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Abstract. To characterize aerosol pollution in Beijing, 1 Introduction

size-resolved aerosols were collected by MOUDIs during

CAREBE_IJING'ZOOG field campaign at_ Peklng Un|ver_3|ty Beijing is the capital and a major metropolis of China with
(urban site) and Yufa (upwind rural site). Fine particle yhe resident population of over 16 million (NBSC, 2009a).
concentrations (Pn%/-b by MOUDI) were 99.877.4ug/M it the rapid economic development, large energy con-
and 78.2:58.4ug/n, with PMy g/PMo ratios of 0.64:0.08 g\ mption (4.7 million tons of coal in 2008, NBSC, 2009b)
and 0.76:0.08 at PKU and Yufa, respectively, and sec- o jncrease of vehicles (10-15% per year, NBSC, 2009b),

qndary compounds accoun_ted for more than 50% in fine ParBeijing has led to air pollution problems. Additionally, Bei-
ticles. PMF model analysis was used to resolve the parti-

ing’s dustpan shaped topography does not favor air pollu-
cle modes. Three modes were resolved at Yufa, represen{

; : ion diffusion. Great efforts have been made by Beijing EPB
ing condensation, droplet and coarse mode. However, ONgggiiing Environmental Protection Bureau) to control pri-
more droplet mode with bigger size was resolved, Whlchmary emission. As a result, S@nd NG have met China
was considered probably from regional transport. Condenstional Air Quality Standards. However, particles ang O
sation mode accounted for 10%-60% of the total mass a},5e hecome the major air pollutants, and the presence of re-

both sites, indicating that the gas-to-particle condensationyiqna| and secondary pollution in cities has been recognized
process was important in summer. The formation of sulfate

) : ) recently. It is a serious environmental challenge for China to
was mainly attributed to in-cloud or aerosol droplet processgg|ye these problems (Shao et al., 2006).

(PKU 80%, Yufa 70%) and gas condensation process (PKU ) ) .
Many studies on chemical compositions of RMand

14%, Yufa 22%). According to the thermodynamic insta- ; iing h b d si last f
bility of NH4NOg, size distributions of nitrate were classi- PMzs in Beijing have been reported since last few years
2001; Yao et al., 2002; Yang et al., 2005; Sun

fied as three categories by RH. The existence of Ca{hNO (He et al., ; . -
in droplet mode indicated the reaction of Hj@ith crustal etal., 2006). However: the integrated particle cc_Jmposmons
particles was also important in fine particles. A rough estima-°2" not well characterize the secondary formation process.

tion was given that 69% of the PMand 87% of the PNlg $|ze dlStI‘IEUfIOﬂS ofdaeroso(Ij water—s?lublefmnlc composi-
in Beijing urban were regional contributions. Sulfate, ammo- lons can help to understand aerosol transiormation, trans-

nium and oxalate were formed regionally, with the regional p_ort,. a“F’ fatg, but Q.nly a few studies focused on particle size
contributions of 90%, 87% and 95% to RM Nitrate for- dlstnb_uuons in Beijing (Yao et al., 2003; Hu et _al., 2005@;
mation was local dominant. In summary regional secondar))_/an Pinxteren, 2009). Moreover, most of previous studies

formation led to aerosol pollution in the summer of Beijing. " BEliiNg were single-site measurements and concentrated
on the urban area of Beijing. Model studies on characteriz-

ing regional particle pollution of Beijing area are available
(Wang et al., 2008), but very few experimental validations
were given (Han et al., 2005). It is even rare to quantify the

Correspondence tavl. Hu regional component of urban aerosol (Jia et al., 2008). Thus
BY (minhu@pku.edu.cn) it is necessary to study the size distributions of the secondary
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aerosols to understand their formation pathways in the rean AG11-HC (450 mm) guard column and an Anion Trap
gional scale in Beijing. column (ATC-3, %24mm, for 4 mm) were used for anion
In this study size-resolved samples were collected by twodetection with an eluent of 0.4—6 mM/L NaOH (1.2 mL/min,
Micro-Orifice Uniform Deposit Impactors (MOUDIs) at an gradient). Cations were analyzed by CS-12A Column, with a
urban site (Peking University, PKU) and an upwind rural site CG-12A(4x50 mm) guard column, CSRS-I suppressor. The
(Yufa) simultaneously. The size-resolved characteristics ofeluent was 20 mM/L MSA with a flow rate of 1.0 mL/min.
particle mass and chemical compositions were investigated Totally five kinds of cations (N& NH}, K+, Mg?* and
to explore possible formation pathways of secondary com-Ca2+), four kinds of anions (F, CI~, NO; and S(ﬁ‘),
pounds and to estimate the regional particle contribution.  and three kinds of low molecular weight water soluble or-
ganic compounds (formate, acetate and oxalate) were ana-
lyzed with the detection limits of 0.03, 0.06, 0.1, 0.1, 0.05,

