase in the surface aerosol concentrations.
� During the heavy haze events, higher heterogeneous conversions from gas to particle phases of NOx and SO2 was observed.
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a b s t r a c t

A comprehensive measurement was carried out to analyze the heavy haze events during 2012e2013
winter in Beijing. The measured variables include some important meteorological parameters, such wind
directions, wind speeds, relative humidity (RH), planetary boundary layer (PBL), solar radiation, and
visibility. The aerosol composition and concentrations (including particular matters (PM2.5), nitrate
(NO3), sulfate (SO4), ammonium (NH4)) as well as their gas-phase precursors (including nitrogen oxides
(NOx) and sulfur dioxide (SO2)) were analyzed during the period between Nov. 16, 2012 and Jan. 15, 2013.
The results show that the hourly mean concentrations of PM2.5 often exceeded 200 mg/m3, with a
maximum concentration of 600 mg/m3 on Jan. 13, 2013. The relative humidity was increased during the
haze events, indicating that both aerosol concentrations and RH had important effect on the reduction of
visibility, causing the occurrence of the haze events. Because the wind speeds were generally low (less
than 1 m/s) during the haze event, the vertical dispersion and the PBL heights were very important
factors for causing the strong variability of aerosol concentrations. This study also finds that under the
lower visibility condition, the conversion from the gas-phase of NOx and SO2 to the particle phase of NO3

and SO4 were higher than the values under the higher visibility condition. Because the lower visibility
condition was corresponding to the lower photochemical activity than the higher visibility condition, the
higher conversion from gas phase to particle phase in the lower visibility condition indicated that there
was important heterogeneous formation of NO3 and SO4 during the heavy haze events.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Beijing is experiencing heavy air pollution in the past two de-
cades, with particle matter (PM) being one of the top pollutants
(Chan and Yao, 2008). PM, especially fine particles (PM2.5; particle
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matter with the radius equal/less 2.5 mm) often exceed the new
National Ambient Air Quality Standards of China (75 mg m�3 for
24 h average) (Sun et al., 2013). Aerosol particles have a large
impact on visibility by scattering (Charlson et al., 1987; Tegen et al.,
2000) and absorbing (Ramanathan and Vogelmann,1997; Jacobson,
2001) solar and infrared radiation. The hygroscopic growth of
aerosol particles will further increase their effect on atmospheric
visibility (Quan et al., 2011). Therefore, haze events (with
visibility < 10 km) appear frequently in Beijing, especially under
high relative humidity (RH). However, the air pollution control
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remains a great challenge due to the complex sources and evolution
processes of aerosol particles, together with complicated aerosol-
radiation-Planetary Boundary Layer (PBL) interactions.

In the last decade, extensive efforts have been made to charac-
terize the sources, properties and processes of PM in Beijing. Recent
studies indicate that a large mass fraction of ambient PM in Beijing is
fine particles, of which carbonaceous particles, sulfate, nitrate and
ammonium are the major components (Guinot et al., 2007; He et al.,
2001; Yang et al., 2011). The secondary formation of coal/biomass
burning products, crust, industrial and traffic emissions were the
major sources of the fine aerosols in Beijing (Wang et al., 2005; Sun
et al., 2010). The physical and chemical characteristics of aerosol
particles affect directly their hygroscopic properties (Topping et al.,
2005a,b). Liu et al. (2011) analyzed the hygroscopic growth factor at
different RH for particleswith dry diameters between 50 and 250 nm
in North China Plain (NCP). Quan et al. (2011) calculated the visibility
based on observed aerosol size distribution and their hygroscopic.
Their results indicated that the calculated visibility with the hygro-
scopic growth of aerosol is consistent with measured visibility.

Moreover, the complicated aerosol-radiation-PBL interactions
might further increase ground aerosol particles concentration and
decrease visibility. The study of Quan et al. (2013) indicated that
there might exist feedback between PBL height and aerosol loading.
The enhancement of aerosols tends to depress the development of
PBL by decreasing solar radiation, while the repressed structure of
PBL will in turn weaken the diffusion of pollutants, leading to the
heavy pollution. As a result, this possible positive feedback loop
(more aerosols / lower PBL height / more aerosols) may induce
an acceleration process for heavy ground pollution.

