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Aerosol samples of PM2.5 and PM10 in a period of intensive
haze-fog (HF) events were collected to investigate the
chemical characteristics of air pollution in Beijing. The air
quality in HF episodes was much worse than that in
nonhaze-fog (NHF) days. The concentrations of elements
and water-soluble (WS) ions (K+, SO4

2-, and NO3
-) in

HF episodes were more than 10 times higher than those
in NHF days. Most of the chemical species in PM2.5 and the
secondary species (NH4

+, SO4
2-, and NO3

-) in PM10
showed significant difference between HF from westerly
direction (HFW) and southerly direction (HFS). The
concentrations of secondary species in HFS were much
higher than those in HFW, and other chemical species in HFS
were lower than those in HFW. The sources of PM2.5
were more from areas on the regional scale due to its
tendency for long-range transport, while PM10 was more
limited to the local sources. Aerosol particles were more
acidic in HFS and more alkaline in HFW. The secondary species
were the major chemical components of the aerosol in
HF episodes, and their concentrations increased in the order
of NHF < HFW < HFS. High concentrations of the
secondary aerosol in HF episodes were likely due to the
higher sulfur and nitrogen oxidation rate in aqueous-phase
reactions. The serious air pollution in HF episodes was
strongly correlated with the meteorological conditions and
the emissions of pollutants from anthropogenic sources.

1. Introduction
Beijing (40° N, 116° E, 43 m above the sea level, and 183 km
from the sea), the capital of P. R. China with a population
of over 13 million and an area of 16,800 square kilometers
(38% in flat land and 62% in mountains), is surrounded by
high mountains in its north, south, and west directions. The
natural geographical conditions with the small environmental
capacity lead to natural disadvantages of the air quality in
Beijing. With the rapid urbanization and motorization of
Beijing, which is manifested by the increasing energy

consumption and the sharp increase of motor vehicles at a
rate of ∼15% per year, the particulate matter (PM) pollution
in Beijing remains at a much higher level than the National
Ambient Air Quality Standard (NAAQS, 1-3). In addition,
the dust transported from outside Beijing throughout the
entire year further burdens the air pollution in Beijing (4, 5).
Studies on the characteristics of atmospheric aerosols in
Beijing, thus, have been widely carried out during the past
few years. Crustal matter, secondary aerosol, and organic
materials are the three major chemical components of the
aerosols in Beijing (1, 2, 6). SO4

2-, NO3
-, and NH4

+ are the
dominant ionic species in PM2.5, and the gas-phase oxidation
in winter and the in-cloud processes in summer are major
routes of sulfate formation (3). Vehicle exhaust, industry
emission, coal burning, and re-suspended road dust are the
major sources of PM pollution in Beijing (2, 7). However,
studies on the haze-fog (HF) in Beijing are rather limited.

Haze is defined as the weather phenomenon which leads
to atmospheric visibility less than 10 km due to the moisture,
dust, smoke, and vapor in the atmosphere, while fog is
composed of fine droplets of water suspended in the air near
the Earth’s surface. The formation of HF is closely related to
the meteorological conditions and the pollution in the
atmosphere (8, 9). Most of HF results from excess PM in the
atmosphere emitted by anthropogenic sources and gas-to-
particle conversion (10). More emissions of pollutants and
the stagnant weather conditions in winter favor the formation
of HF, and hence HF alters the composition of the aerosols
through the aqueous-phase reactions in fog droplets. HF
pollution has attracted much interest during the past decade
for its impact on visibility, public health, and even global
climate (11-14). Kang et al. (15) investigated the chemical
characteristics of acidic gas pollutants and PM2.5 species
during hazy episodes in Seoul, South Korea. High concen-
trations of PM2.5 were observed in haze episodes. Major ionic
species (NO3

-, SO4
2-, and NH4

+) and organic materials were
the two dominant contributors to PM2.5. Chen et al. (12)
studied the haze formation in the summertime in the mid-
Atlantic region. The observed high mass fraction of SO4

2-

(∼60%) signified the role of SO4
2- in haze formation. Schichtel

et al. (16) presented the patterns and trends of haze over the
United States for the period of 1980-1995 and found that
the haze decline was consistent with the reductions in PM2.5

and sulfur emissions. Chameides et al. (17) assessed that
5-30% reduction in the yields of rice and wheat would occur
in China because of the effect of anthropogenic aerosols and
regional haze in the atmosphere. However, few studies focus
on the chemical characteristics of the aerosols in HF episodes
in Beijing. Here we report a systematic study on the chemical
characteristics of PM2.5 and PM10 in HF episodes in Beijing,
and the chemical differences between HF and nonhaze-fog
(NHF) days, and the possible sources causing the high
concentrations of those species in HF episodes.

