
Contents lists available at ScienceDirect

Atmospheric Research

journal homepage: www.elsevier.com/locate/atmosres

Invited review article

Levoglucosan as a tracer of biomass burning: Recent progress and
perspectives

Hemraj Bhattaraia,h, Eri Saikawac, Xin Wana,h, Hongxia Zhue, Kirpa Rama,d, Shaopeng Gaoa,
Shichang Kangb,g, Qianggong Zhanga,g, Yulan Zhangb, Guangming Wua,h, Xiaoping Wanga,g,
Kimitaka Kawamuraf, Pingqing Fui, Zhiyuan Conga,g,⁎

a Key Laboratory of Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan Plateau Research, Chinese Academy of Sciences (CAS), Beijing 100101,
China
b State Key Laboratory of Cryospheric Science, Northwest Institute of Eco-Environment and Resources, CAS, Lanzhou 730000, China
c Emory University, Atlanta, Georgia (GA), United States
d Institute of Environment and Sustainable Development, Banaras Hindu University, Varanasi 221005, India
e China National Environmental Monitoring Center, Beijing 100012, China
f Chubu Institute for Advanced Studies, Chubu University, Kasugai 487-8501, Japan
g CAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100101, China
hUniversity of Chinese Academy of Sciences, Beijing 100049, China
i Institute of Surface-Earth System, Tianjin University, Tianjin 300072, China

A R T I C L E I N F O

Keywords:
Levoglucosan
Biomass burning
Organic tracer
Aerosol

A B S T R A C T

Biomass burning (BB) is a major source of air pollution from local to global scale, having variable effects on air
quality, human health, and climate system. Therefore, the source identification and characterization of BB-
derived aerosols and tracer gases in the ambient environment is crucial. This review provides recent updates on
the applicability of levoglucosan as a BB tracer in different environmental matrices such as aerosols, marine,
snow and ice-cores etc. Among several tracer of BB emissions, levoglucosan has recently received widespread
attention due to its unique origin solely from the pyrolysis of cellulose and hemicellulose, making it as a robust
marker for characterization and quantification of BB throughout the world. This review first summarizes the
established and emerging analytical methods, and their advantages and disadvantages for measurement of le-
voglucosan. Second, we discuss the formation mechanism, lifetime and its stability in different environmental
conditions. In addition, we also try to deliberate on the application of ratios of levoglucosan with different
organic components such as mannosan (M) and organic carbon (OC) for better identification of emission sources.
Spatial distributions of levoglucosan in different locations (e.g., urban, rural, forest, marine, poles and higher
altitude) are discussed scrupulously and meticulously on a global scale. We also reviewed the distributions of
levoglucosan in snow, ice core and sediments to understand its applicability to construct paleofire records.
Finally, we propose some key recommendations for future work in different ambient environmental conditions
by utilizing the ratios of levoglucosan with other compounds (not limited only to M and OC) and the use of
levoglucosan to reconstruct the paleo-historical records of fire-activity.

1. Introduction

Biomass burning (BB) is a globally spread phenomenon, including
forest fires, slash-and-burn of forest land for agriculture uses, open
burning of agricultural wastes in the field, residential wood burning for
cooking and for heating purpose. BB releases large quantities of several
gases including greenhouse gases (GHG) (e.g., carbon dioxide), volatile

organic compounds (VOCs) and particulate matter comprising black
carbon (BC), brown carbon (BrC) and other organic matter (OM)
(Andreae and Merlet, 2001; Van der Werf et al., 2010). The GHGs and
particulate matter can alter the radiative balance of the earth by di-
rectly scattering and absorbing solar radiation and indirectly, by acting
as cloud condensation nuclei (CCN) and by changing cloud micro-
physical and optical properties (Gunthe et al., 2009; Koren et al., 2004;
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Roberts et al., 2002). Moreover, emissions from BB could perturb the
tropospheric chemistry and biogeochemical cycling of carbon, nitrogen
and minerals (calcium, phosphorus, potassium etc.). The gases and
particles (mostly in fine-mode) released from BB can be transported to a
longer distance away from the source (Cong et al., 2015b). During
transportation over the cryospheric regions, these particles can be de-
posited on the cryospheric surface wherein thereby reducing snow al-
bedo, particularly by BC, and accelerate the melting of glacier and ice
sheet (Hadley and Kirchstetter, 2012; Xu et al., 2016b). In addition, BB
imposes serious threats to ecosystem, environmental and human health
(Marlier et al., 2013), as it emits several lethal gases such as carbon
monoxide (CO), NOx, VOCs, polycyclic aromatic hydrocarbons (PAHs)
(Xu et al., 2006), mercury (Huang et al., 2011) and other toxic sub-
stances.

There are many challenges in identification and quantification of BB
aerosols and assessing their impacts on the environment. First, there is a
large uncertainty in BB aerosols associated with residential emission.
Satellite observations, such as Moderate Resolution Imaging
Spectroradiometer (MODIS) active fire detection are commonly used to
capture spatial occurrence of fires in the open field (Qiu et al., 2016).
However, it has limitations to detect emissions from household biofuel
burning, even in the regions, where such sources are dominant.
Hawbaker et al. (2008) highlighted that the detection rates were mainly
driven by cloud cover and fire size, i.e. higher cloud cover and/or lower
fire size reduces the possibility of satellite detection. Thus, satellite
estimation of household biofuel burning emission is generally under-
estimated. Second, various chemical tracers [e.g. non-sea-salt po-
tassium (nss-K+), CO, acetonitrile, anhydrosugars] have been used
extensively for the source identification of BB (de Gouw, 2003;
Simoneit, 2002; Urban et al., 2012; Warneke et al., 2006), which has
advantages over satellite estimations. However, nss-K+ is not solely
reliant on BB, and it suffers from interference of crustal materials and
fireworks, which can mislead the interpretation (Cheng et al., 2013;
Zhu et al., 2015). Similarly, CO and acetonitrile could also be over-
whelmed by other sources like automobiles, especially in urban areas
(Holzinger et al., 2001; Wu et al., 2016). Such measurements do not
provide a winder spectral coverage and are restricted to a local to re-
gional scale. Moreover, 14C is a powerful tool for the quantification of
BB (modern carbon) and fossil-fuel (old carbon) contribution to total
carbon in aerosols. For example, 14C analysis in aerosol samples from
South-Asia suggest that approximately two-thirds of black carbon was
contributed by BB emissions (Bikkina et al., 2017; Gustafsson et al.,
2009). Similarly, Zhang et al. (2015) found that ~25% of elemental
carbon, in four major cities of China (Xi’an, Beijing, Shanghai and
Guangzhou), were of BB origin. However, 14C has limitation with spe-
cific source (e.g. biomass burning or SOC) identification of modern
carbon.

