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Abstract

To investigate the impact of biomass burning (BB)issions on total suspended
particulate (TSP) in the southeastern Tibetan Blat@P), BB tracers (including
levoglucosan, mannosan, and galactosan) were neehstirLulang (a remote site,
~3300 m above sea level) during the period 2015620he concentrations of
levoglucosan and mannosan showed large varialblitynore than 8-fold (range:
0.029-0.253 pg M) and 6-fold (range: 0.01-0.061 pg3¥n respectively. The highest
seasonal average concentrations of levoglucosat8(0+ 0.073 pg M) and
mannosan (0.028 + 0.019 pginwere observed during the winter season. The BB
contributions to the TSP organic carbon (OC) andP T&ass were estimated with
positive matrix factorization (PMF) by using BB¢gas, inorganic ions, elements, OC,
and EC. The BB contributions to the TSP OC and WaiBs were quite substantial in
winter with 26% and 14%, respectively. The reseltslenced a major contribution of
BB to the aerosol OC during winter season. Majaeptial source distributions of
BB were identified, which included the pollutionrais along the Indo-Gangetic Plain,
the Yarlung Tsangpo River Valley and the interidrtioe TP. In addition to the
long-range transport of BB, the sources of anthgepec emissions (residential BB
for cooking and heating) in the TP may be an ingdrtcontributor. The results

facilitated understanding of the characteristias effiects of BB in the TP.

Keywords. Levoglucosan; Biomass burning; Tibetan Plateau
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1. Introduction

The Tibetan Plateau (TP) plays important roleslabg climate and environment
(Ramanathan et al., 2005, 2007; Yao et al., 20M29. TP glaciers with seasonal and
permanent snow cover affect the water supply ofesésian rivers. This has had a
significant impact on water resources for billiasfslocal habitants in Asia (Ming et
al., 2013; Xu et al., 2009a). Previous studies fbthmat carbonaceous aerosols can
reduce snow albedo, and are considered as impatantibutors to the accelerating
melting of Tibetan glaciers (Ming et al., 2013; Waet al., 2015a; Xu et al., 2009a),
which is mainly from biomass and fossil fuel comious emissions (Wang et al.,
2015b; Xu et al., 2009b; Xu et al., 2012; You et 2016).

Biomass burning (BB) aerosols are consideredet@ bmajor cause of the South
Asia Brown Clouds (Gustafsson et al., 2009; Enghng Gelencser, 2010). The BB
pollutants from the Indo-Gangetic Plain and SousiaAcan be transported to the
upper troposphere by thermal convection proces&atsn(et al., 2008; Vadrevu et al.,
2012), where they can be transported to the TPg@oml., 2015; Zhao et al., 2017).
Therefore, it is rather important and necessamgbt@ain insight into the impact of BB
aerosol in the above-mentioned vulnerable regions.

Levoglucosan is considered as a highly specificetrdor BB aerosols because it
can normally remain stable for several days undestratmospheric conditions during
the transport process (Mochida, 2003; Giannonil.e2812; Maenhaut et al., 2012;
Cong et al., 2015; Zangrando et al., 2016). Manmasal galactosan can also be used
as BB tracers (Bernardoni et al., 2011; Maenhaat.e2012; Sang et al., 2013). The
use of levoglucosan as BB tracer has been prefewréte conventional water soluble
potassium, since potassium has other sources (Gadeal., 2009; Duan et al., 2004).
The study on the spatio-temporal characteristicB®faerosols over the TP is still
limited due to its extremely high elevation andhgsh natural environment.

In this study, the variations of carbonaceous ioast and BB tracers (including
levoglucosan, mannosan, and galactosan) were igatsd at a representative site
(Lulang, influenced by the Indian monsoon and weést®inds) in the southeastern

TP. The selection of the site could provide impatriaformation to better understand
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the impact of air pollutants from the south of Hienalayas and the interior of the TP.
The BB contributions to total suspended particuld@®P) mass and organic carbon
(OC) in the region were evaluated. Based on tharB&er of levoglucosan, the major

potential source distributions of BB were obtaicleting the sampling period.

