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Abstract. In order to study the temporal and spatial varia- Mg, Ti, Ba, and Sr) were higher in the spring and autumn
tions of PMp5 and its chemical compositions in the region owing to more days with blowing or floating dust. The con-
of Beijing, Tianjin, and Hebei (BTH), Plls samples were centrations of heavy metals were at higher levels in the BTH
collected at four urban sites in Beijing (BJ), Tianjin (TJ), area by comparison with other studies. In Shijiazhuang and
Shijiazhuang (SJZ), and Chengde (CD), and also one sit€hengde, the Pl pollution was dominated by coal com-
at Shangdianzi (SDZ) regional background station over fourbustion. Motor vehicle exhausts and coal combustion emis-
seasons from 2009 to 2010. The samples were weighted fogions both played important roles in Tianjin B¥pollution.
mass concentrations and analyzed in the laboratory for chentHowever, motor vehicle exhausts had played a more impor-
ical profiles of 19 elements (Al, As, Ba, Ca, Cd, Co, Cr, Cu, tant role in Beijing owing to the reduction of coal consump-
Fe, K, Mg, Mn, Ni, P, Pb, Sr, Ti, V, and Zn), eight water- tion and sharp increase of cars in recent years. At SDZ, re-
soluble inorganic ions (Nfa NH;", KT, Mg?t, C&t, CI-, gional transportation of air pollutants from southern urban
NO;, and SG"), and carbon fractions (OC and EC). The areas was significant.

concentrations of Pl and its major chemical species were
season dependent and showed spatially similar characteris-

tics in the plain area of BTH. The average annual concen- )

trations of PMs were 71.8-191.2 ugmd at the five sites, 1 Introduction

with more than 90 % of sampling days exceeding 50 I§g m , o , ,

at BJ, TJ, and SJZ. PM pollution was most serious at SJZ, The_reg|on of B_eulng, T'anj'n’_ and_Hebe_l (BTH) is one of
and the annual concentrations of P secondary inorganic the important city agglomerations in China, accounting for

ions, OC, EC, and most crustal elements were all highest.lo'g% of national GDP and 7.8 % of national population in

Due to stronger photochemical oxidation, the sum of concen2010- As result of economic development, the structures of

trations of secondary inorganic ions (IXII,—NO‘ and S(ﬁ‘) air pollution sources and fuel consumption have constantly
was highest in the summer at SDZ, BJ, TJ, and CD. AnalysiéJeen changing. At preser_1t, coal is still _the pri_mary fuel in

of electric charges of water-soluble inorganic ions indicated™°St areas of BTH and W|de!y used for industrial processes
the existence of nitric acid or hydrochloric acid in PM and daily life, and more coal is combusted for heating in the

For all five sites, the concentrations of OC, EC and also sec\—Nimer' However, coal h.a.s b_een gradually being rep Iacgd by
ondary organic carbon (SOC) in the spring and summerweré“”‘tur"’II gas and glectncny In urban. areas of Beijing since
lower than those in the autumn and winter. SOC had more1999 (Beijing Enwronmentgl Protection Bureau, 2011). The
percentages of increase than primary organic carbon (POC,I tal amount of motor vehicles for BTH went from 2.56

during the winter. The sums of crustal elements (Al, Ca, Fe, iII_ion_ in 2000 10 11.01 ”_“'”0” in 2010. Owing to dife“
emissions from motor vehicles and secondary formation by
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photochemical reaction, more polluted and hazy days resultregion of BTH yet. To better control the regional aerosol pol-
ing from reactive gas and fine particle have appeared andution and carry out some further related studies in BTH, itis
become increasingly conspicuous. In many urban areas afuite necessary to obtain the information of regional,BM
BTH, more than 100 days per year have been in haze, andoncentrations and their chemical compositions, and also to
the annual average visibility has been lower than 15km inknow their spatial and temporal variations.
recent years (Zhao et al., 2011, 2012). The average number In this study, PM s was sampled at five sites in BTH over
concentration of particles less than 1000 nm could reach ufour seasons. The main objectives of this paper are to (1)
to 30000 cm1? in the urban area of Beijing, which is much characterize spatial and seasonal concentration variations for
higher than that in some foreign studies (Wu et al., 2008).PM s and its chemical compositions, (2) study the interre-
The scattering effect of fine particles is the most importantlations between different compositions, (3) evaluate primary
influence factor for visibility, and the scattering coefficients and secondary sources of B¥ and (4) analyze variations
of aerosols accounted for more than 85 % of extinction coef-of PMa 5 chemical compositions in Beijing in recent years.
ficients in Beijing and surrounding areas (Yan et al., 2008;The reactive gases (NO, NOSQO,, O3z, CO), light scatter-
Garland et al., 2009; Ma et al., 2011). Several studies ofing and absorption, and meteorological parameters were also
aerosol health effects carried out in Beijing have also re-measured at some sites. The further analysis about sources,
vealed the relationships between fine particle pollution andchemical composition variations, formation processes, opti-
morbidity and mortality (Zhang et al., 2000; Guo et al., 2009; cal characteristics and transportations for2Nh different
Kipen et al., 2010; Wu et al., 2010). pollution episodes will be discussed in other papers.

The new national ambient air quality standard was issued
in February 2012. The standard for PMwas first imple-
mented in some key regions and cities in 2012, and will not2  Sampling and analysis
be implemented nationwide until 2016. So data for J2M
concentration and composition could not be systematically2.1 Sampling sites and meteorological conditions
acquired in most parts of China by now. In China, studies
for PM2 5 have been gradually carried out since 2000, andAs shown in Fig. 1, five sites were selected in the BTH area.
mainly focused on the urban areas of the Pearl River DelteBeijing and Tianjin are two municipalities that are directly
(Cao et al., 2004; Hagler et al., 2006; Duan et al., 2007; Liuadministrated by the central government and are surrounded
et al., 2008), the Yangtze River Delta (Ye et al., 2003; Yangby Hebei province. Shijiazhuang is the capital of Hebei. Bei-
et al., 2005; Wang et al., 2008; Li et al., 2011), and the BTHjing, Tianjin, and Hebei are located in the North China Plain.
region. Shangdianzi is a regional background station of atmospheric