Owing these, several organic molecular markers have been widely
used in recent years, including anhydrosugars of levoglucosan, man-
nosan and, galactosan (Chen et al., 2018; Engling et al., 2009; Giannoni
et al., 2012; Wan et al., 2017) and phenolic compounds (vanillic, p-
hydroxybenzoic and syringic acids, etc.) (Kawamura et al., 2012;
Simoneit et al., 1993; Zhang et al., 2013). Among these organic BB
markers, levoglucosan (1, 6 – anhydro-β-D-glucopyranose) is the most
suitable and well recognized due to its high abundance and longer
stability in different environmental conditions. Levoglucosan and its
isomers (mannosan and galactosan) are also associated with BB (open
and domestic fires) in general (Fig. 1) and in particular with thermal
pyrolysis of cellulose and hemicellulose when the burning temperature
is above 300 °C (Fabbri et al., 2009; Fraser and Lakshmanan, 2000;
Saarnio et al., 2010, 2013; Simoneit, 2002; Simoneit et al., 1999). Al-
though some studies have indicated that anhydrosugars could also be
released by burning of lignite or low grade coal (Fabbri et al., 2009),
they were considered to be negligible sources due to their extremely
low emission rates (Simoneit et al., 1999). Among these three isomers
of monosaccharide anhydrous (MAs), levoglucosan is the major

constituent consisting of> 90% of MAs (Simoneit et al., 1999).
Therefore, the use of levogulucosan as a BB tracer has been ubiquitous
lately and owing to this, extensive research has been already conducted
in recent decades or so. However, there are limited reviews about le-
voglucosan in atmospheric aerosols (Schkolnik and Rudich, 2006;
Simoneit, 2002). To the best of our knowledge, there exist no review
paper on levoglucosan in atmospheric aerosols in the ambient en-
vironment after Schkolnik and Rudich (2006), therefore it is essential to
summarize recent progresses on measurement techniques and usability
of levoglucosan in the different environmental matrices.

This paper presents a comprehensive review based on our current
understanding of the chemical characteristics of atmospheric levoglu-
cosan and its application on the fire studies in the past. First, we discuss
the analytical techniques for measuring levoglucosan, followed by
emission characteristics (formation, stability and ratios) and spatial
variations. Secondly, we discuss application of levoglucosan in paleo-
fire studies using ice cores and sediments. Finally, we summarize cur-
rent knowledge of levoglucosan and present the perspectives of le-
voglucosan as a BB tracer for future research in this area.

2. Analytical techniques for levoglucosan

Significant progress has been made in recent years regarding le-
voglucosan detection and quantification methods in aerosols (Fraser
and Lakshmanan, 2000; Giannoni et al., 2012; Linuma et al., 2009;
Saarnio et al., 2010; Yan et al., 2018; Yttri et al., 2015; Zdráhal et al.,
2002), soil (Oros et al., 2002; Otto et al., 2006), sediment (Elias et al.,
2001; Kirchgeorg et al., 2014) and snow/ice cores (Gambaro et al.,
2008; Kawamura et al., 2012; You and Xu, 2018; Zennaro et al., 2014)
(Table 1). The most common and traditional technique for detection
and quantification of levoglucosan is gas chromatography-mass spec-
trometry (GC-MS), which has a good chromatographic resolution and
sensitivity, and is capable of separating all three isomers of levoglu-
cosan (Parshintsev and Hyötyläinen, 2015; Pashynska et al., 2002;
Schkolnik and Rudich, 2006). This method is more suitable for aerosol
samples. The whole process of GC-MS method mainly involves solvent
extraction (such as methanol and dichloromethane), concentration
using rotary evaporator under vacuum, drying by nitrogen blowdown,
and trimethylsilyl derivatization by MSTFA or BSTFA (Maenhaut et al.,
2012; Wan et al., 2017). However, more recently a novel thermal
desorption gas chromatography mass spectrometry (TD-GC-MS) with
in-situ derivatization technique has been developed (Sheesley et al.,
2015), which reduces the analytical time with an advantage of zero
organic solvents consumption.

High performance liquid chromatography (HPLC) combined with
MS has been developed and used for detection of levoglucosan (Piot
et al., 2012; Yttri et al., 2005). This method does not require any de-
rivatization and thus, the analytical time is shorter than that of tradi-
tional GC-MS method. In addition, this technique can be used for de-
tection of extremely low level of levoglucosan. For example, Zangrando
et al. (2016) and Gambaro et al. (2008) determined levoglucosan as low
as 4.1 pg m−3 in Antarctic aerosols and 3 pg/mL in Antarctic ice re-
spectively using HPLC electrospray ionization tandem mass spectro-
metry (HPLC/(−)ESI–MS/MS). Further, You et al. (2016a) recently
developed a method to determine levoglucosan in snow and ice samples
using ultra performance liquid chromatography - mass spectrometry
(UPLC-MS), which is available with small volume of samples (0.50mL).
LC-MS is more suitable for ice and snow samples but sometimes it may
have difficulty in separating three isomers of levoglucosan.

A much simpler ion chromatography (IC) method, i.e. high-perfor-
mance anion exchange chromatography coupled with pulsed ampero-
metric detection (HPAEC-PAD) was developed (Engling et al., 2006).
The method limit of detection (LOD) for levoglucosan by HPAEC-PAD
can go as low as 0.042 ng m-3 (Qi et al., 2016). In addition, HPAEC was
also coupled to positive electrospray ionization mass spectrometry (ESI-
MS) for the rapid (underivatized) analysis of levoglucosan (Asakawa
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et al., 2015; Saarnio et al., 2010). Moreover, Saarnio et al. (2013) de-
veloped online technique for fast determination of levoglucosan by
combining a particle-into-liquid sampler (PILS) to HPAEC with the
detection by a mass spectrometer (PILS-HPAEC-MS). Besides these,
Kirchgeorg et al. (2014) measured levoglucosan and its isomers in the
lake sediments using ion chromatography-mass spectrometry-electro-
spray ionization (IC-MS-ESI) with better recovery (99.8 ± 1.3%)
(Table 1).