2. Methods
2.1. Aerosol Sampling

Figure 1 shows the sampling site location at bgl#94.73°E, 29.76°N, 3326 m
a.s.l.) in the southeastern margin of the TP. tm$eof meteorological conditions,
Lulang exhibits the typical characteristics of thdo-Gangetic Plain climate with wet
monsoon season (June-September), dry winter seéBecember—February),
pre-monsoon season (March—May) and post-monsomoisg®ctober—November).
The sampling was performed on the roof of a toviér i above the ground) in the
premises of the South-East Tibetan plateau Stdborintegrated observation and
research of alpine environment, Chinese Acaden8cances (CAS).

TSP samples were collected on a weekly basis/ dt/thin with a custom-built
sampler on 47 mm Whatman quartz—fiber filters (QMffom November 2015 to
November 2016. Field blank filters were also cdkecperiodically. Quartz—fiber
fillers were pre-heated at 900 for 3 hours to remove the residual carbon. The
samples were stored immediately in a refrigeratoatsout —200] to prevent the

evaporation of volatile components after sampling.

Figure 1

2.2. Measurement of OC and EC

The quartz microfibre filters were analyzed forkmar fractions using a DRI Model
2001 Thermal/Optical Carbon Analyzer (Atmoslyticc.ln Calabasas, CA, USA).
Carbon fractions were obtained following the IMPROX (Interagency Monitoring
of Protected Visual Environments) thermal/opticeflactance protocol (Chow et al.,

2007). The method reports data for four OC fractiona helium atmosphere (OC1,
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OC2, OC3, and OC4 at 14, 280 °C, 480 °C, and 580°C, respectively), a
pyrolyzed carbon fraction (OP), and three elemecaabon (EC) fractions in a 2%
oxygen/98% helium atmosphere (EC1, EC2, and EGB@IC, 740°C, and 84C0C,
respectively). OC and EC were defined as OC1+OCZBHIC4+OP and
EC1+EC2+EC3-0OP, respectively. Field blank filtersrev also analyzed in order to
correct the results. The detailed procedures oflitguassurance/quality control

(QA/QC) have been reported elsewhere (Cao et@)3;2Chow et al., 2011).

2.3. Measurement of levoglucosan, mannosan, and galactosan

The TSP samples were analyzed for levoglucosannasam, and galactosan by
using high-performance anion exchange chromatograpth pulsed amperometric
detection (HPAEC-PAD). A detailed description oéthnalytical method has been
reported elsewhere (Engling et al., 2006). The HEARAD method has been
developed and validated for determination of atrhespally relevant sugar alcohols,
monosaccharides, and monosaccharide anhydridesngZle al., 2013). The
instrumental limit of detection was determined las peak height at least three times
the signal to noise ratio. The HPAEC-PAD methodedigbn limits were 4 ppb for

levoglucosan and 2 ppb for mannosan and galactosspectively.

2.4. Measurement of inorganic ions and el ements

Four anions (S§~, NOs, CI', and F) and five cations (NaNH,", K*, Mg**, and
C&™") in aqueous extracts of the filters were analyzsidg ion chromatography (IC).
The elemental concentrations were determined usngrgy-dispersive x-ray
fluorescence (ED-XRFRpectrometry, which provides a rapid method forahalysis
of trace and major elements in samples. A detalkstription of the detection limits

and methodology for the analyses can be found élsex(Cao et al., 2012).

3. Results and discussion

3.1. Variations of TSP, OC, and EC mass
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Figure 2a shows the variations of TSP, OC, and ni&3s at the Lulang site.
Compared to OC and EC, the weekly TSP concentststiowed larger variations
during the sampling period. TSP concentrationsedanver 5.8-fold from a low of
6.39 to 37.28 pug m, and OC varied over 3.2-fold from 1.11 to 3.52mg. The
pattern indicated that there were important sedsomaributors to TSP besides of
carbonaceous fraction.

