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ARTICLE INFO ABSTRACT

Influences of biomass burning (BB) on a high altitude site were investigated by collecting fine particulate matter
(PM, 5) samples from 29 March to 27 April of 2012 at Mt. Yulong (4500 m above sea level), and analyzing them
for selected chemical species including water soluble ions (WSIs), organic carbon (OC), elemental carbon (EC),
polycyclic aromatic hydrocarbons (PAHs) and n-alkanes. The mean PM, s mass loading for the study was
6.30 + 4.90ugm 3, and 15.48 + 2.82ugm > and 1.75 + 0.41 ugm 3 for a high and a low PM episode,
respectively. WSIs accounted for 62% of the total mass, and S0,2~ was the dominant anion and NH,* was the
main cation. PAHs were mainly 3 ring compounds, fluorene (Flo) and phenanthrene (Phe) together accounted
for 54% of the total PAHs. For n-alkanes, n-Nonacosane (Cpg) concentration was the highest with the value of
1.09 + 1.18ng m~3, following is n-Hentriacontane (Cs;) and n-Heptacosane (Co;) suggested that n-alkane in
our samples were mainly contributed by biogenic sources. BB emission was confirmed by the diagnostic ratios,
and it also had a significant influence on aerosol optical depth (AOD) distribution and enhances the con-
centration of most species, especially for OC, K* and EC. Significant relationships were found between daily fire
counts and BB species, and correlation coefficients (r) for mass, K*, OC, and EC were 0.58, 0.57, 0.53 and 0.60
(n =29, P < 0.01), respectively. It indicated that daily fire counts can advance our understanding of how
biomass burning affect aerosols and air quality at a high-altitude site.
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1. Introduction Alves et al., 2017). Natural forest fires and anthropogenic burning in

South and Southeast (S/SE) Asia make these the two major BB source

Biomass burning (BB) is a global phenomenon, and emissions from
the fires are an important source for atmospheric trace gases and par-
ticulate matter (PM) that can impact the environment and climate
(Crutzen et al., 1979; Andreae, 1983; Crutzen and Andreae, 1990; Lin
et al., 2013; Khamkaew et al., 2016; Yadav et al., 2017; Vicente and
Alves, 2017). In recent decades, increased attention has been focused
on BB and the physical, chemical, and thermodynamic properties of
gases and PM emitted by the fires (Reid et al., 2005; Niu et al., 2016;
Souza et al., 2016). Much of the interest in BB has grown out of its
impacts on ecology, human health, climate, cloud condensation nuclei
(CCN), and so on (Reid et al., 2005; Lin et al., 2016; Pani et al., 2016;

regions in the world, and emissions there are especially strong during
the pre-monsoon period (Haberle et al., 2001; Pochanart et al., 2003;
Radojevic, 2003; Sheesley et al., 2003; Venkataraman et al., 2005;
Chang and Song, 2010; Ram and Sarin, 2010; Zhao et al., 2013). Smoke
from these regions has been shown to be transported to Tibetan Plateau
(TP), Eastern Asia, the Indian Ocean, the western Pacific Ocean (Ma
et al., 2003; Wang et al., 2007; Huang et al., 2013; Sang et al., 2013),
and it can travel as far as Europe in the upper troposphere (Stohl et al.,
2007).

The chemical composition of atmospheric particles has been studied
extensively to evaluate the sources for aerosol particles and the
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influences of BB on regional environments in S/SE Asia. For example,
studies conducted for the Indian Ocean Experiment (INDOEX)
(Ramanathan et al., 2007; Gustafsson et al., 2009; Stone et al., 2007)
and 7 South East Asian Studies (7 SEAS) (Lin et al., 2013 and references
in that special issue). Other field studies of BB emissions have been
conducted in urban areas (C.S. Zhu et al., 2017; J. Zhu et al., 2017),
rural areas (Sang et al., 2013), at a high altitude (> 4000m) site
(Decesari et al., 2010), and some have involved highly time-resolved in-
situ measurements (Zheng et al., 2017). Analyses of the temporal and
spatial variations of particle and gas chemistry for above studies have
confirmed that BB emissions from S/SE Asia can significantly influence
regional or global atmospheric chemistry.

