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Abstract. Biomass burning, the largest global source of el- comparison of the levoglucosan to"Katio and the levoglu-
emental carbon (EC) and primary organic carbon (OC), iscosan to mannosan ratio among different types of biomass.
strongly associated with many subjects of great scientificUsing this method, the major source of biomass burning
concern, such as secondary organic aerosol and brown caaerosol in Beijing was suggested to be the combustion of
bon which exert important effects on the environment andcrop residuals, while the contribution from softwood burn-
on climate in particular. This study investigated the relation-ing was also non-negligible, especially in winter.

ships between levoglucosan and other biomass burning trac-
ers (i.e., water soluble potassium and mannosan) based on

both ambient samples collected in Beijing and source sam- )

ples. Compared with North America and Europe, Beijingwas® ntroduction

characterized by high ambient levoglucosan concentrations . . . . - .
and low winter to summer ratios of levoglucosan, indicating B'O”_‘ass burning Processes, including wildfires, presprlped
significant impact of biomass burning activities throughout burning (of forest, agricultural waste, etc.) and domestic bio-

the year in Beijing. Comparison of levoglucosan and Waterfuel combustion (in fireplaces, stoves, etc.), contribute large
soluble potassium (K) levels suggested that it was accept- amounts of trace gases (e.g., greenhouse gases and precur-

able to use K as a biomass burning tracer during summer SOrs of ozone) and particulate matter to the troposphere (An-
in Beijing, while the contribution of fireworks to K could dreae and Merlet, 2001; van der Werf et al., 2006.)' These
be significant during winter. Moreover, the levoglucosan to pollutants can be transported many thousands of kilometers
K ratio was found to be lower during; the typical summer downwind from the source areas. For example, forest fires in
period (0.2 0.16) compared with the typical winter period the southern Siberia/Lake Baikal area and agricultural burn-
(0.51+ 0.15). Levoglucosan correlated strongly with man- ing in Kazakhstan and southern Russia were shown to be an
nosan {2 = 0.97) throughout the winter and the levoglu- important source of haze over the Arctic during an airborne

cosan to mannosan ratio averaged $4R63, whereas lev- experiment in April 2008 (Warneke et al,, 2009), while it was

oglucosan and mannosan exhibited relatively weak correlatouml_that ozone production in the md-trpposp_here over the
tion (R2 = 0.73) during the typical summer period when the Atlgntlc was enhanceq due to cross-hemispheric transport of
levoglucosan to mannosan ratio averaged 12.8538. Re- African biomass burning plumes (Real et al., 2010). In ad-

sults from positive matrix factorization (PMF) model analy- dition to long-range transport, biomass burning is strongly

sis showed that about 50 % of the OC and EC in Beijing Wereassociated with many other subjects that are of great sci-

associated with biomass burning processes. In addition, gntmc concem, such as secondary organic aerosol (SOA)

new source identification method was developed based on th roduction and release of light-ahsorbing organic carb_on
I.e., brown carbon). Results from source emission studies
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showed that fresh biomass burning aerosol is mainly com+tal health (Naeher et al., 2007). Therefore, biomass burning
prised of carbonaceous species (e.g., Fine et al., 2001), whichas been the focus of extensive studies since the 1970s, and
are expected to undergo atmospheric reactions (i.e., aginghore recently, a series of international research initiatives
during transport. Laboratory studies (Grieshop et al., 2009awere conducted, such as the SAFARI (the Southern Africa
b) found that organic aerosol concentrations in diluted woodFire Atmosphere Research Initiative) and the LBA-SMOCC
burning emissions increased by a factor of 1.5 to 2.8 after(the Large Scale Biosphere-Atmosphere Experimentin Ama-
several hours of exposure to UV light and typical summer-zonia: Smoke, Aerosols, Clouds, Rainfall and Climate) cam-
time hydroxyl radical (OH) concentrations, indicating sig- paigns.
nificant production of SOA. However, a substantial chal- Levoglucosan (1,6-anhydr®-D-glucopyranose,
lenge was that the oxidation of traditional precursors couldCgH100s5) is commonly used as tracer for biomass
only explain less than 20% of the SOA formed. Forma- burning. As the main pyrolysis product from cellulose,
tion of SOA from biomass burning emissions during aging levoglucosan is source specific and emitted in dominant
processes was also confirmed by field observations (Lee eamounts during the combustion of biomass; more impor-
al., 2008; Adler et al., 2011). There were also several retantly, the combustion of other materials, such as fossil
cent investigations focusing on the precursors and formafuels, does not produce levoglucosan (Elias et al., 2001).
tion pathways of SOA from biomass burning. For example, Therefore, levoglucosan is a unique tracer for biomass
it was found that aqueous-phase reactions of phenolic comburning processes (Simoneit et al., 1999, 2004; Simoneit,
pounds, which are emitted in large amounts from wood com-2002), and quantification of levoglucosan in aerosol samples
bustion, can form SOA at high yields (Sun et al., 2010). In provides valuable information regarding their emission
another chamber study, methyl-nitrocatechols were identi-sources. Measurement of levoglucosan usually relies on gas
fied as atmospheric tracers for SOA from biomass burningchromatography—mass spectrometry (GC-MS; e.g., Schauer
and m-cresol was suggested to be a precursor for methylet al., 2001) or high-performance liquid chromatography
nitrocatechols (linuma et al., 2010). (HPLC, Schkolnik et al., 2005; Puxbaum et al., 2007;
Inventory studies suggested that biomass burning is therttri et al., 2007), both of which involve complex sample
largest source of global black carbon emission (Bond et al.preparation and/or analytical procedures. A new method
2004), while it was recently recognized that biomass burn-termed high-performance anion-exchange chromatography
ing is also an important source of brown carbon. Kirchstettercoupled to pulsed amperometric detection (HPAEC-PAD)
et al. (2004) found that the wavelength dependence of lightvas developed recently, and showed good agreement with
absorption by biomass smoke aerosols was largely reducetiaditional analytical methods (Engling et al., 2006; Caseiro
when much of the organic carbon was extracted with acetonegt al., 2007; linuma et al., 2009). This new method, which
indicating that organic carbon in the biomass smoke aerosoldirectly quantifies levoglucosan as well as various other
may appreciably absorb solar radiation. Studies based onarbohydrates of atmospheric relevance using water extracts
the transmission electron microscope (TEM) technique pro-of aerosol samples, is simple and cost effective, and thus
vide additional evidence for the connection between biomas&nables the analysis of a large number of samples.
burning and brown carbon. A distinct group of organic parti- Several investigators attempted to use the levoglucosan to
cles termed tar balls, which have a brown appearance, wagrganic carbon (OC) ratios as well as the levoglucosan to PM
frequently observed in ambient aerosol samples impactedatios measured in source samples to estimate the biomass
by biomass burning @sfai et al., 2004; Hand et al., 2005; burning contribution to ambient aerosol. Fine et al. (2002)
Alexander et al., 2008; Adachi and Buseck, 2011) as well afound that an average of 136 mg levoglucosan per gram of
in source samples from biomass combustion (Chakrabarty eDC was emitted from the fireplace combustion of four hard-
al., 2010). Light absorption spectra of humic-like substancesvood species grown in the southern US, which corresponds
(HULIS) isolated from biomass burning aerosol (Hoffer et to an OC to levoglucosan ratio of 7.35. This ratio was used by
al., 2005) and those of methanol extracts of wood smokePuxbaum et al. (2007) to estimate the contribution of biomass
samples (Chen and Bond, 2010) also demonstrate the imburning to OC measured at background sites in Europe:
portance of biomass burning as sources of brown carbo
In addition, a field study conducted in the southeastern U
found that more than 50 % of the light absorption by /M  Schmidl et al. (2008a) suggested a factor of 10.7 for con-
(fine particulate matter) water extracts could be attributed toverting levoglucosan concentration to PM mass based on the
biomass burning (Zhang et al., 2010). stove combustion of common woods grown in central Eu-
Other important impacts of biomass burning emissions areope, while a substantially lower convention factor (7.6) was
the possibility of biomass smoke particles to act as clouddetermined based on the main wood species burned in Portu-
condensation nuclei (Reid et al., 2005a; Andreae and Rosergal (Goncalves et al., 2010). More recently, a conversion fac-
feld, 2008), the strong radiative forcing caused by biomasgor of 11.2 from levoglucosan to wood smoke mass, which
burning aerosols (Haywood and Boucher, 2000; Reid et al.was calculated as the mean value from published data (vary-
2005b), and the adverse effects on human and environmering from 4.5 to 24.6), was used in a study conducted in the

g')iomass burning O&: levoglucosarx 7.35. Q)

Atmos. Chem. Phys., 13, 7765781, 2013 www.atmos-chem-phys.net/13/7765/2013/



Y. Cheng et al.: Biomass burning contribution to Beijing aerosol 7767

UK (Harrison et al., 2012). This type of estimation may be

problematic since the OC to levoglucosan ratio as well as the
PM to levoglucosan ratio have been shown to be highly vari-
able in biomass burning emissions. For example, Fine et al.
(2002) found that the OC to levoglucosan ratio of softwood

smoke particles (23.81) was much higher than hardwood
(7.35), and Schmidl et al. (2008b) showed that the PM to
levoglucosan ratio in emissions from burning of leaves (46.9)
was more than four times the value of that for wood burning 0 S IS4 S
(10.7). Large differences in the OC to levoglucosan ratio as 1996 1998 2000 2010
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also observed by Sullivan et al. (2008) and Goncalves et al.
(2010). Moreover, the combustion conditions could also in-
fluence the OC to levoglucosan ratio significantly. For exam-
ple, the OC to levoglucosan ratio differed by a factor of about
7 when the same kind of wood (Loblolly Pine) was burned in
a stove (3.95, Fine et al., 2004b) and fireplace (27.94, Fine et
al., 2002), respectively. In addition, the OC to levoglucosan 0
ratio of biomass burning emissions is expected to be com-
plicated by the semivolatile organic compounds which might
evaporate with increasing dilution (Robinson et al., 2007). Fig. 1. Primary OC(a) and EC(b) emissions by fuel type in China
Receptor models such as CMB (chemical mass balancéuring 1996 to 2010. The relative contributions of the total biomass
model; e.g., Zheng et al., 2002; Robinson et al., 2006; Stonehurning sources are also shown. Data were obtained from Lu et
2008) and PMF (positive matrix factorization model; e.g., al. (2011).
Ramadan et al., 2000; Kim et al., 2003) are most frequently
used to estimate the contributions from biomass burning as
well as other emission sources. Historically, organic tracering contributed 13 % to Pk mass annually (Zhang et al.,
data sets (which are usually obtained by GC-MS measure2010). This contribution (13%) was very close to that esti-
ments) have not been large enough for the PMF modelmated for the same region using CMB (15 %; Zheng et al.,
since PMF analysis typically requires at least 60-200 sam2002). Moreover, Zhang et al. (2010) found that kKxhib-
ples (Jaeckels et al., 2007). Therefore, the PMF model isted poor correlation with levoglucosan during summe# (
usually driven by OC, elemental carbon (EC), inorganic ions,was as low as 0.02), indicating that using l&s a biomass
and trace elements, whereas organic tracer measurements dngrning tracer can be problematic when biomass burning
commonly limited to use in the CMB model (Jaeckels et al., contributions are low and thus other sources f(.g., min-
2007). When performing PMF analysis, water soluble potas-eral dust) become more important.
sium (K") is usually used as the tracer for biomass burn- Air pollution in China has drawn continuous and increas-
ing. However, the sources ofKare known to be complex ing concerns not only from the scientific community, but
such that in addition to biomass burning, sea salt and crustalso from the public. Compared with developed countries,
materials also contribute to airborne"KA correction ap-  the emission of pollutants (including both primary compo-
proach was suggested by Pio et al. (2007, 2008) in whichhents such as black carbon and the gaseous precursors such
sodium (N&) and calcium (C&") were used as tracers for as SQ) are substantially higher in China and the emission
sea salt and crustal materials, respectively. The approach alsmurces are much more complex. While the sources of SO
included several assumptions such as the crustabkCa+ and NQ (the precursors of sulfate and nitrate, respectively)
ratio. Using this approach however, correcteti Was found  are relatively well understood, it is more difficult to resolve
to be occasionally negative for samples from the UK, indi- the sources of particulate carbon. Figure 1 presents the EC
cating an overcorrection (Harrison et al., 2012). These re-and primary OC emissions by fuel type in China during
sults prove that the influence of sea salt and crustal mate1996 to 2010 (data were obtained from Lu et al., 2011).
rials on KT is difficult to account for, partly due to the in- Both EC and primary OC emissions tend to increase since
homogeneity of crustal materials (i.e., the variability in the 2000, while another noticeable feature is the high contri-
ratio of KT to C&1). With the development of the HPAEC- bution of biomass burning emissions which include biofuel
PAD method, levoglucosan has been introduced to the PMEonsumption, wildfires and burning of crop residuals. The
analysis. For example, levoglucosan was measured in morbiomass burning contributions to EC were in the range of
than 900 PMs samples collected in the southeastern US,34-45 % during 1996 to 2010, whereas their contribution to
and results from PMF analysis showed that biomass burnprimary OC was even higher (63—74 %). Moreover, biomass
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burning contributions were relatively stable within the most2 Methods