In BTH, most of the related studies about PAthemical  compositions used as the representative site of the North
compositions have been carried out in Beijing. Some stud-China Plain, which is 100 km northeast of the urban area of
ies have given the general characteristics obBMhemical  Beijing and located in the boundary of the plain area. It is
compositions and discussed their seasonal variations, corr@lso one of the Global Atmosphere Watch (GAW) stations,
lations, or sources (He et al., 2001; Sun et al., 2004; Song etnd the detailed instructions for Shangdianzi had been pre-
al., 2006). Some studies have focused on the concentrationsjously reported (Zhao et al., 2009). Chengde is one city lo-
correlations, sources or formation of some specific speciegated in the northern mountainous area of Hebei. Four sites
(such as inorganic ions, carbonaceous components, or owere separately located in the urban areas of Beijing, Tian-
ganic matters) of PMs in Beijing (Yao et al.,, 2002; Dan jin, Shijiazhuang, and Chengde, and all placed on the roofs of
et al., 2004; Huang et al., 2006; Wang et al., 2009; Pathak efocal meteorological bureaus. Another sampling site was set
al., 2009; lanniello et al., 2011). In addition, the size distri- at Shangdianzi. In this paper, the sampling sites for Shangdi-
butions of aerosol chemical species (Yao et al., 2003; Chen@nzi, Beijing, Tianjin, Shijiazhuang, and Chengde are abbre-
etal., 2009; Guo et al., 2010; Li et al., 2012), aerosol numbewiated as SDZ, BJ, TJ, SJZ, and CD.
concentrations or new particle formation processes (Wu etal. The seasonal wind roses of five sites during all four sam-
2007, 2008; Yue et al. 2009, 2011; Shen et al., 2011; Zhangling periods are depicted in Fig. 2, and the corresponding
etal., 2011; Gao et al., 2012), and aerosol optical characterealm wind frequencies are listed in Table 1. The prevailing
istics or mixing state (Cheng et al., 2009; Deng et al., 2011;wind directions at SDZ, BJ, and SJZ were all dominated
Ma et al., 2011, 2012; Chen et al., 2012) have also been disby the nearby topography, and wind directions at CD were
cussed for Beijing and the surrounding region. closely related to the direction of the urban valley area sur-

PMz 5, or fine particles, have been systematically analyzedrounded by mountains. The wind directions in TJ were influ-
in many studies in Beijing. But Pk has seldom been spon- enced by land and sea breeze (Fig. 1). In the BTH area, wind
taneously sampled and chemically analyzed at several sites iis mainly from the south in the summer and from the north in
different regions of BTH. Related published data for /4M  the winter. The topography not only governs the wind direc-
in urban areas of Tianjin and Hebei are lacking. There aredions but also decides the regional transportation of air pollu-
no overall analyses for PM chemical compositions for the tants. The average values of temperature, relative humidity,
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Table 1. Seasonal meteorological conditions at five sampling sites.

Sites  Season Temperature Relative  Wind speed Visibility Calm wind
(°C)  humidity (%) (ms?t (km)  frequency (%)
SDZ  Spring 15.0 49.6 3.28 29.1 1.92%
Summer 24.7 77.2 2.44 19.8 3.86 %
Autumn 9.5 53.0 2.37 30.5 4.83%
Winter -6.3 47.1 2.38 34.9 3.69%
BJ Spring 17.0 51.5 2.31 17.8 1.12%
Summer 26.6 78.2 1.53 11.7 3.24%
Autumn 11.3 62.7 1.65 18.7 4.00%
Winter -2.0 48.5 2.06 21.0 3.21%
TJ Spring 17.1 50.2 2.14 12.3 2.08%
Summer 27.3 70.4 1.47 8.0 3.55%
Autumn 13.4 52.1 1.53 12.1 10.33%
Winter -1.0 49.7 1.52 11.9 4.97%
SJZ Spring 17.6 53.7 1.79 13.3 3.21%
Summer 27.4 73.1 1.44 10.7 1.54%
Autumn 14.1 56.8 1.37 12.8 7.00%
Winter -0.2 47.2 1.25 10.9 4.49%
CD Spring 12.9 51.8 2.05 24.3 7.69%
Summer 23.6 75.8 1.63 21.6 6.48 %
Autumn 6.7 60.7 1.76 24.1 17.00%
Winter -9.7 545 1.44 24.8 8.65%

wind speed, and observed visibility for four sampling periods
at the five sites were also listed in Table 1 (the dates of four
sampling periods, see Sect. 2.2). The meteorological condi-
tions were similar in the BTH area; for all four seasons, tem-
perature ranked in the order of GBSDZ < BJ< TJ< SJZ,
wind speed was lowest at SJZ, and visibility was lowest
at TJ; for all five sites, temperature ranked in the order of - g
winter < autumn< spring< summer, relative humidity was e Shiiazhusng
highest and visibility was lowest in the summer, wind speed o 1N
was highest in the spring, and calm wind was most frequent
in the autumn.

Tianjin

Fig. 1. Sampling sites of PMs.

2.2 Sample collection and chemical analysis

Aerosol sampling was performed in spring (6 April to 1 May  g4ch polypropylene filter was cut into fragments and put
2009), summer (9 July to4Augl_Jst 2009), autumn (11 Octo-jinto a conical flask. Then 16 mL of HNgand 4 mL of
ber to 4 November 2009), and winter (14 January to 8 Februyc|o, were added into the flask and heated by an electric
ary 2010). PM s was sampled each day from 09:00 to 08:00 gioye until there was- 3 mL residual left. After cooling, the
the next day. Owing to precipitation or occasional samplergg|ytion was filtered and decanted into a test tube, and diluted
instability, more than 25 days were taken to assure at leasfy 15 mL with ultrapure water. Then an ICP-AES (ULTIMA,
20 valid samples for each period at each site. Two paraI—JY) was used for analysis of 19 elements (Al, As, Ba, Ca, Cd,
lel medium-volume samplers (TH-150A, 100 L mif) were Co, Cr, Cu, Fe, K, Mg, Mn, Ni, P, Pb, Sr, Ti, V, and Zn).
used at each site for collecting B¥lon 90 mm polypropy- A 1/4 piece of each quartz fiber filter was put into a glass
lene filters and quartz fiber filters. Polypropylene filters Wereyhe, and 10mL of de-ionized water was added. After a
used for analysis of inorganic elements. Quartz fiber filtersi5 min ultrasonic bath at room temperature, the solution
were used for carbon and water-soluble inorganic ion comy,as drawn into a 5mL syringe, filtered by a syringe filter,
ponents. and injected into a polymeric vial with filter cap. The poly-
meric vials were put into a Dionex AS-DV Autosampler and
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Fig. 2. Wind roses of all four sampling periods at each site.

analyzed by ion chromatography (ICS-1000, DIONEX) for analyzed for chemical species in less than a month. Com-
water-soluble inorganic ions (NaNH;, K+, Mg?t, C&*, pared with quartz fiber filters, polypropylene filters have
Cl=, NO3, and s(j*)_ higher moisture sensitivity and lower collection efficiency
A 0.5cn? punch from each quartz fiber filter was ana- (Over 90% of PMs mass by quartz fiber filters for most
lyzed by a thermal optical carbon analyzer (DRI-2001A) for Polypropylene filters). So the PM concentrations were

eight carbon fractions, following the IMPROVE protocol ~ from gravimetric analysis of quartz fiber filters. The concen-
(Chow et al., 1993, 2001, 2007). trations of all species were calculated by mass divided by

sampling air flows.