Fire counts made with satellites have been proven as a useful tool
for studying BB emissions (Kaufman et al., 1998; Giglio et al., 2013;
Sayer et al., 2016; Tsay et al., 2016, Pimonsree et al., 2017). The broad
spatial coverage of satellite has enabled researchers to use fire counts as
constraints on bottom-up fire emission inventories (Soja et al., 2009;
Zeng et al., 2016). Zeng et al. (2016) combined Moderate Resolution
Imaging Spectrometer (MODIS) fire counts and a bottom-up approach
to develop a hybrid emission inventory for the southeastern United
States. The inventory developed from that study improved the perfor-
mance of the Community Multiscale Air Quality (CMAQ) model, espe-
cially for organic carbon (OC), elemental carbon (EC), and PM,s.
Schultz (2002) characterized the seasonal and interannual variability of
emissions from vegetation fires using the Along-Track Scanning
Radiometer (ATSR) sensor on the European Remote-Sensing satellite
(ERS-2). It can be concluded that studies of fire counts clearly have the
potential to improve BB emission inventories and simulations of re-
gional atmospheric models, particularly for remote regions where fire
activity records are spotty. However, the relationship between fire
counts and the chemical characteristic of aerosol should be evaluated
firstly. It has been reported that monthly fire counts have a significant
relationship with chemical components over the southeastern United
States, such as K* and levoglucosan which originate from BB (Zeng
et al., 2008; Zhang et al., 2010), and there have been relatively few
studies that have connected the information on daily fire counts with
chemical data, especially at remote area.

For our study, PM, 5 samples were collected at Mt. Yulong during
the pre-monsoon period, and the concentrations of selected species,
including WSIs, OC, EC, PAHs and n-alkanes, were determined to in-
vestigate the influences of BB on the ambient aerosol. We also used data
obtained from MODIS to investigate possible relationships between the
daily fire counts and chemical species concentrations.

2. Methods
2.1. Sampling site

Mt. Yulong is located in the Hengduan Mountain Range on the
southeastern Tibetan Plateau, 25km north of Lijiang city, Yunnan
Province, southwest China. The altitude of the peak is 5596 m above sea
level (asl-all elevations that follow are asl). Mt. Yulong has become a
tourist destination because of its temperate glaciers and the beautiful
scenery, and the number of tourists who visited the area approached 3
million in 2012. According to our investigation, in the main tourist
area, gasoline and diesel burning vehicles can only drive as far as the
Ganhaizi Basin (3100 m), and from there tourists are transported by
green buses and electric vehicles to a station at 3356 m. The visitors are
finally transferred to the glacier area at 4500 m by means of a ropeway.
The sampling site itself (27.10N, 100.20E) was at an elevation of
~4500 m, about 200m from the ropeway station (Fig. 1). The area
around the sampling site is open, and there are no obvious sources for
anthropogenic emissions nearby.
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2.2. Meteorology

The climate of southwestern China, including Mt. Yulong, can be
divided into the monsoon (May to October) and non-monsoon
(November to April in the following year) periods. These conditions are
driven by the southwestern monsoon circulation and the southern
branch of the westerly circulation. The non-monsoon period can be
subdivided into a post-monsoon period (November to January next
year) and a pre-monsoon period (February to April), which is when our
study was conducted. Meteorological data obtained from an automatic
weather station near the sampling site are presented in Fig. 2. During
the sampling period, the temperature was most often < 0 °C and ranged
from —6.0°C to 5.8°C; the mean relative humidity (RH) was
66.4% *+ 22%, and wind speed was 6.0 + 3.8ms'. Although the
winds were predominantly westerly during our study, the near surface
wind flow can be strongly influenced by the local topography.

2.3. Sampling and chemical analysis

PM, s samples were collected 2m above ground level from 29
March to 27 April 2012. Quartz filters (2 pum pore size, 37 mm diameter,
Whatman Plc, Little Chalfont, UK) were used as the sampling substrates.
The sampler (URG-3000N, URG Corp., Chapel Hill, NC, USA) was
powered by 220V alternating current. The volume of air sampled was
measured with an in-line flow meter, and the mean flow rate was 22 L/
min. Corrections for ambient temperature and pressure allowed con-
version of the measured volumes to standard cubic meters.

All filters were pre-combusted at 800 °C for 3h, and then condi-
tioned at 50% RH and 25 °C for over 24 h in preparation for gravimetric
analysis. A Sartorius MC5 electronic microbalance (Sartorius,
Gottingen, Germany) with a sensitivity of 1 ug was used for weighting
filters. After sampling, filters were again conditioned and re-weighed to
obtain the accumulated masses needed to calculate the mass con-
centrations. The filters were then cut into portions for chemical ana-
lysis. Blank filters were handled in the same manner as the samples.