Annual and seasonal average TSP, OC, and EC massrntmtions were reported
in Table 1 during the sampling period. TSP levetserhigher in pre-monsoon (mean
value 19.1 + 8.3 pg i), with respect to winter (16.7 + 4.4 pgn monsoon (12.5 +
5.5 pg m°), and post-monsoon (13.6 + 2.7 pg3mrespectively. The highest OC
concentrations were observed in monsoon seaso? £2®661 pg nr), followed by
winter (2.1 + 0.44 ug m), pre-monsoon (1.98 + 0.58 pg ¥ and post-monsoon
(1.88 + 0.20 ug ). The annual concentrations of TSP, OC, and EGmase 15.2
+ 6.4 ug m°, 2.1 + 0.64 pg i, and 0.74 + 0.22 pg ™ respectively. The variations

of the EC mass showed small difference during @mepding period (Figure 2a).

Table 1

3.2. The variations of levoglucosan, mannosan, and galactosan

The concentrations of levoglucosan and mannolsawed large variability during
the study period (Figure 2b). The weekly levogl@ogoncentrations varied over
8.7-fold from 0.029 to 0.253 pgh and mannosan varied over 6-fold from 0.010 to
0.060 pg m’. Levoglucosan and mannosan exhibited a similascsea cycle, with
the highest concentrations of 0.131 + 0.073 pig amd 0.028 + 0.019 pg thin
winter, respectively. The lowest values of levogisen (0.072 + 0.038 g and
mannosan (0.021 + 0.005 pg In were observed during the monsoon and
post-monsoon, respectively. Comparable seasonalsl®f galactosan were found in
the range of 0.001 + 0.001 pgHmonsoon) to 0.007 + 0.004 pg hwinter) (Table
1). It is to be noted that the galactosan concgatrs.of some monsoon samples were

lower than the instrumental limit of detection. Téwenual average concentrations for
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levoglucosan, mannosan, and galactosan in thergregely were 0.097 = 0.051 ug
m>, 0.023 +0.012 pgm, and  0.004 + 0.003 pg T respectively. The highest
levels were noted in winter for the BB tracers,stimdicating that BB is most intense
in the coldest season of the year.

The concentrations of the TSP, OC and EC maskleaoglucosan at Lulang were
lower than those measured in the southern areaeof®. For example, higher levels
of TSP (196 + 132 ug m), OC (32.8 + 21.5 pug M), EC (5.95 + 2.70 pg m), and
levoglucosan (0.73 + 1.04 pg h were obtained at Lumbini, Nepal (Wan et al.,
2017). The concentrations of levoglucosan at Lulaveye much lower than at
BB-influenced sites in India with values reporteat New Delhi (1.98 pg i),
Raipur (2.18 pg M) and Rajim (2.26 pg m), respectively (Deshmukh et al., 2016;
Li et al., 2014; Nirmalkar et al., 2015). The lats#tes in Nepal and India were close
to anthropogenic sources and were possibly infleérxy local agricultural burning

or forest fires.

Figure 2

3.3. Source identification and apportionment by PMF

PMF (positive matrix factorization) is a receptoodel, which is a mathematical
approach for quantifying the contributions of s@srcto samples based on the
chemical composition or source fingerprints (Pagté097). PMF 5.0 was used for
the current analysis.

