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Abstract

To characterize aerosol pollution in Beijing, size-resolved aerosols were collected by
MOUDIs during CAREBEIJING-2006 field campaign at Peking University (urban site)
and Yufa (upwind rural site). Fine particle concentrations (PM1.8 by MOUDI) were
99.8±77.4 µg/m3 and 78.2±58.4 µg/m3, with PM1.8/PM10 ratios of 0.64±0.08 and5

0.76±0.08 at PKU and Yufa, respectively, and secondary compounds accounted for
more than 50% in fine particles. PMF model was used to resolve the particle modes.
Three modes were resolved at Yufa, representing condensation, droplet and coarse
mode. However, one more droplet mode with bigger size was resolved, which was
considered probably from regional transport. Condensation mode accounted for 10%–10

60% of the total mass at both sites, indicating it must be taken into account in summer.
The formation of sulfate was mainly attributed to in-cloud or aerosol droplet process
(PKU 80%, Yufa 70%) and gas condensation process (PKU 14%, Yufa 22%). Accord-
ing to the thermodynamic instability of NH4NO3, size distributions of nitrate were clas-
sified as three categories by RH. The existence of Ca(NO3)2 in droplet mode indicated15

the reaction of HNO3 with crustal particles was also important in fine particles. Linear
regression gave a rough estimation that 69% of the PM10 and 87% of the PM1.8 at PKU
were regional contributions. Sulfate, ammonium and oxalate were formed regionally,
with the regional contributions of 90%, 87% and 95% to PM1.8. Nitrate formation was
local dominant. In summary regional secondary formation led to aerosol pollution in20

the summer of Beijing.

1 Introduction

Beijing is the capital and a major metropolis of China with the resident population of
over 16 mill (NBSC, 2009a). With the rapid economic development, large energy con-
sumption (4.7 mill tons of coal in 2008, NBSC, 2009b) and increase of vehicles (10–25

15% per yr, NBSC, 2009b), Beijing has led to air pollution problems. Additionally, Bei-
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jing’s dustpan shaped topography does not favor air pollution diffusion. Great efforts
have been made by Beijing EPB to control primary emission. As a result, SO2 and
NO2 have met China National Air Quality Standards. However, particles and O3 have
become the major air pollution problems, and the presence of regional and secondary
pollution in cities has been recognized recently. It is a serious environmental challenge5

for China to solve these problems (Shao et al., 2006).
Many studies on chemical compositions of PM10 and PM2.5 in Beijing have been re-

ported since last few years (He et al., 2001; Yao et al., 2002; Yang et al., 2005; Sun
et al., 2006). But the integrated particle compositions can not well characterize the
secondary formation process. Size distributions of aerosol water-soluble ionic com-10

positions can help to understand aerosol transformation, transport, and fate. While,
only a few studies focused on particle size distributions in Beijing (Yao et al., 2003;
Hu et al., 2005a; van Pinxteren, 2009). Moreover, most of previous studies in Beijing
were single-site measurements and concentrated on the urban area of Beijing. Model
studies on characterizing regional particle pollution of Beijing area are available (Wang15

et al., 2008), but very few experimental validations were given (Han et al., 2005). It’s
even rare to quantify the regional component of urban aerosol (Jia et al., 2008). Thus
it’s necessary to study the size distributions of the secondary aerosols to understand
their formation pathways in the regional scale in Beijing.

In this study size-resolved samples were collected by Two Micro-Orifice Uniform De-20

posit Impactors (MOUDI) at an urban site (Peking University, PKU) and an upwind
rural site (Yufa) simultaneously. The size-resolved characteristics of particle mass and
chemical compositions were investigated to explore possible formation pathways of
secondary compounds and estimate the regional particle contribution.

2 Experiment25

MOUDI-110 (10 stages, MSP Corporation, USA) and MOUDI-100, (8 stages, MSP
Corporation, USA) were used to sample size-segregated aerosols at PKU and Yufa,
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respectively during CAREBEIJING-2006 summer intensive field campaign. The sam-
pling flow rate was 30 L/min, and the 50% cut points of MOUDI-100 were as follows:
10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32 and 0.18 µm. MOUDI-110 has two more stages with
the cut points of 0.1 and 0.056 µm. PKU, the urban site (39◦ 59′ 21′′N, 116◦ 18′ 25′′ E),
was on the roof of an academic building (about 15 m above the ground level) on the5

campus of Peking University in the northwestern of Beijing. There were no obvious
emission sources nearby except two major roads, 150 m to the east and 200 m to the
south. Yufa, the rural site (39◦ 30′ 49′′N, 116◦ 18′ 15′′ E), was about 53 km to the south
of PKU, on top of a building (about 20 m above the ground level) at the campus of
Huangpu College. Around the site was nothing but farm land and residential area.10

Three-period MOUDI samples (morning, afternoon and night) were collected: morn-
ing (07:00–11:30, marked A), afternoon (12:00–18:00, marked P), night (18:30–06:30,
marked N). The afternoon sampling periods matched the diurnal O3 peak. In some
days, daytime was not divided to ensure that the mass was enough for analysis
(marked AP). Teflon filters (Whatman Inc. Clifton, NJ, USA) were used. Before and15

after sampling, the filters were weighed in Peking University’s clean room after 24 h
conditioning under constant temperature (20±1◦C) and RH (40±3%). The filter prepa-
ration and sampling method were the same as Hu et al. (2005a).