One or two punches (0.526 cm?) of each filter was used for the
determination of carbon fractions (OC and EC) with the use of a DRI
Model 2001 Thermal/optical Carbon Analyzer following the
Interagency Monitoring of Protected Visual Environments (IMPROVE-
A) thermal/optical reflectance protocol (Cao et al., 2007). Char-EC and
soot-EC were calculated by the method of Han et al. (2007). Two or
three punches from each filter were analyzed for PAHs and n-alkanes
using a thermal desorption-gas chromatography/mass spectrometry
method with an Agilent GC 7890A/MS 5975C system (Agilent Tech-
nologies, Santa Clara, CA, USA; Ho et al., 2011). The remainder of the
filter was used for determination of WSIs (SO4>~, NO;~, C1~, NH, ",
Na*, K*, Ca®*, Mg2™") (Shen et al., 2009) by an ion chromatography
procedure (IC, Dionex 500, Dionex Corp, Sunnyvale, CA., USA).

2.4. Satellite data

In this study, MODIS products were used for calculating aerosol
optical depths (AOD), and they obtained from the website of http://
disc.sci.gsfc.nasa.gov/giovanni/overview/index.html. The distributions
of fire counts were obtained from https://firms.modaps.eosdis.nasa.
gov/firemap/. Achieve files of fire counts were downloaded from the
Global Fire Emissions Database, Version 4 (https://daac.ornl.gov/cgi-
bin/dsviewer.pl?ds_id=1293). Fire counts with confidence levels >
20 were selected for our analyses.

2.5. Backward trajectories

Backward trajectories were obtained using the hybrid single-particle
Lagrangian integrated trajectory (HYSPLIT-4) model (http://www.arl.
noaa.gov/ready/hysplit4.html) to trace the air masses. The end location
was set at our sampling sites running for 72h with heights of 100 m
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Fig. 1. Location of the Mt. Yulong sampling site (asl means above sea level).
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Fig. 2. Variations of meteorological parameters and the chemical composition during the
sampling time. HE and LE stand for high and low particulate matter episodes, respectively
(dashed line represents average mass concentration).
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above ground level, and the ending time was 12:00 (04:00 UTC
(Coordinated Universal Time)) of Beijing time.

3. Results and discussion

3.1. Mass variations and particulate matter episodes

The PM, s mass concentrations (sum of WSIs, OC, EC, PAHs and n-
alkanes) and their daily variations are shown in Fig. 2. The mass
loadings during the study ranged from 1.38 to 19.53 ugm ™3, and the

Table 1

Concentrations of selected chemical components (ugm?®) in aerosol particles from Mt.

Yulong.
Species All samples High PM episode Low PM episode H/L

Mean SD Mean SD Mean SD
Total mass 6.30 490 15.48 2.82 1.75 0.41 8.83
TC 2.39 2.60 7.69 1.63 0.62 0.12 12.39
ocC 1.84 217  6.24 1.51 0.45 0.10 13.89
EC 0.55 0.46 1.45 0.30 0.17 0.04 8.47
Ccl™ 0.11 0.06 0.12 0.03 0.10 0.02 1.28
NO; ™~ 0.60 0.47 1.46 0.34 0.18 0.07 8.30
50,2~ 2.20 1.33 394 1.20 0.68 0.24 5.84
Na* 0.20 0.11 0.21 0.12 0.08 0.05 2.67
NH,* 0.41 0.41 0.84 0.55 0.00 288.45
K* 0.10 0.10 0.27 0.08 0.00 0.00 76.48
Mg>* 0.03 0.03 0.07 0.02 0.01 0.01 6.89
ca?* 0.35 0.30 0.84 0.30 0.09 0.08 9.39
Total PAHs*  0.97 0.59 174 0.74 0.41 0.19 4.21
Total n- 6.53 598 16.70 7.68 2.80 1.92 5.98
alkanes”

2 Indicates the units are ng/m>.
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mean value was 6.30 + 4.90 ug m~2 (Table 1). Compared with other
PM, 5 mass concentrations monitored at rural site of TP, our results
were lower than Qilian Shan which is located at the northern boundary
of the TP, the annual mean PM,s mass concentration was
9.5 + 5.4pgm~3 (Xu et al., 2015); Qinghai Lake, located on north-
eastern TP, the PM,s mass loading in summertime was
21.27 + 10.70 pgm 3 (Zhang et al., 2014), and Tengchong Mountain
site, located on the southeastern TP, the concentration from April to
May was 19.0 = 12.4ug m~3 (Sang et al., 2013).

Relatively high mass concentrations were found at Yulong in late
March and early April 2012, and on the five days with the highest PM, 5
mass (29 and 30 March, 1, 3, and 4 April), the average value was
15.48 + 2.82g m~3, and that is defined as a high PM episode (HE)
period. The PM, 5 mass concentration decreased on 4 April and reached
its lowest concentration from 8 to 12 April, which is considered a low
PM episode (LE). In fact, the average mass concentration during the LE
was 1.75 * 0.41 pgm~ 3, which is only about 11% of that during the
HE. These results show that large fluctuations in daily PM, s mass levels
occurred during the pre-monsoon period, and this is one reason why the
standard deviations for the mass loadings during the pre-monsoon were
higher than those found for the monsoon or post-monsoon in studies by
Decesari et al. (2010), Zhao et al. (2013), and Zhang et al. (2016).