2. Experimental Section
2.1 Sampling. Six-hour average (0000-0600 LST; 0600-1200
LST; 1200-1800 LST; 1800-2400 LST) aerosol samples of
PM2.5 and PM10 were collected continuously during an
intensive period from November 30 to December 9, 2004
using medium-volume samplers manufactured by Beijing
Geological Instrument-Dickel Co., Ltd. (model TSP/PM10/
PM2.5-2; flow rate 77.59 L/min). Two-day aerosol samples
were not collected due to rain on December 3 and a power
outage on December 5. The sampling site is located on the
roof (∼40 m high) of the Building of Science and Technology
at Beijing Normal University (BNU). All the samples were
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collected on Whatman 41 filters (Whatman Inc., UK). After
sampling, the filters were weighed using an analytical balance
(Sartorius 2004MP) with a reading precision of 10 mg after
stabilizing under a constant temperature (20 ( 5 °C) and
humidity (40 ( 2%). To ensure the quality of weighing,
another 16 blank filters were dealt with simultaneously using
the same method as above. All the procedures were strictly
quality-controlled to avoid any possible contamination of
the samples.

2.2 Chemical Analysis. 2.2.1 Element Analysis. The sample
filters were digested at 170 °C for 4 h in a high-pressure
Teflon digestion vessel with 3 mL of concentrated HNO3, 1
mL of concentrated HCl, and 1 mL of concentrated HF. After
cooling, the solutions were dried, and then were diluted to
10 mL with distilled-deionized water. In total, 16 elements
(As, Cr, Zn, Sr, Co, Pb, Ni, V, Fe, Mn, Mg, Ca, Cu, Ti, Al, and
S) were determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES, model ULTIMA, JOBIN-
YVON Company, France). The detailed analytical procedures
were given in Zhuang et al. (18, 19).

2.2.2 Ion Analysis. Water-soluble (WS) ions (SO4
2-, NO3

-,
Cl-, F-, NH4

+, Na+, K+, Ca2+, and Mg2+) were analyzed by ion
chromatography (IC, Dionex 600) that consists of a separation
column (Dionex Ionpac AS11 for anion and CS12A for cation),
a guard column (Dionex Ionpac AG 11 for anion and AG12A
for cation), a self-regenerating suppressed conductivity
detector (Dionex Ionpac ED50), and a gradient pump (Dionex
Ionpac GP50). The details were given elsewhere (20, 21).

2.3 Meteorological Data. Hourly meteorological data
including wind speed, temperature, relative humidity, dew
point, pressure, and visibility were collected from Weather
Underground (http://www.underground.com/).

3. Results and Discussion
3.1 HF Episodes. The southwest of China, the south of
Yangtze River, Huaihe River, Hanshui River drainage area,
the plain of North China, and the west of Liaoning province
were blanketed by heavy fog from November 30, 2004 till

early December. During this period, Beijing experienced two
HF episodes, one from November 30 to December 2, and the
other from December 7 to 8, and a period of NHF days from
December 4 to 6. The two HF episodes led to “middle degree
heavy pollution” in Beijing. The Air Pollution Index (API)
reported by the Beijing Environment Protection Bureau
reached nearly 300 and the visibility was even reduced to no
more than 200 m on December 1 (see Figure 1). The highest
6 h concentration of the inhalable particles (PM10) was 592.1
µg m-3, nearly 4 times higher than the second grade of NAAQS
in China (150 µg m-3). The highest 6 h concentration of fine
particles (PM2.5) was 329.8 µg m-3, 5 times higher than the
daily average standard of 65 µg m-3 for PM2.5 regulated by
the U.S. Environmental Protection Agency (no standard in
China yet). The total average concentrations of PM10 and
PM2.5 in HF episodes were 3-4 times higher than the second
grade of NAAQS and 4-6 times higher than those in NHF
days. HF greatly benefits the accumulation of air pollutants,
especially those in fine particles. The variations of the ratio
of PM2.5 to PM10 (PM2.5/PM10) are shown in Figure 2. Fine
particles accounted for more than half of PM10 in HF episodes
(average ) 0.54, s.d. ) 0.13, range ) 0.37-0.77), much higher
than that (average ) 0.37, s.d. ) 0.13, range ) 0.13-0.69)
found in NHF days. The results indicated that fine particles
were the major part of PM10 in HF episodes. In addition, the
ratio of PM2.5/PM10 in HF episodes is comparable with those
reported by He et al. (1) and Sun et al. (2).

3.2 Chemical Composition of PM2.5 and PM10 in HF
Episodes. 3.2.1 Classifications of HF. To better understand
the sources of the particulate matter which caused serious
air pollution in HF episodes, we computed three-day
backward air trajectories at the site (40°N, 116°E), which were
calculated using the HYSPLIT-4 (Hybrid Single-Particle
Lagrangian Integrated Trajectory) model developed by
NOAA/ARL (U.S. National Oceanic and Air Administration/
Air Resources Laboratory). The Final Run (FNL) meteoro-
logical data were used for the trajectory calculation (22). The
isentropic three-day backward air trajectories were computed

FIGURE 1. Hourly meteorological data during the period of study (T ) temperature, WS ) wind speed, RH ) relative humidity, DP )
dew point, P ) pressure, Vis ) visibility).
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at an altitude of 1000 m Above Ground Level (AGL), and the
results are shown in Figure 3. Clearly, the transport pathways
of air masses arriving at Beijing in HF episodes could be
classified into two groups. The air masses on November 30
and December 7 originated from western Mongolia, then
passed through the desert and the semi-desert regions in the
middle of Inner Mongolia, and finally reached Beijing along
a westerly direction, while the air masses on December 1
and 2 mainly originated from provinces located south of
Beijing, such as Shangdong, Shanxi, and Hebei. The chemical
composition of PM from westerly and southerly directions
was significantly different, and, therefore, could be divided
into three groups, i.e., HFS (HF from southerly direction),
HFW (HF form westerly direction), and NHF.