Adsorption of gases and vapors from the airstream will
lead to positive artifacts for measurements of sulfates, ni-
Quiartz fiber filters were all baked at 800 for 3 h priorto  trates, and organic compounds; evaporation of sulfates, ni-
sampling to remove adsorbed organic vapors; and polypropytrates, and organic compounds into the passing airstream
lene filters were also heated at D for 2h to remove Wwill lead to negative artifacts. The artifacts were often es-
volatile materials. Before and after sampling, the filters weretimated by a field blank filter or a collocated filter placed
weighed after being equilibrated for 24 h in a desiccator.behind the sampling filter. For quartz fiber filters, positive
All the samples were stored in a refrigerator unde€3and  and negative biases of organic gases had been found to

2.3 Quality control
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Fig. 3. PM2 5 concentration time series at the five sites. * 19 January for SJZ was 759.63119 m

approximately cancel each other under some circumstancesolvent used for extraction. The actual concentrations of each
(Watson and Chow, 2002; Eatough et al., 2003). Differentinorganic element or water-soluble ion in valid samples were
batches of quartz fiber filters may also have different equilib-all much higher than the detection limit and the standard vari-
rium properties for organic gases (Kirchstetter et al., 2001).ation of blank concentrations. After being baked at 800
So the artifacts of organic matter were not taken into accounthe residual carbon on the quartz fiber filters was negligible,
when calculating the concentrations of carbon fractions. Theand the detection limits for OC and EC were three times the
quartz fiber filters used in this study had lower alkalinity standard deviation of over 20 pre-baked blank filter analyses.
(less than 25 pedqd), so the adsorption artifacts of oxides
of nitrogen and nitric acid could be essentially eliminated. ) ]
Volatilization loss of NHNO3 from the filter has been found 3 Reésults and discussions
during sampling, especially during the warm mouths and dur- .
ing the warmest periods of the day (Zhang and M(:Murry,?"1 PMg.5 concentrations
1992; Ashbaugh and Eldred, 2004; Chow et al., 2005). Bé-he pp, 5 concentrations for all samples at the five sites
cause of the limitation of the sampler, the volatilized nitrate (Fig. 3) show similar fluctuations. The annual average con-
and volatilized ammonium were difficult to predict and esti- ~antrations were 71.8-191.2 ugf ranked in order as
mate. The NQ concentrations in this paper all represented 5p7 _ cp < BJ< TJ< SJZ. The annual concentrations ex-
non-volatilized parts of nitrate. _ _ ~ ceeded 100 ug n# at BJ, TJ, and SJZ. SDZ is a background
Some materials can be dissolved into the solution duringgiation without significant pollution sources within 30 km
pre—t_reatment. of Iabo_rgtory analysis, such as extraction, dl-of the site. However, the PMs concentration at SDZ was
gestion, filtration, or |nje9t|on._For example, we found that high, mainly owing to the regional transportation from
the glass tube for extraction dissolved out small amounts o}« squthern urban area. According to our #\tontinuous
Na' and that the syringe filters for solution filtration also had monitoring data, the P concentrations were quite higher
Na* and SG~ leaching. Thus, over two blank filters were \yhen southwest wind was blowing than the moment when
also analyzed when analyzing each set of samples (sampl&ging was blowing from other directions at SDZ and also at
for one season at one site), following the same procedureEJ (Zhao et al., 2009). The distributions of BMconcentra-
for both inorganic elements and water-soluble inorganic ions;ons at the five sites (Fig. 4) also show that the 22\pol-
analysis. And the blank concentrations of inorganic elementqution was quite severe in the BTH area. The ;ng\lcbncen-
and water-soluble inorganic ions were subtracted to get acations exceeded 50 ugThon more than 90 % of sampling

tual concentrations. The detection limits for inorganic ele- days at BJ, TJ, and SJZ, and even exceeded 100 fgm
ments and water-soluble inorganic ions were determined by, Jie than 88 % of sampl}ng days at SJZ.

three times the standard deviation of over 20 analyses of pure

www.atmos-chem-phys.net/13/4631/2013/ Atmos. Chem. Phys., 13, 46&144 2013
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There was a four-day heavy pollution episode from 16 tocal species of samples from all four seasons at each site. In-
19 January 2010, with a higher degree of atmospheric staerganic elements of Al, Ca, Fe, Mg, Ti, Ba, and Sr had strong
bility, a high level of PM 5, and lower visibility. However,  correlations (mostly more than 0.80) with each other at each
PM,5 was only sampled at SJZ on 19 January because o$ite, reflecting the common crustal sources. Tthl,\INOg,
problems with the sampler. At four urban sites, the max-gnd scﬁ- in the atmosphere were basically formed by a gas-
imum concentrations during four seasons all appeared ino-particle process as a result of chemical reactions of pre-
this pollution episode. The P} concentration on 19 Jan- cursor gases (Seinfeld and Pandis, 2006; Guo et al., 2010;
uary reached 759.6 ugm at SJZ. According to the winter |anniello et al., 2011), so we call them “secondary inorganic
concentration trends in Fig. 3, the maximum concentrationions” in this paper.
would be higher, and the winter average concentration could |n Shijiazhuang, a great deal of coal was combusted ev-
reach about 300 ugnt at SJZ if all samples were obtained ery year for industrial processes and daily life, the amount of
during that episode. cars had increased rapidly year by year, and a lot of buildings

At SDZ, new particle formation events occurred most fre- were under construction or demolition during sampling peri-
quently in the spring, and the number concentrations werexds. The average wind speed was also lowest at SJZ. All of
also highest for nucleation mode, Aitken mode, and accuthese conditions above made the aerosol pollution in Shiji-
mulation mode (Shen et al., 2011). In addition, more windy azhuang become worrying, and the annual concentrations of
days and large tracts of bare land caused more contributiogecondary inorganic ions, OC, EC, and most crustal elements
of fugitive dust in the spring. So the maximum concentration at SJZ were highest for all five sites.
appeared and the seasonal concentration was also highest inat SDZ, the annual concentrations of BY) crustal ele-
the spring. ments, OC, and EC were lowest, but the annual concentra-