The relative abundances of the chemical species (OC, EC, S0427,
NO;~, NH4*, K* and others (including PAHs, n-alkanes, Na*, Ca®™*
and Mg>")) also differed between LE and HE periods (Fig. 2). During
the HE period, OC was the dominant component of PM, s, accounting
for 40% of the mass, and the two next most abundant species were
S0427 (26%) and NO5;~ (10%). In contrast, sulfate showed the highest
percent contribution to the measured mass (38%) during the LE period,
and even though OC was the second largest contributor to the mass
during the LE (26%), it accounted for much smaller fraction of the mass
than in the HE period. The high contributions of OC were also con-
firmed by the results for ultrafine particles during biomass burning
period in rural area (C.S. Zhu et al., 2017; J. Zhu et al., 2017) and
research of biomass burning emission factor (Tian et al., 2017).

3.2. Chemical composition

3.2.1. Water soluble ions

The grand average sum of the measured WSIs was
3.91 + 2.55ugm™ >, and they accounted for 62% of the total mass.
The most abundant anion in terms of mass was SO42~ while the
dominant cation was NH,*, and the rest of the ion concentrations de-
creased in the order NO;~ > Ca®* > Na®™ > CI- > K* > Mg?*.
A significant correlation (? = 0.95,P < 0.001) was found between the
cation equivalent (CE =Na® /23 + NH,* /18 + K* /39 + Mg>* /
12 + Ca®* /20) and anion equivalent (AE = SO,2” /48 + NO;~ /
62 + Cl™ /35.5), and this indicates that the most important ions in
terms of mass were measured on the filters. Meanwhile, the mean CE/
AE ratio was 0.73 which appear to be related to undetected H*.

All ions showed higher concentrations during the HE period than
the LE period, and the mass ratios of HE/LE were 5.8, 8.3, 288.5, 9.4,
2.7,1.3,76.5 and 6.9 for SO,2~,NO3; ™, NH, ", Ca®*,Na™, C1~, K" and
Mg?™, respectively. The concentrations of both NH,* and K* were
very low during LE period, often below them detect limits, and this
suggests that their concentrations at that time may have approached
background values. Those low values during the LE also indicate that
the other sources for K*, such as regional crustal dust were negligible,
and this supports the argument that the main source for the K* in our
samples was BB. Low concentrations of NH4;* and K* have been pre-
viously reported for Lulang, which is located on the southeastern side of
the TP (Zhao et al., 2013) and two other sites on the TP, Nepal (Decesari
et al.,, 2010) and Qomolangma (Cong et al., 2015). Meanwhile, the
correlation between NH,* and K* was significant (r* = 0.81
P < 0.001, N = 29), which implies that they were from related sources
or transported together. Engling et al. (2011) and Cong et al. (2015)
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also have reported that emissions from BB on the southern TP are rich
in NH," and K", and therefore a common BB source is indicated.

3.2.2. Carbonaceous components

The mean concentration of OC was 1.84 = 2.17 ugm™>, which is
close to 2.4 ugm™~° of OC found in PM,, at NCO-P (Nepal, 5079 m)
(Decesari et al., 2010), but lower than 5.15ugm™> of OC in TSP at
Lulang (Tibet, 3360 m) during the pre-monsoon (Zhao et al., 2013).
Meanwhile, the mean EC concentration in our study
(0.55 + 0.46 ugm™~>) was close to the values of 0.5 ug m™> at NCO-P
and 0.84 ug m ™2 at Lulang. The concentration of TC (total carbon, sum
of OC and EC) was 2.39 + 2.60 ugm > which accounted for 38% of
the total mass. The ratio of TC/EWSIs (sum of SO42~, NO;~, NH, ™,
Ca®?*, Na™, CI7, K* and Mg>") at our site was 0.61 which is much
lower than 1.57 at Lulang or 0.95 at NCO-P. The TC/Zions ratios were
0.55 and 0.99 during LE period and HE period, respectively, and
therefore, relatively more carbonaceous aerosols were present during
the HE period.

The concentrations of OC and EC were correlated significantly
(r =0.94, P < 0.001), indicating they had related sources or were
transported to the site together. The overall average OC/EC ratio was
2.92, and even though this value is higher than what is typically found
at urban sites (Cao et al., 2003), it is much lower than the values re-
ported at some other high altitude sites on the TP. For example, some of
the reported OC/EC ratios are 10 for TSP from Muatagh Ata (4500 m)
(Cao et al., 2009), 4.8 for PM;, from the Himalayas (5079 m) (Decesari
et al., 2010), and 4.77 for PM, 5 from Qinghai Lake (3200 m) (Zhang
et al., 2014). On the other hand, an OC/EC ratio of 2.63, which is lower
than at our site, was found for PM;, samples collected at Tengchong
(1950 m) (Sang et al., 2013).

