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ABSTRACT: The Indo-Gangetic Plains (IGP) experience high levels of
airborne particulate matter (PM), especially during the dry season.
Contributing to PM are natural and anthropogenic emissions and the
atmospheric transformation of gases to form particles. Regional smog events
occur frequently during wintertime and provide an atmospheric medium for
aerosol processing. Here, we investigate the chemical composition and sources
of PM at a representative site in the northern IGP during the second Nepal
Ambient Monitoring and Source Testing Experiment (NAMaSTE 2). In
Lumbini, Nepal, the 24 h average PM2.5 and PM10 concentrations ranged 48−
295 and 60−343 μg m−3, respectively, from December 20, 2017, to January 1,
2018. On average (± standard deviation), PM2.5 was composed of 39 ± 7%
organic carbon (OC), 5 ± 2% elemental carbon (EC), and 20 ± 6% secondary
inorganic ions (ammonium, nitrate, and sulfate), 2.0% chloride, and 1.3%
potassium. Biomass burning was a major PM source, indicated by a median
levoglucosan concentration of 3.5 μg m−3. Secondary organic aerosol (SOA) derived from biomass burning was indicated by high
concentrations of nitromonoaromatic compounds (e.g., 4-nitrocatechol peaking at 435 ng m−3). During periods of fog, characterized
by high relative humidity (RH) and relatively low solar radiation, nitroaromatic concentrations dropped despite levoglucosan
remaining high, indicating that their formation was suppressed. Chemical signatures of SOA indicated that volatile organic
compound (VOC) precursors were primarily combustion-derived, with small contributions from biogenic VOC. Through molecular
markers and chemical mass balance (CMB) modeling, sources of PM2.5 OC were identified as cow dung burning (24 ± 16%), other
biomass burning (20 ± 7%), plastic/garbage burning (4.7 ± 3.2%), vehicle emissions (3.1 ± 1.4%), coal combustion (0.3 ± 0.2%),
and SOA from monoaromatic VOC (4.1 ± 0.8%), diaromatic VOC (8.9 ± 4.0%), cresol (0.3 ± 0.4%), isoprene (0.4 ± 0.2%),
monoterpenes (1.5 ± 0.6%), and sesquiterpenes (3.2 ± 0.7%). Understanding the levels of PM in Lumbini, along with its chemical
composition and sources of OC, contributes to a better understanding of regional air quality episodes in the IGP.
KEYWORDS: atmospheric aerosols, carbonaceous aerosol, source apportionment, chemical mass balance, molecular markers,
garbage burning, biomass burning, Indo-Gangetic plains

■ INTRODUCTION

The winter season in the Indo-Gangetic Plains (IGP) is
characterized by severe haze and high particulate matter (PM)
concentrations.1−4 Frequent exceedance of the PM level over
the World Health Organization (WHO) guidelines is well
documented.5−9 Negative consequences of regional pollution
events include exacerbations of respiratory and cardiovascular
diseases,10,11 increasing incremental lifetime cancer risk,12−15

harm to agriculture,3,16 and reduced visibility.16 Understanding
the natural and anthropogenic sources and processes that
contribute to airborne particulate matter (PM) is the focus of
this study.

Prior studies in Lumbini and elsewhere in Nepal and the
IGP have provided insight into sources of PM during
wintertime. The most prevalent source of PM is biomass
burning as indicated by measurements of levoglucosan,9,17,18

PAH,6 and PM2.5 to PM10 ratios.19 Regionally, biomass
burning includes residential combustion of firewood and
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dung, crop residue burning, and forest fires.5,20−23 Biomass is a
widely used fuel for household cooking and heating24−26 and
in brick kilns22,27 in South Asian countries. The importance of
secondary aerosol formation is indicated by secondary
inorganic ions (SO4

2−, NO3
−, and NH4

+).28,29 In the IGP,
sources of NH3, NOx, and SO2 include agricultural fertilizer
use, animal husbandry,30 fossil fuel and biomass combus-
tion,22,31,32 industrial activities, and coal combustion.33 The
IGP region experiences exceptionally high levels of biomass
burning,9,17 and this source is expected to impact regional
secondary organic aerosol (SOA) based on the availability of
gas-phase precursors and their SOA forming potential.34,35

Fossil fuel emissions also contribute to PM, as indicated by
60% of total black carbon (BC) contributed by this source.5

Plastic and garbage burning are also probable sources, as
suggested by prior measurements in the region.17,36

Resuspended dust from vehicle activity on unpaved roads,
construction activity, and wind-blown dust are the major
sources of coarse particles (PM10−2.5: particles with a diameter
of 2.5−10 micron) in Lumbini,5,19 particularly in the dry
season.8

As part of the second Nepal Ambient Monitoring and
Source Testing Experiment (NAMaSTE 2) campaign, this
study has the overarching goal to characterize the chemical
composition and the sources of wintertime PM in Lumbini,
located on the IGP within Nepal. Enabled by recent
methodological advances,37 we assess in the IGP for the first
time SOA derived from biomass burning and from aromatic
VOC through measurements of particle-phase organic tracers.
In addition, we assess the impact of garbage and plastic
burning, a globally under-characterized source,38 by way of the
molecular marker 1,3,5-triphenylbenzene.39 Through chemical
mass balance (CMB) source apportionment modeling
supported by regional source characterization,22,23 we provide
new insight into the relative impacts of primary and secondary
sources. CMB was selected for source apportionment, because
of the availability of regionally specific source profiles collected
in NAMaSTE and because this model is readily applied to
small sample sizes. Such information supports air quality
management efforts by providing benchmark concentrations
and quantitative assessments of the sources of PM and other
hazardous air pollutants.