3.2.2 Concentrations and Sources of Elements. The con-
centrations of elements in HFS, HFW, and NHF days are
presented in Table 1. Much higher concentrations of both
crustal and pollution elements in PM2.5 and PM10 in HF
episodes than those in NHF days were observed. The
concentrations of crustal elements, Ca, Fe, Al, Ti, Mg, Mn,
and Sr, were 1.5-4.0 times higher than those in NHF days.
The concentrations of pollution elements, As, Zn, Pb, and
Cu, were 0.04, 0.79, 0.44, and 0.09 µg m-3 in PM2.5, and 0.06,
1.26, 0.62, and 0.13 µg m-3 in PM10, respectively, 3.6-10.0
times higher than those in NHF days. The difference of
elemental concentrations between HFS and HFW is also
shown in Table 1. In PM10, the crustal elements showed a

little higher concentrations in HFS than those in HFW, while
the concentrations of pollution elements in HFS were ∼30%-
40% higher than those in HFW. When air parcels passed
through the south and southwest of Beijing, where a number
of coal mines and highly polluted cities such as Taiyuan are
located, they could mix considerable pollutants emitted by
those pollution sources on the pathway, and then travel
onward to Beijing. Whereas, air parcels from the westerly
direction originated from desert regions in Mongolia and
Inner Mongolia, where dust storms frequently occur, and
they would carry more crustal elements than those from the
southerly direction. Comparatively, most of the crustal
elements, except Fe and Mn, in PM2.5 showed significant
difference between HFS and HFW (two sample t-test, p <
0.1). In the case of Ca, Al, Ti, and Mg, their concentrations
increased 2.2-4.2 times as the transport direction changed
from southerly to westerly. There was no significant difference
for pollution elements in PM2.5 (two sample t-test, p > 0.05),
although slightly higher (14%-64%) concentrations of As,
Zn, and Pb in HFW than in HFS were observed.

The sources of elements in the aerosols were estimated
based on the calculated enrichment factors (EFs) shown in
Figure 4, using Al as reference element and the crustal
abundance given by Taylor and McLennan (23). The EF of
an element X relative to the crustal source is defined by

FIGURE 2. Concentrations of PM2.5 and PM10 and the ratio of PM2.5/PM10.

FIGURE 3. Three-day backward air trajectories arriving at Beijing (40°N, 116°E).

EFcrust ) (X/Al)aerosol/(X/Al)crust (1)
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where (X/Al)aerosol is the concentration ratio of X to Al in the
aerosol sample, and (X/Al)crust is the average concentration
ratio of X to Al in crust. If the EFcrust approaches unity, the
crustal source is the dominant source for the element X, if
EFcrust is >5, the element X may have a significant fraction
from noncrustal sources. The EFs of Ca, Al, Fe, Mg, and Ti
were all below 5 in both PM2.5 and PM10, clearly indicating
the crustal source of these elements. However, much higher
EFs, ranging from 100 to 10000, were found for the elements
Zn, Pb, Cu, As, and S in PM2.5, indicating their dominant
anthropogenic sources, such as coal burning, vehicle exhaust,
and industry emissions (2). Compared with those in PM2.5,
relatively lower EFs of pollution elements, ranging from a
few tens to thousands, were observed in PM10. Those pollution
elements, more concentrated in fine particles, could be
transported over long distances and would have impact on
their destination areas on the regional scale. Figure 4 clearly
shows that the highest EFs of those pollution elements were
in HFS, and the next to highest were in HFW. Both were
much higher than those in NHF days. The results above
confirmed further the serious air pollution in HF episodes.

3.2.3 Concentrations and Sources of Water-Soluble Ions.
WS ions are important components of atmospheric particles.
The concentrations of WS ions in HFS, HFW, and NHF were
shown in Table 1. The total concentrations of ions detected
accounted for 27% (s.d. ) 0.05%) and 24% (s.d. ) 0.07%) of
the total PM2.5 and PM10 in HF episodes, and 19% (s.d. )
0.06%) and 10% (s.d. ) 0.04%) in NHF days, respectively.
The major cations (NH4

+, Ca2+, and K+) and anions (SO4
2-,

NO3
-, and Cl-) contributed 96% and 95% of the total ions in

PM2.5 and PM10, respectively, in HF episodes, and 93% of
those in both PM2.5 and PM10 in NHF days. Like the elements
mentioned above, the concentrations of all WS ions in both
PM2.5 and PM10 in HF episodes were much higher than those
in NHF days.