In this work, a comprehensive measurement was carried out in
Beijing to understand the cause of haze events. The measured
variables include some important meteorological parameters, such
wind, RH, PBL, solar radiation, and visibility. The important aerosol
composition and concentrations (including PM2.5, NO3, SO4, NH4,
organic aerosol (OA), and chloride (Chl)) as well as their gas-phase
precursors, including NOx and SO2 were measured. The analysis
focus on the following issues: (a) characteristics of PBL, PM2.5, solar
radiation, RH, wind in haze events; and (b) the gas to particle
conversions under low photochemical conditions.

2. Methods and instruments

2.1. Sampling site

This observation was conducted from Nov. 16, 2012 to Jan. 15,
2013 at Baolian (BL) meteorological station, Chinese Meteorological
Administration (CMA) (39�560N, 116�170E), which is located be-
tween thewest 3rd and 4th highways in Beijing. The distance of the
station from nearby major roads is about 400 m. The surrounding
region of this site is mainly residential district, without large point
sources of PM2.5. In this measurement, atmospheric visibility, mass
concentration of PM2.5, chemical composition of PM1 (particle
matter with the radius equal/less 1.0 mm), gaseous pollutants (SO2,
NOx, CO, O3), PBL heights were observed simultaneously, together
with meteorology variables of temperature, RH, pressure, wind
speed, and wind direction.

2.2. Instruments and observation

The mass concentration of PM2.5 was observed by a R&P model
1400a Tapered Element Oscillating Microbalance (TEOM, Thermo
Scientific Co., USA) instrument, with a 2.5 mm cyclone inlet and an
inlet humidity control system. A dedicated sampling line was used
to obtain 5-min averaged fine particulate mass concentrations. This
instrument was installed in an air-conditioned room and was
operated with a hydrophobic filter material to reduce the humidity
of the incoming sampled air. The sample stream was preheated
before entering the mass transducer. Thus semi-volatiles and water
were not measured. The filter loading percentage and flow rates of
TEOMwere checked once a week, and the filter was replaced when
the filter loading percentage was greater than 30% (see also Zhao
et al., 2009).

Chemical composition of PM1 was measured by an Aerodyne
High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-
ToF-AMS). The details description of HR-ToF-AMS and its operation
had been presented inmany previous publications and reviewed by
Drewnick et al. (2005). In the AMS, an aerodynamic lens was used
to sample and focus ambient particles into a narrow beam that was
transmitted to a heated surface (w600 �C), where particles were
flashly vaporized. The resulting vapor molecules are ionized by
70 eV electron impaction (EI), and then the positive ions were
analyzed by a ToF mass spectrometer. Because the aerodynamic
lens has reduced transmission efficiencies for particles at sizes of
approximately 1 mm and only non-refractory (NR) species (i.e.,
ammonium, sulfate, nitrate, chloride and organics) evaporate at the
vaporizer temperature (w600 �C). As a result, the AMS measure-
ments only represent non-refractory PM1 (NR-PM1). Particle size
information was obtained by measuring particle velocity with a
mechanical chopper wheel. The instrument provides 5 min aver-
aged quantitative mass loading information on non-refractory
components using a well characterized series of calibrations and
error estimations (Jimenez et al., 2003; Allan et al., 2003, 2004), as
well as species resolved size distributions. The HR-ToF-AMS cali-
bration, e.g. inlet flow, ionization efficiency (IE) and particle sizing,
was performed at the beginning, the middle and the end of the
measurement period as the standard protocols recommend (Jayne
et al., 2000; Jimenez et al., 2003; Drewnick et al., 2005).