To examine the comparability of these diversified methods, an in-
tercomparison study was conducted for levoglucosan and other two
isomers (galactosan and mannosan) in aerosol filters among thirteen
laboratories (Yttri et al., 2015), in which HPAEC, HPLC (or UPLC) and
GC-MS techniques were applied. The detailed information about the
performance of each methods and laboratories, including LOD and
deviation could be found in the literature (Yttri et al., 2015). Generally,
the determination results of levoglucosan, and to a lesser extent man-
nosan and galactosan, by most of the analytical methods were com-
parable. Additionally, the analytical accuracy of levoglucosan quanti-
fication were commonly evaluated by standard reference materials
(SRM) such as SRM 1649, 1649a, and 1649b from National Institute of
Standards and Technology (NIST) (Kuo et al., 2008; Larsen III et al.,
2006; Louchouarn et al., 2009; Pomata et al., 2014). Most of the labs
reported SRM values for levoglucosan around 160 μg g−1 (Gao et al.,
2018; Pomata et al., 2014; Zangrando et al., 2016).

3. Emission characteristics

3.1. Formation mechanism

Anhydrosugars, such as levoglucosan and its two isomers (man-
nosan and galactosan) are generally produced during the pyrolysis of
cellulose and hemicellulose when the biomass is burnt (Simoneit et al.,
1999). Therefore, forest/grass fire, agricultural residue combustion,
low grade coal as well as residential cooking and heating release a large
amount of levoglucosan, which can travel long distance without serious
degradation once released into the environment (Fig. 1).

Therefore, emissions of levoglucosan through pyrolysis of plant
cellulose is highly dependent on combustion temperature and biomass
types. Generally, pyrolysis involves de-polymerization, water elimina-
tion, fragmentation, oxidation and char formation from cellulose,
which takes place at a temperature above 300 °C. In addition, bond

cleavage followed by the formation of anhydrous sugar usually also
takes place above 300 °C (Simoneit et al., 1999). Kuo et al. (2008)
studied formation of levoglucosan under controlled combustion ex-
periment (150–1050 °C) of three different wood species (honey mes-
quite, cordgrass and loblolly pine), and found that levoglucosan was
only detectable at lower temperature (150–350 °C) with maximum
yield at 250 °C regardless of plant species. The influence of temperature
on the formation of levoglucosan from cellulose is most likely due to the
co-presence of inorganic ions (Dobele et al., 2005; Khelfa et al., 2008).
Williams and Horne (1994) highlighted the role of minerals in wood to
lower the temperature of cellulose pyrolysis. In fact, levoglucosan re-
leased to the environment is majorly determined by the type of bio-
mass, such as hardwood, softwood, and crop residue and their cellulose
content (Hedberg et al., 2006; Saarnio et al., 2010; Schmidl et al., 2011;
Simoneit et al., 1999; Wan et al., 2017).

3.2. Lifetime and stability

The applicability of any chemical tracer is highly dependent on its
stability (i.e. chemical reactivity in the medium) and an ideal tracer
should be chemically inert. Previous research studies have reported that
levoglucosan can remain stable in the atmosphere for around 10 days
with no significant degradation (Fraser and Lakshmanan, 2000;
Schkolnik and Rudich, 2006). However, recent studies points towards
significant chemical reactivity of levoglucosan in the atmosphere and
have raised a question over the stability of the atmospheric levoglu-
cosan by simulation and model studies (Favez et al., 2010; Hoffmann
et al., 2009) and thus, it’s application as a molecular marker of biomass
burning emissions in aerosol (Gensch et al., 2018; Zhao et al., 2014).
For example, Gensch et al. (2018) reported that chemical loss of le-
voglucosan due to photochemical aging was found to be more than 50%
in one-fifth of the analyzed samples. The authors used an isotopic hy-
drocarbon clock concept to study the changes in the δ13C of emissions
from C3 plants at the source and the sampling site due to chemical
processing during transport.

The degradation of levoglucosan is mainly influenced by oxidation
reaction with hydroxyl (OH) radicals (Hennigan et al., 2010), which are
affected by high relative humidity (RH) (Hoffmann et al., 2009) and air
mass aging during long range transport (Lai et al., 2014). On the other
side, Sang et al. (2016) carried out a controlled experiment in the lab
and found that the production of OH radicals is directly correlated with

Fig. 1. Illustration of levoglucosan sources, atmospheric transport and deposition mechanism on the earth surface.
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the ozone photolysis and subsequent reaction of O(1D) with water.
Moreover, Hennigan et al. (2010) carried out a smog chamber experi-
ment and found that the degradation rate of levoglucosan ranged be-
tween ⁓20 to 90% depending on OH exposure time. They further in-
vestigated the lifetime of atmospheric levoglucosan to be 0.7 to 2.2
days when exposed to 1× 106 molecules of OH cm−3 (typical average
summertime conditions). This lifetime is within the range predicted by
Hoffmann et al. (2009) (0.5 to 3.4 days) using the Spectral Aerosol
Cloud Chemistry Interaction Model (SPACCIM). Moreover, Lai et al.
(2014) found that the atmospheric lifetime of levoglucosan range from
1.2 to 3.9 days by the control experiment integrating OH in a flow
reactor under different environmental conditions and different mixing
states. They also carried out another experiment where levoglucosan is
exposed to 1.5×106 molecules of OH cm-3 and found the lifetime of
1.7 ± 0.2 days (Lai et al., 2014). On the other hand, Bai et al. (2013)
reported atmospheric lifetime of levoglucosan to be 26 days under the
different variables along with OH level of 2×106 molecules cm−3.
This lifetime is much longer than other predictions discussed above.
Therefore, it appears that lifetime does not merely depend on OH
concentrations but also on other environmental parameters, such as
temperature, pressure and chemical parameters of the reactive surface
(Lai et al., 2014; Proano-Aviles, 2017). The less reactive surface leads to
lower reaction rates for the oxidation of levoglucosan with gaseous OH
(Sang et al., 2016).