Totally 28 and 45 sets of samples were collected at PKU and Yufa, respectively. After
sampling the filters were put back in their own Petri dishes, and stored in a refrigerator.20

During transport to the analysis laboratory they were kept in ice boxes.
Totally five kinds of cations (Na+, NH+

4 , K+, Mg2+, Ca2+), four kinds of anions (F−,
Cl−, NO−3 , SO2−

4 ), and three kinds of low molecular weight water soluble organic
compounds (formate, acetate, oxalate) were analyzed. The analysis methods were
the same as Hu et al. (2005b). Field and laboratory blanks were analyzed using25

the same method, and the blank concentrations were all below the detection limits.
For inter-comparison of two MOUDIs, please see supplement material (http://www.
atmos-chem-phys-discuss.net/9/23955/2009/acpd-9-23955-2009-supplement.pdf).
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3 Results and discussion

3.1 PM10 concentrations and definitions of “polluted” and “clean” episodes

MOUDI does not have a 2.5 µm cut point, so the diameter of 1.8 µm is defined as
the cut point to split fine and coarse particles in this study. Therefore, PM1.8 and
PM1.8−10 presented fine and coarse particles. 24 h average PM10 concentrations were5

171.5±91.4 µg/m3 at PKU and 111.6±73.2 µg/m3 at Yufa, respectively (Table 1). In
average, both fine and coarse particle concentrations at PKU were higher than those
at Yufa. These years PM1.8, PM10 and PM1.8/PM10 all increased, compared with the
results in summer of 2001, 2002 and 2006, indicating the fine particles have become
the major component of PM10, and determined the fluctuation of PM10. In the year10

2002 and 2006, secondary compounds (SO2−
4 +NO−3+NH+

4 ) compose more than half of
the fine particle mass, suggesting secondary particle pollution had become more and
more important these years.

“Polluted” and “clean” episodes are defined based on particle mass concentrations,
SORs (molar ratio of the particulate sulfate to the total sulfur SO2−

4 +SO2) and me-15

teorological conditions. Totally four “polluted episodes” , that is, 18–19 August, 24–
25 August and 2–3 September, 6–7 September are defined (Fig. 1: P1–P4), with high
PM10 concentrations (>100 µg/m3), stagnant meteorological conditions (wind speed
<1 m/s), high temperature (>30◦C) and RH (>70%). The SORs during the polluted
episodes were higher than 0.3. Two “clean episodes” were observed during 20–21 Au-20

gust and 4 September (Fig. 1: C1–C2, samples were not collected on 4 September
PKU for technical reason), with strong wind (max wind speed >4 m/s), high temper-
ature (>30◦C) but low RH (<50%). The SORs during the clean episodes were lower
than 0.2.

NOAA’s HYSPLIT4 trajectory model (www.arl.noaa.gov/hysplit.html) was used to25

calculate 24 h backward trajectories of the different air mass origins for different
episodes (Fig. 2). The backward trajectories of polluted episodes came from the
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surrounding area of Beijing (mainly from south), and the paths were short because
of low wind speed. The backward trajectories of clean episodes originate mostly
from far north of Beijing, where the air is relatively clean. The strong wind took the
clean air to scavenge and dilute the polluted air in Beijing. For general description
of gaseous pollutants and meteorological conditions during two types of episodes,5

please see supplement material (http://www.atmos-chem-phys-discuss.net/9/23955/
2009/acpd-9-23955-2009-supplement.pdf).

All in all, in the summer of Beijing fine particles were dominant in PM10. The stag-
nant atmosphere favored secondary transformation and pollution accumulation. The
precipitation or strong wind from north interrupted the pollution accumulation process10

by scavenging and dispersions. Thus the “polluted” and “clean” episodes occurred
alternately.

3.2 Size distributions of mass and ionic compounds

3.2.1 Resolving size distribution modes

Ambient aerosol distribution is characterized by a number of modes. Usually, aerosol15

mass is dominated by bimodal distribution, the accumulation mode and coarse mode.
In some cases the accumulation mode consists of two overlapping sub-modes: the
condensation mode and the droplet mode. Aerosol mode distribution reflects the origin
of aerosol. For instance, the condensation sub-mode is the result of growth of ultrafine
particles by coagulation and vapor condensation. The droplet sub-mode was formed20

by in-cloud process or aqueous reaction. Thus, it is helpful to distinguish the mode dis-
tribution so as to track the formation path for secondary composition. Factor analysis
techniques are good methods to resolve the overlapping peaks (Frenich et al., 2000),
among which the positive matrix factorization (PMF) model has recently been success-
fully applied to the resolution of different particle modes (Kim et al., 2004; Huang et al,25

2006). Totally 196 sets (7 species×28 samples) sets and 315 sets (7 species×45 sam-
ples) of size distribution data were generated at PKU and Yufa, respectively, with 7
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species of mass and 6 measured chemical compositions (SO2−
4 , NO−3 , oxalate, NH+

4 ,

Ca2+ and K+). PMF analysis was performed on these data at PKU and Yufa sepa-
rately with the number of factors fixed at three or four according to the measured size
distribution.