Na+, Mg2+, and Ca2+ are mainly from crustal sources, such
as re-suspended road dust, soil dust, and construction dust,
and SO4

2-, NO3
-, and NH4

+ represent the secondary pollution

sources from the transformation of their precursors of SO2

and NO2 (20). F- and Cl- are usually considered to be from
coal combustion (1), and K+ is from biomass burning (24).
The effect of HF on WS ions from different sources was
significantly different. The concentrations of crustal WS ions
(Na+, Mg2+, and Ca2+) in HF episodes were 1.2-4.3 times
higher than those in NHF days, while the concentrations of
pollution species (F- and Cl-) in HF episodes were 7.3-9.5
times higher, and K+ was 12.8-14.7 times higher, than those
in NHF days. The average concentrations of SO4

2- and NO3
-

were 21.32 and 13.78 µg m-3 in PM2.5, and 39.34 and 24.43
µg m-3 in PM10, respectively, in HF episodes, both more than
10 times higher than those in NHF days. HF caused serious
air pollution, and this pollution was more attributable to
those species from pollution sources.

In addition, SO4
2- (p < 0.01), Mg2+, F-, Cl-, NH4

+ (p <
0.05), and Na+, NO3

- (p < 0.1) in PM2.5 showed significantly
different concentrations between HFS and HFW (two sample
t-test). The concentrations of Na+, Mg2+, F-, and Cl- increased
from 0.73, 0.15, 0.12, and 3.88 µg m-3 to 1.10, 0.31, 0.46, and
6.54 µg m-3, respectively, an increase of 1.5-4.0 times as the
transport pathway changed from southerly to westerly. The
concentrations of NH4

+, SO4
2-, and NO3

- decreased by a
factor of 1.2-1.4 times from 11.63, 29.46, and 17.05 µg m-3

to 8.99, 16.32, and 11.77 µg m-3, respectively. Compared with
those in PM2.5, WS ions, except the secondary aerosol (NH4

+,
SO4

2-, and NO3
-, p < 0.01), in PM10 did not show significant

difference between HFS and HFW (two sample t-test). The
concentrations of NH4

+, SO4
2-, and NO3

- increased from
11.08, 25.91, and 16.71 µg m-3 to 19.65, 61.15, and 36.96 µg
m-3, respectively, elevated from 1.8-2.4 times, as the
prevailing transport direction shifted from westerly to
southerly. The results above also indicated that the sources
of PM2.5 were more from those areas on the regional scale
due to its strong response to long-range transport, while
those of PM10 were more limited to the local sources.

3.2.4 Acidity of the Aerosols. The ion balance expressed by
the equivalent ratios of the total cations to the total anions

TABLE 1. Concentrations of the Elements and the Water-Soluble Ions in PM2.5 and PM10 in HFS, HFW, HFTa, and NHF (Units: Cr,
Co, and V as ng m-3, others as µg m-3)

PM2.5 PM10

HFS HFW HFT NHF HFT/NHF HFS HFW HFT NHF HFT/NHF

mass 242.19 206.28 219.96 36.73 6.0 485.95 374.35 416.86 98.57 4.2
Ca 0.67 2.80 1.99 0.97 2.1 6.70 10.70 9.18 4.47 2.1
Fe 1.12 1.87 1.58 0.48 3.3 3.96 4.28 4.16 1.62 2.6
Al 0.73 1.91 1.46 1.00 1.5 4.86 6.13 5.65 3.76 1.5
Ti 0.06 0.13 0.11 0.06 1.8 0.38 0.42 0.41 0.23 1.8
Mg 0.20 0.69 0.50 0.28 1.8 1.15 1.85 1.59 0.97 1.6
Mn 0.13 0.18 0.16 0.04 4.0 0.28 0.25 0.26 0.08 3.2
Sr 0.01 0.03 0.02 0.01 2.4 0.10 0.10 0.10 0.04 2.2
Cr 11.97 20.79 18.58 10.20 1.8 17.36 33.51 27.05 4.13 6.5
Co 1.06 2.36 1.86 0.65 2.9 5.21 5.20 5.20 3.04 1.7
Ni 0.06 0.11 0.09 0.02 3.8 0.14 0.13 0.14 0.04 3.8
V 6.16 5.76 5.91 8.36 0.7 9.33 10.33 9.95 8.06 1.2
As 0.04 0.05 0.04 0.01 6,4 0.07 0.05 0.06 0.01 4.8
Zn 0.65 0.88 0.79 0.10 8.2 1.46 1.14 1.26 0.16 7.8
Pb 0.41 0.47 0.44 0.04 10.0 0.77 0.53 0.62 0.08 8.2
Cu 0.06 0.11 0.09 0.02 3.6 0.13 0.13 0.13 0.03 4.0
S 14.09 8.82 10.49 1.06 9.9 24.36 12.18 16.82 1.80 9.3
Na+ 0.73 1.10 0.96 0.22 4.3 1.91 1.91 1.91 0.67 2.9
Mg2+ 0.15 0.31 0.25 0.11 2.2 0.73 0.72 0.73 0.21 3.5
Ca2+ 1.57 2.08 1.88 1.51 1.2 4.36 6.11 5.45 2.33 2.3
F- 0.12 0.46 0.32 0.04 7.8 0.85 1.31 1.14 0.12 9.5
Cl- 3.88 6.54 5.53 0.76 7.3 8.47 9.12 8.87 0.99 8.9
K+ 4.31 4.81 4.62 0.36 12.8 9.32 7.71 8.32 0.57 14.7
NH4