2 Experiment 0.03, 0.03, 0.01, 0.01, 0.06, 0.06 and 0.02mg/L in liquid.
_ Field and laboratory blanks were analyzed using the same
2.1 Filter measurement method, and the blank concentrations were all below the de-

tection limits. For inter-comparison of two MOUDIs, please

MOUDI-110 (10 stages, MSP Corporation, USA) and gee supplement materiaittp://mww.atmos-chem-phys.net/
MOUDI-100 (8 stages, MSP Corporation, USA) were used 1/947/2010/acp-10-947-2010-supplement.pdf
to sample size-segregated aerosols at PKU and Yufa respec-

tively during CAREBEIJING-2006 summer intensive field 2.2 Online instrument

campaign. The sampling flow rate was 30 L/min, and the

50% cut points of MOUDI-100 were as follows: 10, 5.6, 3.2, Online instrument Wet Denuder-SJAC (Steam Jet Aerosol
1.8, 1.0, 0.56, 0.32 and 0.18um. MOUDI-110 has two moreCollector) system (Slanina, et al., 2001) was also used in this
fine stages with the cut points of 0.1 and 0.056um. PKU, thestudy to measure particle compositionsﬁONOg, NHZ
urban site (395921 N, 11621825’ E), was on the roof of and gaseous NfHand HNG. A wet denuder system was

an academic building (about 15 m above the ground level) orused to scavenge interfering gaseous nitrogen compounds, in
the campus of Peking University in the northwestern of Bei- this case ammonia and nitric and nitrous acid. The absorption
jing. There were no obvious emission sources nearby excepgolution is a 10° M carbonate solution which effectively re-
two major roads, 150 m to the east and 200 m to the southtains all gaseous interferences. Then particles can go through
Yufa, the rural site (33049’ N, 1161815’ E), was about the wet denuder and are captured by steam which was gener-
53 km to the south of PKU, on top of a building (about 20 m ated by SJAC. The solution is finally analyzed by ion chro-
above the ground level) at the campus of Huangpu Collegematogram. The sampling flow rate was 16.7 L/min and the
Around the site was nothing but farm land and residentialtime resolution was 30 min.

area.

Three-period MOUDI samples (morning, afternoon and
night) were collected: morning (07:00-11:30, marked A),
afternoon (12:00-18:00, markepl P), T"ght (18:30_06:30.’3.1 PMio concentrations and definitions of “polluted”
marked N). The afternoon sampling periods matched the di- and “clean” episodes
urnal G; peak. In some days, daytime was not divided to
ensure that the mass was enough for analysis (marked AP}1ouUDI does not have a 2.5um cut point, so the diame-
Teflon filters (Whatman Inc. Clifton, NJ, USA) were used. er of 1.8um is defined as the cut point that splits fine and
Before and after sampling, the filters were weighed in Peking;garse particles in this study. Therefore, P\and PM g_10
University’s clean room after 24h conditioning under con- presented fine and coarse particles, respectively. 24h av-
stant temperature (261 °C) and RH (4&:3%). The filter  erage PM, concentrations were 17H#91.4pg/mi at PKU
preparation and sampling method were the same as Hu jnd 111.6-73.2ug/n at Yufa, respectively (Table 1). In av-
al. (2005a). erage, both fine and coarse particle concentrations at PKU

Totally 28 and 45 sets of samples were collected at PKUyere higher than those at Yufa. These years;BMPMig
and Yufa, respectively. After sampling, the filters were put and PM g/PM all increased, compared with the results in
back in their own Petri dishes, and stored in a refrigerator alsymmer of 2001, 2002 and 2006, indicating the fine parti-
the temperature 0£20°C. During transport to the laboratory  cles have become the major component of\gMnd deter-
they were kept in ice boxes. mined the fluctuation of Ph. In the year 2002 and 2006,

The samples were extracted by 10 ml de-ionized water Ussecondary compounds (%OFNO§+NHZ{) composed more
ing an ultrasonic bath for 30 min at room temperature, andthan half of the fine particle mass, suggesting secondary par-

then the extracted liquid was analyzed by ion-chromatographicle pollution was more and more important these years.
(DIONEX, I1CS-2500). The IC analysis methods were the

same as Hu et al. (2005b). An AS11 column (4 mm) with

3 Results and discussion
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SNA: mass sum of

Table 1. Comparison of PMg, PMyg, ratios of PM g/PM1g and SNA/ PM g with other study (Hg/).

- — +
(SOF+NOZ +NHj.

Reference

Year-month
Aug 2006
Aug 2006
Jul 2001
Jul 2002

PM1 g/PM1g SNA/PM; g
171.5:91.4 99.8-74.4 0.64:-0.08

111.6£73.2

PM1 g

PMo

Site

This study
This study
Hu, 2005a

0.53:0.19

PKU
Yufa

0.58:0.18

78.2£58.4 0.76:0.08

0.350.17

0.44:0.13

113.0£55.8 52.@:35.3

130.9£87.2

PKU
PKU

, 2005a

Hu

0.5%0.19

0.5%0.12

70.4£56.5
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Fig. 1. PM1g and size-segregated particle mass concentrations for each sample during the catap&ghl, (b) Yufa. The samples are

given the ID as yymmdd-X, where X denotes sampling core time of morning (A), afternoon (P) and night (N).
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Figure 1 showed the size resolved RMconcentrations 48
and SORs (molar ratio of the particulate sulfate to the to-
tal sulfur SCf+SOZ) at two sites. Particles in stages of 46 \ :
0.56—1um and 1-1.8um consisted large fraction of total par- \\ — ;gfur;isslzc;idsi .

ticles. PMg as well as SORs exhibited similar trend at both 44
sites with obvious cycles of pollution increase and decrease.
“Polluted” and “clean” episodes are defined based on par- 842
ticle mass concentrations, SORs and meteorological condi-2
tions. Totally four “polluted episodes” are defined as the days §40

ol

with high PMg concentrations% 100ug/n?), stagnant mete- V\ 7 R
orological conditions (wind speedl m/s), high temperature 38 .