recent five years (2006—2010), accounting for about 40 %

and 70% of EC and primary OC, respectively. In addition 2.1 Sample collection
to emission inventories, several source apportionment stud- )

ies have been conducted in China based on ambient me&1-1 Ambient samples
surements. Factor analysis, which was driven by inorganicD

; . X aily PMo5 samples were collected using a high-volume
ions and trace elements, was used in an early study to inves:. hier (Thermo Scientific, MA, USA: the flow rate was
tigate the sources of PM and PMy in Beijing, although P ' ' '

biomass burning was not included (Sun et al., 2004). Re_l.l:%rr?mm ) at an urban site (the Tsinghua University

sults from PMF analysis (using total'Kas biomass burning campus) in Beijing, China. A total of 50 samples were col-

tracer) showed that biomass burning contributions tg M Lﬁﬁ:lee dtggrr;ngvg:s Zgn;i:rir gszgollllegr:(;n d?]r‘i]#net}htg \/Zvign‘t.gyg%
in Beijing were about 11% in 2000 (Song et al., 2006), b 9

and the contribution increased to 18 % in 2004 (Song et al.2011—2012 (from 1 December 2011 to 30 January 2012).

2007). Another study based on CMB modeling was also Con_Quartz fiber filters (8 10 in, 2500 QAT-UP; Pall Corpora-

L . : tion, NY, USA) taken from the same lot were used for the
ducted for Beijing in 2000 (in which levoglucosan was used entire sampling campaign. The filters had been pre-baked at
as biomass burning tracer; Zheng et al., 2005), revealing AR 0oC for 24 h before use.
estimated biomass burning contribution to £4V(6 %) that '
was much lower than the PMF results from the same yeah, »  ggyrce samples
(11 %). In a more recent CMB study, the annual average of

biomass burning contributions to BN in Beijing was esti-  Bjomass smoke samples, including two kinds of crop resid-
mated to be about 17 % (Wang et al., 2009). It is also noteyals (wheat and corn, commonly found in northern China)
worthy that there have been several field studies focusing ond two kinds of wood (poplar and pine, both being soft-
biomass burning emissions in China. To our knowledge, tthood)' were collected from a brick Cooking stove as de-
study by Duan et al. (2004) was the first of this kind. It was scribed by Shen et al. (2010). Briefly, biomass was burned
first assumed that the OC to*Kratio measured in ambi- in the stove following the typical practices of rural resi-
ent samples heavily impacted by prescribed burning of cropjents in northern China, with the smoke entering a mixing
(wheat) residuals could be used as the source-specific conveghamber (4.5 %) equipped with a built-in mixing fan. Sub-
sion factor, by which the measured Kconcentrations were  sequently, the biomass smoke samples were collected from
converted to OC contributions from biomass burning. Usingthe chamber on quartz fiber filters using a low volume sam-
this approach, Duan et al. (2004) suggested that the biomassier (XQC-15E; Tianyue, Jiangsu, China) at a flow rate of
burning contribution could be as high as 70% at a rural site1.5 | min~1. Three samples were collected for each kind of
in Beijing. More recently, ambient levoglucosan concentra-pjomass. Smoldering and flaming combustion phases were
tions in Guangzhou and Beijing were measured by Wang ehot distinguished in this study. Although a size-selective inlet
al. (2007) and Zhang et al. (2008), respectively; and a methogyas not used, previous studies (Kleeman et al., 1999, 2008;
similar to that described in Eq. 1 was used by both studies tEngling et al., 2006) have shown that the majority of biomass
investigate the biomass burning contribution. As mentionedpurning tracers, such as levoglucosan, mannosan and K
above, however, this kind of estimation may be problematic.were emitted in the PW fraction for non-field combustion
A substantial challenge is the large differences in the OC tq(j e., stove and chamber). It should also be mentioned that
levoglucosan ratios (or the PM to levoglucosan ratios) amonghe size distribution of levoglucosan was more variable for
emissions from different biomass species and from differenfield (i.e., open) burning, presumably due to the influences of
combustion conditions, making it very difficult to determine suspended soil particles during the burning process. For ex-
the most suitable OC to levoglucosan ratio of biomass burnample, levoglucosan emitted from the field burning of rice
ing emissions for a given region. straw in Taiwan was found to exhibit a bimodal distribu-
In this study, we quantified levoglucosan as well as othertion such that a large fraction (up to 56 %) of the total lev-
chemical species in Beijing aerosol, and investigated the repglucosan mass was observed in particles with an aerody-
lationship between levoglucosan and other biomass burningiamic diameter above 10 um (RNb; Engling et al., 2009),
tracers such as Kand mannosan. Moreover, the biomass whereas almost all of the levoglucosan mass emitted from

burning contributions to OC and EC were estimated using &he field burning of rice straw in Thailand was found in the
receptor model. Finally, the levoglucosan td Katios and PM, 5 fraction (Oanh et al., 2011).

the levoglucosan to mannosan ratios were compared among
different types of biomass, and a new source identification
method was developed.

Atmos. Chem. Phys., 13, 7765781, 2013 www.atmos-chem-phys.net/13/7765/2013/
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2.3 Sample analysis 2.3.2 Source samples

2.3.1 Ambient samples Source samples were only analyzed for anhydrosugars (lev-
oglucosan and mannosan) and Kmainly due to the small
The ambient filters were analyzed for OC and EC usingavailable filter area. K was measured by IC, using a Dionex
a DRI Model 2001 carbon analyzer (Atmoslytic Inc., CA, DX-120 system, from the same water extracts as the an-
USA). OC and EC concentrations were quantified by thenydrosugars which were quantified by HPAEC-PAD. The
IMPROVE-A temperature protocol with transmittance char- equivalence of K measured by the DX-120 and DX-600
ring correction. Briefly, a punch with an area of 0.5cm system (which was used for the ambient samples) was
was taken from each sample and heated sequentially in indemonstrated by analysis of all the ambient samptes (
ert (i.e,, He) and oxidizing (i.e., Hefp atmospheres to 110) on both IC systems. Linear regression analysis showed
volatilize and combust the loaded carbon, respectively. EGhat K+ measured by the DX-120 agreed well with the re-

was measured as the carbon evolving after the filter transmitsy|ts from the DX-600 system (slope = 0.99, intercept = 0.05,
tance (which is monitored at 632nm) returned to its initial g2 — 0.98).

value.

The analysis of water-soluble ions was performed by
ion chromatography (IC, DX-600, Dionex Corporation, CA, 3 Results and discussion
USA). Four anions (i.e., sulfate, nitrate, chloride and oxalate)
and five cations (i.e., sodium, ammonium, potassium, magAverage concentrations of the major Pcomponents mea-
nesium and calcium) were quantified. The sample preparasured during summer and winter are summarized in Table 1.
tion procedure for IC analysis was similar to that describedSummer aerosol was characterized by high contributions of
by Zhang et al. (2010). Briefly, a punch with a diameter of S€condary inorganic ions (§0, NOg and NH;), whereas
47 mm was taken from each sample and placed in a 30 miWinter aerosol was dominated by carbonaceous fractions
Nalgene amber HDPE bottle and extracted with 20 mL of (OC and EC). In the following discussion, we will focus on
deionized water ¥ 18 MS2) via 30 min sonication. Finally, ~the chemical species associated with biomass burning. Sta-
the water extract was filtered using a 0.45 um PTFE syringdistical results for the concentrations, ratios, regressions and
filter (Fisher Scientific, NH, USA) and stored in a refriger- comparisons included in the following discussion are pre-
ator until analysis. The analysis was completed within threeSented as Supplement.
days after extraction. ) )

Water soluble organic carbon (WSOC) was measured ap-L Relationship between levoglucosan and other
the Georgia Institute of Technology using a Sievers Total Or-  Piomass burming tracers: ambient samples
ganic Carbon Analyzer (Model 900; GE Analytical Instru- 311 Levoglucosan concentrations
ments, CO, USA). The pretreatment procedure was the same™"
as that for IC analysis, except that a smaller punch (15cm The ampient levoglucosan concentrations in Beijing aver-

and a larger amount of deionized water (60 mL) were usedaged 0.23: 0.37 (varying from 0.06 to 2.3y = 50) and
for the WSOC measurement. The WSOC analysis was fin0.59j: 0.42 (varying from 0.06 to 1.94y = 60),119 3 dur-

ished within one day after extraction. The WSOC analyzeri,g symmer and winter, respectively (Table 1). The overall
was calibrated twice during the measurement period, Usingerage levoglucosan concentration was 6:4844 g 3,
five sucrose solutions for each calibration. The variability in i provides an estimation of the annual average tracer
the linear regression slope was less than 1% (with the intereye| | evoglucosan concentrations had been quantified in
cept set as zerdg? = 1.00 and 1.00 for the two calibrations, - seyeral previous studies conducted in Beijing, yet with vari-
respectively). . able results. The levoglucosan levels measured by He et
Levoglucosan and mannosan were quantified at the Nag (2006) (averaging 0.03 and 0.08 ugnduring sum-
tional Tsing Hua University (Taiwan) using the HPAEC-PAD o1 and winter, respectively) were about an order of
method developed by Engling et al. (2006). The extractionmagnitude lower than those obtained during the present

and filtration procedure was also similar to the IC analysis.study whereas more comparable values were observed by
The current HPAEC-PAD method used a Dionex 'CS'?’OOOZhané; et al. (2008) (below 0.20 ugt in summer and

lon Chromatograph, with a Dionex CarboPak MA1 analyt- up to 0.81pgm?3 in winter, with an annual average of

ical column (4 mmx 250 mm) and sodium hydroxide solu- 431 ugnT3) and Wang et al. (2009) (0.17 and 0.68 pgin
tion (400 mM, 0.4 mL mint) as eluent (Engling etal., 2009). i, symmer and winter, respectively). The significantly lower
An autosampler was used for the injection, within which the levoglucosan concentrations found by He et al. (2006) may
water extracts were kept at€. be due to the small sample number, which was eleven and
seven for summer and winter, respectively. Compared with
American and European cities, Beijing was characterized
by rather high levoglucosan concentrations, especially in

www.atmos-chem-phys.net/13/7765/2013/ Atmos. Chem. Phys., 13, 776834, 2013
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Table 1. Average concentrations of BM components during summer and winter in Beijing. Values of OC, EC and WSOC are presented in