PMF is a multivariate factor analysis tool that decomposes a matrix of speciated5

sample data into two matrices (factor contributions and factor profiles). In the case of
this study, MOUDI size distribution data can be viewed as a data matrix X of i by j
dimensions, in which i number of samples and j number of particle size bins (MOUDI
stages). PMF is to identify a number of factors p, the MOUDI stage profile f of each
source, and the amount of mass g contributed by each factor to each individual sample10

(see Eq. 1):

xi j =
p∑

k=1

gikfkj +ei j (1)

where ei j is the residual for each sample/species.
As a result, the concentration of each MOUDI stage was decomposed into three or

four factors due to the different sources. In other words, each mass size distribution15

(total mass or mass of each chemical composition) of every single sample was de-
composed into three or four distributions (factors). Average size distributions for each
factor are calculated by averaging all the same stages in one factor (e.g. the resolved
concentrations in all 0.56–1 µm stages of factor 1 are averaged to get the average con-
centration of 0.56–1 µm for factor 1). The sum concentration of all stages in one factor20

is the contribution of this factor to total mass concentration, and lognormal fit was used
to get each factor’s mass medium aerodynamic diameter (MMAD). The factors are
named after well known particles submodes (condensation mode, droplet mode and
coarse mode) according to their MMADs.

The measured and resolved average size distributions were showed in Fig. 3. For25

rural Yufa site, apparent three modes were resolved by PMF with at 0.4, 0.8, and
5.7 µm, corresponding to the condensation mode, droplet mode, and coarse mode,
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respectively (Fig. 3). The results were similar to those of the rural aerosols in Shen-
zhen, China (Huang et al., 2006). While for PKU, four modes of particle mass were
resolved, with the MMADs at 0.4, 0.8, 1.4 and 5.7 µm, corresponding to the condensa-
tion mode, droplet mode-1, droplet mode-2, and coarse mode, respectively. One more
droplet mode with bigger size was resolved at urban site. Three or four modes mass5

distributions will be discussed later.

3.2.2 Size distributions at Yufa

The measured mass size distribution showed bimodal size distributions with the peaks
at the stages of 0.56–1 µm and 3.2–5.6 µm at Yufa (Fig. 4a-2), which was consistent
with the previous study in Beijing (Yao et al., 2003). The PMF model resolved three10

modes of condensation mode, droplet mode and coarse mode. The PMF model sepa-
rated the condensation and droplet mode based on MOUDI measured results, and the
condensation mode accounted for 10%–60% of the total mass, indicating the conden-
sation mode, which was neglected by previous study, was also important in summer of
Beijing, and should be taken into account.15

During the polluted episodes droplet mode was the dominant mode, and the per-
centage of this mode in total mass did not vary a lot, with 54%, 51% and 49% in the
morning, afternoon and night, respectively (Table 2). Correspondingly, the condensa-
tion mode accounted for 24%, 27% and 27% of the total mass, respectively. In contrast
during the clean episodes under the dry and cool weather condition, the droplet mode20

particles did not favor to form due to lack of water vapor in the atmosphere. Thus,
the droplet mode was no longer the major mode instead of the coarse mode and the
condensation mode with the average fractions of 47% and 42% in the total mass, re-
spectively.

The measured sulfate, nitrate and ammonium all showed bimodal size distribution25

with two peaks at 0.56–1 µm and 3.2–5.6 µm (Fig. 4), and they were all resolved into
three modes by PMF model. However, these compounds had different diurnal varia-
tions and bimodal shapes. Sulfate had a major fine mode peak and a small coarse
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mode peak. The highest concentration occurred in the afternoon, because of the
strong production process. The PMF model results exhibited the same diurnal vari-
ation, but resolved tri-modal distribution, a predominant droplet mode, a small conden-
sation mode, and a small coarse mode. The PMF results also showed that although the
concentration of sulfate varied with time, the percentage of each mode did not change5

much, which means the distribution did not change with time. However, nitrate showed
a different diurnal variation from sulfate, with highest concentration at night and lowest
in the afternoon, and it had a larger coarse mode with the fractions of 26%, 63% and
19% in the morning, afternoon and night, respectively. Moreover, the nitrate distribution
varied with time. In the morning and night samples, droplet mode was the dominant10

mode accounting for 58% and 64% of the total nitrate, but in the afternoon coarse
mode became the major mode. Ammonium had a similar bimodal shape to sulfate
but showed no apparent day-night variation, and the highest ammonium concentration
occurred in the morning.