+ 11.63 8.99 10.00 1.41 7.1 19.65 11.08 14.34 1.66 8.6
SO4

2- 29.46 16.32 21.32 1.71 12.5 61.15 25.91 39.34 3.66 10.8
NO3

- 17.05 11.77 13.78 0.94 14.7 36.96 16.71 24.43 1.46 16.8
a HFT refers to total haze-fog episodes.
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(∑(µeq)
+ /∑(µeq)

- ) in PM2.5 and PM10 samples (Figure 5) is an
indicator of the acidity of atmospheric aerosols (20). The
average equivalent ratios of cations/anions (C/A) in HF
episodes were 1.02 (s.d. ) 0.19) in PM2.5 and 0.99 (s.d. ) 0.31)
in PM10. The mean ratios of 1.02 and 0.99, both close to unity,
indicated that the ion species in HF samples selected and
quantified were basically satisfied for this study although
bicarbonate and carbonate in the samples were not measured
with IC. However, the equivalent ratios of C/A, a little lower
than unity in HFS and a little higher than unity in HFW, were
observed, which suggested that the aerosol particles from

the southerly direction were more acidic and those from the
westerly direction more alkaline. Comparatively, the equiva-
lent ratios of C/A in NHF days were higher than unity in both
PM2.5 (mean ) 2.43, s.d. ) 0.89) and PM10 (mean ) 1.94, s.d.
) 0.69), which indicated that the aerosol particles in NHF
days were alkaline. The higher ratios of C/A in NHF days,
when floating dust was observed, were most likely due to the
unmeasured carbonate and bicarbonate in mineral dust (25).
Carbonate is an important species of mineral dust, in which
it is associated mainly with calcium (26). Those samples
collected in NHF days showed high mass percentages of

FIGURE 4. Enrichment factors of the elements in HFS, HFW, and NHF.

FIGURE 5. Equivalent ratios of the total cations to the total anions measured in PM2.5 and PM10.
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calcium, which was likely the reason leading to the alkalinity
of aerosol particles in these days. The alkaline mineral
components in NHF samples would provide more reactive
sites on their surface for absorbing acidic gases (SO2, NOx,
and HCl) in the atmosphere, and hence speed up their
neutralizing and scavenging processes and alleviate the
acidification of the atmosphere (20, 26).

Ammonia is an important alkaline gas in the atmosphere.
According to our previous study (20, 21), ammonia in the
aerosols at Beijing could be neutralized first by H2SO4 to
form (NH4)2SO4 or NH4HSO4, and then the remaining parts
could be neutralized by reactions with HNO3 to form NH4-
NO3. In both PM2.5 and PM10 in HF episodes, [NH4

+] showed
strong correlations with [SO4

2-] (Figure 6 a and c) and [SO4
2-

+ NO3
-] (Figure 6b and d). However, the slopes of regression

equations between [NH4
+] and [SO4

2- + NO3
-] were both

smaller than unity (0.50 and 0.46 in PM2.5 and PM10,
respectively), indicating an incomplete neutralization of
acidic species (HNO3 and H2SO4) by ammonia in HF episodes.
This could be likely due to the following: (1) part of ammonia
was vaporized, and (2) more sulfate and nitrate than
ammonium were produced in HF episodes (see Section 3.2.6).
Strong equivalent correlations between [NH4

+] and [SO4
2-]

(Figure 6a and c), [NH4
+] and [SO4

2- + NO3
-] (Figure 6b and

d) in both PM2.5 and PM10 were also observed in NHF days,
and their regression slopes were 2.24 and 1.42 in PM2.5, and
1.21 and 0.89 in PM10, respectively. The results clearly
indicated that the acidic species were fully neutralized by
ammonia in PM2.5 in NHF days. The excess part of ammonia
could combine with chloride and oxalate to form NH4Cl and
(NH4)2C2O4.