In addition, modeling estimation for the polluted continental plume
revealed obvious seasonality of levoglucosan oxidation by OH radicals
with higher rate during summer (7.2 ng m−3 h−1) compared to winter
(4.7 ng m−3 h−1) (Hoffmann et al., 2009). The model demonstrated the
dependence of levoglucosan degradation on RH when other environ-
mental factors such as cloud cover and ambient temperature were
constant. The levoglucosan degradation is positively related with am-
bient temperature (Bai et al., 2013; Lai et al., 2014), while the influence
of RH is divergent (Hennigan et al., 2010; Lai et al., 2014; Slade and
Knopf, 2014). Additionally, degradation of levoglucosan is inhibited
when it is internally mixed with (NH4)2SO4 or NaCl (Lai et al., 2014).

Although levoglucosan is oxidized by OH radicals, leading to con-
tinuous degradation in different environmental conditions, it is still an
ideal marker of BB due to its high emission factor and relatively higher
concentration in the ambient aerosols (Hoffmann et al., 2009). Un-
doubtedly, levoglucosan can be used as a good tracer if the receptor and
source site are close to each other (Alves et al., 2017).

3.3. Ratios

Although levoglucosan can indicate cellulose burning emissions, it
alone cannot distinguish type of biomass burnt. Analyzing the three
isomers simultaneously provides a major benefit for calculating mass
concentration ratios of levoglucosan/mannosan (L/M), levoglucosan/
galactosan (L/G) and mannosan/galactosan (M/G) (Table 2), which
might help to distinguish the types of burned biomass (hardwoods,
softwoods, crop residues, etc.) (Engling et al., 2009; Sang et al., 2013;
Yan et al., 2015). The variations of L/M and L/G ratios were generally
similar and L/M ratio has been commonly used to decipher the sources.
Therefore, we restrict our discussion only to L/M ratio along with L/OC
ratio in this review paper.

3.3.1. L/M ratios
The relative abundance of levoglucosan, galactosan and mannosan

in smoke is significantly affected by the type of biomass/biofuel burnt
and combustion conditions (such as smoldering vs. flaming) (Mkoma
et al., 2013; Vicente and Alves, 2017). The relative abundance of an-
hydrosugars in smoke particles produced under different burning con-
ditions exhibit large variations. The L/M ratio varies significantly in the
burning products of hardwood, softwood and agricultural residues.
Schmidl et al. (2011) reported much lower ratios of 2.5–3.5 for soft-
wood combustion and higher ratios of 14–17 for hardwood combustion.

The average L/M ratio in the smoke of rice straw, measured in the
ambient environment from Tiwan was 26.6 (Engling et al., 2009),
whereas that was 41.6 in Dhaka, Bangladesh in rice straw from
chamber experiment (Sheesley et al., 2003). These studies indicate the
influence of burning conditions on L/M ratios.

A clear seasonal difference of L/M ratio was observed over different
land covers (Fig. 2). For example, Zhu et al. (2015) reported the sea-
sonal difference of L/M ratios with the highest average value in winter
(11.9) and the lowest in summer (7.9) from Okinawa island in the
western North Pacific. They claimed that low values were associated
with softwood and high values with agricultural waste of maize straw
burning. Similar seasonal pattern in L/M ratios were also observed in
Lumbini, Nepal with the highest value in winter and lowest in summer,
which directly correlated with burning of crop residues and hardwoods
in and the surrounding regions (Wan et al., 2017). The lower L/M ratio
of softwood was also observed for ponderosa pine (3.4), white spruce
(3.9), douglas fir (4.4) and pinyon pine (6.7) (Fine et al., 2004). In
addition, Engling et al. (2006) and Křůmal et al. (2010) reported a si-
milar result for ponderosa pine (2.6–5.0) and for spruce and larch
(3.6–3.9) respectively. In contrast, L/M ratios for hardwood were much
higher, e.g., white oak (12.9), sugar maple (19.8), black oak (23.4),
American beech (16.9), black cherry (19.6) and quaking aspen (14.5)
(Fine et al., 2004). De Oliveira Alves et al. (2015) reported L/M ratio to
be 16.5 in Amazon forest in Brazil during biomass burning season, due
to hardwood burning. L/M ratios for agricultural waste burning showed
even higher values than hardwood and softwood (Fu et al., 2012;
Engling et al., 2009, 2006). For example, Zhang et al. (2007) reported
average L/M ratio of cereal straw burnt in China was 55.7 under
chamber combustion.

In addition, Sang et al. (2013) summarized M/G ratios for identi-
fying categories of BB with values of 1.5 ± 0.3 (1.1–2.1) for hardwood,
3.9 ± 2.1 (0.9–7.0) for softwood and 1.2 ± 1.1 (0.6–2.8) for agri-
cultural residues. However, under ambient conditions the burning
sources are not completely isolated with each other. Therefore, it is still
a challenge to distinguish the type of substrate based only on observed
L/M or M/G ratios in aerosols (Zhu et al., 2015).

3.3.2. L/OC ratios
Levoglucosan to OC (L/OC) ratios have been chosen to estimate the

contribution of BB-derived OC to total OC based on enrichment factor
reception modeling approach (Mkoma et al., 2013; Fu et al., 2014; Ho
et al., 2014; Puxbaum et al., 2007; Zdráhal et al., 2002) according to the
following equation:

= ×
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L
OC
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[ ]
[ ]

[ ]
[ ]

In general, the mass percent ratio of 8.14% (8.0 to 8.2%) derived
from various BB emissions has been used for L/OC ratio for source in
the above equation (Wan et al., 2017; Fu et al., 2014). However, it is
not applied to all due to diversities in combustion condition and type of
biomass burnt.

Recently, Ho et al. (2014) used L/OC ratio and found maximum
contribution of BB to OC in Guangdong province of China (33%) and
minimum contribution of BB to OC in Hong Kong (4%). They reported
that the higher ratio is due to burning of hardwood and agricultural
residues, such as rice straw. Further, most of megacities including
Beijing show high percentage of biomass combustion related OC which
is due to extensive BB in the surrounding area (Zhang et al., 2008).