Oxalate was the most abundant dicarboxylic acid, accounting for 0.4% in PM10 and15

0.5% in PM1.8. Its size distributions were similar to those of sulfate. Formate and
acetate can be measured in most of the samples (0.2% and 0.2% in PM1.8), and they
were found in both fine and coarse particles, with 55% and 58% in the fine mode,
respectively.

3.2.3 Size distributions at PKU20

At PKU the size distributions of mass and major ionic composition were similar to those
at Yufa, but there were several differences. 1) Four modes were resolved by PMF, with
one more droplet mode with bigger size. 2) The fine particle peak for morning and
afternoon were the same as Yufa at 0.56–1 µm, while at night the peak “shifted” to
bigger size of 1–1.8 µm, indicating the resolved droplet mode with bigger size was25

reasonable. 3) Corse mode contributed more at PKU than that at Yufa, due to more
resuspended dust by traffic and more construction works before Olympics.

The first two differences will be discussed together here. Some researches have also
23963
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measured this peak “shift”. Anlauf et al. (2006) considered the shifts of the fine mode
peaks at night were due to some aqueous-phase production. The shifts may also be
simply due to increased water content at the high values of relative humidity. Liu et
al. (2008) also measured large amount of particles in the stage of 1–1.8 µm at night,
and they suggested these particles may be from the hygroscopic growth of particles of5

0.56–1 µm. However, these cannot fully explain the bigger size droplet mode particles
in this study, because the fine mode peaks did not “shift” to bigger size at Yufa, while the
gaseous precursor’s concentration, temperature and RH at both sites were all similar.

This study considered these bigger size droplet mode particles were produced and
grew during regional transport, and the different upwind conditions of two sites led to10

the different size distributions. The upwind area of the PKU site was polluted urban
area, and when the particles passed through the urban area, they were aged and grew
to bigger size. Differently, the upwind area of Yufa was not so polluted (at least within
tens of kilometers), and under this condition the particles did not favor to grow up.
Evidence is the t-test results showed that during the stagnant south wind days, the15

bigger size droplet mode moderately correlated with wind speed, and the bigger size
droplet mode at PKU correlated with the droplet mode at Yufa with correlation coeffi-
cient of 0.74. PMF results could provide more information to explain these particles.
Two droplet modes were resolved by PMF, a similar droplet mode as that at Yufa and
an extra droplet mode with bigger size. The mass concentrations of the bigger size20

droplet mode had no significant diurnal variation, and showed no correlation with O3,
indicating the source of these particles was persistent and was less related with O3
chemistry. Thus, these particles may from in-cloud process of long range transport.
However, more strong evidences are still needed to explain this hypothesis.
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3.3 Formation of sulfate, nitrate and oxalate

3.3.1 Formation of sulfate

Total sulfate in PM10 and SO2 exhibited similar temporal trend at both sites, with
a higher concentration in the daytime (Fig. 5). T-test results exhibited that daytime
sulfate was moderately correlated with SO2 at both sites, but poorly correlated at night.5

The absence of the nighttime correlation between sulfate and SO2 suggests the depo-
sition of sulfate was of greater importance than aqueous-phase production during the
nighttime. The average SORs during the campaign excluding the clean episodes were
0.42 and 0.46 at PKU and Yufa, respectively. The high values of SOR (>0.1) indicated
the conversion had progressed considerably (Ohta et al., 1990). Also the SOR values10

exhibited distinct diurnal variation, with higher ratios at daytime. The situation during
the clean episodes was different. The strong north wind advected cold dry air, and
diluted both gaseous and particulate pollutants, the SORs were below 0.2.

PMF-resolved particles of different modes were actually from different sources. For
secondary compounds, the different sources means different formation pathways, so15

PMF results can be used to estimate the contributions of different formation pathways.
This estimation needs to meet two restrictive conditions: 1) the component must be
mainly from secondary transformation; 2) The formation pathways of the component
must be known.

Sulfate can come from both primary and secondary sources. Biomass burning such20

as wood burning and meat cooking can release particulate sulfate at the size range of
about 0.1 µm (Kleeman et al., 1999). Water-soluble K+ is a good tracer for biomass
burning, and the ratios of mass concentrations of K+ to sulfate are usually larger than
one in the biomass burning particles. In this study, the ratios were 0.10±0.06 and
0.11±0.10 at PKU and Yufa, respectively. Moreover, the correlation between K+ and25

sulfate in fine particles was poor at both sites. These results indicate that direct sulfate
emission by biomass burning could be ignored. Vehicles also emit particulate sulfate,
and the Cassiar tunnel measurements of particles indicated a mass ratio of Na+ to
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SO2−
4 of about 0.05 (Anlauf et al., 2006). The average ratios for the 0.56–1 µm particles

at PKU and Yufa were 0.018 and 0.017, and the ratios would be less considering that
sodium was also contributed by other sources. Generally, notwithstanding the large
quantities of primary emission, fine mode sulfate mainly came from secondary sources.