In the winter, more particles were emitted from coal com- tions of NHI’ NO3, and S(ﬁ_ were higher than at CD. Ac-
bustion for heating; thus the seasonal\doncentrations at  cording to the prevailing wind directions of BJ and SDZ, the
SJZ and CD were highest in the winter. Pbwvas relatively  regional transportation of aerosol from southern urban areas
stable for BJ in all four seasons, because the energy used fa SDZ should not be discounted. The level of, vhich
heating and industrial processes was mainly electricity ands the most important photochemical oxidant, was higher at
natural gas except for limited residential coal consumptionspz than at BJ (Liu et al., 2008). Except for the regional
in the urban areas of Beijing. The finding that PMat TJ  transportation, the higherJevel could also facilitate the
was highest in the summer is unexpected and was attributefbrmation of secondary inorganic ions at SDZ by photochem-
to the summer having more days with a stable atmospherg:a| oxidation of reactive gases.
and higher concentrations of secondary inorganic ions (see The annual average OC and EC concentrations were both

Sect. 3.2.2). in the order of SDZ BJ< TJ< CD < SJZ at all five sites.
] N The levels of OC and EC at CD were even slightly higher
3.2 Chemical compositions than at BJ and TJ, mainly owing to the simpler energy and
. ) o pollution structure dominated by coal combustion. The an-
3.2.1 Spatial concentration variations nual OC/EC in PM 5 was relatively consistent in BTH, 2.56—

The annual average concentrations of72Mpecies and sea 2.87 at each site.
9 8P The annual average concentrations of crustal elements (Al,

sonal average concentrations of major components therein %{ A

. ) ) . . a, Fe, Mg, Ti, Ba, and Sr) were 2.87-8.27 ugthat the
all five sites are listed in Table 2 and Table 3, respectively... : . E10
We calculated the correlation coefficients among alll chemi—ﬂve sites, only accounting for 4.0-5.1% of BkImass.

Atmos. Chem. Phys., 13, 46314644 2013 www.atmos-chem-phys.net/13/4631/2013/
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Table 2. Annual averages concentrations of Py/species at each site (HgT.

4637

SDzZ BJ TJ SJZ CD
Mass  71.79%47.51 123.43%71.59 141.4478.03 191.1%¢104.29 92.4%54.62
NHZ 4.49+3.70 6.3 3.91 7.64:4.27 9.33:4.47 4.06+2.70
NO;  12.22+14.29 20.4#18.07 18.83:15.77 30.38: 28.30 58K7.31
SO?:K_ 13.75+14.93 19.04 16.36 24.9#22.59 35.63:23.00 13.0Gt11.80
oC 10.78+6.80 18.15+13.84 18.8112.90 26.52£21.68 18.98:16.07
EC 3.87£1.94 6.32:2.93 6.86+ 3.28 9.7 4.81 7.414+4.31
Al 0.57+£0.68 0.941.23 11A1.32 1.41+1.62 0.75£0.69
Ba 0.01+0.01 0.02£0.02 0.03£0.02 0.04£0.03 0.02£0.02
Ca 1.0%+1.15 2.42+3.00 3.28+:3.79 4.2 5.60 1.63t£1.73
Fe 0.86:0.77 1.4%+-1.43 2.02:1.70 1.84+:1.76 1.28+1.00
Mg 0.32+£0.35 0.59+0.70 0.69£0.80 0.64£0.72 0.38:0.34
Sr 0.00+£0.00 0.01+0.01 0.01+0.01 0.02+0.02 0.02+0.02
Ti 0.02+0.02 0.04£0.04 0.04£0.04 0.04£0.05 0.08:0.10
As 0.01+0.01 0.03£0.05 0.02:0.01 0.02£0.02 0.01+0.01
Cd 0.00+£0.00 0.0G+0.00 0.0G+0.00 0.014-0.00 0.0G+0.00
Co 0.00+0.00 0.00£ 0.00 0.00£0.00 0.00+£ 0.00 0.0G+0.00
Cr 0.04+0.21 0.02:0.12 0.01+0.01 0.01+0.01 0.01+0.01
Cu 0.02+0.03 0.04+0.03 0.14-0.27 0.04+:0.04 0.02+0.01
Mn 0.04+0.03 0.0+ 0.04 0.10£0.07 0.12£0.08 0.06+0.05
Ni 0.01+£0.02 0.01+0.01 0.00.01 0.01£0.01 0.0G+0.00
Pb 0.040.07 0.14:0.11 0.22:0.14 0.30+£0.22 0.114+0.08
\Y, 0.00+0.00 0.00+£0.00 0.00£0.00 0.00+£ 0.00 0.0:0.01
Zn 0.20+0.15 0.32:0.24 0.75:0.43 0.68+0.47 0.28+0.23
K 1.26+1.09 1.73£1.27 2.15£1.35 3.42:2.14 1.15+0.91
P 0.06+0.04 0.09t0.07 0.10£0.07 0.15£0.09 0.11:0.09
ClI— 0.76+1.06 2.92+-3.46 8.14+6.10 8.69+-7.88 1.84+1.93
Nat 0.29+0.14 0.53+0.45 0.63+0.30 0.6%+:0.30 0.30+0.17
K+ 1.19+1.10 1.68t1.29 2.08+1.36 3.40+2.14 1.10£0.93
Mgt 0.14+0.11 0.18+0.11 0.23+0.13 0.25+:0.15 0.12:0.10
cat 0.74+0.68 1.55+£1.38 1.79£1.44 2.62£2.27 0.91+0.71
Table 3. Seasonal average concentrations of major components at the five siteé@g m
Species SDz BJ T SJz CD
Spring  Summer Autumn  Winter Spring  Summer  Autumn  Winter Spring  Summer Autumn  Winter Spring  Summer Autumn  Winter Spring  Summer  Autumn
NHI 5.67 6.28 3.23 2.83 6.77 8.43 5.01 5.21 7.09 10.63 6.40 6.58 8.68 9.27 8.90 10.47 4.46 4.66 3.44
NO3 16.48 12.41 11.20 8.84 20.35 22.76 2154  17.09 18.75 21.09 20.11 1548 26.46 24.93 46.01  25.30 11.02 4.62 2.55
Sé’ 15.73 24.17 8.68 6.64 16.42 33.76 11.53 14.23 20.64 42.71 15.82 21.33 28.89 42.53 37.96 33.24 13.29 19.60 9.21
ocC 9.71 5.74 10.74 16.84 15.79 10.13 20.16 26.80 14.10 12.70 23.08 24.85 19.63 9.10 31.50 47.24 14.47 9.27 19.05
EC 3.85 3.34 3.89 4.41 5.17 5.90 7.06 7.14 5.65 5.90 8.81 6.99 7.83 7.94 1141 12.17 4.86 4.63 7.18
Al 0.85 0.21 0.51 0.71 1.25 0.34 1.26 1.03 157 0.95 1.42 0.72 1.62 0.60 1.99 1.48 1.32 0.36 0.51
Ba 0.02 0.01 0.01 0.01 0.03 0.01 0.02 0.03 0.04 0.02 0.04 0.02 0.03 0.01 0.04 0.05 0.03 0.01 0.01
Ca 1.53 0.54 1.30 0.91 3.37 1.16 3.29 1.85 4.63 3.49 3.89 1.12 4.29 2.51 7.11 3.22 3.34 1.02 113
Fe 1.25 0.43 0.99 0.74 1.65 0.73 2.05 1.55 2.24 1.90 2.64 131 2.07 0.87 2.65 1.84 1.89 0.86 1.06
Mg 0.44 0.09 0.44 0.30 0.72 0.21 0.84 0.57 0.77 0.64 1.03 0.33 0.69 0.29 1.03 0.58 0.63 0.26 0.31
Sr 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.01
Ti 0.04 0.01 0.02 0.02 0.05 0.02 0.06 0.05 0.05 0.04 0.06 0.02 0.05 0.02 0.06 0.05 0.07 0.04 0.03
As 0.01 0.01 0.01 0.00 0.03 0.05 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.03 0.03 0.01 0.01 0.01
Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.18 0.00 0.01 0.00 0.06 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cu 0.04 0.02 0.02 0.02 0.05 0.04 0.04 0.04 0.24 0.06 0.12 0.12 0.03 0.02 0.06 0.06 0.02 0.01 0.01
Mn 0.04 0.02 0.05 0.05 0.07 0.04 0.09 0.09 0.09 0.07 0.14 0.10 0.10 0.08 0.14 0.16 0.06 0.04 0.05
Ni 0.03 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00
Pb 0.07 0.06 0.08 0.06 0.14 0.13 0.15 0.15 0.23 0.19 0.23 0.23 0.22 0.22 0.32 0.43 0.09 0.07 0.11
\ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Zn 0.19 0.18 0.25 0.19 0.34 0.38 0.27 0.30 0.85 0.70 0.71 0.73 0.50 0.63 0.77 0.81 0.27 0.11 0.33
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Crustal elements were mainly from fugitive dust influenced |
by the overall level of urban sanitation, greening cover, hu-
man earthmoving activities, and dust control.