The source profiles for the base model 7-facbtuteon and the average percentage
apportionments of the various species to the factre shown in Figure 3.
Considering the key species, the source associafidhe 7 factors seemed overall
quite logical. Factor 1 was dominated by OC, EC, Em, and Fe, and is best

interpreted as combustion aerosol and traffic-eelaémissions. The second PMF

factor had high loadings for OC, NaK*, CI', and Md@*, and this factor can most

readily be explained as a combination of seconamganic carbon and sea salt.
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Factor 1 and factor 2 accounted for 14.9% and 158%SP mass, respectively. The

levels of NQ, CI', C&" and Md* in the profiles of the third factor were very high,
and this can be attributed to the formation of sdemy nitrate. Factor 4 was
characterized by high loadings of elements sucBad-e, Ca, Ti, and Mn, and this
factor can most readily be explained by road dust fugitive dust. Factor 3 and
factor 4 accounted for 13.6% and 17.7% of TSP masgpectively. Factor 5 was
determined to be representative of secondary suaice S and NH* were

highly loaded on this factor. Factor 6 was enricimecrustal elements (e.g., Ca, Fe, Ti,

K, Mg?*, C&*, and CT), and this factor is most likely associated witimenal aerosol.

This factor was the largest contributor to TSP massounting for 25.9% during the
sampling periods. The results suggest that minaeabsol is the most important
source for the TSP mass at Lulang. Factor 7 apgdareepresent BB. Loadings on
this profile were high for levoglucosan, galactgs&@C, and EC. This source

accounted for 7.9% of TSP mass for the samplingpger

Figure 3

3.4. Contributions from BB to the TSP OC and TSP mass

Figure 4 shows the time series of the percenta§s @C and TSP mass from BB
at Lulang. The patterns in both figures were fasgilyilar to that observed in Figure 2
for the time series of levoglucosan. The seasanajes of 3—43%, 6—-30%, 5-24%,
and 8-34% for % TSP OC from BB were obtained int&rinpre-monsoon, monsoon,
and post-monsoon, respectively, whereas thosééo?t TSP mass from BB were in
the ranges of 3-22%, 3-16%, 4—23%, and 4—-21% fotewipre-monsoon, monsoon,
and post-monsoon, respectively. The percentageilbonons from BB to the TSP
OC and TSP mass showed a clear seasonal chafdueseasonal averages for the %
TSP OC from BB were 26%, 17%, 12%, and 17% for @irpre-monsoon, monsoon,
and post-monsoon, respectively, while those foRth€SP mass were 14%, 8%, 10%,

and 10% for winter, pre-monsoon, monsoon, and pwsisoon, respectively. The
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average BB contributions were quite substantiavinter for the TSP OC and TSP
mass. The lowest percentages were obtained foth&P mass in pre-monsoon and
the % TSP OC mass in monsoon, respectively. Thaaraontributions from BB to
the TSP OC and TSP mass were 18% and 11% duringsdh®ling period,
respectively. The sharp variations clearly illugtathe impact from BB (including
local emissions and long-range atmospheric tratsporthe TSP OC and TSP mass,
especially in winter.

The contributions of BB to the TSP mass in the gméstudy were comparable to
those of 14% for Swiss sites (Gianini et al., 2018)ile the values were much lower
than those of 37% (annual average) and 50% (dwvinter) of the PMy mass for an
urban background site in northern Tuscany (Navaalet 2015). The winter
contributions of BB to the TSP OC mass in the prestudy were comparable to
those of PMpaerosol in Flanders, Belgium (Maenhaut et al., 20Mbile the levels
were higher than those of 6.5-11% in Hong Kong ¢Seinal., 2011), and 16-28% in
Hainan (Zhang et al., 2012), respectively.

Figure 4

From scatter plots of the PMF-derived BB TSP OC snasd TSP mass versus
levoglucosan, we can arrive at conversion factb&®(R= 0.93) and 14.4 (R= 0.93),
respectively (Figure 5). The conversion factorsenxaymparable to those in Flanders,
Belgium (Maenhaut et al., 2012). The values estghah the present study were
much lower than the PMF-derived conversion factufr®.7 and 22.6 for OC and
PMyo, respectively (Maenhaut et al., 2016). Larger dectfor particulates were
reported by some previous studies in Europe, witlues reported for The
Netherlands, Helsinki (24 + 9) and Switzerland ¢iag from 15.3 to 29),
respectively (Kos and Weijers, 2009; Saarnio ¢t28112; Gianini et al., 2013). The
differences can be partly attributed to the vaoiai in the type of biofuel and the
burning conditions. It is recommended to use theveosion factors for deriving the

contribution from BB when making use of levoglucosas single marker at the
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remote site.