A micro-pulse lidar (MPL-4B, Sigmaspace Co., USA) was
employed to study the evolution of PBL. The PRF (pulse repetition
frequency) of the MPL is 2500 Hz, with a wavelength of 532 nm of
the laser beam. The peak value of the optical energy of laser beam is
8 mJ. The pulse duration was set to 100 ns, and the pulse interval
was set to 200 ns, corresponding to a spatial resolution of 30m. The
PBL height is determined at the altitudewhere a sudden decrease in
the scattering coefficient occurs (Boers and Eloranta, 1986; Brooks,
2003; Cohn and Angevine, 2000). The fundamental premise takes
advantage of the large gradient in aerosol concentration that is
generally evident between the boundary layer aerosols and those
found in the free troposphere.

The concentrations of NO, NO2, and NOx ¼ (NO þ NO2) were
measured with a chemiluminescent trace level analyzer (TEI;
Model 42iTL). The analyzer has a detection limit of 0.025 ppbv. The
concentrations of CO were measured by the Model 48iTL enhanced
CO analyzer, using a gas filter correlation technology, with a
detection limit of 0.04 ppmv. SO2 was detected with a pulsed UV
fluorescence analyzer (TEI; Model 43 i-TLE). The detection limit for
this analyzer is 0.05 ppbv for 2-min integration with a precision of
about 0.20 ppbv. O3 was measured with a UV photometric analyzer
(Model 49iTL, TEI Inc.), with a detectable limit of 0.05 ppbv.

Atmospheric visibility was observed by a PWD20 (Vaisala Co.,
Finland), with range of 10e20,000 m, and meteorology variables
were observed by WXT-510 (Vaisala Co., Finland).

3. Result and analysis

3.1. General characteristics of the haze events

Fig.1 shows themeasured variations of visibility, PM2.5, PM1, PBL
heights, RH, and wind speeds during the 2012e2013 winter (from
Nov. 17, 2012 to Jan. 15, 2013). The results indicate that the visibility



Fig. 2. Time series of visibility (a, same as in Fig. 1a), direct solar radiation measured by
TBS-2-B (Huatron CO., China) with spectrum of 0.3e3 mm (see panel b), and scattered
radiation measured by TBQ-2-B (Huatron CO., China) with spectrum of 0.3e3 mm (see
panel c).
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varied from a few hundred meters to more than 20 km. The haze
events are defined by the visibility being less than 10 km in China,
and there were frequent haze events occurred during the 2012e
2013 winter. For example, from Dec. 11 to Dec. 16, 2012, the visi-
bility was rapidly decreased, reaching to a minimum of 667 m on
Dec. 16, 2012. During the haze occurrences, the concentrations of
aerosols and RH were rapidly increased. The concentrations of
PM2.5 often exceeded 200 mg/m3, with amaximum concentration of
600 mg/m3 on Jan. 13, 2013. The RH was also increased during the
haze events, indicating that both aerosol concentrations and RH
had strong effect on the reduction of visibility, causing the occur-
rence of the haze events. Another important aspect is that the wind
speeds were generally low during the 2012e2013 winter, with the
wind speeds being smaller than 5 m/s. Moreover, during the haze
events, the wind speeds were often less than 1 m/s, suggesting that
the horizontal transport of aerosols was very weak, and vertical
diffusion (including the PBL heights and themixing of air pollutants
in PBL) was an important process in controlling the variability of
the surface concentrations of aerosols. As a result, the low PBL
height was the major reason for the occurrences of the haze events
(Quan et al., 2013). For example, the PBL height was about 1.5 km on
Dec. 18 (with PM2.5 of 50 mg/m3), and quickly reduced to about
0.5 km on Dec. 23, 2012 (with PM2.5 of 150 mg/m3). The low layer of
PBL compressed the aerosol particles into a shallow vertical layer,
and prevented the vertical dispersion of the aerosol particles,
leading to an increase in the surface aerosol concentrations, which
is consistent to the previous study in the region (Zhang et al., 2009).