3.2.5 Correlations of Chemical Composition with Meteo-
rological Conditions. The air pollution in HF episodes is
closely related to meteorological conditions. Figure 1 showed
the hourly meteorological data, including wind speed, relative
humidity, temperature, and visibility during the study period.
The relatively low temperature and wind speed in winter
favor the formation of the permanent temperature inversions,
stable atmosphere, and low mixed boundary layer, which
would then lead to the accumulation of pollutants. Ad-
ditionally, the high relative humidity in HF episodes would

accelerate the formation of secondary species such as sulfate
and nitrate from their precursors, SO2 and NOx, and aggravate
the pollution level of the atmosphere. The relative humidity
and wind speed were the two most important factors affecting
the concentrations of pollutants in the aerosols. The sec-
ondary species (NH4

+, SO4
2-, and NO3

-) showed strong
positive correlations with relative humidity (r ) 0.66-0.77)
and negative correlations with wind speed (r ) -0.60-0.70).
The high relative humidity and the low wind speed in HF
episodes would favor the formation of secondary aerosols.
For more details see Section 3.2.6. Other pollution species,
such as elements As, Zn, Pb, and Cu, also showed positive
correlations with relative humidity (r ) 0.46-0.57) and
negative correlations with wind speed (r ) -0.60-0.67).
Besides, all pollution species showed relatively weak negative
correlations with temperature, indicating that higher tem-
peratures would be against the accumulation of pollutants.
However, there were almost no correlations of crustal
elements with meteorological conditions, suggesting little
influence of meteorological conditions on the level of crustal
elements in HF episodes.

3.2.6 Mass Balance of the Elements and Water-Soluble Ions
in the Aerosols. The mass balance of the elements and WS
ions in PM2.5 and PM10 are shown in Figure 7. The total
concentration of crustal matter was calculated as the sum
of those common oxides of Al, Si, Ca, Fe, K, and Ti by the
formula of Ccrustal matter ) (1.89 × Al) + (2.14 × Si) + (1.4 ×
Ca) + (1.36 × Fe) + (1.2 × K) + (1.67 × Ti) (27). The
concentration of Si was estimated on the basis of the ratio
of Si/Al (4.0) obtained from Zhang et al. (28), as Si was not
measured by ICP-AES in this study. Trace species were
calculated by summing up all the elements and ions measured
after subtracting the crustal matter mentioned above and
the three major ions, NH4

+, SO4
2-, and NO3

-. The chemical
composition of the aerosols was significantly different among
HFS, HFW, and NHF. The secondary aerosol, existing mainly
as ammonium sulfate and ammonium nitrate, was the most
abundant species in PM2.5 in HFS and HFW, which accounted
for 73% and 47%, respectively, of the total species measured
in the aerosols, whereas in NHF days, it was only 16%. The
crustal matter accounted for 19% in HFS, 41% in HFW, and

FIGURE 6. Correlations between [NH4
+] and [SO4

2-], [SO4
2- + NO3

-] (µeg m-3 vs. µeg m-3) in HF episodes and NHF days.
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50% in NHF days of the total species measured. Compared
with those in PM2.5, the crustal matter in PM10 was more
significant than the secondary aerosol in HFW and NHF days,
accounting for 59% and 67%, respectively, of the total species
measured. However, the secondary aerosol was still the major
species in HFS, which accounted for 56% of the total species.
The contribution of crustal matter in both PM2.5 and PM10

was in the order of HFS < HFW < NHF, while it was in the
order of HFS > HFW > NHF for the secondary aerosol instead.

The high contribution of sulfate and nitrate in HF episodes
could be related to the high oxidation rates of SO2 and NOx

in HF episodes. The sulfur oxidation ratio ((SOR ) nSO4
2-/

nSO4
2- + nSO2) (n refers to the molar concentration) and the

nitrogen oxidation ratio (NOR ) nNO3
-/nNO3

- + nNO2))
are good indicators of secondary transformation. The higher
values of SOR and NOR indicate that more gaseous species
would be oxidized to secondary aerosol in the atmosphere.
It was reported that in the primary source emissions, SOR
was smaller than 0.10 (29, 30), whereas when sulfate was
produced through the photochemical oxidation of SO2, the
SOR was above 0.10 (31). During the study period, the average
concentrations of SO2 and NO2 were 98.0 and 131.2 µg m-3

in HFS, 128.5 and 93.6 µg m-3 in HFW, and 120.0 and 89.6
µg m-3 in NHF days, respectively. Though their concentra-
tions were basically in the same level, the SOR and NOR
values were significantly different among HFS, HFW, and
NHF days. The average values of SOR and NOR were 0.38
and 0.22 in HFS, 0.14 and 0.13 in HFW, and 0.06 and 0.04 in
NHF days, respectively. Much higher values of SOR and NOR
in HF episodes than those in NHF days clearly indicated that
the secondary transformation in HF episodes was more
significant than those in NHF days. The gas-phase oxidation
of SO2 to sulfate by OH radical was significantly correlated
with temperature (32) and the rate of heterogeneous oxidation
of SO2 increased with the increase of relative humidity (33).
During the whole sampling period, SOR and NOR showed
strong positive correlations with relative humidity (r ) 0.96
and 0.88, respectively) and moderate negative correlations
with temperature (r ) -0.58 and -0.61, respectively). The
results above suggested that the conversion of SO2 to sulfate
in HF episodes was more significant through the aqueous-
phase oxidation of SO2 by the catalysis of the transition metals
such as Fe or by H2O2/O3 oxidation directly (3) instead of the

gas-phase oxidation. Furthermore, the conversion rate
increased in the order of NHF < HFW < HFS, which was
likely due to the increase of relative humidity in the same
order. The negative correlation between NOR and temper-
ature was likely due to the gas-solid equilibrium of the
particulate, NH4NO3, with the gaseous HNO3 and NH3, which
is a strong function of temperature.