Numerous studies have been carried on formation pathway of sulfate, and its forma-5

tion mechanisms are relatively well understood. Several possible formation processes
have been proposed to explain the droplet mode sulfate, including condensation and
coagulation of smaller particles, in-cloud processes and the growth of the condensa-
tion mode by addition of sulfate and water (aerosol droplet process). The condensation
mode sulfate arises from homogeneous gas phase photochemical oxidation of SO210

followed by gas-to-particle conversion (Seinfeld and Pandis, 1998). The coarse mode
sulfate could be attributed to heterogeneous reactions of SO2 on soil particles (Zhuang
et al., 1999). However, the contributions of these formation pathways alter with tem-
poral and spatial variation. Although the previous study has concluded the sulfate was
attributed to in-cloud processes in the summertime of Beijing (Yao, et al., 2003), the15

contributions of different formation pathways have not been quantified yet due to lack
of suitable analysis technique.

As a result, in summer of Beijing, droplet mode was dominant, and an average frac-
tion of 80% and 70% was attributed to in-cloud or aerosol droplet process at PKU
and Yufa, respectively. Correspondingly, 14% and 22% of the sulfate was attributed to20

gaseous H2SO4 condensation. This result showed the gas-to-particle conversion was
also an important formation pathway for sulfate in summer of Beijing.

3.3.2 Formation of nitrate

In-cloud uptake of nitric acid and condensation onto pre-existing particles are two pos-
sible pathways to form fine mode nitrates. In this work, fine mode nitrate and sulfate25

exhibited a good correlation with R2=0.78 at Yufa, indicating their formation pathways
may similar. However, the correlation at PKU was weak with R2=0.41, suggesting at
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PKU the nitrate formation was different from sulfate, so the formation pathway of nitrate
at PKU will be discussed in detail below.

The measuring of particle NH4NO3 has a lot of artifacts due to its semi-volatility, and
this has been known for a long time and has been documented in detail in the liter-
ature (Chow, 1995). These artifacts are mainly caused by topological reactions, and5

evaporation of ammonium nitrate. Topological reactions will be important noticeable
if the loading of the filters is high, because nitrate can react with sulfuric acid to form
nitric acid, which will lose by evaporation. Thus, more nitrate will be lost if the sampling
period is long (e.g. 24 h). The evaporation of NH4NO3 could also take place during the
sampling, especially when in the afternoon the temperature was high and the humid-10

ity is low. Both these aspects could make the filter measurement underestimate the
concentrations of nitrate and ammonium. Online instrument with short sampling time
can effectively reduce the artifacts, so in this study, particle compositions SO2−

4 , NO−3
and NH+

4 were also measured by the on-line aerosol and gas instrument Wet Denuder-
SJAC (Steam Jet Aerosol Collector) system (Slanina et al., 2001). Wet Denuder-SJAC15

can also measure gaseous NH3 and HNO3.
Many studies have reported that fine mode nitrate was ammonium nitrate, but the

chemistry of coarse mode nitrate in different locations can be diverse, not only NH4NO3
but also NaNO3 and Ca(NO3)2 have been reported (Pakkanen et al., 1996). Basically,
the size distribution of nitrate is influenced by the thermodynamic equilibrium of20

HNO3(g)+NH3(g)←→NH4NO3(s,aq) (2)

When the [NH3]×[HNO3] is larger than the equilibrium constant Ke′, formed
NH4NO3(s,l) can be stable. Otherwise nitrate can exist in coarse mode. The equi-
librium constant Ke for pure NH4NO3 is determined by temperature, ambient RH and
the concentrations of HNO3(g) and NH3(g). In this study Ke is calculated using the25

method suggested by Michael (1993). The coexistence of SO2−
4 in particles consider-

ably reduces Ke. To determine Ke′ for the NH+
4/NO−3/SO2−

4 system, the NH4NO3 ionic
strength fraction Y was calculated according to Stelson and Seinfeld (1982). Ke′ was
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then derived by multiplying Ke with Y .
The equilibrium constant (Ke′) and the measured [NH3]×[HNO3] were calculated by

using SJAC data. Figure 6 shows the equilibrium constant (Ke′) as calculated and as
measured [NH3]×[HNO3] at PKU during the campaign. Both temperature and relative
humidity had great impact on the size distribution of nitrate. However, the variation of5

temperature was small (22.3∼30.1◦C), which means very small change of temperature
can lead to large change of Ke′. It’s difficult to set a critical point of coarse-to-fine mode
shifting by using temperature. Three kinds of cases were classified by RH: 1) when
the relative humidity was lower than 50%, the red triangles in Fig. 6 are much higher
than corresponding blue circles, and the Ke′ values were about one order larger than10

the measured [NH3]×[HNO3] products. Under this condition, and NH4NO3 dissociated
and formed coarse mode nitrate by reactions of nitric acid with CaCO3, K2CO3 or NaCl.
2) When the humidity was between 50–70%, the measured products were often in the
same order compared to Ke′. NH4NO3 can partly dissociate, and existed in both fine
particles and coarse particles. 3) When the humidity was over 70%, the triangles and15

circles are close to each other. Sometimes, the measured [NH3]×[HNO3] was even
higher than Ke′. This may happen after midnight when the humidity was very high.
Under this condition, NH4NO3 is found in fine particles. This classification can be
validated by measured size distribution results.