Figure 5

3.5. The transport and potential source regions of biomass burning

To better understand the transport mechanism atehfial source areas of BB,
seasonal distributions of fire hot spots were aeguifrom MODIS observations
(https://firms.modaps.eosdis.nasa.gov/). In addljtio assess the impact of regional
transported air pollutants in the Lulang regionre#hday backward air-mass
trajectories corresponding to each sampling date walculated using the HYSPLIT
model (Draxler and Rolph, 2012). The potential seurontribution function (PSCF)
has been used to identify the potential locatidnmegional pollution sources (Polissar
et al., 1999; Hsu et al., 2003). In this study, R&CF values were calculated by using
levoglucosan and three-day back trajectories augiat Lulang at 1000 LST (local
standard time) during the sampling period.

Figure 6 shows that the pre-monsoon period is ta@miire season in the lowland
of the southern Himalayas. The fire spots were sedie more concentrated in areas
in India and Nepal compared with the interior o€ thP. A previous study also
reported that there were intense agricultural mgractivities and forest fires along
the southern Himalayan foothills and the NorthemmdolGangetic Plain in
pre-monsoon. The pollutants can enter the TP byaheys in the eastern Himalayan

section (Cong et al., 2015).

Figure 6.

Figure 7 shows the trajectories that were catedldrom the individual three-day
backward trajectories in four seasons. For disoasgurposes, we arbitrarily defined
a trajectory as “polluted” (brown color) when tledglucosan concentrations exceed
the seasonal geometric mean concentration plugeometric standard deviation of

the mean. Of all backward trajectories includedhi@ analysis for winter, ~21% of
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those were considered polluted. The average legeoghn concentration for these
polluted trajectories was 0.24g m>. The air masses in the pre-monsoon cluster
originated from northern India and over central efibThe percent contribution of
~20% for the trajectories in the pre-monsoon clugtere classified as polluted and
had a mean value of 0.34 m>. The air masses grouped into the monsoon cluster
were from the northeastern India with a pollutegetrtories contribution of 19%, and
the average levoglucosan mass concentration gbdheted trajectories was 0.13)

m>. The air masses in post-monsoon originated froenltilo-Gangetic Plain and
then moved across northeastern India and to thiheast of Tibet before arriving at
Lulang. The average levoglucosan concentrationtiese polluted trajectories was
0.15ug m3. The percentage of the polluted trajectories assigo this cluster was
~25%.

In the winter and pre-monsoon seasons, strong uiestgpass through Nepal,
northwest India and Pakistan as well as the intenea of Tibet. In the monsoon and
post-monsoon season, air masses are derived fromgldkesh and northeast India
and bring moisture that originates from the Bayehgal. The highest levoglucosan
level for the “polluted trajectory” was found in mter season. In addition to natural
fire emissions, anthropogenic emissions (resideBtafor cooking and heating) may

be important BB sources in the TP.

Figure 7

Figure 8 shows the PSCF plots for the major BB s®wareas, in which PSCF
values were displayed with regard to color scalee Tmportant potential source
regions (PS1, PS2, PS3, and PS4), were likelydddatthe high PSCF value regions.
PS1 covered the Yarlung Tsangpo River Valley amdllareas. Air pollutants can be
transported through the Yarlung Tsangpo River Waltem the Indo-Gangetic Plain
and Bangladesh to the site. PS2 covered the intefithe TP from the western area
(including some villages and cities). Considerihg scarce distribution of fire hot