Y. Cheng et al.: Biomass burning contribution to Beijing aerosol

pgC ni-3, whereas concentrations of the other species are presented iT13pg m

Summer Winter

Average BB episode  Typical summe? Average Firework episode Typical wintef!
ocC 1204+£6.25 2094+8.62 1009+ 3.36 2461+ 17.06 261142234 2411+ 15.19
EC 251+1.16 402+ 1.50 217+0.76 809+5.96 650+ 4.89 862+6.24
WsoC 777+4.40 1439+ 5.75 632+ 225 1124+8.02 1248+ 10.23 1082+ 7.23
levo® 0.23+0.37 075+0.68 012+0.05 059+0.42 046+0.29 064+0.45
mannc®  0.01+£0.02 003+0.04 001+0.00 006+0.04 004+0.03 007+0.05
K+ 174+ 229 581+275 084+0.58 242+5.86 603+11.13 121+081
ClI— 1.43+1.90 327+341 103+1.08 592+ 4.47 7524+ 6.85 538+3.28
czoi— 0.44+0.26 082+0.28 036+0.17 016+0.10 019+0.13 015+0.08
854_ 2367+16.05 3544+8.53 2109+ 16.22 1572+ 1444 2263+21.13 1342+ 1077
NOg 1814+ 1551 248711266 1666+ 15.82 1271+1314 1890+ 21.20 1064+ 8.44
NHjlr 1245+9.26  17.27+5.96 1139+ 9.57 888+8.44 1108+ 1225 815+ 6.76
Nat 0.18+0.14 034+0.15 014+0.10 068+0.34 073+0.38 067+0.33
cat 0.46+0.19 048+0.20 045+0.19 147+0.77 091+0.38 165+0.79
Mgt 0.114+0.05 014+0.04 011+0.05 024+0.23 0424+0.40 018+0.08

2BB episode refers to the sampling period between 14 and 23 June 202 B,

b Typical summer period indicates the remaining sampling days of sumvner41).

C Firework episode refers to the sampling period between 15 and 30 January\2@125).
d Typical winter period indicates the remaining sampling days of wintet(45).

€ Levoglucosan and mannosan are referred to as levo. and manno., respectively.

summer. Results from fifteen sites throughout the southeastand European cities. The winter to summer ratio of levoglu-
ern US showed that the annual average levoglucosan corcosan was 2.6 for Beijing, whereas the ratio was 24.6 and
centration was 107.5 ngm (Zhang et al., 2010), which was 12.9 for Gent, Belgium (Zdthal et al., 2002), and Elverum,
comparable with the two-year average value (95.2n§m Norway (Yitri et al., 2007), respectively. Although this ra-
measured at a Midwestern site (St. Louis, MO; Jaeckels etio was relatively smaller in three Austrian cities (averaging
al., 2007). Much lower results were observed in Pittsburgh,7.3, Caseiro et al., 2009), it was still substantially higher than
PA (in the northeastern US), with an annual average levthe Beijing ratio. Results from the southeastern US also sug-
oglucosan concentration of only about 20 nghfRobinson  gested a substantially higher winter to summer ratio of lev-
et al., 2006). In a recent study conducted in Europe, lev-oglucosan (9.1) compared with Beijing (Zhang et al., 2010).
oglucosan was measured in four cities (Helsinki, Finland;The high summertime levoglucosan concentrations and the
Copenhagen, Denmark; Birmingham, UK; and Oporto, Por-low winter to summer ratio of levoglucosan in Beijing in-
tugal) during summer and winter, showing concentrationsdicate that biomass burning contributions to Beijing aerosol
below 150ngm?3 at all sites with a majority of the val- are significant throughout the year. As suggested by Zhang
ues even lower than 50 ngTh (Caseiro and Oliveira, 2012). et al. (2008), the most likely cause of this phenomenon is
It should be noted that higher levoglucosan concentrationgshe domestic use of biofuel, which prevails all year round, in
had been observed in European cities during winter, whichthe rural areas of Beijing and in the surrounding provinces. In
were comparable with our results from Beijing. For example, Sect. 3.3, we will further identify the kinds of biofuel that are
ambient levoglucosan was about 0.48 ugfnduring winter  most accountable for the biomass burning aerosol in Beijing.
in Gent, Belgium (measured in total suspended particulate

matter, TSP; Zdihal et al., 2002), about 0.82pgfdur-  3.1.2 Comparison of levoglucosan and K as biomass

ing winter in an Alpine city in France (Favez et al., 2010), burning tracer

between 0.22 and 0.68 pgth during winter in three Aus-

trian cities (measured in P), Caseiro et al., 2009), and Figure 2a presents the daily variations of levoglucosan dur-
about 0.61 ug m® during winter in Elverum, Norway (mea- ing summer of 2011, in which K concentrations are also
sured in PMg; Yitri et al., 2007). However, the summer- shown for comparison. In general, the temporal trend of lev-
time levoglucosan concentrations measured in all of thes@glucosan coincided with that of indicating that it should
studies (typically below 50 ngn¥) were much lower than  be acceptable to use*Kas a biomass burning tracer during
those observed in Beijing. Therefore, Beijing was charactersummer in Beijing. Moreover, it was found that levoglucosan
ized by a much smaller difference in levoglucosan concentraconcentrations were substantially higher during 14 June to
tions between winter and summer, compared with Americarp3 June (averaging 0.7250.68 pg nT3) compared with the
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Fig. 2. Daily variation of levoglucosan andKconcentrations dur-
ing summex(a) and winter(b) in Beijing. Schkolnik et al. (2005) at an Amazon site during the de-
forestation fire season. It was found that levoglucosan ex-
hibited a polynomial relationship (second degree) with K
other sampling days (averaging 0£®.05 ugn3). The pe-  at nighttime, whereas levoglucosan and Korrelated lin-
riod between 14 June to 23 June was also characterizedarly during daytime. Schkolnik et al. (2005) attributed the
by a much higher levoglucosan to OC ratio (0.@1@.007, difference to the influences of the combustion stage. It was
HgC /ugC), whereas that ratio was only 0.@06.002 on av-  suggested that flaming combustion prevailed during daytime
erage for the other samples. The levoglucosan to OC rawhen the deforestation fires were set, while smoldering pro-
tios were calculated on a basis of carbon mass to avoid theesses were more dominant at nighttime when the fires had
complications of the conversion factor from organic carbonsubsided; moreover, compared with flaming processes, smol-
(ugC nT3) to organic matter (ug ?). The harvest season dering combustion would give rise to more unbroken organic
of wheat in the North China Plain (where Beijing is located) compounds, thus producing more levoglucosan in compari-
is typically in late June. Although prohibited, field burning son to K.
of wheat straw after the harvest is very common in the sur- Figure 2b presents the daily variations of levoglucosan
rounding provinces (e.g., Hebei) as well as in the rural ar-and K+ during winter of 2011-2012. It was found that'K
eas of Beijing, which likely is responsible for the elevated coincided well with levoglucosan for the samples collected
levoglucosan concentrations observed between 14 June armktween 1 December 2011 and 15 January 2012 (period 1;
23 June. In the following discussion, the period between 14N = 45). During this period, linear regression of levoglu-
June and 23 June will be referred to as biomass burning (BBrosan on K resulted in a slope of 0.580.04 and an in-
episode, whereas the remaining sampling days will be termetercept of 0.03£0.05 (R2 = 0.82; Fig. 3b). For the sam-
typical summer period. Concentrations of Kalso peaked ples collected after 15 January 2012 (periodv:= 15), K*
during the BB period with an average of 582.75 ug n3, did not show any apparent dependence on levoglucosan, and
which was about 6.9 times the average of tht Kvels  there was more K in comparison to levoglucosan (Fig. 3b).
measured in the typical summer period (0488.58 pg nT3). Levoglucosan concentrations were comparable during pe-
Therefore, K could also be used to identify BB episodes riod 1 (averaging 0.64 0.45ugn73) and period 2 (aver-
caused by post-harvest field burning of wheat straw duringaging 0.46+ 0.29 ug n73), whereas the average concentra-
summer in Beijing. In the typical summer period, levoglu- tion of K+ measured during period 2 (6.8311.13 pg n1°)
cosan and K correlated weaklyR?2 = 0.34) with a slope of was about 5 times the value of that found in period 1
0.05+0.01 and an intercept of 0.870.01 (Fig. 3a). During  (1.2140.81 ug n73), indicating that in addition to biomass
the BB episode, however, the relationship between levogluburning, other sources contributed to thé Kbundance dur-
cosan and K appeared to be non-linear, and an exponen-ing period 2. The K concentrations peaked at 45.76 pgim
tial fit (R% = 0.79) was shown in Fig. 3a. Non-linear corre- in the sample collected from 22 to 23 January 2012, which
lation between levoglucosan and-Kvas also observed by coincided with the Chinese New Year (i.e., the so-called
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é fé. }:9.019: § ' <o the BB episode regression of levoglucosan on mannosan re-
LN N £10 &% sulted in a slope of 17.6¥ 1.61 and a relatively large inter-
g K=9.93 505 ] .ﬁ%ﬂ% ol cept of 0.14+ 0.08 (R? = 0.95). The levoglucosan to man-
0o R R?=0.97 nosan ratios averaged 25813.20 and 12.65% 3.38 dur-
102 +—r—rrrrmr—r—rrrrr e 00 & - - ing the BB episode and typical summer period, respectively,
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Nstiosan(iig/in®) Nfinogem (/) whereas an average value of 949.63 was observed during

winter (Table 2). Factors responsible for the seasonal varia-
Fig. 4. The dependence of levoglucosan on mannosan during sumtions in the levoglucosan to mannosan ratio are discussed in

mer (a) and winter(b) in Beijing. Linear regression results are Section 3.3 based on the results from source samples.
shown with K as slope and b as intercept(&), linear regression

results of the BB episode (marked with orange font) and the typi-3 2 Source apportionment based on PMF analysis
cal summer period (marked with green font) are shown separately, -

whereas the regression resultgtf are for the whole winter. . . S
9 <0 Biomass burning contributions to Beijing aerosol were es-

timated using the PMF model developed by the US EPA

Spring Festival) and New Year's Eve on 23 January and oAversion 3.0; see US EPA website for a detailed description
January, respectively. The Chinese New Year is the most imOf the model:http://www.epa.gov/heasd/products/pmf/pmf.
portant national festival in China. People usually start to sefitM)- OC, EC, WSOC, levoglucosan, 'K sulfate and ox-
off fireworks several days before the Chinese New Year's/até measured during the typical summer and winter peri-
Eve, and the fireworks typically last for two weeks after 0dS were included in the PMF analysis, whereas the two un-
the beginning of the new year. Previous studies have showtSu@! events (i.e., the BB episode and the firework episode)
that firework aerosols are rich in'K(Drewnick et al., 2006; €€ excluded as suggested by th.e user guide for PMF anal-
Wang et al., 2007). Therefore, elevated Koncentrations  YSiS (US EPA, 2008). The uncertainties of OC, EC, and wa-
during period 2 should be mainly due to fireworks. In the €' soluble ions were estimated based on our previous stud-
following discussion, period 2 will be referred to as firework €S regarding the measurement methods for ambient aerosol,
episode, whereas period 1 is termed typical winter period.Wh'Ch are described in detail in the Supplement. A value of
Comparison of levoglucosan and"Kevels in winter sug- 5% was used for the uncertainty of the levoglucosan data
gests that emissions from fireworks can significantly bias the?S Suggested by Engling et al. (2006). The uncertainty of
use of K" as biomass burning tracer. WSOC was estimated to be 5% based on parallel analysis of