(>30°C) and RH &70%), that is, 18th to 19th August, 24th ?

to 25th August, 2nd to 3rd September and 6th to 7th Septem- 36 /

ber (Fig. 1: P1-P4). The SORs during the polluted episodes < (/
were higher than 0.3. Two “clean episodes” were obsgrved T 10 T 12“0 T8 130
during 20th to 21st August and 4th to 5th September (Fig. 1: Longitude

C1-C2, samples were not collected on 4th September at PKU

for technical reason, so C2 is only for Yufa site), with strong Fig. 2. 24-h backward trajectories during the campaign. Two back-
wind (max wind speed-4 m/s), high temperature-@30°C) ward trajectories per day with the starting time at 12:00 and 24:00
but low RH (<50%). The SORs during the clean episodes (local time), at the starting height of 100 m.

were lower than 0.2.

NOAA's HYSPLIT4 trajectory modelww.arl.noaa.gov/  distribution so as to track the formation path for secondary
hysplit.ntm) was used to calculate 24-h backward trajecto- composition. Factor analysis techniques are good methods to
ries for different episodes (Fig. 2). The backward trajecto-resolve the overlapping peaks (Frenich et al., 2000), among
ries of polluted episodes came from the surrounding area ofvhich the positive matrix factorization (PMF) model has re-
Beijing (mainly from south), and the paths were short be-cently been successfully applied to the resolution of different
cause of low wind speed. The backward trajectories of clearparticle modes (Kim et al., 2004; Huang et al, 2006). Totally
episodes originated mostly from far north of Beijing, where 196 sets (7 species3 samples) sets and 315 sets (7 species
the air is relatively clean. The strong wind took the clean x45 samples of size distribution data were generated at PKU
air to scavenge and dilute the polluted air in Beijing. For and Yufa, respectively, with 7 species of mass and 6 mea-
general description of gaseous pollutants and meteorologisured chemical compositions (§O NO;, oxalate, NI—I,
cal conditions during two types of episodes, please see supca?™ and Kt). PMF analysis was performed on these data
plement materiahttp://www.atmos-chem-phys.net/10/947/ at PKU and Yufa separately with the number of factors fixed
2010/acp-10-947-2010-supplement.pdf at three or four according to the measured size distribution.

All in all, in the summer of Beijing fine particles were PMF is a multivariate factor analysis tool that decomposes
dominant in PMg. The stagnant atmosphere favored sec-a matrix of speciated sample data into two matrices (factor
ondary transformation and pollution accumulation. The pre-contributions and factor profiles). In the case of this study,
cipitation or strong wind from north interrupted the pollu- MOUDI size distribution data can be viewed as a data matrix
tion accumulation process. Thus the “polluted” and “clean” X of i by j dimensions, in which is the number of samples

episodes occurred alternately. and j is the number of particle size bins (MOUDI stages).
PMF is to identify a number of factors, the MOUDI stage
3.2 Size distributions of mass and ionic compounds profile f of each source, and the amount of mgsson-

tributed by each factor to each individual sample (see Eq. 1):
3.2.1 Resolving size distribution modes »
Ambient aerosol distribution is characterized by a number of i = /;gikfkf teij @
modes. Usually, aerosol mass is dominated by bimodal dis- B
tribution, the accumulation mode and coarse mode. In somavhereg;; is the amount of mass contributed by each factor
cases the accumulation mode consists of two overlappingo each individual samplg; is the species profile of each
sub-modes: the condensation mode and the droplet modsourceg;; is the residual for each sample/species.
Aerosol mode distribution reflects the origin of aerosol. For As a result, the concentration of each MOUDI stage was
instance, the condensation sub-mode is the result of growtldecomposed into three or four factors due to the different
of ultrafine particles by coagulation and vapor condensationsources. In other words, each mass size distribution (total
The droplet sub-mode was formed by in-cloud process omass or mass of each chemical composition) of every sin-
aqueous reaction. Thus, it is helpful to distinguish the modegle sample was decomposed into three or four distributions

Atmos. Chem. Phys., 10, 94959 2010 www.atmos-chem-phys.net/10/947/2010/
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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 (ug/n?).