■ METHODS

Site Description, PM Sampling, and Other Data
Products. Lumbini is a UNESCO World Heritage Site
located in the Terai region of southern Nepal. PM samples
were collected within the green protected area surrounding
Buddha’s birthplace on the rooftop of a three-story hotel
building (27.462o N, 83.282o E) at approximately 10 m above
ground level. Ambient PM2.5 and PM10 samples were collected
from December 20, 2017, to January 1, 2018, using a medium
volume sampler (URG-3000 ABC) on to precleaned 47 mm
quartz fiber filters (QFFs; Tissuquartz, Pall Life Sciences, East
Hills, New York) and Teflon filters (Teflo Membrane, 2.0 μm
pore size, Pall Life Sciences). PM samples were collected twice
daily, at times corresponding to daytime (9:00 a.m. to 8:00
p.m.) and nighttime (9:00 p.m. to 8:00 a.m.). The sampled
filters were transferred to polystyrene Petri dishes lined with
precleaned aluminum foil, capped, sealed with Teflon tape,
stored frozen in sealed polyethylene bags, and shipped to the
University of Iowa for analysis. The samples were stored frozen

at −20 °C upon arrival and were analyzed within 6 months of
collection.
Additional measurements were conducted at the Lumbini

Air Quality Monitoring Station (27.4897 N, 83.2789 E)
located 3 km to the north of the PM sampler. These included
PM2.5 mass concentrations that were measured with a Grimm
Environment Dust Monitor-180 (GRIMM Aerosol Technik,
Germany) with the instrument inlet positioned 4 m above
ground level; 24 h PM2.5 mass concentrations were calculated
from hourly averages and were reported only for days with
>90% data coverage. Meteorology (temperature, relative
humidity [RH], solar radiation, wind speed, and wind
direction) were measured with a weather sensor (WS700-
UMB, Lufft, Fellbach, Germany). Other measurements
included imagery from LANCE FIRMS operated by NASA’s
Earth Science Data and Information System (ESDIS) (https://
earthdata.nasa.gov/firms) to determine the presence of fog in
the sampling area. Hourly visibility data were retrieved from
the Automated Surface Observing System (ASOS) Network
for Kathmandu, Nepal, and Lucknow, India (https://mesonet.
agron.iastate.edu/request/download.phtml?network=NP__
ASOS) and averaged to the times of filter sample collection.

PM, OC, and EC Measurements. PM mass concen-
trations were measured gravimetrically by the difference of
Teflon filter masses before and after the sample collection in a
temperature (22 ± 0.5 °C) and humidity (31 ± 6%) controlled
environment where the filters were conditioned for 48 h prior
to the measurements. Organic carbon (OC) and elemental
carbon (EC) were measured by the thermal-optical method
using 1.0 cm2

filter punches as described by Schauer et al.40

The uncertainty in OC was propagated from the standard
deviation of the field blank (0.13 μg cm−2) and 10% of the
measured OC concentration, which is a conservative estimate
of the precision error determined by replicate sample analysis.
The uncertainty in EC was propagated from the instrumental
uncertainty (0.05 μg cm−2), 5% of the measured EC, and 5% of
pyrolyzed carbon.

Extraction and Analysis of POA and SOA Tracers.
Organic molecular markers were extracted from quartz fiber
filters with acetonitrile, extracts were evaporated with a rotary
evaporator and mini evaporator (Reacti-Vap I, Thermo
Scientific) using a gentle flow of high purity nitrogen gas
(PRAXAIR Inc.; Zymark Turbo-Vap II, LV, Caliper Life
Science), filtered using a 0.2 μm PTFE filter (Whatman, GE
Health Care Life Sciences), and analyzed with gas chromatog-
raphy coupled to mass spectrometry (GC−MS, Agilent
Technologies GC−MS 7890A). Aliquots of these samples
were derivatized with a silylation agent N,O-bis(trimethylsilyl)-
trifluoro-acetamide (Fluka Analytical 99%) to convert active
hydrogens (e.g., in hydroxyl and carboxyl functional groups) to
trimethylsilyl (TMS) ethers41 before GC−MS analysis. For the
quantification of all organic species, five-point calibration
curves of authentic standards or surrogate standards were
normalized to isotopically labeled internal standards. Detailed
extraction and analysis methods of the filter samples are
reported elsewhere,42 while GC temperature programming and
the quantification approaches are described by Stone et al.21

All organic species concentrations were field blank subtracted.
Analytical uncertainties of the measurements were propagated
from the standard deviation of the field blanks and 20% of the
measured concentration to conservatively account for com-
pound recovery from QFF. For the quantification of
levoglucosan, samples were diluted by a factor of 5−6 with a
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levoglucosan-13C6 internal standard solution, and uncertainties
were estimated to increase by 5%.
Analysis of Inorganic Ions. Inorganic ions in PM2.5 were

extracted into ultrapure water and analyzed by ion-exchange
chromatography with conductivity detection (Dionex-ICS
5000) following the method described by Jayarathne et al.43

with a slight modification to the extraction in which a
subfraction of QFF was extracted with 5 mL of ultrapure water
by shaking for 10 min (125 rpm) followed by 30 min of
sonication (60 sonic per min) and then 10 min additional
shaking. The details of the analytical method and detection
limit calculations were provided elsewhere.43 Uncertainties in
inorganic ions were propagated from the standard deviation of
the field blanks and 10% of the measured concentrations to
account for sample recovery from filters, which ranged 93−
110%.
CMB Modeling. Source contributions to the PM2.5 OC

were estimated using the EPA-CMB model (version 8.2) using
local and literature source profiles and molecular marker
concentrations in ambient PM2.5 as model inputs. Source
profiles for garbage/plastic waste burning (fire #16), open
biomass burning (fire #39), and dung powered traditional
cooking stove (fire# 40) were drawn from NAMaSTE in
2015.23 Other primary and secondary source profiles were
drawn from the literature: noncatalyzed gasoline engines,44