Various studies have been completed regarding levoglucosan and
OC relation. Fine et al. (2001) reported a large difference of L/OC be-
tween hardwood and softwood during combustion of six wood species
in the northeastern United States (US). It was found that levoglucosan
yields are much higher for hardwoods (109–168mg g−1 OC) than
softwoods (52–95mg g−1 OC). Similarly, Fine et al. (2002) combusted
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Table 2
Mean levoglucosan (L), mannosan (M), galactosan (G) and organic carbon (OC) concentrations (ng m−3) and different ratios of levoglucosan to mannosan (L/M),
galactosan (L/G) and OC (L/OC) reported in the ambient aerosols in different land covers throughout the world.

Location PM L M G OC L/M L/G L/OC (‰) Reference

Urban
New Delhi, India TSP 1978 179 261 63000 11.1 7.6 31.0 (Li et al., 2014)
Raipur, India PM2.5 722 – – – – – – (Giri et al., 2013)
Nanjing, China PM2.5 4030 – – – – – – (Wang et al., 2011)
Xi’an, China TSP 576 130 172 80000 4.4 3.4 8.1 (Li et al., 2014)
Helsinki, Finland PM2.5 290 – – 11000 – – 26.4 (Saarikoski et al., 2007)
Gent, Belgium (winter) PM10 477 65.9 19.6 – 7.2 24.3 – (Zdráhal et al., 2002)
Gent, Belgium (summer) PM10 19.4 4.7 1.0 – 4.1 18.8 –
Bakersfield, California, USA PM2 2390 171 96 – 14.0 24.9 – (Nolte et al., 2001)
Geeveston, Tasmania PM2.5 2330 – – – – – – (Reisen et al., 2013)
Beijing, China (summer) PM2.5 120 10 – 10090 12.7 – 19.1 (Cheng et al., 2013)
Beijing, China (winter) PM2.5 640 70 – 24110 9.0 – 24.0
Zurich, Switzerland (summer) PM10 70 – – 400 – – 175.0 (Szidat et al., 2006)
Zurich, Switzerland (winter) PM10 620 – – 3700 – – 167.6
Lycksele, Sweden PM10 896.6 – – – – – – (Hedberg et al., 2006)
Oslo, Norway PM10 166 41 3 – 4.1 55.3 – (Yttri et al., 2005)
Barcelona, Spain PM2.5 60 6 5 3600 10.0 12.0 16.7 (Reche et al., 2012)
South Dallas, USA PM10 500 – – 30400 – – 16.5 (Fraser and Lakshmanan, 2000)
Victoria, USA PM10 1200 – – 29900 – – 40.1 (Fraser and Lakshmanan, 2000)
Slocan Park, Canada PM2.5 14.4 – – 3490 – – 4.1 (Leithead et al., 2006)
Vienna, Austria PM10 160 44 10 – 4.1 16.0 13.0 (Caseiro et al., 2009)
Chiang Mai, Thiland PM10 1176 83.3 – – 14.1 – – (Tsai et al., 2013)
National University, Singapore PM2.5 91.2 – – – – – – (Yang et al., 2013)
Pittsburg, USA PM2.5 10 – – – – – – (Polidori et al., 2006)
Grenoble, France PM2.5 815 70.6 – – 11.5 – – (Favez et al., 2010)
Mexico city, Mexico PM2.5 151.3 – – 8680 – – 17.4 (Stone et al., 2008)
Moscow, Russia PM10 3100 – – – 5.3 – 8.0 (Diapouli et al., 2014)
Karachi, Pakistan PM2.5 108 – – 9700 – – 11.1 (Shahid et al., 2016)
Karachi, Pakistan PM10 209 12 – 21800 17.5 – 9.6
Kowloon, Hong Kong PM2.5 36 – – 7200 – – 5.0 (Sang et al., 2011)

Rural
Langley, Canada PM2.5 26 – – 1940 – – 13.4 (Leithead et al., 2006)
Dettenhausen, Germany PM10 805.5 70.8 24.5 – 11.4 32.9 – (Bari et al., 2010)
Hok Tusi, Hong Kong PM2.5 30 – – 4800 – – 6.3 (Sang et al., 2011)
Pearl river delta, China PM2.5 82.4 5.8 – – 14.2 – 11.0 (Ho et al., 2014)
Lumbini, Nepal TSP 734 33.2 31.7 32800 15.1 23.2 16.1 (Wan et al., 2017)
Grove, Tasmania PM2.5 350 – – – – – – (Reisen et al., 2013)
Morogoro, Tanzania (wet) PM2.5 146 13 – 3900 11.0 – 40.0 (Mkoma et al., 2013)
Morogoro, Tanzania (dry) PM2.5 253 24 – 6000 11.0 – 40.0
Ovens, Australia (autumn) PM2.5 870 – – – – – – (Reisen et al., 2011)
Manjimup, Australia (autumn) PM2.5 1060 – – – – – –
Ourinhos, Brazil 141 – – – – – – (Urban et al., 2012)

Forest
Moitinhos, Portugal PM2.5 58 17.6 – 2600 3.3 – 22.3 (Pio et al., 2008)
Hokkaido, Japan TSP 7.3 1 0.3 4300 7.3 24.3 1.7 (Fu and Kawamura, 2011)
Rondonia, Brazil (dry) PM2.5 2100 148 57 32000 14.2 36.8 65.6 (Claeys et al., 2010)
Rondonia, Brazil (wet) PM2.5 58 4.1 1.1 1600 14.2 52.7 36.3
Siberia, Russia 9220 – – – – – – (Panov et al., 2016)
Izana, Sahara PM2.5 0.5 – – – – – – (García et al., 2017)

Marine
North Pacific TSP 0.5 0.02 0.02 500 26.0 26.0 1.0 (Fu et al., 2011)
California Coast TSP 1.2 0.6 0.1 1700 2.2 13.3 0.7
North Atlantic TSP 0.1 0.02 0.01 230 5.5 11.0 0.5
Indian Ocean TSP 0.6 0.1 0.01 710 10.2 61.0 0.9
South China sea TSP 5.2 0.8 0.2 820 6.4 23.6 6.3
Western North Pacific (WNP) TSP 27 5.9 1.5 1300 4.6 18.0 20.8
East China sea TSP 6.4 – – – – – – (Hu et al., 2013)
Australian adjacent sea TSP 5 – – – – – –
Sea of Japan TSP 8.8 – – – – – –
Sea of Okhotsk TSP 3.1 – – – – – –
Bering sea TSP 10 – – – – – –
Chichijima, WNP (winter) TSP 2.1 0.2 0.1 – 9.1 26.1 – (Verma et al., 2015)
Chichijima, WNP (summer) TSP 0.2 0.1 0.02 – 4.0 12.0 –