3.2.3. PAHs and n-alkanes

The total concentrations of the measured PAHs (ZPAHs) ranged
from 0.20 to 2.57 ng m ~ > with a mean value of 0.97 ng m 3, and this is
much lower than what has been reported for most urban sites, such as
104 + 130ngm~ 2 in Beijing (Ma et al., 2011) or 10 * 6.6ngm~ > in
Lhasa (Liu et al., 2013). However, our XPAHs value was higher than at
Lulang (0.59 = 0.52ng m~3) (Chen et al., 2014) or Mt Halla
(0.40 = 0.58ng m3), a background location in South Korea (Lee
et al., 2008). Fluorene (Flo) and phenanthrene (Phe) were the two most
abundant PAHs (Table 2), with mean values of 0.28 + 0.16ng m~3
and 0.24 * 0.58ngm ™3, respectively, and together Flo and Phe ac-
counted for 54% of £PAHs. It is noteworthy that the mean concentra-
tion of benzo[alpyrene (BaP) during the campaign was
0.03 + 0.03ngm ™3, and that level is well below the air-quality stan-
dard of 2.5 ng m ™~ established by Ministry of Environmental Protection
of China in 2012.

The average concentration of the total quantified n-alkanes (2n-al-
kanes) was 6.53 + 5.98ngm 3, which was much lower than typical
urban levels, such as 163.0 + 193.5ngm > in PM,5 from Beijing
(Huang et al., 2006), 141-392 ng m~2 in PM;, from Guangzhou (Bi
et al., 2005), or 31.0 * 296.8 ng m ™2 in TSP from Lhasa (Gong et al.,
2011). On the other hand, our results are comparable with the values
reported for rural areas, such as 1.25 + 2.28ngm~° at Lulang (Chen
et al., 2014), 7-95ngm™~°> in Finland (Rissanen et al., 2006), and
8.2ngm ™ in Sweden (Wingfors et al., 2011).

The carbon maximum number (C,,,) for all samples and the HE and
LE groups of samples were Cyg (Fig. 3), its mean concentration was
1.09 = 1.18ngm"™ s and that was followed by Cj
(0.78 + 0.90 ng m™~3). The high concentrations of these odd numbered
carbon compounds suggest that the n-alkanes were mainly from higher
plants. The values for the carbon preference index (CPI)
(CPI = %(C19-Css) / 2(C15-C34)) were 2.08 = 0.48, 1.41 = 0.29,
2.67 * 0.29, for the entire sampling period, LE, and HE, respectively.
All of these values were much greater than unity, which indicates the
presence of terrestrial higher-plant waxes, which may have been in the
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Table 2
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Concentrations (ng m™~2) of polycyclic aromatic hydrocarbons (PAHs) and n-alkanes in PM, 5 samples from Mt. Yulong.