diesel engines,45 small-scale coal combustion,46 isoprene,
monoterpene, sesquiterpene, and toluene-derived SOA,47

aromatic SOA from naphthalene and methylnaphthalene,48

and nitroaromatic SOA from cresol.37 Contributions from
brick kilns in the IGP that are fueled by cofired biomass and
coal are expected to be included in the OC apportioned to the
source categories of biomass and coal. The CMB model
generated negative contributions in seven instances for coal
combustion and once for garbage burning; in all the cases, the
magnitude of the source contribution was less than or similar
to the modeled standard error, indicating that these negative
source contributions were not statistically significant. Negative
source contributions were considered zero in time series and
were excluded from the calculation of averages.
Statistical Analysis. Before performing any statistical

analysis, data points with values below detection limits were
replaced with the limit of detection (LOD)/√2.49 Performing
the Anderson−Darling normality test, concentrations of all the
species were found to be either normally or log-normally
distributed, thus Pearson’s correlation (r) was employed for
correlation analysis. Two sample t-tests were used to compare
the means of daytime and nighttime concentrations.
Correlation analysis was done in SPSS (version 25), all other
statistical tests were performed in Minitab (version 17), and
significance was assessed at the 95% confidence interval (p ≤
0.05).

■ RESULTS AND DISCUSSION
In the following sections, we discuss PM2.5 and PM10 mass
concentrations, PM2.5 composition, and sources of OC. Given
the high concentration of PM2.5 relative to coarse particles
(PM10−2.5) we provide detailed compositional information of
PM2.5, including analysis of water-soluble inorganic ions and
organic molecular markers to identify and track sources of OC.
Emphasis is placed on major sources and those with emerging
importance in the region: fossil fuel combustion, garbage
burning, biomass burning, and SOA. Results of the source
apportionment of PM2.5 OC are subsequently discussed, with a

focus on assessing the absolute and relative impact of these
primary and secondary sources.

PM2.5 and PM10 Concentrations, Their Ratios, and
Composition (OC, EC, and Inorganic Ions). PM mass and
its composition during the winter of 2017−2018 in Lumbini
are summarized in Table 1 and Figure 1, and the day−night

variations are summarized in Table S1. The 11 h PM2.5 and
PM10 concentrations ranged 48−295 and 60−343 μg m−3,
respectively. All daily average measurements exceeded the
WHO guidelines of 25 and 50 μg m−3, respectively. The PM
concentrations observed in this study period are similar in
magnitude to those persisting from November 2017 to March
2018 in Lumbini, which includes the dry winter season (Figure
S1). NASA’s MODIS/Terra satellite reflectance images
(https://earthdata.nasa.gov/firms) showed that there was
regional fog throughout the IGP region during the sampling
period that exacerbated after December 23, 2017. There was
no rain during the sampling period, which is typical in the dry
winter season. During this study period, visibility at the
Lucknow, India airport located 240 km southeast of Lumbini
and averaged over the times of filter sampling ranged 0.14−2.6
km. Compared to Kathmandu, Nepal, the visibility in Lucknow
was much lower reflecting the hazier conditions in the IGP
(Figure S2).
The ratio of PM2.5 to PM10 mass averaged 78% indicating

the predominance of fine particles relative to PM10−2.5. PM2.5
was primarily OC 39 ± 7% (Figure 1), with an average OC:EC
of 9.0. Secondary inorganic ions, ammonium (NH4

+), nitrate
(NO3

−), and sulfate (SO4
2−) contributed to a combined 20.4%

of PM2.5, indicating secondary aerosol formation. Chloride and
potassium contributed 2.0% and 1.3% of PM2.5, respectively,
indicative of biomass burning.23,50 The corresponding average
chloride concentration in Lumbini was 2.7 μg m−3, which is
comparable to the concentrations of this species at some of the
highly polluted cities in Asia.36,51,52 The relatively high
concentrations of chloride in PM are expected to co-occur
with volatile chlorine-containing gases,36 and are likely to result
from dung burning, crop residue burning, and garbage burning
(as discussed subsequently). High levels of chloride are
expected to contribute to multiphase chlorine chemistry that

Table 1. Concentrations (μg m−3) of PM10 Mass; PM2.5
Mass; and PM2.5 Composition, Including OC, EC, and
Inorganic Ions in Lumbini from December 20, 2017, to
January 1, 2018a,b

species mean ± SD median range

PM10 mass (μg m−3) 157.8 ± 66.0 155.5 59.5−343
PM2.5 mass (μg m−3) 130.1 ± 58.5 124.2 47.5−295
OC (μgC m−3) 55.3 ± 15.8 56.4 28.4−88.3
EC (μgC m−3) 6.5 ± 2.4 5.9 3.7−12.4
inorganic ions (μg m−3)
ammonium 8.1 ± 4.2 6.9 3.3−21.6
sodium 0.12 ± 0.05 0.11 0.03−0.24
potassium 1.61 ± 0.55 1.61 0.86−3.10
nitrate 11.6 ± 6.7 9.9 3.7−33.0
sulfate 7.7 ± 4.7 6.7 2.4−22.7
chloride 2.7 ± 1.3 2.7 0.78−6.20
fluoride 0.10 ± 0.05 0.10 0.02−0.22

aCalcium and magnesium concentrations were above the detection
limit in only one sample and are not reported here. bSD = Standard
deviation.
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increases radical production and influences ozone production,
especially in polluted environments.53 Generally, these
observations are consistent with previously observed OC:EC
and mass contributions for inorganic ions in the IGP.9,29,54