At Yufa the nitrate size distributions agreed with the above classification very well.20

However, the case at PKU site was quite different. In the afternoon, the RH was
usually below 50%, but considerable amounts of fine particle nitrate were measured,
(Fig. 4c-1), so there must be other cations that combined with nitrate in fine particles
besides ammonium. Crustal aerosol like CaCO3 can also react with nitric acid to form
Ca(NO3)2. It was generally assumed that calcium is mainly present in the coarse par-25

ticles, so these reactions would be only relevant for coarse particles. The calcium in
fine particle was seldom investigated in previous studies. However, the results of this
study show that 29% of the water-soluble Ca2+ was in fine particles. Moreover, K+ was
abundant in fine particles, so it was possible that fine mode nitrate can exist as the form
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of Ca(NO3)2 or KNO3. The molar ratios of r ′ and r in stage 0.56–1 µm and 1–1.8 µm
were calculated to show that sufficient Ca2+, K+ and Na+ is present:

r ′ =
[Na+]+ [K+]+2× [Ca2+]

[NO−3 ]+ [Cl−]
, (3)

r =
[K+]+2× [Ca2+]

[NO−3 ]
(4)

The weather conditions of 24 and 25 August were different from those of other days, so5

the discussion below will not include these two days. The calculation results showed
that r ′ ranged from 0.84 to 1.36, and r ranged from 0.74 to 1.43, indicating these
cations were abundant enough to combine with nitrate. In addition, the correlation be-
tween these cations and nitrate in the afternoon samples was investigated (Table 3).
Na+, K+ and Ca2+ showed good correlation with nitrate, implying in the afternoon sam-10

ples at PKU, nitrate was of great possibility to exist as NaNO3, KNO3 and Ca(NO3)2.
Moreover, in the stage of 1–1.8 µm, Ca2+ was the most abundant in these three cations,
and had best correlation with nitrate, so Ca(NO3)2 may be dominant in this stage.
For the same reason, in the stage of 0.56–1 µm, KNO3 may be important, although
NH4NO3 was also probably present in this stage. Assuming all the Ca2+ in fine par-15

ticles was formed as Ca(NO3)2, about 46% of the fine mode nitrate was attributed to
reactions of gas HNO3 with crustal particles in the afternoon at PKU site. However, this
result is overestimated for neglect of the CaSO4 in fine particles. The same calculation
was done with the Yufa afternoon samples, and the percentage was about 26%.

The afternoon samples of 24 ans 25 August were special cases. The amounts of the20

three cations were too low to act as counter-ions for nitrate, the average temperatures
during these two sampling periods were below 30 degree and average RH was higher
than 60%, indicating that ammonium nitrate was possible dominant form of fine mode
nitrate.
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In the morning and night samples, there were also probably some Ca(NO3)2 in fine
particles, but the cases were more complicated. NH4NO3 in fine particles may be
stable or partly disassociated, so it is hard to estimate how much nitrate was formed
as Ca(NO3)2. In conclusion the reaction of HNO3 with crustal particles was important
in both fine and coarse particles, in the summer of Beijing.5

3.3.3 Formation of oxalate

Oxalate is typically the most abundant dicarboxylic acid in atmospheric aerosols, and
has been found in particle composition in various environments (Narukawa et al.,
2003). Oxalate can come from primary emission of vehicle exhausts (Kawamura and
Kaplan, 1987), biomass burning (Narukawa et al., 1997) and biogenic activity (Kawa-10

mura, 1996). Biomass burning can release oxalic acid, and oxalate correlates well
with K+ in these particles (Narukawa et al., 1999). However, in this study, oxalate had
a poor correlation with K+ (R2=0.43, PKU; R2=0.07, Yufa), indicating biomass burn-
ing was not a major source of oxalate. Plant leaves do not emit oxalic acid directly,
but fatty acids released by plant may be broken down to form oxalic (Kawamura et al.,15

1996). Biogenic activities in the soil and the roots of plants can also generate oxalic
acid (Jones, 1998). So far the formation of oxalate by biological aerosols is not well
understood yet. Above all, primary emission was not the main source of oxalate in the
summer of Beijing.