Compound Abbreviation (number of rings) All samples HE LE

Average SD Average SD Average SD
Polycyclic aromatic hydrocarbons (PAHs)
Fluorene Flo (3 rings) 0.28 0.16 0.42 0.21 0.15 0.09
Phenanthrene Phe (3 rings) 0.24 0.14 0.39 0.19 0.12 0.06
Anthracene Ant (3 rings) 0.04 0.02 0.07 0.04 0.02 0.01
Fluoranthene Flu (4 rings) 0.06 0.04 0.11 0.05 0.02 0.01
Pyrene Pyr (4 rings) 0.06 0.04 0.11 0.04 0.02 0.01
Benzo[alanthracene BaA (4 rings) 0.02 0.02 0.04 0.02 0.00 0.00
Chrysene Chr (4 rings) 0.04 0.04 0.11 0.06 0.01 0.00
Benzo[b]fluoranthene BbF (5 rings) 0.04 0.03 0.10 0.03 0.01 0.01
Benzo[k]fluoranthene BKF (5 rings) 0.04 0.03 0.08 0.03 0.01 0.00
Benzo[a]fluoranthene BaF (5 rings) 0.01 0.01 0.01 0.01 0.00 0.00
Benzo[e]pyrene BeP (5 rings) 0.04 0.03 0.08 0.03 0.01 0.00
Benzo[a]pyrene BaP (5 rings) 0.03 0.03 0.07 0.03 0.01 0.00
Perylene Per (5 rings) 0.00 0.00 0.01 0.00 0.00 0.00
Indeno[1,2,3-cd]pyrene IcdP (6 rings) 0.03 0.02 0.06 0.02 0.01 0.00
Dibenzo[a,h]anthracene DahA (6 rings) 0.00 0.00 0.01 0.00 0.00 0.00
Benzo[ghi]perylene BghiP (6 rings) 0.03 0.02 0.05 0.02 0.01 0.00
Total PAHs 0.97 0.59 1.74 0.74 0.41 0.19
n-Alkanes
n-Heptadecane C17 0.57 0.37 0.99 0.37 0.23 0.14
n-Octadecane C18 0.54 0.32 0.83 0.40 0.27 0.17
n-Nonadecane C19 0.21 0.13 0.32 0.19 0.13 0.09
n-Icosane C20 0.24 0.15 0.37 0.24 0.14 0.11
n-Heneicosane Cc21 0.21 0.23 0.53 0.39 0.07 0.05
n-Docosane C22 0.24 0.29 0.66 0.55 0.09 0.05
n-Tricosane C23 0.35 0.42 1.04 0.69 0.12 0.06
n-Tetracosane C24 0.25 0.26 0.66 0.42 0.12 0.07
n-Pentacosane C25 0.34 0.35 0.95 0.47 0.17 0.13
n-Hexacosane C26 0.23 0.21 0.58 0.25 0.19 0.17
n-Heptacosane C27 0.50 0.52 1.42 0.63 0.26 0.21
n-Octacosane C28 0.30 0.27 0.74 0.31 0.24 0.21
n-Nonacosane C29 1.09 1.18 3.18 1.42 0.31 0.20
n-Triacontane C30 0.24 0.23 0.63 0.28 0.16 0.13
n-Hentriacontane C31 0.78 0.90 2.38 1.12 0.17 0.10
n-Dotriacontane C32 0.12 0.13 0.35 0.17 0.06 0.05
n-Tritriacontane C33 0.23 0.31 0.78 0.40 0.04 0.02
n-Tetratriacontane C34 0.04 0.04 0.11 0.05 0.02 0.01
n-Pentatriacontane C35 0.04 0.05 0.13 0.06 0.01 0.00
n-Hexatriacontane C36 0.01 0.02 0.04 0.02 0.01 0.00
Sum of n-alkanes 6.53 5.98 16.70 7.68 2.80 1.92
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Fig. 3. Concentrations of n-alkanes in aerosol samples from Mt. Yulong from different
periods. Whole stands for whole study; HE and LE as in Fig. 2.
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BB emissions. Furthermore, a higher CPI was seen in the HE than in the
LE, indicating a greater contribution of biogenic source materials
during the heavy PM episode (Chen et al., 2014).

3.3. Diagnostic ratios and BB influences

The impact of BB on ambient aerosol samples can be evaluated by
calculating and evaluating diagnostic ratios of chemical components
(Table 3). The ratios of OC/EC, Char-EC/soot-EC, EC/TC and K*/EC
have been applied to identify the possible sources (Cao et al., 2003; Han
et al., 2009; Ram and Sarin, 2010; Zhang et al., 2014). PAH diagnostic
ratios are also useful for distinguishing among fuel types and combus-
tion sources (Ravindra et al., 2008) and in particular BB emissions
(Yunker et al., 2002).

The mass ratio of OC/EC is one such tool commonly used for
identifying PM from different fuel types-the principle behind this is that
particles from BB have higher OC/EC ratios than those from fossil fuel
combustion (Cao et al., 2003). At Mt. Yulong, the OC/EC ratios were
4.44, 2.82 and 2.92 for HE, LE, and the whole sampling period, but
using this information for distinguishing sources has limitations. Char-
EC/soot-EC ratios are influenced by fewer factors than OC/EC ratios
(Han et al., 2007, 2009), and therefore this ratio has been proposed as a
better indicator different fuel types than OC/EC. Char-EC/soot-EC ra-
tios for BB typically exceed 10 (Chuang et al., 2014) and some of the
reported values for BB emissions are 11.6 (Cao et al., 2005), 22.6 (Chow
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Table 3
Diagnostic chemical ratios for different periods.
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Ratio All samples HE LE Reference value
Mean SD Mean SD Mean SD
OC/EC 2.92 1.07 4.44 1.43 2.82 1.24
Char-EC/Soot-EC 8.88 4.65 14.94 7.60 6.12 3.01
EC/TC 0.27 0.06 0.19 0.05 0.28 0.07 0.1-0.2, biomass burning; 0.6-0.7, fuel combustion
K*/EC 0.11 0.08 0.18 0.03 0.01 0.01 0.2-0.69, biomass burning
Flu/(Flu + Pyr) 0.53 0.03 0.52 0.01 0.57 0.02 > 0.5, grass, wood, coal combustion
IcdP/(IcdP + BghiP) 0.51 0.03 0.54 0.04 0.49 0.01 > 0.5, grass, wood, coal combustion