Comparison of Fig. 3a and b showed that the Ievoglucosarpom ambient filters and sucrose solutions (see Supplement).
to K* ratios were lower during the typical summer period A solution with six factors was identified as the optimal solu-
(averaging 0.2% 0.16) compared with the typical winter pe- tion of the Beijing data set. The agreement of the Q (robust)
riod (averaging 0.5 0.15), while during the BB episode and Q (true) parametgrsmdmated thatthe.model fits the input
the levoglucosan to K ratios averaged 0.10.06. Itisalso ~ data well. Q (robust) is the goodness-of-fit parameter calcu-
noteworthy that the levoglucosan totkatio (0.24) of the lated exclgdmg _outhers (defined as samples for WhICh the
sample with the highest levoglucosan concentration was subscaléd residual is greater than 4), whereas Q (true) is calcu-
stantially higher than those for the other samples of the pplated including all data points. The distribution of.reS|duaIs
episode (averaging 0.1090.03). This phenomenon could be Wa&s narrow and close to normal. Moreover, the input con-
attributed to the non-linear dependence of levoglucosan off€Ntrations and the modeled values correlated stroriefy (
K+ during the BB episode. Factors responsible for the sea¥Vas between 0.98 and 1.00) with a slope very close to 1 (be-
sonal variations in the levoglucosan td Katio are discussed Ween 0.99:0.00 and 1.0 0.01; intercept was set as zero)

in Sect. 3.3 based on the results from source samples. for all of the components, indicating that the model also fits
the individual species well.
3.1.3 Comparison of levoglucosan and mannosan Factor profiles resolved by the PMF analysis are shown in

Fig. 5. Factor 1 was characterized by high levels of, Kul-

Ambient levoglucosan and mannosan concentrations aréate and oxalate, such that 37 % of K17 % of sulfate and
compared in Fig. 4. It was found that levoglucosan and22 % of oxalate were in this factor, suggesting a secondary
mannosan correlated stronglg{= 0.97) with a slope of nature of this factor. Little levoglucosan was found in fac-
9.41+0.22 and a small intercept of 0.810.02 throughout  tor 1, indicating that K associated with this factor should
winter, indicating fireworks do not impact the dependencebe from other sources in addition to biomass burning (e.g.,
of levoglucosan on mannosan. In summer, the BB episoderustal material). Factor 2 was characterized by levoglucosan
and the typical summer period exhibited a different relation- (48 %), OC (42 %), WSOC (35 %), K (24 %) and sulfate
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Table 2. Levoglucosan (levo.) to K and levoglucosan to mannosan (manno.) ratios of ambient and source samples.

Ambient samples
BB episode  Typical summer Firework episode  Typical winter

levo./K+t 0.11+0.06 021+0.16 016+0.09 051+0.15
levo./manno. 2®1+13.20 1265+3.38 1088+1.23 901+ 147
Source samples
Wheat straw Corn straw Pine wood Poplar wood
levo./KT 0.10+0.00 021+0.08 2396+1.82 589+0.53
levo./manno.  1Z71+1.53 1948+ 3.37 269+0.03 598+ 1.40
L e ya—— R rerym— dant. Thus, Bi et al. (2011) provided solid evidence for the

presence of biomass burning emissions with the characteris-
tics of factor 2 (i.e., with little EC). It is hypothesized that

factor 2 may be associated with the condensation processes
which could be enhanced when temperatures are low. Factor

% of species
)
o =3
'
% of species
)
53 S

sEg iy i sEg iy i 3 had high levels of oxalate, WSOC and OC, showing char-
© © acteristics of secondary organic aerosol. Moreover, aqueous-
factor 2 (biomass burning-1) factor 5 (mixed sources) phase reactions (or in-cloud processes) were suggested to
§ao fu be the primary mechanism for oxalate formation in ambi-
:\520 :\%20 ent aerosols (Yao et al., 2002; Yu et al., 2005; Huang et al.,
, , 2006; Sorooshian et al., 2006), which was also strongly sup-
38 8 ¢ ¥ & 2 88 38 ¢ ¥ % 2 ported by the good correlation between oxalate and sulfate
E 73 I ? 8

measured in this study (Fig. 6; in-cloud processes are the
LR ey LB Ferrr— major production pathway of sulfate). Compared with fac-
tor 3, factor 4 exhibited a stronger link with secondary inor-
ganic aerosol since more than 40 % of sulfate was found in
this factor. Factor 5 was characterized by a high level of EC
0 arm— 0 : . (45 %), whereas secondary species were also not negligible
“ g (about 10 % of sulfate and oxalate was associated with fac-
tor 5). Due to the lack of tracers for other primary sources
Fig. 5. Composition profiles for the six factors resolved by PMF besides biomass burning, it could only be suggested that fac-
based on data from the typical summer and winter period. tor 5 represented mixed sources dominated by primary emis-
sions. High levels of EC and levoglucosan were observed in
factor 6, while the levels of secondary species (sulfate and
oxalate) were very low. Thus, factor 6 should represent pri-
(18 %), indicating emissions associated with biomass burn-mary emissions from biomass burning.
ing. The relative contribution of factor 2, which was ob-  contributions of the six sources to various components are
tained from the PMF output, was much more significant dur-shown in Fig. 7. Results from the whole data set showed that
ing winter compared with summer, whereas previous sourcgpout 50 % (sum of factors 2 and 6) of OC was associated
apportionment studies conducted in Beijing showed that secy;ith hiomass burning, while the biomass burning contribu-
ondary organic carbon was more abundant in summer (Whefion to EC was also close to 50%. Moreover, it was estimated
it is warm, humid and wind speeds are low) than winter {hat about 10 % of WSOC and 3% of oxalate was due to
(when it is cold, dry and wind speeds are high) (Zheng etihe primary emissions from biomass burning (factor 6). It
al., 2005; Lin et al., 2009; Wang et al., 2010). Therefore,yas with expectation that the majority of levoglucosan (about
factor 2 was likely not secondary though little EC was de- g5 94, sum of factors 2 and 6) was attributed to biomass burn-
tected in this factor. Bi et al. (2011) investigated a large jng, while it was also noticed that a substantial fraction &f K
number of biomass burning particles (BB particles) using aapout 40 %, sum of factor 1 and factor 4) was linked with
single particle aerosol mass spectrometer, in which BB parsyifate. In addition, the source apportionment results bf K
ticles were identified by then/zratios of levoglucosan as exhibjted significant seasonal variations such that factor 1
well as other species. It was found that although the num-nq factor 4 constituted about 70 % of Kiuring the typical

ber of BB particles rich in K, OC and EC was consider- symmer period, whereas about 60 % of Was contributed
able, the BB particles rich in K and OC were most abun-
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% of species

ocC
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WSOC
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Oxalate
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EC
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presented separately in the Supplement.

ies conducted in the urban area of Beijing had shown that the
sum of carbonaceous components and inorganic ions (i.e., re-
constructed PMls mass as defined in this study) usually ac-
counted for only about 70 % of the P mass measured
gravimetrically on Teflon filters (He et al., 2001; Duan et al,
2006). Therefore, the contribution of biomass burning to the
“actual” PMp 5 mass (i.e., that measured on Teflon filters)
should be about 24 % (calculated as 34%0 %), which was
more comparable with previous studies.

by factor 2 and factor 6 (i.e., biomass burning) during the
typical winter period. The source apportionment results sug
gest that {) K™ was mainly associated with sulfate during
the typical summer period when the correlation between lev
oglucosan and K was found to be weal®? = 0.34, Fig.3a);
and (2) biomass burning was the major source dfdCring
the typical winter period, which was also strongly supported
by the high correlation between levoglucosan ard ¢b-
served in the typical winter perio&k€ = 0.82; Fig. 3b).
As mentioned in the introduction section, previous PMF . .

i . . . 3.3 Relationship between levoglucosan and other
studies conducted in Beijing usually estimated the biomass biomass burning tracers: source samples
burning contributions to Pk mass rather than OC and '

EC (Song et al., 2006, 2007). Although B¥Imass con-  Thg Jeyoglucosan to K and levoglucosan to mannosan ra-
centrations were not measured in this study, an estimatiofiog measured in source samples are summarized in Table 2.
(reconstructed Pi) could be provided by the sum of car-  pjgtinct differences of those ratios were found between crop
bonaceous components S}‘(Dc + EC) and INOrgaNIc 1onS  residuals and softwood. Compared with softwood burning
(SO;~ +NOj +CI” +NH; +K*+Cat +Mg?" +Na). emissions, biomass smoke emissions from the combustion
The reconstructed PM mass was on average 70825.40 ¢ crop residuals were characterized by a significantly lower
and 88.51 55.74pgm* during the typical summer and g, 0gjucosan to K ratio and a substantially higher levoglu-
winter periods, respectively. Subsequently, contributions ofcqgan to mannosan ratio. In the following discussion, we will
the six factors resolved by PMF to the reconstructethBM ot compare the levoglucosan totkKand levoglucosan to
mass could be estimated using multivariate linear regressiog,annosan ratios across different kinds of biomass, and then
(see Supplement for the detailed calculation process). It wage il try to identify the major kinds of biomass that are
found that the PMs mass concentrations calculated basedresponsible for the biomass burning aerosol in Beijing.

on multivariate linear regression agreed well with the recon-

structed PMs mass (slope = 0.920.02,h =253+1.47, 33.1 Levoglucosan to K and levoglucosan to

R? = 0.98). The biomass burning contribution to the recon- mannosan ratios: are they source specific?

structed PM5 mass was estimated to be about 34 %. This

estimation was substantially higher than those from previousFigure 8 summarizes the published levoglucosan toaiid
source apportionment studies (less than 20 %; Song et allevoglucosan to mannosan ratios measured in emissions from
2007; Wang et al., 2009). On the other hand, speciation studeontrolled biomass burning experiments. The ratios were
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Fig. 8. Levoglucosan to K (a) and levoglucosan to mannosfo)
ratios measured in source samples. The boundary of the box closestliably distinguish between hardwood and softwood burn-
to and farthest from the axis indicates the 25th and the 75th per- ing. In terms of other kinds of biomass, the levoglucosan to
centile, respectively, while the whiskers above and below the box in-k+ ratio of US duff (averaging 16.086.98) was compa-
dicate th_e maximum and minimum. Tr_le circle within the box marks 5hje with that of US wood (either hard or soft). Although
the Ted'fan' Only the average value is shown for the levoglucosan g heeqles had a slightly higher average levoglucosartto K
to KT ratio of European hardwood since few data are available. ratio (5.7&+ 2.78) compared with US grass (3:331.27),