The measured PM2.5 components (Figure 1) accounted for an
average of 68% of the measured PM2.5 mass. We estimate that
approximately 25% or more of PM2.5 mass is composed of
elements that comprise organic matter other than carbon (i.e.,
oxygen, nitrogen, and hydrogen) based on an organic carbon
to an organic matter conversion factor of 1.7 measured by
aerosol mass spectrometry (AMS) in Kathmandu.36 Airborne
dust, which was not directly measured in this study, may also
be a minor contributor to PM2.5 mass. PM2.5 concentrations
were significantly higher during daytime (p = 0.047); however,
this was largely due to the high daytime PM2.5 concentrations
on December 23 and 24. When these two daytime periods
were excluded, there was no significant day and nighttime
difference in PM2.5 (p = 0.137). OC, ammonium, and sulfate,
when normalized to PM2.5 mass, did not show any significant
diel differences.
Biomass Burning Emissions. The impact of biomass

burning on ambient PM2.5 in Lumbini is indicated by the
exceptionally high concentrations of levoglucosan (1824−5614
ng m−3), (Figure 2a), a well-established molecular marker of
cellulose pyrolysis that is used to track biomass burning in the
atmosphere.18 The average concentration of levoglucosan
(Table 2) in Lumbini during winter of 2017−2018 was
approximately 2−3 times higher than that observed in Lumbini
during the postmonsoon (2206 ± 1753 ng m−3) and winter of
2013−2014 (1161 ± 1347 ng m−3)9 as well as in the
Kathmandu Valley during premonsoon of 2015 (1230 ± 1154
ng m−3).36 The average levoglucosan concentration observed
in this study was also 2−3 times higher than prior studies in
the IGP, including Rajim, India, in October−November 2011
(2258 ± 730.3 ng m−3);55 Delhi, India, during winters of
2006−2008 (1978 ± 971 ng m−3);56 Varanasi, India, during
winter 2015−2018 (1101 ± 405 ng m−3);57 and Kanpur, India,
during the winter of 2015−2016 (averaging 1363 ± 310 ng
m−3 in daytime and 1853 ± 412 ng m−3 at nighttime).58 The
observed levoglucosan concentrations in Lumbini are among
the highest reported globally (Table S2).

Further insight is gained into the nature of biomass burning,
by way of biomass-specific markers. Campesterol is primarily
emitted from burning grasses59 and rice straw and husks60 and
was consistently detected in Lumbini. This finding is consistent
with crop residue burning in the IGP and the prevalent south-
westerly wind (Figure S3), which usually occurs in the winter
months.6 Stigmastanol, a fecal sterol and molecular marker of
dung burning,60 was detected in all PM2.5 samples (Table 2,
Figure 2a), consistent with the widespread use of cow dung as
fuel in agricultural areas.61 This is further supported by the
observation of coprostanol that is also selective to dung
burning.60 In contrast, retene, a softwood burning tracer,59,60

was detected only in 77% of the samples with a low
concentration (Table 2), suggesting that softwood was a
relatively small portion of biomass burning. In comparison to

Figure 1. Time series of PM2.5 mass loading and its components (organic carbon, elemental carbon, and water-soluble ions) during the sampling
period. Calcium and magnesium concentrations were above the detection limit in only one sample and are not reported here.

Figure 2. Molecular markers for primary and secondary PM2.5 from
biomass burning during the winter in Lumbini: (a) stigmastanol [left
axis] and levoglucosan [right axis], (b) 4-nitrocatechol (4NC), 4-
methyl-5-nitrocatechol (4 M-5NC), 3-methyl-6-nitrocatechol (3 M-
6NC), 5-nitrosalicylic acid (5NSA) [left axis] and RH [right axis].
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the Kathmandu Valley and Himalayan foothills, the campester-
ol to OC ratio was 4−9 times higher and stigmastanol to OC
ratio was approximately 2−3 times higher in Lumbini,20,36

reflecting the larger impact of crop residue and cow dung
burning in the IGP.
Biomass Burning Impacts on SOA Formation. The

impacts of biomass burning on SOA formation were examined
by way of four nitroaromatic compounds (NACs): 4-
nitrocatechol (4NC), 4-methyl-5-nitrocatechol (4 M-5NC),
3-methyl-6-nitrocatechol (3 M-6NC), and 5-nitrosalicylic acid
(5NSA).37,62 NACs can form by atmospheric oxidation of
phenolic compounds70−75 that are products of lignin
pyrolysis.59,76 Together, the concentrations of these four
NACs ranged 63.2−716 ng m−3, with 4NC being the most
abundant (Table 2, Figure 2b). NAC concentrations in

Lumbini were the highest observed worldwide to date, except
for Rondônia, Brazil during an intense biomass burning period
in 2002 (Table S2 and Figure 3). 4-Nitrocatechol, 4-methyl-5-
nitrocatechol, 3-methyl-6-nitrocatechol, and 5-nitrosalicylic
acid were highly intercorrelated (r = 0.88−0.99; p < 0.001;
Table S3), consistent with prior studies,42,69 supporting their
formation from a common source in Lumbini.
NACs were significantly higher prior to December 23

(averaging 351 ng m−3) than during the remainder of the study
(72.8 ng m−3, p = 0.01), although levoglucosan concentrations
(indicative of primary biomass emissions) remained elevated
throughout (Figure 2b). Daytime RH was lower prior to
December 23, compared to the latter part of the study (Figure
2b, Figure S3) when the regional fog was thicker throughout
the IGP region as indicated by NASA’s MODIS/Terra satellite
reflectance images (https://earthdata.nasa.gov/firms). Addi-
tional evidence of dense fog after December 23 is also
indicated by lower actinic flux and relatively high daytime RH
(Figure S3). The humidity-dependent production of aerosol
phase nitrogen-containing organic compounds was previously
demonstrated by large decreases in the NO2