et al., 2004), and up to 31 (Chen et al., 2007). For coal combustion,
char-EC/soot-EC is 1.9 (Cao et al., 2005); and for motor vehicle emis-
sions the ratio is < 1 (Cao et al., 2005, 2006). As shown in Table 3, the
char-EC/soot-EC ratios in our study were 14.94, 6.12 and 8.88 during
the HE, LE and the entire study, respectively. This is strong evidence
that BB emissions had significant influences on our samples, especially
during the HE period. The ratios of EC/TC and K*/EC were also cal-
culated (Table 3), and their characteristic values for BB emissions are
0.1-0.2 (Salam et al., 2003) and 0.2-0.69 (Ram and Sarin, 2010), re-
spectively. At our site, the EC/TC and K*/EC ratios during the HE
period were 0.19 and 0.18, respectively, and this is further supports our
conclusion that the EC at that time was mainly from BB.

In this study, fluoranthene (Flu), pyrene (Pyr), benzo[e]pyrene
(BeP), BaP, indeno[1,2,3-cd]pyrene (IcdP) and benzo[ghi]lperylene
(BghiP) were selected for calculating ratios. The Flu/(Flu + Pyr) and
IcdP/(IcdP + BghiP) ratios indicate that the PAHs in our samples were
mostly derived from wood, coal, and grass burning (Fig. 4). Coal
burning is limited in southwest China, and therefore, it likely that BB is
the major contributor to the PAHs. Indeed, the Flu/(Flu + Pyr) ratios
for both the HE and LE plotted in the BB emission quadrant of Fig. 4
while most of the IcdP/(IcdP + BghiP) ratios for the LE were in the
petroleum combustion quadrant. From these results, we conclude that
BB was the main source for the PM, s pollution during the HE, but
during the cleaner conditions of the LE, both BB emissions and those
from other anthropogenic sources impacted the samples.

A BaP/(BaP + BeP) ratio > 0.5 is characteristic of fresh particles
while ratios < 0.5 are indicative of particle aging (Oliveira et al.,
2011). The mean BaP/(BaP + BeP) ratios for our samples were 0.43,
0.37, and 0.46 for all samples, LE, and HE, respectively. Therefore, the
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Fig. 4. Diagnostic ratios of Flu/(Flu + Pyr) vs. IcdP/(IcdP + BghiP) for different periods
(red circles for the HE period, green circles for the LE period, and black circles for the
other days). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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particles collected during the HE period evidently were relatively fresh,
which means that the BB particles were probably transported to the site
soon after they were emitted. Back trajectories shown that air mass
transport straightly from the selected region (blue rectangle in Fig. 5)
where labeled as intense fire counts during the HE period except on 4
April. In contrast, the air masses during the LE period rotated over
northeastern Burma except on 11 April (Fig. 5). These trajectories
support our contention that BB emissions were rapidly transported to
Mt. Yulong from source regions during the HE period.

By comparing the distributions of fire sites and AOD, the influences
from biomass burring on the atmosphere can be directly visualized, and
the conditions for the HE and LE contrasted in Fig. 5. Broad areas of
high AOD appeared over Southeast Asia during the HE period, and this
was consistent with the distribution of fire counts, which means that the
high AOD values almost certainly resulted from BB (Wang et al., 2015;
C.S. Zhu et al., 2017; J. Zhu et al., 2017). The chemical composition of
PM, s was also obviously influenced by BB emissions, and this was
made evident by the HE/average, LE/average and HE/LE mass ratios
calculated for selected chemical species (Fig. 6). Indeed, the main
species enhanced by BB emissions were OC, K* and EC, and their HE/
average values were 3.39, 2.85 and 2.66, respectively. K* is richen in
burning emissions from leaves, branches and grass (Ordou and
Agranovski, 2017) and commonly used as an indicator of BB emissions
(Andreae, 1983). Related studies by Zeng et al. (2008) and Sanchez
et al. (2018) have also shown that the OC and EC concentrations can be
enriched by BB emissions over the southeastern United States and
Southwest Europe, respectively.

3.4. Relationships between fire counts and chemistry

Monthly fire counts in the southeastern US were shown to be in-
terrelated to emission inventories (Zeng et al., 2008), and a hybrid
emission inventory combined with fire counts and a bottom-up in-
ventory was later developed to enhance the performance of a commu-
nity multi-scale air quality model (Zeng et al., 2016). Monthly fire
counts were correlated significantly with the monthly concentrations of
levoglucosan and water-soluble K* conducted in the southeastern US
(Zhang et al., 2010). The implication of these results is that fire counts
with monthly time resolution have the potential to improve our un-
derstanding of BB emissions.