—+—Secondary inorganic ions ~ —==TC Crustal elements

N,

SDZ

3
S

=
=)
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=)

3.2.2 Secondary inorganic ions

&)
=)

For environments with an abundance of §ithe NHUHSOy

and (NH;)2SO, are sequentially generated; the fine particu-
late S(ﬁ‘ is not volatile. Ammonium nitrate is often formed

in areas with high ammonia and nitric acid concentrations
and low sulfate concentrations (Seinfeld and Pandis, 2006).
Secondary inorganic ions (NH NO3, and SG ™) were ma-
jor components of PMs in BTH, which comprise 24-43 %
of annual average PM mass at the five sites. The mass
ratios of secondary inorganic ions to P¥were all high-
est in the summer (42—61 % of summer PM (Fig. 5). At

each site, the N and S~ had similar seasonal trends NEC were significant. The seasonal average PEC and NEC at
and highest concentrations in the summer (Table 3). In thepe five sites were depicted in Fig. 6. Except for autumn and
BTH area, the correlation coefficients (CCs) betweerfNH winter seasons at CD, l\ﬁHwas far from enough to match
and S~ were obviously higher than CCs between NH NO; and SG~ in all four seasons at each site. However, the
and NO; and CCs between NPand SG~ (Table 4). This  sum of positive electric charges of all analyzed cations'(Na
means sulfate had been better neutralized by; N the NH}, K, Mg?*, Ca&*) well balanced the negative charges
filters. The scﬁ— in the summer was evidently higher than of sof; in most cases. It indicated the existence of acid.
NO3 and also much higher than SOin other seasons at As mentioned above, ammonium nitrate is often formed
each site. However, SQvas usually lowest in the summer, in areas with high ammonia and nitric acid concentrations,
not only because of less fuel combustion but also owing toand low sulfate concentrations. According to thermodynamic
the highest conversion rate of 8@ SO, resulting from  results from laboratory experiment, NNOg would not be

the strongest photochemical oxidation in the summer (Ta€xpected to be formed in BTH under summer conditions
ble 5). Furthermore, the mean concentration ofsNkthe  (lanniello et al., 2011). But in this study, the highest con-
summer period of Beijing was several times higher than incentrations of N@ had formed in acidic and ammonium-
the other period (lanniello et al., 2010), and the better ther{oor aerosol in the summer. In the study of lanniello et al.
mal stability of sulfate also facilitated the accumulation of (2011), very similar seasonal trends for secondary inorganic
SO;~. The NG, concentrations had not evidently fluctuated ions were reported. In the study of Pathak et al. (2009), high

as SG". Nitrate is more sensitive to temperature, and higherconcentrations of N@ were also found in the ammonium-

temperature does not favor the formation of nitrate. Accord-Poor PM:s samples at the Beijing site in the summertime.
ing to previous studies in Beijing, a large portion of nitrate, According to the discussions of these above literatures, the

chloride, and ammonium could evaporate from the filters, esitrate was most probably formed via the heterogeneous hy-
pecially in the summer (lanniello et al., 2011). drolysis of NOs on the surface of the moist and acidic

The annual averages of qqgog— were 0.89, 1.07, 0.75, aerosols. In addlthn, the internal mlxture of nitrate ywth sul-
0.85, and 0.45 for SDZ, BJ, TJ, SJZ, and CD, respectively.faté made the deliquescent particles able to easily absorb
The lowest NG/SO;~ at CD could also reflect the dominat- HN?3 and reduced the ther?]wog_ynam_ic _diSS(;CiatiO” cor(;stant
ing coal combustion sources for particles. Higherngz~ K7 for NHaNOs. Moreover, the dissociation of NGz an
at BJ and SDZ showed that a greater fraction ofgsartiéles re-NH4CI [_Jrobably resulted in some residue of Hbland HC
sulted from motor vehicle exhaust. on the filters.