The growth of the PBL height is strongly depended on the sur-
face solar radiation. With high solar radiation, PBL is fully devel-
oped, reaching a maximum of the PBL heights in the noontime.
However, if solar radiation is absorbed or scattered by aerosol
particles or cloud layers, the PBL cannot be fully developed, and the
daytime PBL heights could be significantly reduced (Yu et al., 2002).
Fig. 2 illustrates that during the haze events, the surface solar ra-
diation was reduced, while the surface scattering of solar radiation
was increased, leading to the decrease in the PBL heights. This
result demonstrated that aerosol particles (especially the scattering
Fig. 1. Time series of visibility measured by PWD20 with time resolution of 1 min (a), PM2.5

time resolution of 5 min (b), daily averaged PBL height between 13:00 and 15:00 measured b
time resolution of 1 h (d), and wind speed with time resolution of 1 min (black dot) and 1 h
reader is referred to the web version of this article.)
particles, such as SO4, NO3, and organic carbon (OC)) play important
roles for reducing the development of PBL heights during the
daytime. Further more, the lower PBL height depresses the aerosol
particles, leading to the increase of aerosol concentrations and
causing further decrease in the solar radiation and the PBL heights,
which induces a positive feedback loop for causing high surface
aerosol concentrations (Quan et al., 2013).

3.2. Variations of aerosol particles and precursors

In order to get more insights of the heavy aerosol pollution in
the period, detailed aerosol composition and the gas-phase pre-
cursors were analyzed. Fig. 3 shows the diurnal variations of aerosol
precursors, including SO2, NOx, CO, and O3, and the various aerosol
measured by TEOM (black line) and NR-PM1 measured by HR-ToF-AMS (red line) with
y MPL (c), RH (blue line) with time resolution of 1 min and precipitation (red line) with
(green line) (e). (For interpretation of the references to color in this figure legend, the
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compounds, including NO3, SO4, NH4, Chl, secondary organic car-
bon (SOA), primary organic carbon (POA), and PM2.5 under three
different visibility conditions (i.e., (1) all data, (2) visibility < 5 km,
and (3) visibility � 5 km). For the gas-phase compounds (SO2, CO,
NOx, and O3), the diurnal variations were very different between
the species which are mainly due to direct surface emissions (SO2,
CO, and NOx) and the species which are mainly controlled by the
photochemical process (such as O3). For example, the NOx con-
centrations were high in the morning, and quickly reduced in the
noontime due to the strong elevation of the PBL heights, suggesting
the important impacts of the PBL heights on the surface NOx con-
centrations, which is consistent to previous study (Tie et al., 2007).
However, for O3 concentrations, during the noontime, the con-
centrations reached a maximum when the PBL is high. This is
because of the strong photochemistry during the noontime. This
result suggested that the chemical species, which are strongly
controlled by the photochemical process, are weakly regulated by
the development of the PBL, while the chemical species, which are
mainly produced by the surface emissions, are strongly controlled
by the development of the PBL heights. This conclusion is also
applied to the diurnal variation of aerosol particles. For example,
POA and Chl aremainly produced by the surface emissions. Much of
the Chloride in the atmosphere comes from coal combustion
(McCulloch et al., 1999). In China, coal is the dominant energy re-
sources. Therefore the proportion of chloride in aerosol is very high
in China, especially during heating period in winter (Sun et al.,
2012, 2013). As a result, there was a clearly minimum at the
noontime. However, for the secondary aerosol particles (NO3, SO4,
NH4, and SOA), which are mainly produced by the chemical pro-
cesses, there was a maximum in the late afternoon.

Fig. 3 also suggests that both gas-phase compounds and aerosol
particles had different characteristics in the different visibility
levels. The differences were mostly for the magnitudes of concen-
trations, while the diurnal variation had a similar pattern. For
example, under the low visible condition, the PM2.5 concentrations
were generally greater than 100 mg/m3, while under the high
Fig. 3. Diurnal profiles of aerosol precursors (NOx, SO2, CO, O3), PM2.5, and various aerosol co
particle phase of nitrogen and sulfate (Na and Sa) to total nitrogen and sulfate (both gas an
visibility condition, the PM2.5 concentrations were less than 50 mg/
m3. It is interesting to note that the levels of O3 concentrations were
very sensitive to the visibility levels. Under the low visibility con-
dition, the ozone photochemical production was almost ceased,
and the maximum O3 concentration was only a few ppb. Because
the formation of SO4 and NH4 has important impact on the visi-
bility, the O3 reduction is also associated with the chemical con-
versions of SO2 and NO3 to SO4 and NH4.