Pollutant transport involves complex processes, however, and we
investigated relationships between fire counts and species concentra-
tions using our daily data as a case study. To evaluate this relationship,
daily fire counts were collected for the region upwind of Mt. Yulong
(88-98.5°E; 21.5-28°N) that includes northeast India and Burma
(Fig. 5) and that has been shown to be the largest contributor to BB
AOD over southwest China (C.S. Zhu et al., 2017; J. Zhu et al., 2017).
Meanwhile, there is lower cloud cover in March over Burma (Sayer
et al., 2016). The period from 29 March to 4 April showed numerous
fire counts, and peak values of mass, K™, OC, and EC also occurred at
this time. On 18 and 25 April, there were two small peaks in fire counts
and two small corresponding peaks in mass, K*, OC, and EC (Fig. 7).
The fire counts, aerosol masses, K*, OC, and EC all co-varied for these
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Fig. 5. Left panels: Distributions of fire counts (orange dots) and 72 h backward trajectories (red dotted lines) of days during HE and LE period, blue rectangles show the region selected
for calculate fire counts; right panels: AOD distribution during HE and LE period obtained from MODIS (yellow dot marks the sampling site). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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cases, and the correlation coefficients between fire counts and PM, 5
mass, K", OC, and EC were 0.58, 0.57, 0.53 and 0.60 (n = 29,
P < 0.01), respectively. From this, we conclude that the daily fire
counts were connected not only with the aerosol mass concentrations at
Yulong but also with the loadings of chemical species associated with
biomass burning. These relationships are likely related to the intensive
fires that drive large fluctuations in aerosol species (Fig. 7) during the
pre-monsoon period. More generally, our results suggest that daily fire
counts also reflect the regional BB emissions during the pre-monsoon,
and this may be helpful for improving regional atmospheric models.

114

i
B
2
9
o
mg 17 1 —e— Mass ““;
= L
% 12 4 —e— Kt 0.2 g
2 +
s 79 PO M
21 TN
* 0.0
2502
@
g 2002 —=— fire counts
2 1502 1
o
& 1002 A
502 A
oo =3 - Laal wy o~ (=) — o wy o~ =) - lag] wy o~
T+ 4+ s+ TS g g q
o o < e <+ <+ <+ < < < <
Date

Fig. 7. Time series plots of fire counts, mass, K, OC and EC (gray column represents the
peak value).

4. Conclusions

1. The arithmetic mean PM, 5 mass concentrations were 6.30 g m~3,
15.48 ugm ™2 and 1.75pugm ™2 for the whole sampling period and
HE and LE periods respectively, this illustrates the large fluctuations
of daily PM, s mass levels during the pre-monsoon. During the HE
period, OC accounted for 40% of the mass, and that was followed by
sulfate (26%); however, the relative abundances of these two species
switched order during LE period when sulfate accounted for 38%
and OC 26% of the mass. These results show that the aerosol
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chemical composition differed dramatically between high and low
PM episodes in the pre-monsoon period.

. S042~ was the dominant anion in terms of mass and NH, " was the
main cation. The concentrations of OC and EC were
1.84 = 217pgm™> and 0.55 = 0.46ugm™ >, and the average
OC/EC ratio was 2.92. The concentration of total PAHs was
0.97 ngm ™~ 3; Cy9 was the most abundant of the n-alkanes, with the
concentration of 1.09 + 1.18ngm ™3, and that was followed by Cs;
whose concentration was 0.78 * 0.90 ngm ™. High concentrations
of NH,* and K™, the PAHs (Flo and Phe), and n-alkanes during the
HE all point to influences from BB emissions.

. Diagnostic ratios, including OC/EC, char-EC/soot-EC, EC/TC, K*/
EC, Fla/(Fla + Pyr), IcdP/(IcdP + BghiP) and BaP/(BaP + BeP),
provided addition evidence that the samples from Mt. Yulong were
influenced by BB emissions, especially during the HE period.
Additionally, BB had an obvious influence on AOD, and it raised the
concentrations of most species-the HE/average values for OC, K*
and EC were 3.39, 2.85 and 2.66, respectively.

. A significant relationship between fire counts and aerosol species
was found, and the correlation coefficients (r) between daily fire
counts and mass, K, OC, and EC were 0.58, 0.57, 0.53 and 0.60
(n =29, P < 0.01), respectively. Connecting fire counts with daily
chemical data has increased our understanding of the impacts of
biomass burning on the Tibetan Plateau, and this approach could
lead to improvements in regional simulations.
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