Poles and tibetan plateau
Zeppelin, Arctic (summer) PM10 0.1 – – – – – – (Yttri et al., 2014)
Zeppelin, Arctic (winter) PM10 1.0 – – – – – –
Summit, Greenland PM2.5 0.3 – – – – – – (Von Schneidemesser et al., 2009)
Canadian height, Arctic TSP 1.1 – – – – – – (Fu et al., 2009)
Fraglione camp, Antarctica PM10 0.04 – – – – – – (Zangrando et al., 2016)
Qomolangma, Himalayas TSP 19 – – 1430 – – 13.3 (Cong et al., 2015a)
Nam Co, TP 1.9 – – – – – – (Shen et al., 2015)

(continued on next page)
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four hardwood species from southern US and found an average emis-
sion of 136mg levoglucosan per gram of OC from the fireplace com-
bustion. This L/OC ratio was further used by Puxbaum et al. (2007) to
estimate BB contribution to OC at background sites in Europe.

In addition, combustion condition is another controlling factor for
L/OC. The analysis of same wood in fireplace and woodstove demon-
strated difference of about seven fold in L/OC ratio with higher content
in woodstove compared to fireplace. Additionally, Stone et al. (2010)
obtained more than three times higher levoglucosan concentration at
high burn rates (200–290 μg/mg OC) compared to low burn rates
(60–120 μg/mg OC) for same woods, suggesting that combustion con-
ditions largely influence the L/OC ratio. Furthermore, Diapouli et al.
(2014) reported more than double value of L/OC ratio during smol-
dering compared to flaming. They further stated that L/OC ratios are
approximately 4 times higher during smoky year than normal year,
reflecting huge contribution of biomass combustion.

The seasonal variation in L/OC ratios can be seen in previous studies
(Fig. 2). For example, Wan et al. (2017) found L/OC maximum (3.34%)
during post-monsoon (autumn) and minimum (0.98%) during monsoon
(summer) in Lumbini, Nepal, suggesting significant hardwood and crop
residue burning during post-monsoon. The L/OC ratio from Lumbini
during post monsoon was found to be similar to that of New Delhi
(3.1%) (Table 2) and attributed to BB emission (Li et al., 2014). Simi-
larly, L/OC ratios showed a minimum during monsoon (0.49%) and
maximum during pre-monsoon (1.8%) season in the Qomolangma (Mt.
Everest) station in the southern Tibetan Plateau (Cong et al., 2015a).

It should be noted that the concentration of levoglucosan (L) and
mannosan (M) can decreases due to aging depending upon the en-
vironment, however, the rate of decrease for both the species are dif-
ferent and not very well established. Therefore, it is likely that L/M and
L/OC ratios may also change during aging processes and therefore, the

chemical and physical processes controlling L, M, OC concentrations
and ratios (via degradation or formation) should be investigated in
future.

4. Concentrations and spatial distribution of levoglucosan in
aerosols

Scientific efforts have been devoted to identifying atmospheric mass
concentrations of levoglucosan globally (Table 2, Fig. 3). The studies on
levoglucosan are progressing quite well in different regions of the
world. However, some parts such as Africa and central Asia are still
lacking sufficient studies, and measurement of levoglucosan are needed
(Fig. 3). The highest levels of levoglucosan are reported in East China
during agricultural burning (Wang et al., 2011) and Russian Siberia
(Panov et al., 2016), followed by Rondonia, Brazil (Claeys et al., 2010),
Moscow, Russia (Diapouli et al., 2014) and western USA (Nolte et al.,
2001) during forest fires. On the other hand, the lowest levels were
reported mostly in the Polar Regions. These results reconfirm that the
concentration of levoglucosan is influenced by geographical locations
and type of biomass burnt. Here we discuss concentration of levoglu-
cosan in diverse atmospheric environment with different land covers,
including urban, rural, forest, marine, Polar Regions, Tibetan Plateau
and the Himalayas. Since 90% of levoglucosan mass concentrations are
accumulated in particles with aerodynamic diameters of less than 2 μm
(Giannoni et al., 2012; Yttri et al., 2005; Oliveira et al., 2007), it is
reasonable to compare these studies of different aerosol sizes com-
prising of PM2.5, PM10 and total suspended particle (TSP) (Wan et al.,
2017).

Table 2 (continued)

Location PM L M G OC L/M L/G L/OC (‰) Reference

East Antarctica TSP 4.8 – – – – – – (Hu et al., 2013)
West Antarctica TSP 3.4 – – – – – –
Arctic ocean TSP 5.2 – – – – – –

Fig. 2. Compiled bar diagram on the seasonal variation of L/OC and L/M ratios in aerosol (TSP) samples collected from different land covers (marine-Okinawa,
mountain-QOMS and rural-Lumbini).
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4.1. Urban

Tracing of BB aerosols and its sources in urban environment is an
objective for many scientists because of its adverse effects on air quality
and human health (Bølling et al., 2009). Therefore, numerous studies
have been conducted for levoglucosan characterization and quantifi-
cation in urban sites in the last few decades (Li et al., 2014; Giri et al.,
2013; Bi et al., 2008; Yttri et al., 2015; Titos et al., 2017; Jedynska
et al., 2015; Wang et al., 2018) and found higher levoglucosan con-
centration mostly contributed by residential BB and burning of agri-
cultural residues in the surrounding areas. For example, Bergauff et al.
(2008) reported selected organic chemicals along with levoglucosan in
PM2.5 aerosol samples collected from urban Libby, Montana of US and
found high level of levoglucosan (3040 ng m−3) during winter. It was
further explained that the higher concentration of levoglucosan was
mainly attributed to residential wood burning. However, in Yangtze
River Delta (YRD), around five times higher concentration of levoglu-
cosan during high pollution period was observed compared to low
pollution period (Xu et al., 2016a). Author claimed this was mainly
driven by rice straw burning and transported pollutants from North
China.