The ratios between aerosol particles of nitrogen and sulfate (Na
and Sa) and the total nitrogen and sulfur (both gas and particle
phase; Na þ Ng and Sa þ Sg) are analyzed (shown in Fig. 3). During
the low visibility condition, the ratios were increased, especially for
the ratio of sulfate. This result suggests that during the heavy haze
condition (with a low photochemical activity), there was a rapid
chemical conversion from gas phase to particle phase for nitrate
and sulfate, especially for sulfate particles. Because the particles
were produced under very low photochemical activity (e.g., O3
production was extremely low), the conversion of the particles was
mainly produced through the processes other than the photo-
chemical activities (such as heterogeneous conversions). This result
is consistent with a recent study that sulfate particles were rapidly
formed under the heavy fog conditions in the Beijing region (Zhang
et al., 2013).

3.3. Conversion from gas to particle phases

In order to get more detailed analyses of the conversion from
the aerosol precursors to aerosol particles, three different
visibility conditions are defined, i.e., V1 (VIS � 5 km), V2
(2 km � VIS < 5 km), and V3 (VIS < 2 km). Fig. 4 shows the rela-
tionship between CO and NOx under the three conditions. It shows
that the concentrations of NOx were continuously reduced when
the visibility were decreased, indicating more evidences that the
conversion from gas to particles was enhanced under the low vis-
ibility condition. For example, with CO concentration of 4 ppm, the
corresponding NOx concentration was very high (about 70 ppbv)
mpounds measured by AMS (NO3, SO4, NH4, Chl, POA, and SOA), and the mole ratios of
d particle phase; Na þ Ng and Sa þ Sg).



Fig. 4. Relationship between NOx and CO under different visibility conditions. The three conditions are classified as: VIS �5 km (V1), 2 km � VIS < 5 km (V2), and VIS < 2 km (V3).
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under the V1 condition. Under the V2 condition, the haze was
medium, and the NOx concentration was decreased to about
60 ppbv. With further decrease in visibility and the high haze
condition (the V3 condition), the NOx concentration reduced to
about 40 ppbv. The slopes between CO and NOx concentrations (the
ratios between CO and NOx) were about 17.5, 15, and 10 ppbv/ppmv
under V1, V2, and V3, respectively. The same situation also occurred
in the COeSO2 correlation (shown in Fig. 5). With CO concentration
of 4 ppm, the corresponding SO2 concentrations varied from 70, 50,
and 40 ppbv, with the slopes between CO and SO2 concentrations
being 17.5, 12.5, and 10 ppbv/ppmv under V1, V2, and V3, respec-
tively. One of the reasons to explain the enhancement of in the
slopes of DNOx/DCO and DSO2/DCO under low visibility (low
photochemical) condition is that there were heterogeneous con-
versions from gas to particle phases for resulting in the reductions
of NOx and SO2.
Fig. 5. Relationship between SO2 and CO under different visibilit
According to the above analysis, the aerosol precursors were
reduced under the low photochemical condition due to the con-
version of gases / particles. To further verify this result, the
aerosol particle formation under the different visibility conditions
was studied. Fig. 6 shows the percentage of different aerosols
(organic carbon-ORG, NO3, SO4, NH4, and Chl) under the different
visibility conditions. Because the limitation of AMS, black carbon
and dust particles are not included in the analysis. Therewas a clear
difference of the aerosol composition with the changes in the vis-
ibility conditions. For example, with high visibility (VIS� 5 km), the
averaged aerosol concentration was low (15.4 mg/m3). The per-
centage of ORG was the highest (57%), following by NO3 (14%), SO4
(13%), NH4 (10%), and Chl (6%). Under the medium condition
(2 km < VIS < 5 km), the averaged aerosol concentration increased
to 67.7 mg/m3. The percentage of ORG was still the highest, but
decreased from 57% to 50%. In contrast, the percentages of
y conditions. The three conditions are classified as in Fig. 4.