Another source of oxalate is from secondary transformation. The condensation20

mode oxalate is mainly from the photochemical process in the gas phase to form
gaseous oxalic acid, followed by its condensation onto existing particles. However,
it is impossible for condensation mode oxalate to directly grow up into droplet mode
in Beijing, because only at very high RH of 97% (at 25◦C), the condensation mode of
pure oxalic acid or the mixture of oxalic acid, sulfate and nitrate can grow up into droplet25

mode by hygroscopic growth (Peng et al., 2001). Thus, it is possible that the conden-
sation mode oxalate-containing particles were activated and became the droplet mode
particles after in-cloud or aerosol droplet process in Beijing.
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Generally, similar size distributions indicate similar formation processes. The size
distributions of oxalate were almost of the same as those of sulfate, and oxalate and
sulfate were highly correlated with correlation coefficients of 0.89 and 0.90 at PKU and
Yufa, respectively, strongly suggesting that oxalate and sulfate originated from similar
atmospheric processes. Many studies have reported the good correlations between5

sulfate and oxalate (Huang et al., 2006). From the PMF results, 67% of oxalate at PKU
and 55% at Yufa were formed by in-cloud or aerosol droplet process. Correspondingly,
19% and 25% were due to gas-particle condensation.

3.4 Assessment of local and regional particulate pollution

Recently, the presence of regional pollution in cities has been recognized. This pol-10

lution considers a background whose concentration and variation were within regional
scale, and can limit efforts to reduce air pollution in cities. This regional concentration is
difficult to quantify, even with transport models (Jia et al., 2008). Various assumptions
were given in different studies, basing on which the regional contribution of urban area
can be estimated (Han et al., 2005). However, these methods need large quantities of15

long-term and high resolution data.
A simple method was used in this study to very roughly estimate the regional contri-

bution. Several assumptions were made in this method: 1) The particle concentrations
of urban site was only from regional and local contribution. The regional contribution
included regional background concentration and regional transport, which in this study20

contributed very little, and can be considered as a very small constant due to the stag-
nant weather condition. 2) The particle concentrations at the regional site Yufa can
be considered as homogeneous regional background concentration plus local contri-
bution at Yufa which can also be regarded as a small constant due to very few local
effects. 3) The particle pollution at two sites had similar variations, and the contribution,25

which the urban area gives to the regional area, is linear. Under these assumptions,
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the urban particle concentration Curban can be present as:

Curban =CPKU =R+L= (Rb+Rt)+L=Rb+L+c0 (5)

in which, R, Rb and Rt are regional, regional background and regional transport con-
tribution, and L is local contribution. Due to assumption 1), Rt can be assumed as
a constant c0. According to assumption 2) and 3), Rb equals to CYufa plus local con-5

tribution c′0, and R can be expressed as b∗CPKU, in which b is the fraction of regional
contribution. Thus the Eq. (4) can be transformed to Eq. (5):

b∗CPKU =CYufa+c (6)

in which c is sum of c0 and c′0.
To estimate regional contribution, two steps are needed to do. First, the regional10

character must be recognized for the component (mass or chemical compositions).
Then, linear regression is made to calculate the b value. In this study, the particle con-
centrations at two sites showed similar trends and were strongly correlated (R2=0.86
for PM1.8, R2=0.83 for PM10, n=28), this clearly points to the regional character of par-
ticle concentrations. By the method above, an average regional contribution of 69%15

was estimated for PM10 and 87% for PM1.8. This result was consistent with the study
of Jia et al. (2008), in which 70% of the urban PM10 concentration was estimated from
regional contribution during southerly flow. The offset c was decided mainly by two as-
pects: local contribution at Yufa and transport contribution at PKU. The positive c value
indicates at least regional transport did contribute to urban particle pollution, although20

the contribution was less than 5%.
The correlation between PKU and Yufa regarding sulfate in PM1.8 was good

(R2=0.81, n=28) during stagnant days, suggesting the regional sulfate pollution. The
same variation of SORs at two sites also indicated the regional production of sulfate.
Using the same estimating method, about 90% of the sulfate in PM1.8 at PKU is re-25

gional. Oxalate and ammonium were also formed regionally, with average regional
contributions of 95% and 87%, respectively.
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As mentioned above, nitrates at two sites had different formation pathways, suggest-
ing the formations of nitrate at two sites depended more on local conditions. Moreover,
the nitrate in PM1.8 showed weak correlation between PKU and Yufa, with R2=0.34. All
these differences indicate that nitrate was formed locally other than regionally.

Because the regional particle pollution is very complicated, and the assumptions of5

this method have many uncertainties, this method can only give very rough estima-
tion. However, this method is suitable for the case that only short time and low time
resolution data are available, and the estimation does not need to be very accurate.