PMF-resolved Yufa average PMF-resolved PKU average
Condensation Droplet Coarse Condensation Droplet-1  Droplet-2 Coarse

Mass-A  26.3 58.2 24.2 13.9 81.8 23.9 59.7
Mass-P  28.5 52.5 225 6.6 103.8 24.9 71.3
Mass-N  29.5 53.6 26.4 7.5 54.7 28.7 65.8
SCZ-A 63 21.6 3.1 3.4 14.2 9.8 0.9
Soé_-P 9.1 26.4 1.8 5.6 17.5 10.4 25
SO?[-N 4.4 19.1 1.9 43 11.0 9.5 2.6
NOz;-A 1.9 7.0 3.2 0.5 1.9 9.9 10.5
NO;-P 03 24 5.0 0.7 25 8.7 11.0
NO;-N 24 9.2 2.7 0.3 5.9 7.4 5.4

(factors). Average size distributions for each factor were cal-sults, and the condensation mode accounted for 10%—-60% of
culated by averaging all the same stages in one factor (e.ghe total mass, indicating the condensation mode, which was
The resolved concentrations in all 0.56—-1um stages of facheglected by previous study, was also important in summer
tor 1 are averaged to get the average concentration of 0.56ef Beijing, and should be taken into account.

1um for factor 1). The sum concentration of all stages in During the polluted episodes droplet mode was the domi-
one factor is the contribution of this factor to total mass CON- hant mode. and the percentage of this mode in total mass did
centration,_ and Iognormal.fit was used to get each factor’snot vary a lot, with 54%, 51% and 49% in the morning, after-
mass medium aerodynamic diameter (MMAD). The factors ., and night, respectively (Table 2). Correspondingly, the
are named after well known particles submodes (Condensaéondensation mode accounted for 24%, 27% and 27% of the

tion mode, droplet mode and coarse mode) according to theifotal mass, respectively. In contrast during the clean episodes

MMADs. . o under the dry and cool weather condition, the droplet mode
The measured and resolved average size distributions Werg, icjes did not favor to form due to lack of water vapor in
shown in Fig. 3. For ruraI_Yufa site, apparent three modesy,o atmosphere. Thus, the droplet mode was no longer the
were resolved by PMF with at 0.4, 0.8, and 5.7Um, COI ainr mode instead of the coarse mode and the condensation
responding to the condensation mode, droplet mode, and,, e with the average fractions of 47% and 42% in the total

coarse mode, respectively (Fig. 3). The results were SiMitass, respectively.

lar to those of the rural aerosols in Shenzhen, China (Huang . )

et al., 2006). However, four modes of particle mass were re- 1"€ measured sulfate, nitrate and ammonium all showed
solved at PKU, with the MMADs at 0.4, 0.8, 1.4 and 5.7um, Pimodal size distribution with two peaks at 0.56-1um and
corresponding to the condensation mode, droplet mode-13-2-5-6um (Fig. 4), and they were all resolved into three
droplet mode-2, and coarse mode, respectively. One mor8'0des by PMF model. However, these compounds had dif-
droplet mode with bigger size was resolved at urban siteférent diurnal variations and bimodal shapes. Sulfate had a
Three factors were chosen because two similar modes woul@'&jor fine mode peak and a small coarse mode peak. The
be resolved if factor number was fixed at four. The reason idlighest concentration occurred in the afternoon, because of
the same for PKU site. Moreover, numbers of factors wereth€ strong production process. The PMF model results ex-
also decided according to the measured size distribution anfibited the same diurnal variation, but resolved tri-modal

scientific rationality. distribution, a predominant droplet mode, a small conden-
sation mode, and a small coarse mode. The PMF results
3.2.2 Size distributions at Yufa also showed that although the concentration of sulfate varied

with time, the percentage of each mode did not change much,
The measured mass size distribution showed bimodal sizevhich means the distribution did not change with time. How-
distributions with the peaks at the stages of 0.56—1um anaver, nitrate showed a different diurnal variation from sul-
3.2-5.6pm at Yufa (Fig. 4 a-2), which was consistent with fate, with highest concentration at night and lowest in the
the previous study in Beijing (Yao et al., 2003). The PMF afternoon, and it had a larger coarse mode with the fractions
model resolved three modes of condensation mode, dropletf 26%, 63% and 19% in the morning, afternoon and night
mode and coarse mode. The PMF model separated the comespectively. Moreover, the nitrate distribution varied with
densation and droplet mode based on MOUDI measured retime. In the morning and night samples, droplet mode was

www.atmos-chem-phys.net/10/947/2010/ Atmos. Chem. Phys., 10998472010
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Fig. 3. The average measured size distribution curves and the PMF resolved four-modal or three-modal curves for the mass and major ionic
species.