the range of the ratios overlapped between the two kinds of

biomass. Similarly, combustion of rice straw and US grass
obtained from studies by Schauer et al. (2001), Fine etcould not be well separated. Most of the values shown in
al. (2001, 2002, 20044, b), and Engling et al. (2006) for hard-Fig. 8 were based on studies conducted in America and Eu-
wood grown in the US; from Schauer et al. (2001), Hays etrope where wood burning is important, whereas in China,
al. (2002), Fine et al. (2001, 2002, 20044a, b), and Engling ecombustion of crop residuals is also significant. Rice straw
al. (2006) for US softwood; from Schmidl et al. (2008a), Bari is commonly burned in southern China, whereas wheat straw
etal. (2009) and Goncalves et al. (2010) for hardwood grownand corn straw prevail in northern China. Results from this
in Europe; from linuma et al. (2007), Schmidl et al. (2008a), study showed that the levoglucosan td Katio of wheat
and Gongalves et al. (2010) for European softwood; fromstraw and corn straw averaged 0:££0.00 and 0.23 0.08,
Engling et al. (2006) and Sullivan et al. (2008) for needlesrespectively (Table 2), both of which were comparable with
and duff found in the US; from Sullivan et al. (2008) for US the ratio of rice straw grown in Asia (averaging 0-69.32).
grass; and from Sheesley et al. (2003), Sullivan et al. (2008)Therefore, it could be concluded thd) gmissions from the
Engling et al. (2009) and Oanh et al. (2011) for Asian rice combustion of crop residuals such as rice straw, wheat straw
straw. The raw data used for Fig. 8 are provided as Supand corn straw exhibit comparable levoglucosan to f&-
plement. As shown in Fig. 8a, the levoglucosan tb #atio tios, typically below 1.0; (2) levoglucosan to'Kratios are
was comparable for US hardwood and softwood with aver-capable of distinguishing emissions from the burning of crop
age values of 16.1% 13.04 and 22.03- 19.88, respectively, residuals and wood; and (3) levoglucosan to Katios can
indicating that emissions from hardwood and softwood burn-not be used to separate hardwood and softwood burning.
ing could not be well distinguished by the levoglucosan to Levoglucosan to mannosan ratios are compared in Fig. 8b
K™ ratio. With respect to the results from Europe, the lev- for different kinds of biomass smoke. Burning of hard-
oglucosan to K ratio averaged 25.689.11 for hardwood wood grown in the US and Europe resulted in similar
burning, whereas a substantially higher average value wakevoglucosan to mannosan ratios (averaging 24.19.65
found for softwood (105.5& 102.60). However, all of the and 19.07 8.81, respectively), which were significantly
levoglucosan to K ratios for European hardwood (varying higher than the ratios of softwood smoke (averaging
from 19.25 to 32.13) were within the range of those for Eu-4.41+1.17 and 3.9& 1.33 for US softwood and European
ropean softwood (varying from 10.12 to 260.87), also indi- softwood, respectively). The levoglucosan to mannosan ra-
cating that the levoglucosan to'Kratio could not be used to tio of US needles (averaging 3.361.41) was found to be
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comparable with that of softwood. Moreover, emissions from Smoke emissions from other kinds of biomass in addition
US needles and US grass could be well separated using the those shown in Fig. 8 have also been investigated, although
levoglucosan to mannosan ratio, as the ratio was much highdess frequently. For example, the levoglucosan toafd lev-
for the latter one (averaging 18.2110.20). In addition, US  oglucosan to mannosan ratios of Musasa (a type of hardwood
duff was characterized by the lowest levoglucosan to mangrown in Africa) was found to be 81.97 and 22.73, respec-
nosan ratio (1.68- 0.59) among the biomass species showntively (linuma et al., 2007), placing it in the hardwood re-
in Fig. 8b. However, the range of levoglucosan to mannosargion of Fig. 9. Results from Sullivan et al. (2008) suggested
ratios overlapped between rice straw and US grass (althougthat branches from US softwood (fir and pine) would fall
the overlap was less significant compared with the levoglu-within either the US needle or the softwood regions. More-
cosan to K ratio). Another noticeable feature of Fig. 8b was over, the levoglucosan to K (20.00) and levoglucosan to
the overlap between the levoglucosan to mannosan ratios ahannosan ratios (21.74) of savannah grass (grown in Africa)
rice straw and hardwood. The levoglucosan to mannosan rameasured by linuma et al. (2007) place it in the hardwood
tios of wheat straw and corn straw (averaging 12:71.53 region. However, it has to be mentioned that the ratios re-
and 19.48t 3.37, respectively; Table 2) also overlapped with trieved from linuma et al. (2007) were substantially different
the ratios of hardwood. Therefore, it could be concluded thafrom those obtained by other studies. For example, Engling
(1) levoglucosan to mannosan ratios can be applied to reet al. (2006) found much higher levoglucosan to mannosan
liably distinguish hardwood and softwood burning; (2) the ratios for savannah grass (above 100), whereas much lower
levoglucosan to mannosan ratio shows stronger dependendevoglucosan to K ratios (about 1.0) were observed by Gao
on the type of wood (i.e., hard or soft) rather than where theet al. (2003). It is also noteworthy that there are three “blank”
wood is grown (i.e., America or Europe); and (3) levoglu- regions in Fig. 9. The blank-1 region might be associated
cosan to mannosan ratios can not be used to separate emisith the mixed emissions from crop residuals and softwood.
sions from burning of crop residuals and hardwood. Moreover, based on the published data, it was found that the
Figure 8 demonstrates the limitation of using only one sig-burning of some kinds of leaves (e.g., sage) could give rise to
nature (either the levoglucosan to"Katio or the levoglu-  low values of both the levoglucosan to"Kand levoglucosan
cosan to mannosan ratio) to distinguish emissions from théo mannosan ratios (between 0.1 and 1 and 1 and 10, respec-
burning of different kinds of biomass. When using the two tively; Sullivan et al., 2008), which were the characteristics
ratios together, new insights are provided such that each kindf the blank-1 region. In addition, high values of both the
of biomass smoke is characterized by a distinct range of levievoglucosan to K (192.31) and levoglucosan to mannosan
oglucosan to K and levoglucosan to mannosan ratios. As ratios (11.36) would make the Indonesian peat (linuma et al.,
shown in Fig. 9, emissions from hardwood burning are char-2007) appear in the blank-2 region.
acterized by high values of both the levoglucosan torktio
and the levoglucosan to mannosan ratio, which were typi-3.3.2 Major sources of biomass burning aerosol in
cally in the range of 1-100 and 10-100, respectively. Com- Beijing
pared with hardwood, softwood burning resulted in a lower
levoglucosan to mannosan ratio (typically in the range ofDuring the typical summer period, the levoglucosan to K
2.5-10), whereas the levoglucosan té Katio (typically in and levoglucosan to mannosan ratios were found to fall
the range of 10—-1000) tended to be higher for softwood burnwithin the crop residuals and grass region for the major-
ing. US needles had a comparable but wider range of levogluity of the Beijing samples investigated in this study. Com-
cosan to mannosan ratios (typically between 1 and 10) combustion of wheat and corn residuals should be the major
pared with softwood, while they were better separated by thesources of biomass burning aerosol during the typical sum-
levoglucosan to K ratio, which was generally lower for US mer period, becausel) the contribution of grass to to-
needles (typically between 1 and 10). US duff differed from tal biomass (including wild fires) consumed in China was
softwood by its lower levoglucosan to mannosan ratio (typi- shown to be negligible (less than 1 %; Streets et al., 2003),
cally between 1 and 2.5) and differed from US needles by itsand (2) the land areas planted with rice account for only a
higher levoglucosan to Kratio, which was in general above few percent of the areas used for wheat and corn in Bei-
10. Crop residuals and US grass were distinguished from th§ing and the surrounding provinces, such as Hebei, Henan,
other biofuel by their low levoglucosan to'Kratios (typi-  Shanxi, Shangdong, and Inner Mongolia (National Bureau
cally below 1), although crop residuals and US grass couldof Statistics, 2011). In addition, a few samples from the
not be further distinguished due to the overlap of both thetypical summer period were within the blank-1 region, in-
levoglucosan to K and the levoglucosan to mannosan ra- dicating that the burning of softwood and/or other mate-
tios. It should be pointed out that the ranges shown in Fig. 9rials from softwood (such as branches and needles) were
were typical rather than absolute for each kind of biomassnon-negligible. It was with expectation that all of the sam-
(see Supplement for details). For example, the levoglucosaples collected during the BB episode appeared in the crop
to KT ratios overlapped slightly between softwood and US residuals and grass region. Compared with the typical sum-
needles (Fig. 8a). mer period, the BB episode was characterized by higher
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levoglucosan to mannosan ratios, presumably due to théination with the levoglucosan to mannosan ratios. Based on
distinct burning style (i.e., open burning). Although man- this method, we have shown that biomass burning aerosol
nosan was not measured, results from a study conducted im Beijing was mainly derived from the combustion of crop
the US also showed that emissions from field burning ofresiduals, while the contribution of softwood burning was
wheat straw were more abundant in levoglucosan (77.8, exalso non-negligible (especially in winter). In the following
pressed as ug mgPM, 5) compared with chamber combus- discussion, this method will be used to analyze published
tion (20, expressed as pgmPM, 5; Jimenez et al., 2007). data measured at other locations. Results from two severe
During the typical winter period, the levoglucosan td” K pollution episodes in Missoula, MT, showed that the levoglu-
ratios increased substantially to 05D.15, whereas the cosan to K ratio (5.04—24.74) and levoglucosan to man-
levoglucosan to mannosan ratios decreased moderately toosan ratio (4.78-5.60) would appear in either the US needle
9.01+1.47 (Table 2), making most of the samples appearregion or the softwood region (Ward et al., 2006), indicating
in the blank-1 region. Therefore, the influence of softwood emissions from the burning of softwood and other materials
and/or other materials from softwood should be larger dur-derived from softwood. This conclusion is consistent with
ing winter, although emissions from crop residuals are stillthe description of Ward et al. (2006), such that the episodes
expected to be dominant due to the low levoglucosanto K were due to forest fires burning throughout western Montana,
ratios (0.5H-0.15). where the predominant tree species was softwood. In a re-
Besides the less significant contributions from softwoodcent study conducted in the Chiang Mai basin, Thailand, the
burning, there are several other possible factors responsibligvoglucosan to K and levoglucosan to mannosan ratios av-
for the lower levoglucosan to Kratios in summer, such as eraged 0.51 and 14.12, respectively, during a;P&pisode
(1) enhanced loss of levoglucosan in summer due to atmoeccurring in the dry season (Tsai et al., 2012). According
spheric reactions and (2) contribution of Ky other sources to Fig. 9, the two ratios were characteristic of the combus-
besides biomass burning. Levoglucosan has long been cortion of crop residuals or US grass. Consequently, it is rea-
sidered to be inert under ambient conditions, while severakonable to conclude that the R§/episode observed by Tsai
recent laboratory studies indicated that levoglucosan may noet al. (2012) was due to burning of crop residuals, which was
be as stable as previously thought, because decay of lewconfirmed by Tsai et al. (2012) who mentioned that farm-
oglucosan was observed when exposed to hydroxyl radicalers in the mountains surrounding the Chiang Mai basin often
(Holmes and Petrucci, 2006; Hoffmann et al., 2010; Henni-burn agricultural waste.
gan et al., 2010). Moreover, results from the western North
Pacific showed that measured and modeled levoglucosan was
comparable during winter, whereas measured levoglucosan Conclusions
was significantly lower in summer (Mochida et al., 2010).
If the atmospheric degradation of levoglucosan was considThe characteristics of biomass burning aerosol, including re-
erable during summer in Beijing, the summertime levoglu- spective molecular tracers, were investigated based on both
cosan to mannosan ratio might also be biased. However, thiambient samples collected in Beijing and sources emis-
bias can not be evaluated at present, since to our knowledgsjon samples derived from stove combustion. The ambi-
it is still not known whether mannosan, an isomer of levoglu- ent levoglucosan concentration averaged &2837 and
cosan, will undergo similar atmospheric reactions as levoglu-0.59+ 0.42 pg nT3 during summer and winter, respectively.
cosan. As for other sources ofkbesides biomass burning, The high levoglucosan concentration and the low winter
fireworks should be negligible during summer in Beijing, and to summer ratio (2.6) of levoglucosan in Beijing indicated
sea salt should also be negligible as well, since Beijing isthat the biomass burning contribution to Beijing aerosol
an inland city. Thus, crustal material is the most likely addi- was significant throughout the year. The trend of &oin-
tional source of K. However, influence of crustal material cided with that of levoglucosan in summer, suggesting that
on the levoglucosan to Kratio is also difficult to estimate. it was acceptable to use®Kas a biomass burning tracer
This is because the heterogeneous atmospheric reactions agdaring summer in Beijing, while the contribution of fire-
expected to be more active in summer, which can increase theorks to Kt could be significant during winter (e.g., the
solubility of potassium, although the concentration of crustalSpring Festival period). Moreover, the levoglucosan to K
material was usually higher during winter and spring com-ratio was found to be lower during the typical summer pe-
pared with summer and autumn in Beijing (He et al., 2001;riod (0.214+0.16) compared with the typical winter period
Duan et al., 2006). (0.514+0.15). As to the relationship between levoglucosan
and mannosan, levoglucosan correlated strongly with man-
3.3.3 Major sources of biomass burning aerosol at other nosan R2 = 0.97) throughout the winter and the levoglu-
locations: analysis of published data cosan to mannosan ratio averaged 944063, whereas lev-
oglucosan and mannosan exhibited relatively weak corre-
As shown in Fig. 9, major sources of biomass burning aerosolation (R?=0.73) during the typical summer period and
could be estimated using levoglucosan t6 Ktios in com-  the levoglucosan to mannosan ratio averaged 12.838.
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Results from PMF modeling showed that 50 % of OC wasBi, X. H., Zhang, G. H., Li, L., Wang, X. M., Li, M., Sheng, G. Y.,
associated with biomass burning, while the biomass burn- Fu, J. M., and Zhou, Z.: Mixing state of biomass burning particles
ing contribution to EC was also close to 50%. Based on by single particle aerosol mass spectrometer in the urban area of
published data and the results from the source samples mea- PRD. China, Atmos. Environ., 45, 3447-3453, 2011.
sured in this study, the levoglucosan td Katio and the lev- Bo;d, T.(;:.I,(|$treets,zl?.£., Ygrb?r’ K'bF" Ndelslog, IS: M., Woo, %]
oglucosan to mannosan ratio were compared among different -+ @nd Klimont, z.: A technology-based global inventory o