Acknowledgments
The authors are grateful to Beth Reed and Xiaonan Tang of
the Department of Chemistry, University of California, Davis,
for helpful discussions, and we also thank four anonymous
reviewers for their constructive comments. This work was
supported by the National Natural Science Foundation of
China (Grant Nos. 30230310, 20477004, and 40575062), Beijing
Natural Science Foundation (Grant No. 8041003), and also
in part supported by SKLLQG, the Institute of Earth Envi-
ronment, and the Swedish International Development
Cooperation Agency (SIDA) through the Asian Regional
Research Program on Environmental Technology (ARRPET)
at the Asian Institute of Technology.

Supporting Information Available
Discussion and figures regarding day-night differences of
the chemical species in PM2.5 and PM10, and compositional
differences of the chemical species between fine and coarse
particles; table of correlations between chemical species in
PM2.5 and meteorological conditions. This material is available
free of charge via the Internet at http://pubs.acs.org.

Literature Cited
(1) He, K.; Yang, F.; Ma, Y.; Zhang, Q.; Yao, X.; Chan, C.; Cadle, S.;

Chan, T.; Mulawa, P. The characteristics of PM2.5 in Beijing,
China. Atmos. Environ. 2001, 35, 4959-4970.

(2) Sun, Y.; Zhuang, G.; Wang, Y.; Han, L.; Guo, J.; Dan, M.; Zhang,
W.; Wang, Z.; Hao, Z. The air-borne particulate pollution in
Beijingsconcentration, composition, distribution and sources.
Atmos. Environ. 2004, 38, 5991-6004.

(3) Yao, X.; Chan, C. K.; Fang, M.; Cadle, S.; Chan, T.; Mulawa, P.;
He, K.; Ye, B. The water-soluble ionic composition of PM2.5 in
Shanghai and Beijing, China. Atmos. Environ. 2002, 36, 4223-
4234.

(4) Han, L.; Zhuang, G.; Sun, Y.; Wang, Z. Local and nonlocal sources
of airborne particulate pollution at BeijingsThe ratio of Mg/Al
as an element tracer for estimating the contributions of mineral
aerosols from outside Beijing. Sci. China (Ser. B) 2005, 48, 253-
264.

(5) Tang, A.; Zhuang, G.; Wang, Y.; Yuan, H.; Sun, Y. The chemistry
of precipitation and its relation to aerosol in Beijing. Atmos.
Environ. 2005, 39, 3397-3406.

(6) Dan, M.; Zhuang, G.; Li, X.; Tao, H.; Zhuang, Y. The characteristics
of carbonaceous species and their sources in PM2.5 in Beijing.
Atmos. Environ. 2004, 38, 3443-3452.

(7) Zheng, M.; Salmon, L. G.; Schauer, J. J.; Zeng, L.; Kiang, C. S.;
Zhang, Y.; Cass, G. R. Seasonal trends in PM2.5 source contribu-
tions in Beijing, China. Atmos. Environ. 2005, 39, 3967-3976.

(8) Meng, Y.; Wang, S.; Zhao, X., An analysis of air pollution and
weather conditions during heavy fog days in Beijing area.
Weather (in Chinese) 2000, 26, 40-42.

(9) Wang, S.; Zhang, X.; Xu, X. Analysis of variation features of
visibility and its effect factors in Beijing. Meteorol. Sci. Technol.
(in Chinese) 2003, 31, 109-114.

(10) Watson, J. G. Visibility: Science and regulation. J. Air Waste
Manage. Assoc. 2002, 52, 628-713.

(11) Wang, H. B.; Shooter, D. Coarse-fine and day-night differences
of water-soluble ions in atmospheric aerosols collected in
Christchurch and Auckland, New Zealand. Atmos. Environ. 2002,
36, 3519-3529.

(12) Chen, L. W. A.; Chow, J. C.; Doddridge, B. G.; Dickerson, R. R.;
Ryan, W. F.; Mueller, P. K. Analysis of a summertime PM2.5 and
haze episode in the mid-Atlantic region. J. Air Waste Manage.
Assoc. 2003, 53, 946-956.

(13) Yadav, A. K.; Kumar, K.; Kasim, A.; Singh, M. P.; Parida, S. K.;
Sharan, M. Visibility and incidence of respiratory diseases during
the 1998 haze episode in Brunei Darussalam. Pure Appl. Geophys.
2003, 160, 265-277.

FIGURE 7. Mass balance of the chemical species in PM2.5 and PM10

in HFS, HFW, and NHF days.