In some studies, all ND and SCﬁ‘ were assumed to be
in the form of NHyNO3 and (NHy)2SOy4 (or NHzHSOy),
and the calculated and measured Nidgreed well (De-
Bell et al., 2006; Louie et al., 2005). We also calculated

o

Seasonal concentrations (ug m)

Spring
Spring
Spring
Winter
Spring
Spring
Winter

Winter

Summer
Autumn
Summer
Autumn

Winter
Summer
Autumn
Summer
Autumn

Winter
Summer
Autumn

©

TJ

Sampling sites

Fig. 5. Seasonal concentrations of secondary inorganic ions, TC,
and crustal elements at the five sites.

3.2.3 Carbonaceous components

The carbonaceous aerosol pollution exhibited obvious sea-

. ” . sonal characteristics. For all five sites, the OC and EC con-
the molar concentrations of positive electric charges of{NH : : . ;
centrations in the autumn and winter were higher than those

(PEC=NH,/18) and negative electric charges of N@nd in the spring and summer (Fig. 7), and OC had higher rates
SO;~ (NEC=NO;/62+S0; /96x2). If all SO~ was as-  of increase than EC. According to the study of Chow et
sumed to be in the form of HSO then NEG=(NO;/62+  al. (2004), PM s emissions from coal-burning sources had
SOﬁ‘/%). At the five sites, the correlations between PEC anchigh OC abundances and high OC/EC values. The seasonal
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Table 4. Correlation coefficients among I\]{H NO3, and S(ﬁ‘ at each site.

sbz BJ T siz cD
NO; SO~ NO; SO~ NO; SO~ NO; SO~ NO; SO~
SO~ 0.754 - 0730 - 0787 - 0799 - 0635 -

NHI 0.898 0.935 0.895 0.894 0.863 0.950 0.823 0.905 0.832 0.902

Table 5. Seasonal S@concentrations for sampling periods at SDZ 50 - m=OC  WEMEC  —=-TOPM2S a0
and BJ (ug m3).

Spring Summer Autumn  Winter

20 A

Concentrations (pg'm-?)

SDz 14.6 4.3 16.0 26.9
BJ 25.6 134 19.4 45.3 107
0 =
£
E
i;n 1.80 ®NEC (SO, assumption) NEC (HSO, assumption) ®PEC spz ‘ B . ‘ iz
g 1.20 Sampling sites
—:oso I | ‘ | ‘ | | ‘ Fig. 7. Average seasonal concentrations of carbonaceous compo-
£S nents and TC/PWlg by study site.
T IV TY e s by study
2 FlEZ2F|7 52773277327 % 327
spz B ™ sz e of increase than POC during the winter. In the study of Cao

Sampling sites et al. (2007), the SOC concentrations were also higher in the
winter for several northern Chinese cities. Compared with
Fig. 6. Molar concentrations of positive electric charges ofj\lH secondary inorganic ions, the levels of SOC showed oppo-
(PEC) and negative electric charges of N@nd SG~ (NEC). site seasonal trends. The stable atmosphere and low tempera-
ture, which appeared more frequently during the autumn and
winter, could facilitate the accumulation of air pollutants and
fluctuations in the level of OC and EC reflected that moreaccelerate the condensation or adsorption of volatile organic
aerosol was emitted from more fuel combustion for heatingcompounds onto pre-existing aerosol. Because the profiles of
in the winter. In the winter, SJZ had the highest seasonal O(articulate organic compounds were not obtained, the actual
concentration (47.2pugnf), and CD had the highest sea- processes of secondary formation for OC in the winter could
sonal EC concentration (13.1 ug®) for the five sites. As  not be revealed in this paper and needed to be deeply dis-
mentioned above, the OC and EC concentrations would beussed. A more detailed description of SOC calculation has
much higher in the winter at SJZ if all samples were ob- been published in another paper (Zhao et al., 2013).
tained during that heavy pollution episode. Similar to sea-
sonal trends of OC and EC, the OC/EC values were also low3.2.4 Inorganic elements
estin the summer and higher in the spring and autumn at each
site, and highest in the winter at every site except CD. The sums of crustal elements (Al, Ca, Fe, Mg, Ti, Ba, and
In this study, an EC tracer method was used to calculate th&r) were higher in the spring and autumn at SDZ, BJ, TJ, and
seasonal concentrations of secondary organic carbon (SO@JZ and only higher in the spring at CD (Fig. 5). According
(Turpin and Huntzicker, 1995; Castro et al., 1999; Cao etto the recorded weather phenomena, there were two or three
al., 2004, 2007), and four to five samples with the lowestdays with blowing or floating dust during spring and autumn
OC/EC ratios were used to calculate coefficients in the POGampling periods. The sampled aerosol was mainly soil par-
(primary organic carbon) expression during a given seasoticles from local or other places during those days.
at each site. The data from days with blowing dust, float- Heavy metals can cause serious bodily damage, especially
ing dust, or precipitation were removed before the analysisto children (Fergusson, 1990). At present, there is not a con-
The seasonal SOC concentrations and SOC/OC are listed icentration standard for heavy metals in ambient particulate
Table 6. Similarly to OC and EC, SOC and POC (OC-SOC)matter. The annual or seasonal concentrations of heavy metal
concentrations were also higher in the autumn and winter an@&lements in PMs in some other studies are summarized
lowest in the summer. However, SOC had more percentagem Table 7. By comparison, all analyzed heavy metals were
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Table 6. Seasonal SOC concentrations and SOC/OC ratios by site.