the dominant mode accounting for 58% and 64% of the total3.2.3  Size distributions at PKU
nitrate, but in the afternoon coarse mode became the major
tr)nodeh. An;monlum had ‘3 S|m|_la; bimodal shapde :10 i‘_’lfsteAt PKU the size distributions of mass and major ionic com-
uts owed no appare_nt ay-nig (tj\_’a”ﬁt'on’ an the hig eSﬁosition were similar to those at Yufa, but there were several
ammorlum concr(]entratmn %CCLgre (|jn t eé)morl_nlng..d h differences. (1) Four modes were resolved by PMF, with one
Oxalate was t_e most abundant Icarboxylic acid, Whosgy, e droplet mode with bigger size. (2) The fine particle
mass concentration accounted for 0.4% in{gksihd 0.5% in peak for morning and afternoon were the same as Yufa at
PMyg. Its size distributions were similar to those of sulfate. 5 ¢ um, while at night the peak “shifted” to bigger size of
Formate and acetate can be measured in most of the samplgs g\ ingicating the resolved droplet mode with bigger
(0.2% and 02%_'” PMS)_’ and they were f°‘%”d In b_Oth fine " size was reasonable. (3) Coarse mode contributed more at
and coarse particles, with 55% and 58% in the fine mOdePKU than that at Yufa. For road dust and construction work
respectively. were major contributors to coarse mode particle in summer of
Beijing (Song et al., 2006), more resuspended dust by traffic

Atmos. Chem. Phys., 10, 94959 2010 www.atmos-chem-phys.net/10/947/2010/
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and more construction works before Olympics may be theferent sources means different formation pathways, so PMF
reason why PKU site had a larger coarse mode. results can be used to estimate the contributions of different
The first two differences will be discussed together here.formation pathways. This estimation needs to meet two re-
Some researches have also measured this peak “shift”. Arstrictive conditions: 1) the component must be mainly from
lauf et al. (2006) considered the shifts of the fine mode peaksecondary transformation; 2) The formation pathways of the
at night were due to some aqueous-phase production. Theomponent must be known.
shifts may also be simply due to increased water content at Sulfate can come from both primary and secondary
the high values of relative humidity. Liu et al. (2008) also sources. Biomass burning such as wood burning and meat
measured large amount of particles in the stage of 1-1.8um atooking can release particulate sulfate at the size range of
night, and they suggested these particles may be from the hyabout 0.1um. Water-soluble'kis a good tracer for biomass
groscopic growth of particles of 0.56—1um. However, theseburning, and the ratios of mass concentrations oft# sul-
cannot fully explain the bigger size droplet mode particles infate are usually larger than one in the biomass burning par-
this study, because the fine mode peaks did not “shift” to big-ticles (Kleeman et al., 1999). In this study, the ratios were
ger size at Yufa, while the gaseous precursor’s concentratior).10+0.06 and 0.130.10 at PKU and Yufa, respectively.
temperature and RH at both sites were all similar. Moreover, both measured and model resolved mode concen-
This study considered these bigger size droplet mode partrations of K and sulfate showed poor correlations at the
ticles were produced and grew during regional transport, andwo sites. These results indicate that direct sulfate emission
the different upwind conditions of two sites led to the differ- by biomass burning could be ignored. Vehicles also emit
ent size distributions. The upwind area of the PKU site wasparticulate sulfate, and the Cassiar tunnel measurements of
polluted urban area, and when the particles passed througbarticles indicated a mass ratio of Ndo S~ of about
the urban area, they were aged and grew to bigger size. Dif0.05 (Anlauf et al., 2006). The average ratios for the 0.56—
ferently, the upwind area of Yufa was not so polluted (at leastlpm particles at PKU and Yufa were 0.018 and 0.017, and
within tens of kilometers), and under this condition the par-the ratios would be less considering that sodium was also
ticles did not favor to grow up. Evidence is the t-test re- contributed by other sources. Generally, notwithstanding
sults showed that during the stagnant south wind days, thé&he large quantities of primary emission, fine mode sulfate
bigger size droplet mode moderately correlated with windmainly came from secondary sources.
speed, and the bigger size droplet mode at PKU correlated Numerous studies have been carried on formation path-
with the droplet mode at Yufa with correlation coefficient of way of sulfate, and its formation mechanisms are relatively
0.74. PMF results could provide more information to explain well understood. Several possible formation processes have
these particles. Two droplet modes were resolved by PMFbeen proposed to explain the droplet mode sulfate, including
a similar droplet mode as that at Yufa and an extra dropleicondensation and coagulation of smaller particles, in-cloud
mode with bigger size. The mass concentrations of the bigProcesses and the growth of the condensation mode by addi-
ger size droplet mode had no significant diurnal variation,tion of sulfate and water (aerosol droplet process). The con-
and showed no correlation withsQindicating the source densation mode sulfate arises from homogeneous gas phase
of these particles was persistent and was less related withhotochemical oxidation of Sfollowed by gas-to-particle
Oz chemistry. A recent work by Chen et al. (2009) gave aconversion (Seinfeld and Pandis, 1998). The coarse mode
support for this explanation. They suggested the mountainsulfate could be attributed to heterogeneous reactions of SO
valley breeze dominated the wind flow of the Beijing region on soil particles (Zhuang et al., 1999). However, the contri-
during summer. Air pollutants were injected from the plane- butions of these formation pathways alter with temporal and
tary boundary layer into the free troposphere due to the conspatial variation. Although the previous study has concluded
vection during daytime, and then were long distance transthe sulfate was attributed to in-cloud processes in the sum-
ported from south to north. At the night time the particulate mertime of Beijing (Yao, et al., 2003), the contributions of
pollutants were transported back to the city again, when theydifferent formation pathways have not been quantified yet,
were aged by in-cloud process and grow up. because different particle modes cannot be quantificationally

Another source of this bigger size droplet mode may beseparated only by measured data. In this study, by using
from the reaction of gaseous HN@vith small crustal parti- PMF model, different modes of sulfate were resolved from

cles. However, this was not an important source, and will betotal sulfate, and the concentrations of resolved condensa-

discussed in the following Sect. 3.2.2. tion mode, droplet mode and coarse mode can be regarded as
the sulfates that were formed by gas-to-particle condensation

3.3 Formation of sulfate, nitrate and oxalate process, in-cloud or aerosol droplet process ang &0soil
particles heterogeneous reaction process, respectively.