; . . black and organic carbon emissions from combustion, J. Geo-
kinds of biomass. The comparison showed that the levoglu-

K ratio ble of disti ishi o ¢ phys. Res., D14, D14203, d0.1029/2003JD003692004.
cosanto K" ratio Is capable of distinguishing emissions from Caseiro, A., Bauer, H., Schmidl, C., Pio, C. A., and Puxbaum, H.:

the burning of crop residuals and wood, whereas the levoglu- \yood buring impact on P in three Austrian regions, Atmos.
cosan to mannosan ratio can reliably separate hardwood and gnyiron., 43, 2186-2195, 2009.

softwood burning. A new source identification method that Caseiro, A., Marr, I. L., Claeys, M., Kasper-Giebl, A., Puxbaum,
uses the levoglucosan totKratio in combination with the H., and Pio, C. A.: Determination of saccharides in atmospheric
levoglucosan to mannosan ratio was developed. Using this aerosol using anion-exchange high-performance liquid chro-
method, it was suggested that biomass burning aerosol in matography and pulsed-amperometric detection, J. Chromatogr.
Beijing mainly came from the combustion of crop residu- A 1171, 37-45, 2007.

als (i.e., wheat and corn residuals) while the contribution ofCaseiro. A. and Oliveira, C.: Variations in wood burning organic
softwood burning was non-negligible marker concentrations in the atmospheres of four European

cities, J. Environ. Monit., 14, 2261-2269, 2012.

Chakrabarty, R. K., Moosiiller, H., Chen, L.-W. A., Lewis, K.,
Arnott, W. P., Mazzoleni, C., Dubey, M. K., Wold, C. E.,
Hao, W. M., and Kreidenweis, S. M.: Brown carbon in tar balls
from smoldering biomass combustion, Atmos. Chem. Phys., 10,
6363-6370, doi0.5194/acp-10-6363-20,12010.

Chen, Y. and Bond, T. C.: Light absorption by organic carbon
from wood combustion, Atmos. Chem. Phys., 10, 1773-1787,
doi:10.5194/acp-10-1773-201R010.

AcknowledgementsThis work was supported by the National Drewnick, F., Hings, S. S., Curtius, J., Eerdekens, G., and Williams,

Natural Science Foundation of China (21190054, 21107061), J.: Measurement of fine particulate and gas-phase species during

and the National 973 Program of China (2010CB951803). We the New Year's fireworks 2005 in Mainz, Germany, Atmos. Env-

acknowledge Prof. Shu Tao and Dr. Guo-feng Shen at Peking iron., 40, 4316-4327, 2006.

University for providing the biomass smoke samples. We alsoDuan, F. K., He, K. B., Ma, Y. L., Yang, F. M., Yu, X. C., Cadle,

thank Dr. Zi-feng Lu at Argonne National Laboratory for providing S. H., Chan, T., and Mulawa, P. A.: Concentration and chemical

Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/13/
7765/2013/acp-13-7765-2013-supplement.pdf

the emission data of BC and OC. characteristics of Plls in Beijing, China: 2001-2002, Sci. Total
Environ., 355, 264-275, 2006.
Edited by: M. Petters Duan, F. K,, Liu, X. D., Yu, T., and Cachier, H.: Identification and

estimate of biomass burning contribution to the urban aerosol
organic carbon concentrations in Beijing, Atmos. Environ., 38,
1275-1282, 2004.
References Elias, V. O., Simoneit, B. R. T., Cordeiro, R. C., and Turcq,
B.: Evaluating levoglucosan as an indicator of biomass burn-
Adachi, K. and Buseck, P. R.: Atmospheric tar balls from jngin Carafs, Amabnia: a comparison to the charcoal record,
biomass burning in Mexico, J. Geophys. Res., 116, D05204, Geochim. Cosmochim. Ac., 65, 267—272, 2001.
doi:10.1029/2010JD015102011. Engling, G., Carrico, C. M., Kreidenweis, S. M., Collett Jr, J. L.,
Adler, G., Flores, J. M., Abo Riziq, A., Borrmann, S., and Day, D. E., Malm, W. C., Lincoln, L., Hao, W. M., linuma, Y.,
Rudich, Y.: Chemical, physical, and optical evolution of biomass  and Herrmann, H.: Determination of levoglucosan in biomass
burning aerosols: a case study, Atmos. Chem. Phys., 11, 1491— combustion aerosol by high-performance anion-exchange chro-
1503, doi10.5194/acp-11-1491-2012011. matography with pulsed amperometric detection, Atmos. Envi-
Alexander, D. T. L., Crozier, P. A., and Anderson, J. R.: Brown  rgn. 40, S299-S311, 2006.
carbon spheres in East Asian outflow and their optical propertiesEng“ng, G., Lee, J. J., Tsai, Y. W,, Lung, S. C. C., Chou, C. C.
Science, 321, 833-836, 2008. K., and Chan, C. Y.: Size-resolved anhydrosugar composition
Andreae, M. O. and Merlet, P.: Emission of trace gases and aerosols in smoke aerosol from controlled field burning of rice straw,
from biomass burning, Global Biogeochem. Cy., 15, 955-966, Aerosol Sci. Technol., 43, 662—672, 2009.
2001. Favez, O., El Haddad, I., Piot, C., Bmve, A., Abidi, E., Marc-
Andreae, M. O. and Rosenfeld, D.: Aerosol-cloud—precipitation hand, N., Jaffrezo, J.-L., Besombes, J.-L., Personnaz, M.-B.,
interactions. Part 1. The nature and sources of cloud-active ggiare, J., Wortham, H., George, C., and D’Anna, B.: Inter-
aerosols, Earth-Sci. Rev., 89, 13-41, 2008. comparison of source apportionment models for the estima-
Bari, M. A., Baumbach, G., Kuch, B., and Scheffknecht, G.: Wood  tjon of wood burning aerosols during wintertime in an Alpine

smoke as a source of particle-phase organic compounds in resi- city (Grenoble, France), Atmos. Chem. Phys., 10, 5295-5314,
dential areas, Atmos. Environ., 43, 4722-4732, 2009.

Atmos. Chem. Phys., 13, 7765781, 2013 www.atmos-chem-phys.net/13/7765/2013/


http://www.atmos-chem-phys.net/13/7765/2013/acp-13-7765-2013-supplement.pdf
http://www.atmos-chem-phys.net/13/7765/2013/acp-13-7765-2013-supplement.pdf
http://dx.doi.org/10.1029/2010JD015102
http://dx.doi.org/10.5194/acp-11-1491-2011
http://dx.doi.org/10.1029/2003JD003697
http://dx.doi.org/10.5194/acp-10-6363-2010
http://dx.doi.org/10.5194/acp-10-1773-2010

Y. Cheng et al.: Biomass burning contribution to Beijing aerosol 7779

doi:10.5194/acp-10-5295-20,12010. 176, 2006.

Fine, P. M., Cass, G. R., and Simoneit, B. R. T.: Chemical char-Hennigan, C. J., Sullivan, A. P., Collett Jr. J. L., and Robinson,
acterization of fine particle emissions from fireplace combustion A. L.: Levoglucosan stability in biomass burning particles ex-
of woods grown in the northeastern United States, Environ. Sci. posed to hydroxyl radicals, Geophys. Res. Lett., 37, L09806,
Technol., 35, 2665-2675, 2001. doi:10.1029/2010GL043082010.

Fine, P. M., Cass, G. R., and Simoneit, B. R. T.: Chemical characHoffer, A., Gelencér, A., Guyon, P., Kiss, G., Schmid, O.,
terization of fine particle emissions from the fireplace combus- Frank, G. P., Artaxo, P., and Andreae, M. O.: Optical properties
tion of woods grown in the southern United States, Environ. Sci.  of humic-like substances (HULIS) in biomass-burning aerosols,
Technol., 36, 1442-1451, 2002. Atmos. Chem. Phys., 6, 3563-3570, d6i:5194/acp-6-3563-

Fine, P. M., Cass, G. R., and Simoneit, B. R. T.: Chemical charac- 2006 2006.
terization of fine particle emissions from the fireplace combus- Hoffmann, D., Tilgner, A., linuma, Y., and Herrmann, H.: Atmo-
tion of wood types grown in the midwestern and western United  spheric stability of levoglucosan: A detailed laboratory and mod-
States, Environ. Eng. Sci., 21, 387—-409, 2004a. eling study, Environ. Sci. Technol., 44, 694—-699, 2010.

Fine, P. M., Cass G. R., and Simoneit, B. R. T.: Chemical characterHolme, B. J. and Petrucci, G. A.: Water-soluble oligomer forma-
ization of fine particle emissions from the wood stove combus- tion from acid-catalyzed reactions of levoglucosan in proxies of
tion of prevalent United States tree species, Environ. Eng. Sci., atmospheric aqueous aerosols, Environ. Sci. Technol., 40, 4983—
21, 705-721, 2004b. 4989, 2006.

Gao, S., Hegg, D. A, Hobbs, P. V., Kirchstetter, T. W., Magi, Huang, X. F., Yu, J. Z., He, L. Y., and Yuan, Z. B.: Water-
B. I, and Sadilek, M.: Water-soluble organic components in  soluble organic carbon and oxalate in aerosols at a coastal
aerosols associated with savanna fires in southern Africa: Identi- urban site in China: size distribution characteristics, sources,
fication, evolution, and distribution, J. Geophys. Res., 108, 8491, and formation mechanisms, J. Geophys. Res., 11, D22212,
doi:10.1029/2002JD002322003. doi:10.1029/2006JD007402006.

Goncalves, C., Alves, C., Evtyugina, M., Mirante, F., Pio, C., Ca- linuma, Y., Bdge, O., Gafe, R., and Herrmann, H.. Methyl-
seiro, A., Schmidl, C., Bauer, H., and Carvalho, F.: Characteri- Nitrocatechols: atmospheric tracer compounds for biomass burn-

sation of PM g emissions from woodstove combustion of com-  ing secondary organic aerosols, Environ. Sci. Technol., 44,
mon woods grown in Portugal, Atmos. Environ., 44, 4474-4480, 8453-8459, 2010.
2010. linuma, Y., Biiggemann, E., Gnauk, T., Mer, K., Andreae, M.