Similarly, Li et al. (2014) investigated wintertime TSP samples in
two megacities: Xi’an, China and New Delhi, India and found both le-
voglucosan concentration and L/OC ratio in New Delhi
(1978 ± 971 ng m−3, 31 ± 8.0‰) three times higher than those of
Xi’an (576 ± 99 ng m−3, 8.1 ± 2.6‰), indicating that BB (agri-
cultural residues) in Indian cities are much higher. Similar to New
Delhi, other cities in India including Raipur (2180 ng m−3) (Deshmukh
et al., 2016) and Rajim (2280 ng m−3) (Nirmalkar et al., 2015) re-
corded high levoglucosan concentrations. The concentrations of le-
voglucosan in European urban sites such as Dettenshusen, Germany
(806 ng m−3) (Bari et al., 2010) and Graz, Austria (860 ng m−3)
(Caseiro et al., 2009) were much lower than aforementioned Indian
urban sites, but they are still higher than those from Beijing, China
(209 ng m−3: Yan et al. (2015) and 430 ng m−3: Cheng et al. (2013)).

On the other hand, urban California, US (2390 ng m−3) (Nolte et al.,
2001) and Geeveston, Tasmania (2430 ng m−3) (Reisen et al., 2013)
also showed very high levoglucosan concentrations, which are mainly
ascribed to wood combustion and forest fire. Those levels are com-
parable to aforementioned Indian cities. In contrast, some urban areas,
such as South Florida experience low levels of levoglucosan (5.1 ng

m−3) in PM10 samples, which was assumed to be transported from rural
areas particularly during sugarcane burning season (Sevimoglu and
Rogge, 2015). Meanwhile, Fuller et al. (2014) reported winter time
wood burning as an important contributor to elevated levoglucosan in
London suburbs (190 ng m−3) and central London (160 ng m−3). It was
also reported that levoglucosan levels were highest at weekends, sug-
gesting that secondary domestic wood burning, other than wood being
used for main heating purpose.

A clear seasonal variation was observed throughout the world, with
higher concentration in winter. The winter to summer ratio of le-
voglucosan was much higher in European cities like Gent, Belgium
(24.6) (Zdráhal et al., 2002), Elverum, Norway (12.9) (Yttri et al.,
2007), and Slapanice, Czech Republic (10.3) (Křůmal et al., 2010),
followed by Southeastern US (9.1) (Zhang et al., 2010). However, the
Asian cities show lower winter to summer ratio, for example 2.6 in
Beijing, China (Cheng et al., 2013), and almost 1 in Chennai, India (Fu
et al., 2010). This demonstrates that BB is more frequent during winter
in European and American cities whereas it is common in Asia
throughout the year.

4.2. Rural

Several field studies demonstrated that air quality in rural areas is
degraded by significant emissions of various organic matter due to BB
activities. In particular, burning of agricultural residue and/or house-
hold firewood combustion as well as long-range transport are major
sources of levoglucosan. For example, pre-harvest sugarcane leaf
burning elevates the concentrations of levoglucosan (6.9 ng m−3) in
PM10 samples at the rural site of Florida, USA (Sevimoglu and Rogge,
2015). The situation is more serious in rural India with average le-
voglucosan concentrations of 2258 ng m−3, influenced predominantly
by BB activities, such as domestic heating/cooking and agricultural
activities (Nirmalkar et al., 2015). Similarly, Cao et al. (2017) reported
that the concentrations of levoglucosan and other carbonaceous aero-
sols increased by a factor of ~20 during BB period compared to non-BB
period in Northeast China. In Australia, the contribution of BB is dis-
tributed as follows: 3% prescribed burns, 10% wildfires and 87% sa-
vannah burning (Reisen et al. (2011) and reference therein). This re-
lease of the large quantity of levoglucosan leads to concentration
reaching up to 1.06 μg m−3 during autumn.

Levoglucosan are not always locally originated, but they could also

Fig. 3. Global representative sites for levoglucosan study in aerosols with their average concentration level.
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be contributed by long-range transport. For instance, Wan et al. (2017)
reported levoglucosan level in TSP samples from Lumbini, Nepal, being
approximately ten times higher during post-monsoon season (2206 ng
m−3) compared to monsoon season (212 ng m−3) with annual average
concentration of 734 ng m−3. The maximum concentration during post-
monsoon is considered to be due to the long-range transport of rice
residue burning in western India and eastern Pakistan. Although
Mkoma et al. (2013) found levoglucosan concentrations (253 ng m−3)
in Morogoro, Tanzania to be approximately one-third of that from
Lumbini, the seasonal pattern was similar. It was reported that lower
value during wet season was mainly because of wet scavenging by
rainfall and higher value during the dry season due to enhanced
emissions from BB (primary sources). Puxbaum et al. (2007) explored
levoglucosan concentrations in six background sites in Europe. They
reported maximum (520 ng m−3) at semi-urban Aveiro, Portugal,
where wood is commonly used for domestic heating. In addition, Zhu
et al. (2015) analyzed levoglucosan in TSP samples from Okinawa Is-
land and found a clear seasonality with winter maxima and summer
minima, mainly due to the long-range transport of BB emissions from
the Asian continent (northern and northeastern China, Mongolia and
Russia).

4.3. Forest

Forest fire is a serious problem throughout the world which directly
contributes to biomass smoke and various oxygenated compounds, in-
cluding levoglucosan, in ambient aerosols (Wang et al., 2017; Pio et al.,
2008). Literature reported high range of levoglucosan in forest area;
minimum without forest fire and maximum with forest fire. For ex-
ample, Fu and Kawamura (2011) found the least concentration of le-
voglucosan ranging from 1.5 to 21 ng m−3 (7.3 ± 6.5 ng m−3) in the
TSP samples collected from the forested area of Hokkaido, Japan. In
contrast, De Oliveira Alves et al. (2015) found levoglucosan con-
centrations of up to 4000 ng m−3 (av. 840 ng m−3) in the Amazon
forest in Brazil during the dry season which was mainly contributed by
forest fire, particularly hardwood combustion. The average concentra-
tion of levoglucosan in the Amazon forest was approximately two or-
ders of magnitude higher than the Hokkaido forest. Moreover, Pio et al.
(2008) compared atmospheric aerosol samples collected in Portugal
during significant smoke events and non- or less-significant periods. As
reported, the result varied drastically from 17 ng m−3 to 105 ng m−3

depending upon the vast wildfire periods.