3.3.1 Formation of sulfate As a result, in summer of Beijing, droplet mode was domi-

nant, and an average fraction of 80% and 70% was attributed
PMF-resolved particles of different modes were actuallyto in-cloud or aerosol droplet process at PKU and Yufa re-
from different sources. For secondary compounds, the difspectively. Correspondingly, 14% and 22% of the sulfate
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was attributed to gaseous 8Os condensation. This result
showed the gas-to-particle conversion was also an importan
formation pathway for sulfate in summer of Beijing.

150

: LK
120 ) . = [NH ]%[HNO,]

\
— A

3.3.2 Formation of nitrate

In-cloud uptake of nitric acid and condensation onto pre-
existing particles are two possible pathways to form fine
mode nitrates. In this work, fine mode nitrate and sulfate
exhibited a good correlation witk%2=0.78 at Yufa, indicat-
ing their formation pathways may be similar. The PMF re-
sults showed that 59% and 16% of the nitrate were formed by §" 30
in-cloud and gas-to-particle condensation process. However—
the correlation at PKU was weak witk? = 0.41, suggesting o
at 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 NHNO3 has a lot of artifacts
due t(_) its semi- volatility, and this has bee_zn_ know_n for aFig. 5. Equilibrium constant (Ke’) and measured [NFk[HNO3]
long time and has been documented in detail in the literaturgy py during the campaign. Red triangles for Equilibrium con-
(Chow, 1995). These artifacts are mainly caused by topologstant Ke’, blue circles for measured [NH [HNOs], rectangles for
ical reactions, and evaporation of ammonium nitrate. TOpo-RH =50%, 70%.
logical reactions will be important noticeable if the loading
of the filters is high, because nitrate can react with sulfu-
ric acid to form nitric acid, which will lose by evaporation. according to Stelson and Seinfeld (1982). Ke’ was then de-
Thus, more nitrate will be lost if the sampling period is long rived by multiplying Ke with Y.
(e.g. 24h). The evaporation of NNO3 could also take The equilibrium constant (Ke) and the measured
place during the sampling, especially when in the afternoor{NH3] x[HNO3] were calculated by using SJAC data. Fig-
the temperature was high and the humidity is low. Both theseure 5 shows the equilibrium constant (Ke’) as calculated and
aspects could make the filter measurement underestimate tt&s measured [Nk] x[HNO3] at PKU during the campaign.
concentrations of nitrate and ammonium. Online instrumentBoth temperature and relative humidity had great impact on
with short sampling time can effectively reduce the artifacts,the size distribution of nitrate. However, the variation of tem-
so in this study, particle compositions $O NO3 and Nl—ﬁ perature was small (22:380.1°C), which means very small
were also measured by the on-line aerosol and gas instrushange of temperature can lead to large change of Ke’. It's
ment Wet Denuder-SJAC (Steam Jet Aerosol Collector) sysdifficult to set a critical point of coarse-to-fine mode shifting
tem (Slanina, et al., 2001). Wet Denuder-SJAC can also meaby using temperature. Three kinds of cases were classified
sure gaseous Nd-and HNG. by RH: (1) when the relative humidity was lower than 50%,

Many studies have reported that fine mode nitrate was amthe red triangles in Fig. 5 are much higher than correspond-
monium nitrate, but the chemistry of coarse mode nitrate ining blue circles, and the Ke’ values were about one order
different locations can be diverse, not only W3 butalso  larger than the measured [NH[HNO3] products. Under
NaNO; and Ca(NQ@), have been reported (Pakkanen et al., this condition, and NENO3 dissociated and formed coarse
1996). Basically, the size distribution of nitrate is influenced mode nitrate by reactions of nitric acid with Cag;®>CO3

w
o

J*[HNO,] and Ke [ppbv?]