Grieshop, A. P., Logue, J. M., Donahue, N. M., and Robinson, A.L.:  O., Helas, G., Parmar, R., and Herrmann, H.: Source charac-
Laboratory investigation of photochemical oxidation of organic  terization of biomass burning particles: The combustion of se-
aerosol from wood fires 1: measurement and simulation of or- lected European conifers, African hardwood, savanna grass, and
ganic aerosol evolution, Atmos. Chem. Phys., 9, 1263-1277, German and Indonesian peat, J. Geophys. Res., 112, D08209,
doi:10.5194/acp-9-1263-2002009a. doi:10.1029/2006JD00712@007.

Grieshop, A. P., Donahue, N. M., and Robinson, A. L.: Laboratory linuma, Y., Engling, G., Puxbaum, H., and Herrmann, H.: A highly
investigation of photochemical oxidation of organic aerosol from  resolved anion-exchange chromatographic method for determi-
wood fires 2: analysis of aerosol mass spectrometer data, At- nation of saccharidic tracers for biomass combustion and primary
mos. Chem. Phys., 9, 2227-2240, d6i5194/acp-9-2227-2009 bio-particles in atmospheric aerosol, Atmos. Environ., 43, 1367—
2009b. 1371, 2009.

Hand, J. L., Malm, W. C., Laskin, A., Day, D., Lee, T., Wang, C., Jaeckels, J. M., Bae, M. S., and Schauer, J. J.: Positive matrix fac-
Carrico, C., Carrillo, J., Cowin, J. P., Collett, J., and ledema, torization (PMF) analysis of molecular marker measurements to
M. J.: Optical, physical, and chemical properties of tar balls ob- quantify the sources of organic aerosols, Environ. Sci. Technol.,
served during the Yosemite Aerosol Characterization Study, J. 41, 5763-5769, 2007.

Geophys. Res., 110, D21210, ddl:1029/2004JD005723005. Jimenez, J. R., Claiborn, C. S., Dhammapala, R. S., and Simpson,

Harrison, R. M., Beddows, D. C. S., Hu, L., and Yin, J.: Compar- C. D.: Methoxyphenols and levoglucosan ratios in fMrom
ison of methods for evaluation of wood smoke and estimation wheat and kentucky bluegrass stubble burning in eastern Wash-
of UK ambient concentrations, Atmos. Chem. Phys., 12, 8271- ington and northern Idaho, Environ. Sci. Technol., 41, 7824—
8283, d0i10.5194/acp-12-8271-2012012. 7829, 2007.

Hays, M. D., Geron, C. D, Linna, K. J., Smith, N. D., and Schauer, Kim, E., Hopke, P. K., and Edgerton, E. S.: Source identification of
J. J.: Speciation of gas-phase and fine particle emissions from Atlanta aerosol by positive matrix factorization, J. Air & Waste
burning of foliar fuels, Environ. Sci. Technol., 36, 2281-2295,  Manage. Assoc., 53, 731-739, 2003.

2002. Kirchstetter, T. W., Novakov, T., and Hobbs, P. V.. Evidence

Haywood, J. and Boucher, O.: Estimates of the direct and indi- that the spectral dependence of light absorption by aerosols is
rect radiative forcing due to tropospheric aerosols: a review, Rev. affected by organic carbon, J. Geophys. Res., 109, D21208,
Geophys., 38, 513-543, 2000. doi:10.1029/2004JD004992004.

He, K. B,, Yang, F. M., Ma, Y. L., Zhang, Q., Yao, X. H., Chan, Kleeman, M. J., Riddle, S. G., and Jakober, C. A.: Size distribu-
C. K., Cadle, S., Chan, T., and Mulawa, P.: The characteristics of tion of particle-phase molecular markers during a severe winter
PM 5 in Beijing, China, Atmos. Environ., 35, 4959-4970, 2001. pollution episode, Environ. Sci. Technol., 42, 6469-6475, 2008.

He, L. Y., Hu, M., Huang, X. F,, Zhang, Y. H., and Tang, X. Y.: Sea- Kleeman, M. J., Schauer, J. J., and Cass, G. R.: Size and compo-
sonal pollution characteristics of organic compounds in atmo- sition distribution of fine particulate matter emitted from wood
spheric fine particles in Beijing, Sci. Total Environ., 359, 167—  burning, meat charbroiling, and cigarettes, Environ. Sci. Tech-

www.atmos-chem-phys.net/13/7765/2013/ Atmos. Chem. Phys., 13, 776834, 2013


http://dx.doi.org/10.5194/acp-10-5295-2010
http://dx.doi.org/10.1029/2002JD002324
http://dx.doi.org/10.5194/acp-9-1263-2009
http://dx.doi.org/10.5194/acp-9-2227-2009
http://dx.doi.org/10.1029/2004JD005728
http://dx.doi.org/10.5194/acp-12-8271-2012
http://dx.doi.org/10.1029/2010GL043088
http://dx.doi.org/10.5194/acp-6-3563-2006
http://dx.doi.org/10.5194/acp-6-3563-2006
http://dx.doi.org/10.1029/2006JD007408
http://dx.doi.org/10.1029/2006JD007120
http://dx.doi.org/10.1029/2004JD004999

7780 Y. Cheng et al.: Biomass burning contribution to Beijing aerosol

nol., 33, 3516-3523, 1999. Chem. Phys., 10, 3027-3046, dd):5194/acp-10-3027-20,10
Lee, S.,Kim, H. K., Yan, B., Cobb, C. E., Hennigan, C., Nichols, S.,  2010.
Chamber, M., Edgerton, E. S., Jansen, J. J., Hu, Y. T., Zheng, M.Reid, J. S., Koppmann, R., Eck, T. F., and Eleuterio, D. P.: A review
Weber, R. J., and Russell, A. G.: Diagnosis of aged prescribed of biomass burning emissions part Il: intensive physical proper-
burning plumes impacting an urban area, Environ. Sci. Technol., ties of biomass burning particles, Atmos. Chem. Phys., 5, 799—
42, 1438-1444, 2008. 825, doi10.5194/acp-5-799-2002005.
Lin, P., Hu, M., Deng, Z., Slanina, J., Han, S., Kondo, Y., Takegawa,Reid, J. S., Eck, T. F.,, Christopher, S. A., Koppmann, R.,
N., Miyazaki, Y., Zhao, Y., and Sugimoto, N.: Seasonal and di- Dubovik, O., Eleuterio, D. P., Holben, B. N., Reid, E. A., and

urnal variations of organic carbon in B in Beijing and the Zhang, J.: A review of biomass burning emissions part Ill: in-
estimation of secondary organic carbon, J. Geophys. Res., 114, tensive optical properties of biomass burning particles, Atmos.
D00G11, doi10.1029/2008JD010902009. Chem. Phys., 5, 827-849, db.5194/acp-5-827-2002005b.

Lu, Z., Zhang, Q., and Streets, D. G.: Sulfur dioxide and primary Robinson, A. L., Donahue, N. M., Shrivastava, M. K., Weitkamp,
carbonaceous aerosol emissions in China and India, 1996-2010, E. A., Sage, A. M., Grieshop, A. P., Lane, T. E., Pierce, J. R., and
Atmos. Chem. Phys., 11, 9839-9864, d06i5194/acp-11-9839- Pandis, S. N.: Rethinking organic aerosols: semivolatile emis-
2011, 2011. sions and photochemical aging, Science, 315, 1259-1262, 2007.

Mochida, M., Kawamura, K., Fu, P. Q., and Takemura, T.: SeasonaRobinson, A. L., Subramanian, R., Donahue, N. M., Bernardo-
variation of levoglucosan in aerosols over the western North Pa- Bricker, A., and Rogge, W. F.: Source apportionment of molecu-
cific and its assessment as a biomass-burning tracer, Atmos. En- lar markers and organic aerosol. 2. Biomass smoke, Environ. Sci.
viron., 44, 3511-3518, 2010. Technol., 40, 7811-7819, 2006.

Naeher, L. P., Brauer, M., Lipsett, M., Zelikoff, J. T., Simpson, C. Schauer, J. J., Kleeman, M. J., Cass, G. R., and Simoneit, B. R. T.:
D., Koenig, J. Q., and Smith, K. R.: Woodsmoke health effects: Measurement of emissions from air pollution sources.;305g
a review, Inhal. Toxicol., 19, 67-106, 2007. organic compounds from fireplace combustion of wood, Environ.

National Bureau of Statistics: China Statistical Yearbook, China Sci. Technol., 35, 1716-1728, 2001.

Statistics Press, Beijing, available dittp://www.stats.gov.cn/  Schkolnik, G., Falkovich, A. H., Rudich, Y., Maenhaut, W., and Ar-
tjsj/ndsj/2011/htmI/M1313e.htn2011. taxo, P.: New analytical method for the determination of levoglu-

Oanh, N. T. K., Ly, B. T, Tipayarom, D., Manandhar, B. R., Prapat, cosan, polyhydroxy compounds, and 2-methylerythritol and its
P., Simpson, C. D., and Liu, L. J. S.: Characterization of partic- application to smoke and rainwater samples, Environ. Sci. Tech-
ulate matter emission from open burning of rice straw, Atmos. nol., 39, 2744-2752, 2005.

Environ., 45, 493-502, 2011. Schmidl, C., Marr, I. L., Caseiro, A., Kotianay P., Berner, A.,
Pio, C. A, Legrand, M., Alves, C. A,, Oliveira, T., Afonso, J., Ca- Bauer, H., Kasper-Giebl, A., and Puxbaum, H.: Chemical charac-
seiro, A., Puxbaum, H., Sanchez-Ochoa, A., and Getands: terisation of fine particle emissions from wood stove combustion