Sbz \ BJ \ TJ \ SJz \ CD
SOC SOcC/oC SOC SOcC/oC SOC SOcC/oC SOC SOcC/oC SOC SOcC/oC
(g3 (%) | (ngn3) (%) | (ugn3) (%) | pgm3) (%) | (ugn3) (%)
Spring 1.80 18.5% 2.55 16.2% 3.74 26.5% 5.81 29.6% 231 16.0%
Summer 0.69 12.09 2.15 21.2% 2.75 21.7% 1.56 17.2% 1.17 12.7%
Autumn 1.54 14.4% 4.54 22.5% 7.45 32.3% 8.74 27.8% 6.65 34.9%
Winter 3.14 18.7% 8.66 32.3% 7.28 29.3% 13.19 27.9% 19.38 57.7%
Table 7.Comparisons of heavy metal element concentrations in different st(gigsi3).
2009-2018 2000-2001 2000-2001 2000-2002 1998-1999 2005 2006
(This study) (Ho et al., 2003, 2006) (Louie et al., 2005)| (Vega et al., 2004) (Hueglin et al., 2005)| (Lv etal., 2007) | (Feng et al., 2008)
Annual | winter Summer| Annual | Winter and spring| Annual | Spring  Summer]| Autumn
SDZ¢ BJ TJ SJz CD| HK-PolyU HK-TW | Mexico | Zurich-Kaserne| Shanghai Guangzhou
As 0.0111 0.0282 0.0181 0.0215 0.0107.00393 0.0015: 0.006 0.01 0.00047| 0.0058 0.0072 -
Cd 0.0015 0.0033 0.0039 0.0060 0.0089 - - 0.0023 0.01 0.00031 - - 0.0046
Co 0.0005 0.0009 0.0010 0.0009 0.0007 - - 0.000 0 - - - -
Cr 0.0423 0.0199 0.0134 0.0116 0.00Y$.00243 0.0008: 0.001 0 — | 0.0023 0.0019 -
Cu 0.0219 0.0443 0.1380 0.0412 0.018®.01732 0.0168 0.0089 0.05 0.0061 | 0.0172 0.0285 0.0554
Mn 0.0398 0.0726 0.1023 0.1171 0.06040.00996 - 0.012 0.02 0.0035| 0.0104 0.0099 0.0673
Ni  0.0082 0.0075 0.0073 0.0065 0.00360.00534 - 0.0054 0.01 0.0031| 0.0073 0.0063 0.0064
Pb  0.0694 0.1421 0.2205 0.2978 0.110D.07686 - 0.0718 0 0.021 | 0.0057 0.0120 0.2070
\% 0.0020 0.0033 0.0049 0.0038 0.00920.00446 0.0097 0.014 0.03 0.0011 - - -
Zn 0.1966 0.3243 0.7462 0.6775 0.2783.28656 0.0622 0.1739 0.36 — | 0.1566 0.1283 0.5376

2 The significant figures of concentration values follow respective paper; “—* represent element concentrations that were not analyzed or given.
b Sampling period.
¢ Sampling site.

evidently detected in urban areas of mainland China; the conHe et al. (2001) sampled PM at two urban sites of Bei-
centrations of heavy metals were at higher levels, even afing (Chegongzhuang and Tsinghua) from 1999 to 2000. The
SDZ background station. In the BTH area, BJ, TJ, and SJZChegongzhuang site in the study by He et al. (2001) and the
had higher heavy metal concentrations, and Zn, Pb, Mn, CuBJ site in this study were only 2.4 km apart. The BNU site
Cr, and As at all five sites were all much higher than thosein the study by Sun et al. (2004) was 6.4 km away from the
in other studies. Except for the lowest concentrations in theBJ site in this study. So the PM data of the Chegongzhuang
summer, there was no common seasonal trend for each elsite in He et al. (2001) was more comparable with data of this
ment at five sites. study. Compared with studies of He et al. (2001) and Sun et
Pb and Zn were the most abundant heavy metals ing°M al. (2004), the concentration levels of secondary inorganic
in the BTH area. The annual average concentrations of Plions and carbon components had significantly varied.
plus Zn were 0.266-0.975 pgtat all five sites, and were The annual concentration of %O and NG; increased
close to 1.0ugm?® at TJ and SJZ. Pb had stronger correla- from 14.47 and 10.3 ugn? in study of He et al. (2001) to
tions with Zn, K, and EC at each site (Table 8). Pb and Zn19.07 and 20.47 ug¥ in this study. The NQ in all four
have always been found together from minerals to industriakeasons had evidently increased, reflecting the influences by
productions and processes. EC is essentially a primary polNO, emissions from the sharp increase in motor vehicles.
lutant, and K is mainly from biomass burning and decompo-The S(jf in the spring and summer increased from 10.15
sition. The stronger correlations among Pb, Zn, and K indi-and 17.14 ugm? to 16.42 and 33.76 pgmi, respectively.
cate their common sources of metal processing and fuel oHowever, the S& in the autumn and winter decreased from

biomass combustion. 12.55 and 24.87 ugm? to 11.53 and 14.23 ugni, respec-
tively. The opposite seasonal trends of%S@how the ev-
idence of the decreased coal consumption in the winter and
the raised level of photochemical reaction in the summer over
the past ten years. In addition, Ijﬂ-and NG were also var-
PMg5 has been systematically studied in Beijing in someied from lower in the summer and highest in the winter to
previous studies. The seasonal average concentrations @wer in the winter and highest in the summer.

PM_ 5 chemical species of Beijing from two previous stud-

ies (He et al., 2001; Sun et al., 2004) were listed in Table 9.

3.2.5 Temporal variations of Beijing PMy.5 chemical
compositions

Atmos. Chem. Phys., 13, 46314644 2013 www.atmos-chem-phys.net/13/4631/2013/
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Table 8. Correlation coefficients between Pb and Zn, Pb and K, and Pb and EC.

SDz BJ TJ SJz CD

Zn K EC Zn K EC Zn K EC Zn K EC Zn K EC
Pb 0.891 0.901 0.729 0.874 0.798 0.738 0.823 0.866 0.720 0.887 0.793 0.905 0.879 0.773 0.725

Table 9. Seasonal concentrations of BNlchemical species for Beijing in previous studies (u@)?m

Chegongzhuang (1999-2080) BNU (2002—-2003)
(He et al., 2001) (Sun et al., 2004)
Spring  Summer Autumn  Winter Annual Summer  Winter

Mass 88.6 76.0 111.6 175.9 115 77.3 135.7
NHjlr 4.28 5.70 4.91 7.80 6.22 10.4 12.9
NO; 7.26 4.59 11.16 15.35 10.3 12.2 17.0
SO??‘ 10.15 17.14 12.55 24.87 14.47 16.0 30.4
oC 18.21 13.42 28.79 31.49 215 M5 332
EC 6.67 6.27 10.23 11.08 8.7 5.2 11.0
Al 1.37 0.44 0.73 0.74 0.8 0.53 1.11
Ba - - - - - -
Ca 1.71 0.924 1.55 1.05 1.23 0.75 1.67
Fe 1.52 0.76 1.32 1.17 1.14 0.65 1.04
Mg 0.31 0.15 0.26 0.19 0.22 0.22 0.32
Sr - - - - 0.02 0.02
Ti - - - - 0.03 0.07
As - - - - 0.01 0.05
Cd - - - - 0.0037 0.0112
Co - - - - 0.0039 0.0036
Cr - - - - 0.02 0.02
Cu 0.028 0.022 0.032 0.051 0.035 0.04 0.08
Mn 0.09 0.075 0.14 0.10 0.097 0.03 0.08
Ni 0.004 0.009 0.001 0.003 0.015 0.06 0.08
Pb 0.26 0.22 0.28 0.40 0.304 0.11 0.31
\% - - - 0.0190 0.0025