by the thermodynamic equilibrium of or NaCl. (2) When the humidity was between 50%-70%, the
measured products were often in the same order compared to
HNOz3(g) +NH3(g) <> NH4NO3(s, a0 (2) Ke'. NH4NOj3 can partly dissociate, and existed in both fine

particles and coarse patrticles. (3) When the humidity was
When the [NH] x[HNOg] is larger than the equilibrium con-  over 70%, the triangles and circles are close to each other.
stant Ke’, formed NHNO; (s,l) can be stable. Otherwise ni- Sometimes, the measured [ [HNO3] was even higher
trate can exist in coarse mode. The equilibrium constant Kahan Ke’. This may happen after midnight when the humid-
for pure NH;NOs is determined by temperature, ambient RH ity was very high. Under this condition, NjNIOs is found
and the concentrations of HN(@) and NH(g). Inthis study in fine particles. This classification can be validated by mea-
Ke is calculated using the method suggested by Michaekured size distribution results.
(1993). The coexistence of §Oin particles considerably At Yufa the nitrate size distributions agreed with the above
reduces Ke. To determine Ke’ for the NHNO;/SO?[ sys-  classification very well. However, the case at PKU site was
tem, the NHNOs ionic strength fraction Y was calculated quite different. In the afternoon, the RH was usually below
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Table 3. Linear regressions between the cations and nitrate in fine particles in the afternoon samples at PKlJs bisifg in which y
represents molar concentration of N&K+ or twice Cz§+, x molar concentration of nitrate,=12.

Regress 1-1.8um 0.56-1pm
coefficients

Na™ K+ 2*Caét  KT+2¢Cat Nat K+ 2*Ca2t  Kt+2vCadt

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

50%, but considerable amounts of fine particle nitrate wereresults showed that 13%, 30% and 7% of nitrate in1BM
measured (Fig. 4 c-1), so there must be other cations thawas as the form of Ca(N§), at PKU site in the morning, af-
combined with nitrate in fine particles besides ammonium.ternoon and night, respectively. The corresponding fractions
Crustal aerosol like CaCfcan also react with nitric acid at Yufa were 5%, 12% and 3%. As mentioned above, theses
to form Ca(NQ@),. It was generally assumed that calcium Ca(NGs)2 may the one reason for the peak “shift” at PKU.

is mainly present in the coarse particles, so these reactionlowever, this was not an important reason, because an aver-
would be only relevant for coarse particles. The calciumage of only 14% of the nitrate was formed as Cag{dn

in fine particle was seldom investigated in previous stud-fine particles, and the fraction was the lowest at night when
ies. However, the results of this study show that 29% ofthe fine mode peak “shifted” to lager size.

the water-soluble Ga was in fine particles. Moreover, K The afternoon samples of 24th and 25th August were spe-
was abundant in fine particles, so it was possible that finecial cases. The amounts of the three cations were too low to
mode nitrate can exist as the form of Ca@®or KNOs.  act as counter-ions for nitrate, the average temperatures dur-

The molar ratios of” andr in stage 0.56—1um and 1-1.8um ing these two sampling periods were below 30 degree and
were calculated to show that sufficientCaK™ and Na is  average RH was higher than 60%, indicating that ammonium

present: nitrate was possible dominant form of fine mode nitrate.
In conclusion the reaction of HNfQwith crustal particles
+ + +
V/Z[Na 14K ] +2x [Ca*] (3) was not only important in coarse particles but also in fine
[NO; ]+([CI] particles in the summer of Beijing especially in urban aera.
_[KT]+2x [Catt] @ 3.3.3 Formation of oxalate
~ INO3]