+ signal (by 40%)
when humidity increased from 2 to 90% RH.77 Thus, humidity
is expected to suppress the condensation reaction (shown with
reversible arrows) that produces NACs (Scheme 1).70−74,78

Meanwhile, low to moderate RH (defined as <5 and 30%,
respectively) promotes the formation of NACs.79 An increase
in NAC concentrations was observed from the daytime of
December 29 through the daytime of December 30, when fog
lessened and the daytime RH decreased. While the suppression
of NAC formation by RH has been observed in the laboratory,
these are the first such observations made in the field. This
suggests that the extent of biomass burning-derived SOA
depends on atmospheric water content.
Prior studies in the IGP and in the Kathmandu Valley have

reported high concentrations of light-absorbing aerosol,
particularly in the winter.7,80−82 In Lumbini, light-absorbing
aerosol has been attributed to biomass burning and light
absorption differs across foggy, hazy, and sunny days.81 The
NAC concentrations are dramatically reduced on foggy days,
indicating that NAC contributes to temporal variability in
light-absorbing aerosol response to fog. Following that NACs
are major components of brown carbon associated with
primary biomass burning emissions and secondary aerosol
derived from biomass burning precursors,83,84 it is expected
that NACs contribute substantially to brown carbon in
Lumbini and the greater IGP region.

Molecular Markers for Garbage Burning and Fossil
Fuel Combustion. 1,3,5-Triphenylbenzene (TPB) is a
byproduct of plastic burning.23,39 TPB has been used to assess
plastic and garbage burning in ambient air.36,85 The average
mass concentration of TPB ranged from 0.6 to 4.0 ng m−3 and
averaged 1.6 ± 0.9 ng m−3 (Table 2, Figure 4a). TPB
accounted for proportionally more OC during nighttime than
daytime, reflecting diurnal variation in this source. The average
concentration of TPB in Lumbini is approximately twice that
observed in the Kathmandu Valley during April 2015,36

suggesting a greater influence of this source, which could result
from different garbage compositions, a different plastic
combustion emissions profile,39 and/or seasonal influences.
TPB was also detected in Chennai, a large tropical city in
Southern India at higher concentrations (4.24 ± 3.54 ng m−3)
during January−February 2007,86 consistent with widespread

Table 2. Concentrations (ng m−3) of Select Organic
Molecular Markers for Primary and Secondary Sources
Measured at Lumbini in the Northern IGPa,b

species mean ± SD median range

levoglucosan 3747 ± 1106 3563 1824−5614
sterols
cholesterol 3.9 ± 4.2 2.7 <0.3−16.2
stigmasterol 38.6 ± 31.5 24.7 4.5−120.1
β-sitosterol 70.9 ± 56.1 46.0 9.8−205.6
campesterol 41.3 ± 33.8 25.7 4.2−120.5
coprostanol 1.2 ± 1.5 0.36 0.01−4.7
stigmastanol 11.8 ± 5.8 10.4 4.2−29.3
nitroaromatic compounds (NACs)
4-nitrocatechol (4NC) 71.7 ± 101.4 30.6 2.1−435
4-methyl-5-nitrocatechol (4 M-
5NC)

30.3 ± 47.5 11.7 0.40−201

3-methyl-6-nitrocatechol (3 M-
6NC)

4.5 ± 6.7 1.9 0.03−26.3

5-nitrosalicylic acid (5NSA) 21.7 ± 13.2 19.3 8.0−54.9
4-nitrophenol (4NP) 11.3 ± 5.8 10.2 3.5−27.9
2-methyl-4-nitrophenol (2 M-4NP) 12.5 ± 4.2 11.9 5.4−20.7
polycyclic aromatic hydrocarbons (PAHs)
1,3,5-triphenylbenzene 1.62 ± 0.87 1.27 0.57−4.0
∑ PAHsc 54.4 ± 28.1 51.0 18.5−120.8
hopanes
17α(H)-21β(H)-hopane 0.35 ± 0.11 0.33 0.16−0.55
17β(H)-21α(H)-30-norhopane 0.31 ± 0.11 0.31 0.16−0.55
17α(H)-22,29,30-trisnorhopane 0.16 ± 0.10 0.17 <0.04−0.37
aromatic SOA tracers
DHOPA 17.8 ± 6.1 16.7 9.9−34.2
phthalic acid 183 ± 91 148.6 11.5−85.8
4-methylphthalic acid 32.2 ± 16.2 29.6
terephthalic acid 17.4 ± 3.2 16.6 10.4−27.8
isophthalic acid 339 ± 106 314 199−646
isoprene, monoterpene, and sesquiterpene SOA tracers
2-methylglyceric acid 10.3 ± 3.2 11.3 2.4−15.0
2-methylthreitold 6.3 ± 2.6 7.1 1.1−10.1
2-methylerythritold 11.0 ± 2.9 10.9 3.2−19.0
3-hydroxyglutaric acide 94.7 ± 18.4 92.5 17.1−134
3-acetyladipic acide 82.2 ± 18.4 78.8 41.7−128
β-caryophyllinic acide 40.6 ± 14.7 38.2 20.3−86.1
aDay and nighttime concentrations of each species are reported in
Table S4, and measurements of individual PAH are summarized in
Table S5. bSD = standard deviation; BDL = below detection limit.
cConcentrations of all other individual PAHs are reported in Table
S4. dSemiquantified using meso-erythritol calibration. eSemiquantified
using cis-pinonic acid calibration.
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garbage burning in South Asia,38 particularly during the winter
months.
Hopanes are general molecular markers of fossil fuels.87