Fig. 6. Aerosol composition measured by AMS under different visibility conditions. The
three conditions are classified as in Fig. 4.
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secondary aerosol particles (NO3, SO4, and NH4) increased. For
example, NO3 changed from 14% to 16%; SO4 changed from 13% to
15%; and NH4 increased from 10% to 12%. Under the extremely low
visibility condition (VIS < 2 km), the averaged aerosol concentra-
tion reached to highest value of 117.5 mg/m3. The percentage of ORG
further decreased to 37%, and the percentages of NO3 increased to
17%, SO4 increased to 25%, and NH4 increased to 15%. This analysis
suggests that the particle formation, especially nitrate and sulfate,
was enhanced under “dark” (low photochemical) condition. Fig. 7
shows that the ratios of particle phases of nitrate and sulfate
were strongly dependent upon the visibility ranges, especially the
sulfate particles. The nitrate and sulfate formationwere about 2 and
5 times higher under the V3 condition than the V1 condition.

Combining with the changes in aerosol precursors (NOx and
SO2), this result suggested that the conversion between the gas
precursors and particles was enhanced during the lower visibility
condition (higher haze and lower photochemical conditions),
indicating a significant heterogeneous formation for nitrate and
sulfate particles during the heavy haze events.
Fig. 7. Mol ratios of particle phase of nitrogen (blue) and sulfate (red) (Na and Sa) in
total nitrogen and sulfate (both gas and particle phase; Na þ Ng and Sa þ Sg) under
different visibility conditions. The three conditions are classified as in Fig. 4. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
4. Summary

A comprehensive measurement was made to study the heavy
haze event during 2012e2013 winter in Beijing. The results are
highlighted as follows:

(1) During the haze occurrences, the hourly mean concentra-
tions of PM2.5 often exceeded 100 mg/m3, with a maximum
concentration of 600 mg/m3 on Jan. 13, 2013. The RH was also
increased during the haze events, indicating that both
aerosol concentrations and RH had strong effect for the
reduction of visibility, causing the occurrence of the haze
events.

(2) The wind speeds were generally low (less than 1 m/s) during
the haze event. As a result, the vertical dispersion played an
important role in controlling the aerosol variability. The
result shows that PBL height was about 1.5 km on Dec. 18,
2012 (with PM2.5 of 50 mg/m3), and quickly reduced to about
0.5 km on Dec. 23, 2013 (with PM2.5 of 150 mg/m3). The lower
PBL height compressed the aerosol particles into a shallow
layer, and prevented the vertical dispersion of the aerosol
particles, leading to an increase in the surface aerosol
concentrations.

(3) Under different visibility conditions, i.e., V1 (VIS � 5 km), V2
(2 km � VIS < 5 km), and V3 (VIS < 2 km), the slopes of
DNOx/DCO and DSO2/DCO were changed. For example, the
slopes of DNOx/DCO were 17.5, 15, and 10 ppbv/ppmv, and
the slopes of DSO2/DCO were 17.5, 12.5, and 10 ppbv/ppmv
under V1, V2, and V3, respectively. This result suggests that
more gas phase of NOx and SO2 were converted to the par-
ticle phase under the lower visibility condition. As a result,
the particle phase of NO3 and SO4 was higher in the lower
visibility condition (V1) than in the higher visibility condi-
tion (V3). For example, under the V1 condition, the per-
centage of NO3 and SO4 were 14 and 13%. In contrast, the
percentage of NO3 and SO4 were 17 and 25% under the V3
condition. Because under the lower visibility condition, the
photochemical conversion from gas to particle phase should
be lower, the higher conversion indicated that there were
higher heterogeneous conversions from gas to particle pha-
ses of NOx and SO2 during the heavy haze events.
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