Oxalate is typically the most abundant dicarboxylic acid in
The weather conditions of 24th and 25th August were dif-atmospheric aerosols, and has been found in particle com-
ferent from those of other days, so the discussion below willposition in various environments (Narukawa et al., 2003).
not include these two days. The calculation results showedxalate can come from primary emission of vehicle ex-
that »’ ranged from 0.84 to 1.36, andranged from 0.74 hausts (Kawamura and Kaplan, 1987), biomass burning
to 1.43, indicating these cations were abundant enough t¢Narukawa et al., 1997) and biogenic activity (Kawamura,
combine with nitrate. In addition, the correlation between 1996). Biomass burning can release oxalic acid, and oxalate
these cations and nitrate in the afternoon samples was invesorrelates well with K in these particles (Narukawa et al.,
tigated (Table 3). N&, KT and C&* showed good correla- 1999). However, in this study, oxalate had a poor correla-
tion with nitrate, implying in the afternoon samples at PKU, tion with K™ (R?=0.43, PKU;R?=0.07, Yufa), indicating
nitrate was of great possibility to exist as Naly®&NOs and ~ biomass burning was not a major source of oxalate. Plant
Ca(NQs)2. Moreover, in the stage of 1-1.8um,Cavas the  leaves do not emit oxalic acid directly, but fatty acids re-
most abundant in these three cations, and had best correlatidaased by plant may be broken down to form oxalic (Kawa-
with nitrate, so Ca(N@)2 may be dominant in this stage. For muraetal., 1996). Biogenic activities in the soil and the roots
the same reason, in the stage of 0.56—1um, KM@y be im-  of plants can also generate oxalic acid (Jones, 1998). So far
portant, although NENOs was also probably present in this the formation of oxalate by biological aerosols is not well un-
stage. PMF results also give evidences to confirm this, forderstood yet. Above all, primary emission was not the main
both model resolved coarse mode calcium and nitrate consource of oxalate in the summer of Beijing.
tributed to small size stages<{.8um). Assuming the re- Another source of oxalate is from secondary transforma-
solved coarse mode nitrate was as the form of CajN0y tion. The condensation mode oxalate is mainly from the pho-
the reaction of HN@with crustal particles. Thus, the model tochemical process in the gas phase to form gaseous oxalic
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acid, followed by its condensation onto existing particles. at the regional site Yufa can be considered as homogeneous
However, it is impossible for condensation mode oxalate toregional background concentration plus local contribution at
directly grow up into droplet mode in Beijing, because only Yufa which can also be regarded as a small constant due to
at very high RH of 97% (at 2%C), the condensation mode very few local effects. (3) The particle pollution at two sites
of pure oxalic acid or the mixture of oxalic acid, sulfate and had similar variations, and the contribution, which the urban
nitrate can grow up into droplet mode by hygroscopic growtharea gives to the regional area, is linear. Under these assump-
(Peng et al., 2001). Thus, it is possible that the condentions, the urban particle concentrati6gypan can be present
sation mode oxalate-containing particles were activated anas:
gfgar;epiziedsrsoipr:eé;};c; particles after in-cloud or aerosoICurban: Coxu=R+L=(Ry+R)+L=Ry+L+co (5)
Generally, similar size distributions indicate similar for- inwhich, R, R, andR; are regional, regional background and
mation processes. The size distributions of oxalate were alregional transport contribution, and L is local contribution.
most of the same as those of sulfate, and oxalate and sulfai@ue to assumption (1), can be assumed as a constant
were highly correlated with correlation coefficients of 0.89 According to assumption (2) and (R, equals taCyyta plus
and 0.90 at PKU and Yufa respectively, strongly suggestingocal contributionc,, and R can be expressed &s Cpiu,
that oxalate and sulfate originated from similar atmosphericin which b is the fraction of regional contribution. Thus the
processes. Many studies have reported the good correlatiortsg. (4) can be transformed to Eq. (5):
between sulfate and oxalate (Huang et al., 2006). From th _
PMF results, 67% of oxalate at PKU and 55% at Yufa Were%'cPKU =Cwtatc ©)
formed by in-cloud or aerosol droplet process. Correspondin which ¢ is sum ofcg andcy,.
ingly, 19% and 25% were due to gas-particle condensation. In this case, linear regression can be used to get the re-
gional contribution fractiom.
3.4 Assessment of local and regional particulate In this study, the particle concentrations at two
pollution sites showed similar trends and were strongly correlated
(R?>=0.86 for PMg, R?°=0.83 for PMo, n=28), this
With the rapid urbanization, the presence of regional pollu-clearly points to the regional character of particle concentra-
tion in cities has been recognized. This pollution considers aions. By the method above, an average regional contribution
background whose concentrations and variations are withirof 69% was estimated for P)g and 87% for PMg. This
regional scale, and can limit efforts to reduce air pollution in result was consistent with the study of Jia et al. (2008), in
cities. A work by Jia et al. (2008) suggested that the regionalwhich 70% of the urban PM concentration was estimated
pollution is mainly due to secondary formation and the hori- from regional contribution during southerly flow.
zontal homogeneity of the meteorological conditions. How-  The uncertainty of this method was decided mainly by two
ever, this regional concentration is difficult to quantify, even aspects: the variations of local contribution at Yufa and trans-
with transport models (Han et al., 2005). As for the impor- port contribution at PKU, which was reflected by offget
tance of secondary particle pollution in Beijing summer, it is The calculations showed a very small positivi®.92pg/nd)
necessary to quantitatively assess the local and regional pawhich contributed only 4% to the urban particle concen-
ticulate pollution in order to better characterize the regionaltration. The positiver value also indicates that at least re-
secondary patrticle pollution in summer of Beijing. gional transport did contribute to urban particle pollution, al-
To estimate regional contribution, first the regional char-though the contribution was less than 5%.
acter should be recognized for the components (e.g. mass The correlation between PKU and Yufa regarding sulfate
or chemical compositions), and then diverse assumptions arim PM; g was good £2=0.81,n = 28) during stagnant days,
made to do the estimations. Jia et al. (2008) described a noveluggesting the regional sulfate pollution. The same variation
technique for quantifying regional aerosol from a series ofof SORs at two sites also indicated the regional production
fast-response measurements of total aerosol based on the ax-sulfate. Using the same estimating method, about 90%
sumption of the “sawtooth cycles”. However, this method of the sulfate in PM g at PKU is regional. Oxalate and am-
needs large quantities of long-term and high resolution datamonium were also formed regionally, with average regional
This study offers a simple method to roughly estimate thecontributions of 95% and 87% respectively.
regional contribution by using short time and low time reso- As mentioned above, nitrates at two sites had different for-
lution data from multi-sites. Several assumptions were madenation pathways, suggesting the formations of nitrate at two
in this method: (1) The particle concentrations of urban sitesites depended more on local conditions. Moreover, the ni-
was only from regional and local contribution. The regional trate in PM g showed weak correlation between PKU and
contribution included regional background concentration andYufa, with R2=0.34. All these differences indicate that ni-
regional transport, which in this study contributed very little, trate was formed locally other than regionally.
and can be considered as a very small constant due to the Because the regional particle pollution is very complicated
stagnant weather condition. (2) The particle concentration@nd the assumptions of this method have many uncertainties,
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