3154 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 40, NO. 10, 2006



(14) Okada, K.; Ikegami, M.; Zaizen, Y.; Makino, Y.; Jensen, J. B.;
Gras, J. L. The mixture state of individual aerosol particles in
the 1997 Indonesian haze episode. J. Aerosol Sci. 2001, 32, 1269-
1279.

(15) Kang, C. M.; Lee, H. S.; Kang, B. W.; Lee, S. K.; Sunwoo, Y.
Chemical characteristics of acidic gas pollutants and PM2.5

species during hazy episodes in Seoul, South Korea. Atmos.
Environ. 2004, 38, 4749-4760.

(16) Schichtel, B. A.; Husar, R. B.; Falke, S. R.; Wilson, W. E. Haze
trends over the United States, 1980-1995. Atmos. Environ. 2001,
35, 5205-5210.

(17) Chameides, W. L.; Yu, H.; Liu, S.; Bergin, M.; Zhou, X.; Mearns,
L.; Wang, G.; Kiang, C. S.; Saylor, R. D.; Luo, C.; Huang, Y.; Steiner,
A.; Giorgi, F. Case study of the effects of atmospheric aerosols
and regional haze on agriculture: an opportunity to enhance
crop yields in China through emission controls? Proc. Natl. Acad.
Sci. U.S.A. 1999, 96, 13626-13633.

(18) Zhuang, G.; Guo, J.; Yuan, H.; Zhang, X. Coupling and feedback
between iron and sulphur in air-sea exchange. Chin. Sci. Bull.
2003, 48, 1080-1086.

(19) Zhuang, G.; Guo, J.; Yuan, H.; Zhao, C. The compositions,
sources, and size distribution of the dust storm from China in
spring of 2000 and its impact on the global environment. Chin.
Sci. Bull. 2001, 46, 895-901.

(20) Wang, Y.; Zhuang, G.; Tang, A.; Yuan, H.; Sun, Y.; Chen, S.;
Zheng, A. The ion chemistry of PM2.5 aerosol in Beijing. Atmos.
Environ. 2005, 39, 3771-3784.

(21) Yuan, H.; Wang, Y.; Zhuang, G. The simultaneous determination
of organic acid, MSA with the inorganic anions in aerosol and
rainwater by ion chromatography. J. Instrum. Anal. 2003, 22,
11-14.

(22) Draxler, R. R.; Hess, G. D. An overview of the Hysplit-4 modeling
system for trajectories, dispersion, and deposition. Aust. Me-
teorol. Magn. 1998, 47, 295-308.

(23) Taylor, S. R.; McLennan, S. M. The geochemical evolution of
the continental crust. Rev. Geophys. 1995, 33, 241-265.

(24) Duan, F.; Liu, X.; Yu, T.; Cachier, H. Identification and estimate
of biomass burning contribution to the urban aerosol organic
carbon concentrations in Beijing. Atmos. Environ. 2004, 38,
1275-1282.

(25) Clarke, A. G.; Karani, G. N. Characterization of the carbonate
content of atmospheric aerosols. J. Atmos. Chem. 1992, 14, 119-
128.

(26) Dentener, F. J.; Carmichael G. R.; Zhang Y.; Lelieveld J.; Crutzen
P. J. Role of mineral aerosol as a reactive surface in the global
troposphere. J. Geophys. Res. [Atmos.] 1996, 101, 22869-22889.

(27) Marcazzan, G. M.; Vaccaro, S.; Valli, G.; Vecchi, R. Characteri-
sation of PM10 and PM2.5 particulate matter in the ambient air
of Milan (Italy). Atmos. Environ. 2001, 35, 4639-4650.

(28) Zhang, X.; Gong, S.; Shen, Z.; Mei, F.; Xi, X.; Liu, L.; Zhou, Z.;
Wang, D.; Wang, Y.; Cheng, Y. Characterization of soil dust
aerosol in China and its transport and distribution during 2001
ACE-Asia: 1. Network observations. J. Geophys. Res. [Atmos.]
2003, 108.

(29) Truex, T. J.; Pierson, W. R.; Mckee, D. E. Sulfate in diesel exhaust.
Environ. Sci. Technol. 1980, 14, 1118-1121.

(30) Pierson, W. R.; Brachaczek, W. W.; Mckee, D. E. Sulfate emissions
from catalyst equipped automobiles on the highway. J. Air Waste
Manage. Assoc. 1979, 29, 255-257.

(31) Ohta, S.; Okita, T. A chemical characterization of atmospheric
aerosol in Sapporo. Atmos. Environ. 1990, 24A, 815-822.

(32) Seinfeld, J. H. Atmospheric Chemistry and Physics of Air Pollution;
Wiley: New York, 1986.

(33) Dlugi, R.; Jordan, S.; Lindemann, E. The heterogeneous formation
of sulfate aerosols in the atmosphere. J. Aerosol Sci. 1981, 12,
185-197.

Received for review August 3, 2005. Revised manuscript
received January 22, 2006. Accepted February 10, 2006.

ES051533G

VOL. 40, NO. 10, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 3155