spots in the area, the results for PS1 and PS2sugue influence of residential BB
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from cooking and heating. PS3 and PS4 includedbwous pollution bands along
the Indo-Gangetic Plain, which was consistent witle fire hot spots area in
pre-monsoon and winter. The pollution bands covehed northern area of India,
western area of Nepal and the area of Katmandu. praeailing wind direction
around the southeastern margin of the TP was sdytlend the pollutants in the
pollution bands could be transported to Lulang @ldhe valley of the Yarlung
Tsangpo River as a “leaking wall” (Cao et al., 20Ihe air mass transport from the
Indo-Gangetic Plain region to the TP has also beeposed to follow specific

pathways (Cong et al., 2015; Zhao et al., 2017).

Figure 8

Conclusions

In the present study, the variations of carbonaseactions and BB tracers
(including levoglucosan, mannosan, and galactosake investigated for TSP at
Lulang in the southeastern margin of the TP. Thsulte provided a better
understanding on the magnitude of levoglucosan,nosaem, and galactosan. The
seasonal variation patterns of BB tracers are mdiffiefrom TSP and OC. The highest
seasonal concentrations for TSP, OC, and BB trateveglucosan and mannosan)
were observed during pre-monsoon, monsoon, ancemnagasons, respectively. The
annual contributions from BB to the TSP OC and h&d#3s were 18% and 11%, and
were quite substantial in winter with 26% and 14@spectively. The results indicated
that BB is an important contributor, especiallywmter. The seasonal BB pollutant
transport and major potential source distributiarisBB were identified, which
included the pollution bands along the Indo-Gamgé@4ain, the Yarlung Tsangpo
River Valley and the interior of the TP. In additito long-range transport of BB
aerosol, anthropogenic BB aerosol from cooking hedting may be an important
contributor in the TP. The results can facilitdte knowledge for the characteristics
and effects of BB in the TP and guide policy adi@med to effectively mitigate

emissions.
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Table 1. Average and standard deviation valuesT®P, OC, EC, and biomass
burning tracers (levoglucosan, mannosan, and gelac) concentrations (Lg )

across winter, pre-monsoon, monsoon, and post-noondaring November 2015 to

November 2016.

TSP ocC EC levoglucosan mannosan galactosan
Annual 15.2+6.4 2.1+0.64 0.74£0.22 0.097+0.051 28#0.012 0.004+0.003
Winter 16.7¢4.4 2.1+0.44 0.87+0.24 0.131+0.073 26£9.019 0.007+0.004

Pre-monsoon  19.148.3 1.98+0.58 0.63+0.11 0.09&40.0 0.022+0.007 0.003+0.001
Monsoon 12.5#5.5 2.52+0.61 0.78+0.14 0.072+0.038.028+0.010 0.001+0.001

Post-monsoon 13.6+2.7 1.88+0.20 0.81+0.13 0.1@&®. 0.021+0.005 0.004+0.002
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Figure Captions:

Figure 1. Geographic location of the sampling ditéang.

Figure 2. Temporal variability of TSP mass, OC, &@d (a), and variations of
levoglucosan, mannosan, and galactosan for TSP (b).

Figure 3. Source profiles for TSP by PMF receptode.

Figure 4. Time series of the % contribution from BBthe TSP OC and TSP mass at
Lulang.

Figure 5. Scatter plots of PMF-derived BB TSP massl BB TSP OC vs.
levoglucosan and regression lines, forced throbglotigin.

Figure 6. Seasonal distributions of fire hot sgoden the Terra and Aqua satellites
during the sampling period.

Figure 7. The seasonal three-day air mass backwaijettories with levoglucosan
concentrations using HYSPLIT model.

Figure 8. The four defined potential BB source ribsttion of PSCF using

levoglucosan concentrations.
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Highlights:
1. Thevariations of carbonaceous fractions and BB tracers were investigated at
Lulang in the southeastern TP.
2. The contributions from BB to the TSP and OC mass indicated that BB is an
important contributor in winter.

3. The BB pollutant transport and maor potential source distributions were

identified.