4 Conclusions

In summer of Beijing, the particle concentrations were both high at urban site and rural10

site. The fine particles have become the major component of PM10, and secondary
pollution was more and more important these years. Three modes were resolved at
Yufa by PMF model, representing three major sources of particles. However, one more
droplet mode with bigger size was resolved, which was considered probably from re-
gional transport, but more evidences were needed to prove this. Condensation mode15

should also be taken into account for its contribution of more than 1/4 to total mass.
The PMF results can be used to quantify the contribution of each formation pathway.
As a result, 80% of the sulfate at PKU and 70% at Yufa were due to in-cloud pro-
cess or aerosol droplet process, and correspondingly 14% and 22% were due to gas
condensation process. Oxalate had similar formation pathway as sulfate, with the con-20

tributions of 67% at PKU and 55% at Yufa due to in-cloud or aerosol droplet process.
Nitrate size distributions were classified as three categories by RH due to the thermo-
dynamic instability of NH4NO3. The nitrate in fine particles in the afternoon at PKU was
probably Ca(NO3)2 in stage 1–1.8 µm and KNO3 in the stage of 0.56–1 µm, indicating
the reaction of HNO3 with soil particles was not only important in coarse particles,25

but also in fine particles. Linear regression was used to roughly estimate the regional
particle contribution. As a result, 69% of PM10 and 87% of PM1.8 at PKU were re-
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gional contributions. Sulfate, ammonium and oxalate were formed regionally, with the
regional contributions of 90%, 87% and 95% to PM1.8 at PKU. Nitrate formation was
local dominant.
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Table 1. Compare of PM10, PM1.8, ratios of PM1.8/PM10 and SNA/PM1.8 with other study
(µg/m3). SNA: mass sum of (SO2−

4 +NO−3+NH+
4 ).

Site PM10 PM1.8 PM1.8/PM10 SNA/PM1.8 Year-month reference

PKU 113.0±55.8 52.0±35.3 0.44±0.13 0.35±0.17 2001-7 Hu, 2005a
PKU 130.9±87.2 70.4±56.5 0.51±0.12 0.55±0.19 2002-7 Hu, 2005a
PKU 171.5±91.4 99.8±74.4 0.64±0.08 0.53±0.19 2006-8 This study
Yufa 111.6±73.2 78.2±58.4 0.76±0.08 0.58±0.18 2006-8 This study
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Table 2. PMF resolved average particle concentrations for each mode at two sites during the
“polluted” episodes. A: morning, P: afternoon, N: night ( µg/m3).

PMF-resolved Yufa average PMF-resolved PKU average
condensation droplet coarse condensation droplet-1 droplet-2 coarse

Mass-A 26.34 58.18 24.22 13.88 81.77 23.89 59.73

Mass-P 28.51 52.46 22.48 6.57 103.79 24.92 71.29

Mass-N 29.47 53.59 26.45 7.53 54.74 28.74 65.85

SO2−
4 -A 6.33 21.65 3.11 3.44 14.18 9.84 0.88

SO2−
4 -P 9.06 26.43 1.80 5.60 17.55 10.36 2.47

SO2−
4 -N 4.40 19.11 1.92 4.29 10.99 9.47 2.61

NO−3 -A 1.95 7.05 3.25 0.50 1.88 9.94 10.54

NO−3 -P 0.32 2.45 5.05 0.73 2.53 8.69 11.04

NO−3 -N 2.37 9.22 2.72 0.35 5.89 7.41 5.42
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Table 3. Linear regressions between the cations and nitrate in fine particles in the afternoon
samples at PKU, using y=bx+c, in which y represents molar concentration of Na+, K+ or twice
Ca2+, x molar concentration of nitrate.

Regress 1–1.8 µm 0.56–1 µm
coefficients Na+ K+ 2∗Ca2+ K++2∗Ca2+ Na+ K+ 2∗Ca2+ K++2∗Ca2+

b 0.17 0.37 0.9 0.99 0.17 0.42 0.23 0.6
c 0.0016 0.0009 −0.0006 0.0033 0.0012 0.001 0.0013 0.0029
R2 0.61 0.78 0.94 0.97 0.72 0.9 0.97 0.95
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Fig. 1. PM10 and size-segregated particle mass concentrations for each sample during the
campaign. (a) PKU, (b) Yufa.
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Fig. 2. 24 h backward trajectories during the campaign. Two backward trajectories per day with
the starting time at 12:00 and 24:00, at the starting height of 100 m.
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Interactive DiscussionFig. 3. The average measured size distribution curves and the PMF resolved four-modal or
three-modal curves for the mass and major ionic species.
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Fig. 4. Measured average size distributions of mass and major secondary ionic compounds for
morning, afternoon and night samples.
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Fig. 5. Concentrations of total and size-resolved SO2−
4 along with corresponding SO2 mixing

ratios and SOR at Yufa and PKU site. SOR is defined as the molar ratio of the SO2−
4 to the total

sulfur (SO2−
4 +SO2), (a) Yufa, (b) PKU.
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Fig. 6. Equilibrium constant (Ke′) and measured [NH3]×[HNO3] at PKU during the campaign.
Red triangles for Equilibrium constant Ke′, blue circles for measured [NH3]×[HNO3], rectangles
for RH=50%, 70%.
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