Zn 0.425 0.343 0.511 0.612 0.48 - -

2 Sampling site and period.
b ocandECin samples of BNU were analyzed by CHN elemental analyzer.

Compared with the study by He et al. (2001), the OC andpling days exceeded 50 pgthat BJ, TJ, and SJZ. The me-
EC concentrations in all four seasons have decreased. Thieorological condition and pollution sources that influenced
ratio of winter concentration divided by summer concentra-aerosol pollution were season dependent. Thus the concen-
tion for EC decreased from 1.77 to 1.21. This decrease alstrations of PM s and its major chemical species were also
indicates that aerosol emissions from coal combustion, espeseason dependent and showed spatially similar characteris-
cially from winter coal combustion for heating, were remark- tics in the plain area of BTH.
ably reduced in Beijing. In Shijiazhuang and Chengde, the Pipollution was

Compared with previous studies, the concentrations of Calominated by coal combustion. The annual concentrations of
and Mg were about doubled, and Mn, Ni, Pb, and Zn weresecondary inorganic ions, OC, EC, and most crustal elements
lowered by one-fourth to half of what they were 10 yr ago. at SJZ were highest for all five sites. Motor vehicle exhausts

and coal combustion emissions both played important roles

in Tianjin PMy 5 pollution. However, motor vehicle exhausts
4 Conclusions had played a more important role in Beijing owing to the re-

duction of coal consumption and sharply increase of cars. At
The PM 5 pollution was severe in the BTH area, with aver- Shangdianzi background station, regional transportation of
age annual concentrations of 71.8-191.2 pg rat the five  ajr pollutants from southern urban areas was significant.
sites. The PN concentrations on more than 90 % of sam-
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The sum of concentrations of secondary inorganic ions J. Geophys. Res., 112, D22S1d0i:10.1029/2006JD008205
(NH, NO3, and SCﬁ‘) was highest in the summer at SDZ,  2007.
BJ, TJ, and CD, due to stronger photochemical oxidation.Cao,J.J.,Lee,S.C., Ho,K. F., Zou, S. C., Fung, K., Li, Y., Watson,

_ . spheric organic carbon and elemental carbon in Pearl River Delta
from enough to match NDand scﬁ in all four seasons at Region, China, Atmos. Environ., 38, 44474456, 2004,

gach site. So nitric acid or hydrochloric acid probably existedCastrol L. M., Pio, C. A., Harrison, R. M., and Smith. D. J. T.:
in PMz 5 on the filters. Carbonaceous aerosol in urban and rural European atmospheres:
For all five sites, the OC and EC concentrations in the estimation of secondary organic carbon concentrations, Atmos.
spring and summer were lower than those in the autumn and Environ., 33, 2771-2781, 1999.
winter, reflecting more aerosols emitted from fuel combus-Chen, J., Zhao, C. S., Ma, N, Liu, P. F.pkel, T., Hallbauer, E.,
tions for heating. Compared with secondary inorganic ions, Deng, Z. Z., Ran, L., Xu, W. Y., Liang, Z., Liu, H. J., Yan, P,,
the levels of SOC showed opposite seasonal variations. The Zhou, X. J., and Wiedensohler, A.: A parameterization of low
stable atmosphere and low temperatures appearing more fre- Visibilities for hazy days_in the North China Plain, Atmos. Chem.
quently during the autumn and winter could facilitate the ac- _ Phys. 12, 4935-49500i:10.5194/acp-12-4935-2012012.
cumulation of air pollutants and accelerate the condensatiof"€"9: Y- F. Berghof, M., Garland, R. M., Wiedensohler, A.,
. . . Wehner, B., Miuller, T., Su, H., Zhang, Y. H., Achtert, P.,
or adsorption of volatile organic compounds. The sums of N . ,
. . owak, A., Rschl, U., Zhu, T., Hu, M., and Zeng, L. M.: In-
F:rustal elgments (Al, Ca, Fe, Mg, Ti, Ba, and Sr) were higher fluence of soot mixing state on aerosol light absorption and sin-
in the spring and autumn at SDZ, BJ, TJ, and SJZ and only e scattering albedo during air mass aging at a polluted regional
higher in the spring at CD owing to more days with blowing  site in northeastern China, J. Geophys. Res., 114, D00G10,
or floating dust. The concentrations of heavy metals were doi:10.1029/2008JD0108830009.
at higher levels in the BTH area, even at SDZ backgroundChow, J. C., Watson, J. G., Pritchett, L. C., Pierson, W. R., Frazier,
station. Pb and Zn were the most abundant heavy metals in C. A., and Purcell, R. G.: The DRI thermal/optical reflectance
PM,s. Pb had stronger correlations with Zn, K, and EC at carbon analysis system: Description, evaluation and application
each site, indicating their common sources of metal process- ilnggg-s- air quality studies, Atmos. Environ., 27A, 1185-1201,

ing and fuel or biomass combustion. Chow. 3. C.. Wat 16 C b L thal. D. H.. and M
; ; ; - ow, J. C., Watson, J. G., Crow, D., Lowenthal, D. H., and Mer-
Compared with results in studies of Beijing carried out ten rifield. T. Comparison of IMPROVE and NIOSH carbon mea-

years before, the co.ncentrgtmns o_f seconqary inorganic ions surements, Aerosol Sci. Tech., 34, 23-34, 2001
had changed from highest in the Wlntgr to highest in the SUMhow, J. C., Watson, J. G., Kuhns, H., Etyemezian, V., Lowenthal,
mer, and the levels of OC and EC in all four seasons had p i crow, D., Kohl, S. D., Engelbrecht, J. P., and Green, M.
decreased. So the characteristics of aerosol pollution in Bei- ¢.: Source profiles for industrial, mobile, and area sources in the
jing have changed from a simple type of coal combustion to  Big Bend Regional Aerosol Visibility and Observational study,
a complex type dominated by motor vehicle exhausts. Chemosphere, 54, 185-208, 2004.
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