Among this class of compounds, 17α(H)-21β(H)-hopane and
17β(H)-21α(H)-30-norhopane were detected in all samples,
while 17α(H)-22,29,30-trisnorhopane was detected in 80
percent of samples (Figure 4b). The observed hopane
concentrations in Lumbini (Table 2) were much lower
(0.46−1.34 ng m−3) than those observed in four mega-cities
in India (1.10−22 ng m−3),88 indicating a lesser influence of
fossil fuel combustion. Fossil fuel uses in the IGP include
diesel-powered vehicles and groundwater pumps for irriga-
tion,89,90 gasoline fuel for light vehicles like motorcycles, and
coal used to fire brick kilns.22 The ratio of 17α(H)-21β(H)-
hopane, 17β(H)-21α(H)-30-norhopane, and 17α(H)-
22,29,30-trisnorhopane in Lumbini (1:0.9:0.5) was most
similar to diesel groundwater pumps (1:1.1:0.6).23 Picene, a
molecular marker of coal combustion, indicated the presence
of coal burning (likely from brick kilns in the region), but at
lower concentrations (1.0 ± 0.6 ng m−3) than that observed in
the Kathmandu Valley (3.5 ± 3.9 ng m−3).36

Secondary Organic Aerosol (SOA) Tracers from
Aromatic VOCs. 2,3-Dihydroxy-4-oxopentanoic acid
(DHOPA, also known as T-3) is an SOA product of toluene91

and other monoaromatic VOCs.42,47 The OC-normalized

concentrations of DHOPA during daytime were significantly
higher than nighttime (Figure 4c; p = 0.03), consistent with its
production via photochemical oxidation during the day91 and
removal via deposition during the night. The average
concentration of DHOPA (17.8 ± 6.1 ng m−3; Table 2) is
comparable to the highest previously reported concentration in
the world (13.1 ng m−3), in the Pearl River Delta, China,
during the winter of 2008.92 The elevated DHOPA
concentration in Lumbini corresponded to an elevated level
of toluene observed during wintertime in the IGP region,93,94

as was observed in the Pearl River Delta region in China,95

whereas lower concentrations of DHOPA compared to the
level in the IGP was observed in Atlanta, GA, parallel to a
lower level of toluene concentration.37

The benzene dicarboxylic acids, phthalic acid, and 4-
methylphthalic acid can be used as SOA tracers for
naphthalene and methylnaphthalene, respectively, in the
absence of appreciable primary sources.42,48,96 Neither
compound correlated significantly with hopanes and levoglu-
cosan, while both compounds (Figure 4c, Table S4) strongly
correlated with DHOPA, thus suggesting diaromatic VOC-
derived SOA in Lumbini. In addition, two nitrophenols (NPs),
4NP and 2 M-4NP, were consistently detected in Lumbini
(Table 2, Figure 4d). These two NPs were strongly
intercorrelated, but not strongly correlated with other NACs

Figure 3. Concentrations of select nitromonoaromatics (NACs) in Lumbini and prior studies. The Lumbini plot shows the 25th and 75th
percentiles (box), range (bars), median (black vertical line), mean (red dotted line), and outliers (black dots). Mean concentrations (filled red
dots) and one off-scale value (open red circle) are shown for Al-Naiema and Stone,42 Iinuma et al.,62 Kitanovski et al.,63 Kahnt et al.,64 Mohr et
al.,65 Zhang et al.,66 Zhang et al.,67 Claeys et al.,68 and Chow et al.69

Scheme 1. Formation of Nitroaromatic Compounds from Phenolic Compounds adapted from Grosjean et al.78
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(Table S3), suggesting a nonbiomass burning source. Instead,
its strong correlation with DHOPA (a known tracer for
toluene photooxidation) suggests photooxidation of mono-
aromatic compounds73,74,97 and its strong correlation with
hopane suggests SOA generated from emissions associated
with fossil fuel combustion (Table S4).98 Together, these
compounds indicate the presence of SOA derived from mono
and diaromatic VOC in Lumbini, which are likely to originate
from biomass burning, garbage burning, and traffic-related
VOC emissions, based on PM2.5 organic carbon source
apportionment (as described in Primary Source Contributions
to PM2.5 OC section) and prior studies of VOC sources in the
IGP and Kathmandu Valley.34,35,93

SOA Tracers Derived from Isoprene, Monoterpenes,
and Sesquiterpenes. Tracers for SOA derived from
isoprene, monoterpene, and sesquiterpene were detected
consistently (Figure 4e, Figure S4). Overall, the concentrations
of isoprene-derived SOA tracers were low compared to their
concentrations during summer and late summer seasons in
Nepal21 and in the southeastern USA.47 Among the isoprene
tracers, 2-methylglyceric acid, formed under higher NOx
conditions,99 was more abundant than the sum of 2-
methylthreitol, and 2-methylerythritol, formed under lower
NOx conditions, by an average ratio of 1.6. This predominance
of 2-methylglyceric acid has been previously observed in the
Kathmandu Valley21 and other urban sites100 and may reflect a
relatively large influence of NOx on isoprene SOA formation in
Lumbini, where the NOx level (approximately 8.0 ppbv) was
similar to the NOx level observed in urban areas of the IGP.101

Notably, isoprene observed in the IGP and Kathmandu Valley
in wintertime has been mainly attributed to traffic and biomass
burning,34,35,93 rather than biogenic emissions. Two of ten
monoterpene SOA tracers were detected in Lumbini, 3-
hydroxyglutaric acid and 3-acetyladepic acid (Figure S4a,
Table 2), while the remaining were below the method
detection limit. The sesquiterpene SOA tracer β-caryophyllinic
acid102 was detected in every sample throughout the study
period (Figure S4b, Table 2). In comparison to the
Kathmandu Valley, wintertime levels of isoprene, mono-
terpene, and sesquiterpene SOA tracers in Lumbini were
higher than the premonsoon season36 but comparable to or
less than those in the postmonsoon season.21