Chemical composition of atmospheric aerosols during the 2003 of common woods growing in mid-European Alpine regions, At-
summer intense forest fire period, Atmos. Environ., 42, 7530- mos. Environ., 42, 126-141, 2008a.
7543, 2008. Schmidl, C., Bauer, H., Dattler, A., Hitzenberger, R., Weissenboeck,
Pio, C. A., Legrand, M., Oliveira, T., Afonso, J., Santos, C., Ca- G., Marr, |. L., and Puxbaum, H.: Chemical characterisation of
seiro, A., Fialho, P., Barata, F., Puxbaum, H., Sanchez-Ochoa, A., particle emissions from burning leaves, Atmos. Environ., 42,
Kasper-Giebl, A., Gelenés, A., Preunkert, S., and Schock, M.: 9070-9079, 2008h.
Climatology of aerosol composition (organic versus inorganic) at Sheesley, R. J., Schauer, J. J., Chowdhury, Z., Cass, G. R., and Si-
nonurban sites on a west-east transect across Europe, J. Geophys.moneit, B. R. T.: Characterization of organic aerosols emitted
Res., 112, D23S02, ddi0.1029/2006JD008032007. from the combustion of biomass indigenous to South Asia, J.
Posfai, M., Gelenaar, A., Simonics, R., Arat, K., Li, J., Hobbs, Geophys. Res., 108, 4285, did.1029/2002JD002982003.
P. V., and Buseck, P. R.: Atmospheric tar balls: particles from Shen, G. F.,, Yang, Y. F., Wang, W., Tao, S., Zhu, C., Min, Y. J.,
biomass and biofuel burning, J. Geophys. Res., 109, D06213, Xue, M., Ding, J. N., Wang, B., Wang, R., Shen, H. Z., Li, W.,
doi:10.1029/2003JD004162004. Wang, X. L., and Russell, A. G.: Emission factors of particulate
Puxbaum, H., Caseiro, A.,88chez-Ochoa, A., Kasper-Giebl, A., matter and elemental carbon for crop residues and coals burned
Claeys, M., Gelenés, A., Legrand, M., Preunkert, S., and in typical household stoves in China, Environ. Sci. Technol., 44,
Pio, C.: Levoglucosan levels at background sites in Europe 7157-7162, 2010.
for assessing the impact of biomass combustion on the EuSimoneit, B. R. T., Schauer, J. J., Nolte, C. G., Oros, D. R., Elias, V.
ropean aerosol background, J. Geophys. Res., 112, D23S05, O., Fraser, M. P., Rogge, W. F., and Cass, G. R.: Levoglucosan, a
doi:10.1029/2006JD008112007. tracer for cellulose in biomass burning and atmospheric particles,
Ramadan, Z., Song, X. H., and Hopke, P. K.: Identification of = Atmos. Environ., 33, 173-182, 1999.
sources of Phoenix aerosol by positive matrix factorization, J.Simoneit, B. R. T.: Biomass burning-a review of organic tracers for
Air & Waste Manage. Assoc., 50, 1308-1320, 2000. smoke from incomplete combustion, Appl. Geochem., 17, 129—
Real, E., Orlandi, E., Law, K. S., Fierli, F., Josset, D., Cairo, F., 162, 2002.
Schlager, H., Borrmann, S., Kunkel, D., Volk, C. M., Mc- Simoneit, B. R. T., Elias, V. O., Kobayashi, M., Kawamura, K.,
Quaid, J. B., Stewart, D. J., Lee, J., Lewis, A. C., Hop- Rushdi, A. |, Medeiros, P. M., Rogge, W. F., and Didyk, B. M.:
kins, J. R., Ravegnani, F., Ulanovski, A., and Liousse, C.: Cross- Sugars-dominant water-soluble organic compounds in soils and
hemispheric transport of central African biomass burning pol- characterization as tracers in atmospheric particulate matter, En-
lutants: implications for downwind ozone production, Atmos.  viron. Sci. Technol., 38, 5939-5949, 2004.

Atmos. Chem. Phys., 13, 7765781, 2013 www.atmos-chem-phys.net/13/7765/2013/


http://dx.doi.org/10.1029/2008JD010902
http://dx.doi.org/10.5194/acp-11-9839-2011
http://dx.doi.org/10.5194/acp-11-9839-2011
http://www.stats.gov.cn/tjsj/ndsj/2011/html/M1313e.htm
http://www.stats.gov.cn/tjsj/ndsj/2011/html/M1313e.htm
http://dx.doi.org/10.1029/2006JD008038
http://dx.doi.org/10.1029/2003JD004169
http://dx.doi.org/10.1029/2006JD008114
http://dx.doi.org/10.5194/acp-10-3027-2010
http://dx.doi.org/10.5194/acp-5-799-2005
http://dx.doi.org/10.5194/acp-5-827-2005
http://dx.doi.org/10.1029/2002JD002981

Y. Cheng et al.: Biomass burning contribution to Beijing aerosol 7781

Song, Y., Zhang, Y. H., Xie, S. D., Zeng, L. M., Zheng, M., Salmon, Wang, Q., Shao, M., Liu, Y., William, K., Paul, G., Li, X. H., Liu,

L. G., Shao, M., and Slanina, S.: Source apportionment of M Y., and Lu, S. H.: Impact of biomass burning on urban air quality
in Beijing by positive matrix factorization, Atmos. Environ., 40, estimated by organic tracers: Guangzhou and Beijing as cases,
1526-1537, 2006. Atmos. Environ., 41, 8380-8390, 2007.

Song, Y., Tang, X. Y., Xie, S. D., Zhang, Y. H., Wei, Y. J., Zhang, M. Wang, Q., Shao, M., Zhang, Y., Wei, Y., Hu, M., and Guo, S.: Source
S., Zeng, L. M., and Lu, S. H.: Source apportionment of22M apportionment of fine organic aerosols in Beijing, Atmos. Chem.
in Beijing in 2004, J. Hazard. Mater., 146, 124-130, 2007. Phys., 9, 8573-8585, d&D.5194/acp-9-8573-2002009.

Sorooshian, A., Varutbangkul, V., Brechtel, F. J., Ervens, B., Fein-Wang, Y., Zhuang, G. S., Xu, C., and An, Z. S.: The air pollution

gold, G., Bahreini, R., Murphy, S. M., Holloway, J. S., Atlas, caused by the burning of fireworks during the lantern festival in
E. L., Buzorius, G., Jonsson, H., Flagan, R. C., and Seinfeld, Beijing, Atmos. Environ., 41, 417-431, 2007.
J. H.: Oxalic acid in clear and cloudy atmospheres: analysis ofWard, T. J., Hamilton Jr, R. F., Dixon, R. W., Paulsen, M., and Simp-
data from International Consortium for atmospheric Research son, C. D.: Characterization and evaluation of smoke tracers in
on Transport and Transformation 2004, J. Geophys. Res., 11, PM: Results from the 2003 Montana wildfire season, Atmos. En-
D23S45, doil0.1029/2005JD00683Q006. viron., 40, 7005-7017, 2006.

Stone, E. A., Snyder, D. C., Sheesley, R. J., Sullivan, A. P., We-Warneke, C., Bahreini, R., Brioude, J., Brock, C. A., de Gouw, J.
ber, R. J., and Schauer, J. J.: Source apportionment of fine or- A., Fahey, D. W., Froyd, K. D., Holloway, J. S., Middlebrook,
ganic aerosol in Mexico City during the MILAGRO experiment A., Miller, L., Montzka, S., Murphy, D. M., Peischl, J., Ryerson,
2006, Atmos. Chem. Phys., 8, 1249-1259, H0i5194/acp-8- T. B., Schwarz, J. P., Spackman, J. P., and Veres, P.: Biomass
1249-20082008. burning in Siberia and Kazakhstan as an important source for

Streets, D. G., Bond, T. C., Carmichael, G. R., Fernandes, S. D., Fu, haze over the Alaskan Arctic in April 2008, Geophys. Res. Lett.,
Q., He, D., Klimont, Z., Nelson, S. M., Tsai, N. Y., Wang, M. 36, L02813, doit0.1029/2008GL036194£2009.

Q., Woo, J. H., and Yarber, K. F.: An inventory of gaseous and Yao, X. H., Fang, M., and Chan, C. K.: Size distributions and forma-
primary aerosol emissions in Asia in the year 2000, J. Geophys. tion of dicarboxylic acids in atmospheric particles, Atmos. Env-

Res., 108, 8809, ddi0.1029/2002JD003092003. iron., 36, 2099-2107, 2002.
Sullivan, A. P., Holden, A. S., Patterson, L. A., McMeeking, G. Yttri, K. E., Dye, C., and Kiss, G.: Ambient aerosol concentrations
R., Kreidenweis, S. M., Malm, W. C., Hao, W. M., Wold, C. of sugars and sugar-alcohols at four different sites in Norway, At-

E., and Collett Jr., J. L.: A method for smoke marker measure- mos. Chem. Phys., 7, 4267-4279, d6i5194/acp-7-4267-2007
ments and its potential application for determining the contribu-  2007.

tion of biomass burning from wildfires and prescribed fires to Yu, J. Z., Huang, X. F., Xu, J. H., and Hu, M.: When aerosol sulfate
ambient PM 5 organic carbon, J. Geophys. Res., 113, D22302, goes up, so does oxalate: implication for the formation mecha-
doi:10.1029/2008JD010212008. nisms of oxalate, Environ. Sci. Technol., 39, 128-133, 2005.

Sun, Y. L., Zhang, Q., Anastasio, C., and Sun, J.: Insights into secZdrahal, Z., Oliveira, J., Vermeylen, R., Claeys, M., and Maenhaut,
ondary organic aerosol formed via aqueous-phase reactions of W.: Improved method for quantifying levoglucosan and related
phenolic compounds based on high resolution mass spectrom- monosaccharide anhydrides in atmospheric aerosols and applica-
etry, Atmos. Chem. Phys., 10, 4809-4822, #0i5194/acp-10- tion to samples from urban and tropical locations, Environ. Sci.
4809-20102010. Technol., 36, 747-753, 2002.

Sun, Y. L., Zhuang, G. S., Wang, Y., Han, L. H., Guo, J. H., Dan, M., Zhang, T., Claeys, M., Cachier, H., Dong, S. P., Wang, W., Maen-
Zhang, W. J., Wang, Z. F., and Hao, Z. P.: The air-borne particu- haut, W., and Liu, X. D.: Identification and estimation of the
late pollution in Beijing- concentration, composition, distribution ~ biomass burning contribution to Beijing aerosol using levoglu-
and sources, Atmos. Environ., 38, 5991-6004, 2004. cosan as a molecular marker, Atmos. Environ., 42, 7013-7021,

Tsai, Y. |, Sopajaree, K., Chotruksa, A., Wu, H. C., and 2008.

Kuo, S. C.: Source indicators of biomass burning associatedZzhang, X., Hecobian, A., Zheng, M., Frank, N. H., and Weber, R. J.:
with inorganic salts and carboxylates in dry season ambi- Biomass burning impact on PM over the southeastern US dur-

ent aerosol in Chiang Mai Basin, Thailand, Atmos. Environ., ing 2007: integrating chemically speciated FRM filter measure-

doi:10.1016/j.atmosenv.2012.09.04D12. ments, MODIS fire counts and PMF analysis, Atmos. Chem.
US EPA: EPA positive matrix factorization (PMF) 3.0 fundamentals  Phys., 10, 6839-6853, dtD.5194/acp-10-6839-2012010.

& user guide, Washington, 2008. Zheng, M., Cass, G. R., Schauer, J. J., and Edgerton, E. S.: Source

van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J., apportionment of PM5 in the southeastern United States using
Kasibhatla, P. S., and Arellano Jr., A. F.: Interannual variabil-  solvent-extractable organic compounds as tracers, Environ. Sci.
ity in global biomass burning emissions from 1997 to 2004, At-  Technol., 36, 2361-2371, 2002.
mos. Chem. Phys., 6, 3423-3441, d6i5194/acp-6-3423-2006  Zheng, M., Salmon, L. G., Schauer, J. J., Zeng, L. M., Kiang, C. S.,

2006. Zhang, Y. H., Cass, G. R.: Seasonal trends ipBMource con-
Viana, M., Lopez, J. M., Querol, X., Alastuey, A., GaaeGacio, D., tributions in Beijing, China, Atmos. Environ., 39, 3967-3976,
Blanco-Heras, G., tpez-Malia, P., Piieiro-Iglesias, M., Sanz, 2005.

M. J., Sanz, F., Chi, X., and Maenhaut, W.: Tracers and impact
of open burning of rice straw residues on PM in Eastern Spain,
Atmos. Environ., 42, 1941-1957, 2008.

www.atmos-chem-phys.net/13/7765/2013/ Atmos. Chem. Phys., 13, 776834, 2013


http://dx.doi.org/10.1029/2005JD006880
http://dx.doi.org/10.5194/acp-8-1249-2008
http://dx.doi.org/10.5194/acp-8-1249-2008
http://dx.doi.org/10.1029/2002JD003093
http://dx.doi.org/10.1029/2008JD010216
http://dx.doi.org/10.5194/acp-10-4809-2010
http://dx.doi.org/10.5194/acp-10-4809-2010
http://dx.doi.org/10.1016/j.atmosenv.2012.09.040
http://dx.doi.org/10.5194/acp-6-3423-2006
http://dx.doi.org/10.5194/acp-9-8573-2009
http://dx.doi.org/10.1029/2008GL036194
http://dx.doi.org/10.5194/acp-7-4267-2007
http://dx.doi.org/10.5194/acp-10-6839-2010