Source Apportionment of PM2.5 OC. PM2.5 OC in
Lumbini was apportioned to six primary sources (garbage
burning, dung burning, other biomass burning, gasoline
engines, diesel engines, and coal combustion) using CMB
modeling and seven secondary sources (isoprene SOA,
monoterpene SOA, sesquiterpene SOA, toluene SOA,
naphthalene SOA, methylnaphthalene SOA, and cresol SOA)
using the SOA tracer method.47 Our best estimate of sources
of PM2.5 OC (our “base case” scenario) utilizes regional source
profiles when possible (see CMB Modeling in the Methods
section). For the base case model result, the other biomass
burning profile corresponded to open burning of twigs and
dung sampled in Lumbini.23 On average, CMB apportioned 52
± 13% of OC to primary sources and 19 ± 5% of OC to
secondary sources with the remaining 30 ± 10% of OC
unapportioned and referred to as having “other sources”
(Figure 5, Table 3). These other sources may be cooking with
nonbiomass fuels (e.g., LPG), mixed industrial emissions,
resuspended dust, or other uncharacterized primary and
secondary sources. Unapportioned OC can also arise from
an underestimation of primary source emissions and SOA
contributions. The unapportioned OC during daytime (34%)
was significantly higher than nighttime (26%), suggesting that
SOA was a major part of the unapportioned OC especially
during the day. The CMB model did not converge on
December 20-N, so primary source contributions are not
reported.

Primary Source Contributions to PM2.5 OC. Dung and
other biomass burning (e.g., crop residues, wood) was the
largest contributor to PM2.5 OC (Table 3). Dung burning
contributed 3 to 59% (24 ± 16% on average) of PM2.5 OC,
while open biomass burning contributed 8 to 29% (20 ± 7%
on average). Likely sources of biomass burning include wood
and dung burning for household cooking, open biomass fires

Figure 4. Time series of molecular markers from primary emission
sources and secondary organic aerosols during the winter of 2017−
2018 in Lumbini: (a) 1,3,5-triphenylbenzene from plastic burning, (b)
hopanes from fossil fuel combustion, (c) diaromatic SOA tracers, (d),
nitrophenols from SOA derived from monoaromatic VOC, and (e)
isoprene SOA tracers.
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for heating, cofiring biomass with coal in brick kilns, and
agricultural residue burning. The molecular markers that were
used to distinguish wood or crop residue from dung burning
were levoglucosan, coprostanol, and stigmastanol, with 83% of
the levoglucosan attributed to biomass burning and 17% to
dung burning while 100% of the coprostanol and stigmastanol
was apportioned to dung burning. Temporally, the relative
contribution of dung burning was higher in the early part of

the study, consistent with the time-varying trend in
stigmastanol (Figure 2a).
Garbage is commonly burned in open fires in South Asia,38

although there are few estimates of regional emissions from
this source103 and its impact on air quality.17,36,38,86,104 To the
best of our knowledge, this is the first measurement of TPB in
Lumbini and the first particle-phase tracer-based estimate of
garbage burning contribution to air quality in the IGP. The
plastic/garbage burning contribution to PM2.5 OC ranged from
0.6 to 12% and averaged 4.7 ± 3.2% (Table 3). The garbage
burning contribution to PM2.5 OC in Lumbini was
approximately four times lower than the contribution of this
source at an urban site in the Kathmandu Valley36 and three
times lower than its contribution in the National Capital
Region (NCR) of India.17 Owing to its sizable contribution to
PM2.5 OC (reaching up to 12%), garbage burning should be
considered in future PM2.5 source apportionment studies in
South Asia.
PM2.5 OC was apportioned to three types of fossil fuel

combustion: diesel engines (0.25 to 5.1%), gasoline engines
(0.16 to 1.3%), and coal combustion (0.11 to 0.74%), (Table
3). Some of the likely contributors to the diesel engine sources
are groundwater pumps that are used in the region for
irrigation and agricultural equipment (i.e., tractors) fueled by
diesel. In comparison to the 23% contribution at an urban site
in Kathmandu,36 the average impact of fossil fuels on PM2.5
OC in Lumbini (3.6%) was small. In addition, in comparison
to biomass burning in Lumbini, the estimated primary
emissions from fossil fuel use were relatively small.

Secondary Source Contribution to PM2.5 OC. The SOA
tracer method introduced by Kleindienst et al.47 was used to
estimate the secondary organic carbon (SOC) contribution by
VOC precursors to SOA in Lumbini (Table 3). The tracer-to-
OC values used in the calculation of SOC are summarized in
the Supporting Information Table S5. The contribution of
cresols emitted from biomass burning to SOA was estimated
via NACs to be 0.15 ± 0.24 μgC m−3 contributing 0.25 ±
0.36% of PM2.5 OC. This partial biomass burning (BB)-SOA
contribution to OC in Lumbini is comparable to the
contribution of this source in Atlanta, GA, during winter
(0.27%),37 which is the only previous SOA tracer method
estimation for this source. Although this represents only a
small fraction of BB-SOA, these data demonstrate the

Figure 5. Apportionment of PM2.5 OC to its primary and secondary sources by CMB modeling. Values in parentheses are average percent
contributions by the corresponding sources. The CMB model did not converge to a stable solution for primary sources on December 20-N and is
marked with a star.

Table 3. Absolute and Relative Primary and Secondary
Source Contributions to PM2.5 OC in Lumbinia

relative contribution (%)

sources

absolute
contribution
(μgC m−3) overall day night p-value

dung burning 14.7 ± 12.0 23.5 ±
16.1

20.1 ±
12.6

27.3 ±
19.1

0.23

open biomass
burning

10.5 ± 3.9 19.9 ±
6.6

18.1 ±
6.2

21.8 ±
6.7

0.27

garbage/plastic
burning

2.7 ± 2.2 4.7 ±
3.2

5.2 ±
3.7

4.2 ±
2.7

0.57

diesel engines 1.4 ± 0.9 2.6 ±
1.2

2.1 ±
1.2

3.1 ±
0.9

0.04*

gasoline engines 0.37 ± 0.22 0.66 ±
0.35

0.69 ±
0.40

0.63 ±
0.30

0.74

coal combustion 0.16 ± 0.14 0.30 ±
0.22

0.25 ±
0.22

0.36 ±
0.21

0.23

isoprene SOC 0.18 ± 0.05 0.36 ±
0.16

0.35 ±
0.11

0.38 ±
0.21

0.65

monoterpene SOC 0.77 ± 0.10 1.5 ±
0.6

1.3 ±
0.4

1.7 ±
0.7

0.08

sesquiterpene SOC 1.77 ± 0.64 3.2 ±
0.7

3.3 ±
0.7

3.2 ±
0.7

0.80

toluene SOC 2.3 ± 0.8 4.1 ±
0.8

4.4 ±
0.6

3.8 ±
0.8

0.03*

naphthalene SOC 4.7 ± 2.4 8.7 ±
3.9

10.0 ±
3.9

7.5 ±
3.6

0.10

methylnaphthalene
SOC

0.07 ± 0.03 0.12 ±
0.05

0.15 ±
0.04

0.10 ±
0.04

0.01*

cresol SOC 0.15 ± 0.24 0.25 ±
0.36

0.18 ±
0.17

0.32 ±
0.49

0.44

other OC 16.4 ± 7.5 29.8 ±
10.3

33.9 ±
8.5

25.4 ±
10.6

0.048*

aPercent contributions of the sources during day and night periods
were compared and p-values <0.05 (highlighted with an asterisk)
indicate significant differences at the 95% confidence interval.
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conversion of gases emitted from biomass burning to SOA in a
region heavily impacted by biomass burning. Mono- and
diaromatic VOCs that are emitted from vehicles, biomass
burning, garbage burning, industrial emissions, and solvent
use105 contributed the most to the estimated SOA, averaging
7.0 ± 3.0 μgC m−3 and 13.0 ± 4.5% of PM2.5 OC, respectively.
Isoprene SOA contributions to PM2.5 OC were relatively small
(averaging 0.36 ± 0.16%), compared to monoterpenes (1.5 ±
0.6%), and sesquiterpenes (3.2 ± 0.7%). These data show a
predominance of SOA from combustion-derived VOC over
biogenic VOC in wintertime and demonstrate an impact of
biomass burning on SOA, although the full extent of the BB
impact is not yet understood.

■ CONCLUSIONS AND ENVIRONMENTAL
IMPLICATIONS

During the winter season in the IGP at Lumbini, Nepal, both
PM2.5 and PM10 consistently exceeded the WHO guidelines by
factors of up to 12 for PM2.5 which ranged 48−295 μg m−3 and
PM10 which ranged 60−343 μg m−3, indicating very poor air
quality. The concentrations of the fresh biomass burning tracer
levoglucosan, the aged biomass burning tracers (NACs), and
the dung burning tracer stigmastanol were among the highest
concentrations ever observed in the world. The primary
sources of PM2.5 OC in Lumbini during the wintertime were
dominated by biomass and dung burning (44% combined).
Primary PM2.5 OC was also influenced by fossil fuel
combustion (4%) and plastic burning (5%). This study
contributes to mounting evidence for the importance of
garbage burning on South Asian air quality17,23,36,38,104 that
should be further examined in terms of its source emissions
and ambient air quality impacts. The secondary aerosol
formation was indicated by sulfate, nitrate, SOA tracers from
monoaromatic and diaromatic VOCs, isoprene, and mono-
terpenes with aromatic precursors being dominant among the
SOA precursors studied. SOC was small in comparison to
primary OC from biomass burning. BB-SOA contributions to
PM2.5 were indicated by the high levels of molecular tracers of
cresol-derived SOA. The product distribution of BB-SOA
tracers, especially nitroaromatics, was sensitive to RH and fog
processing and this was verified for the first time with field
measurements. Although the cresol SOA contribution alone
was a small part of total SOC, total BB-SOA is expected to be
much higher considering the broader pool of VOCs (including
benzene, toluene, ethylbenzene, xylene, and trimethyl-
benzene)22,106 emitted from this source. An additional BB-
SOA contribution is likely to contribute toward the 30 ± 10%
of OC that was not apportioned. Primary BB emissions may
also contribute to this, given their dominance as an OC source
and the uncertainty associated with the source estimates.
This study provides a detailed examination of PM2.5

composition and sources during a heavily polluted, 13 day
period in the dry winter season of 2017-18. Because PM levels
exceed WHO guidelines throughout much of the year (Figure
S1), further research is needed to assess the impacts and
variability of PM sources over longer time scales. Altogether,
our chemical characterization and source apportionment
demonstrate major biomass burning impacts on ambient
PM2.5 in the region. The second-largest contributing source
sector was secondary aerosols, including ammonium nitrate,
ammonium sulfate, and SOA. Although fossil fuel combustion
and garbage burning contributions are small in rural areas in
comparison to these, these anthropogenic sources may be

more readily mitigated. Garbage burning, in particular,
warrants further consideration because of its hazardous nature
and opportunity for emission reductions. Substantial reduc-
tions to PM2.5, however, must target the dominant source of
biomass burning, which originates from numerous sources in
the IGP, including residential use of dung and biomasses and
crop residue burning.
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