4.4. Marine

The levoglucosan concentration over the marine regions are mainly
controlled by the long-range transport of pollutants because of absence
of emissions. Minimum concentration of levoglucosan was observed in
marine background site (Chichi-jima island in the western-north
Pacific) with significant seasonal variation: the lowest (0.32 ng m−3)
during summer and the highest (2.2 ng m−3) during winter (Mochida
et al., 2010). Similarly, Mochida et al. (2003) sampled aerosols over the
western North Pacific, the East China Sea and Sea of Japan and found
maximum mean concentrations over the Sea of Japan (29 ng m−3) and
minimum in the central Pacific (3.6 ng m−3). The higher concentration
is contributed by the long-range atmospheric transport from East Asia
(Verma et al., 2015).

Hu et al. (2013) conducted a long-distance survey from the Arctic to
Antarctica in the western Pacific and found the maximum concentration
of levoglucosan in the mid-latitudes (30°–60°N), intermediate loading
in the Arctic and the lowest in the Antarctic Ocean and equatorial re-
gions. Overall, authors found that the levoglucosan concentrations in
the Northern Hemisphere (6.5 ng m−3) are slightly higher to those of
the Southern Hemisphere (4.4 ng m−3). This concentration level is
mainly driven by the BB activities in and around the areas. Fu et al.
(2011) analyzed aerosol samples collected over various oceans during a

round-the-world cruise and reported that the lowest levoglucosan
concentrations (0.01 ng m−3) in the northern North Pacific and the
highest (27 ng m−3) in the western North Pacific. The lower con-
centration over the remote oceans might be due to dilution or dry and
wet deposition during the long range transport or by photodegradation
by free radicals such as OH in the atmosphere (Hoffmann et al., 2009).
However, the higher concentrations in the western North Pacific were
significantly influenced by BB outflow in winter/spring from the Asian
continent (Kawamura et al., 2003). Similar results were reported in the
western North Pacific (0.017–15 ng m−3) (Mochida et al., 2010), and
from the Indian Ocean at Hanimaadhoo (1.97–8.62 ng m−3) and Gan
(12.3–25.4 ng m−3) (Stone et al., 2007).

4.5. Arctic, Antarctica, Tibetan Plateau and Himalayas (remote sites)

Although there are limited direct source of levoglucosan in the re-
mote sites, especially in the Polar Regions, the transported pollutants
contribute to high levels of levoglucosan. Previous studies reported that
levoglucosan in the Arctic aerosol was associated with boreal forest
fires and agricultural waste burning from Eastern Europe (Stohl et al.,
2007) and residential/closed burning of wood from Northern America
and Eurasia (Hegg et al., 2009). Warneke et al. (2009), based on the
experiment during 2008 in the Arctic, also found that agricultural
burning in Kazakhstan and southern Russia, and forest fires in southern
Siberia/Lake Baikal areas are the factors to influence the level and haze
events over the Arctic region. Yttri et al. (2014) made a year-long study
in the Arctic during 2008–2009 and concluded that agricultural waste
burning, residential wood combustion and boreal forest fire are main
contributors to elevated levoglucosan in winter (1.02 ng m−3) com-
pared to that in summer (0.13 ng m−3). Similarly, Fu et al. (2009)
identified high levels of levoglucosan (up to 1.076 ng m−3) in Canadian
high Arctic influenced by the long range transport of BB aerosols.

Von Schneidemesser et al. (2009) reported levoglucosan con-
centration (0.32 ng m−3) in PM2.5 over the Summit, Greenland, which
is derived from forest fire in Alaska (northern Canada), and boreal
forests in Siberia, as discussed above. On the other hand, Antarctica –
surrounded by the Southern Ocean, also lacks human settlement.
Therefore, it receives little or no local BB emissions and act as a natural
laboratory to examine the long range transport of pollutants
(Zangrando et al., 2016). Their study reported highest levels of le-
voglucosan in January 13–18, due to the fires in New Zealand. Hara
et al. (2010) claimed the South American BB was the dominant source
of aerosols in Antarctica. Hu et al. (2013) also reported that con-
centration levels of levoglucosan at high latitudes (60°–90°) were dif-
ferent between the Northern (8 ng m−3) and the Southern Hemisphere
(3.9 ng m−3). They considered that northern sites are associated with
big fires in East Siberia and Alaska, whereas southern sites are mainly
contributed by local BB and aerosols are transported from South
America.

Besides the Polar Regions, levoglucosan have been very recently
reported in aerosols over the Tibetan Plateau (TP) and the Himalayas
(Sang et al., 2013; Cong et al., 2015a). Cong et al. (2015a) collected TSP
aerosol samples from the Mount Everest region during 2009–2010 and
found higher levoglucosan during pre-monsoon season, which is most
likely affected by BB (agricultural and forest fires) in northern India and
Nepal. Shen et al. (2015) reported the concentration of levoglucosan to
be 1.87 ng m−3 (average) with maximum in April (4.55 ng m−3) when
BB is very common in South Asia. Therefore, the TP and the Himalayas
are impacted by the long-range transported BB aerosols mostly from
South Asia.

5. Levoglucosan recorded in snow, ice core and sediments

Levoglucosan once emitted into the atmosphere, can travel long
distances over high mountains and polar regions through atmospheric
convection and can be preserved in the snow and ice sheet without
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much degradation (Fig. 1) (Zennaro et al., 2014; Kehrwald et al., 2012).
Using levoglucosan as a specific BB tracer, ice core in high-latitude
polar ice sheets and high-altitude alpine glaciers provided a fingerprint
of fire activity from regional to global scales (Gambaro et al., 2008; You
et al., 2016c; Rubino et al., 2016). Globally, research has been done in
Dome C ice core in Antarctic ice (Gambaro et al., 2008), Col du Dome
ice core in the European Alps (Legrand et al., 2007), NEEM ice core in
Greenland (Zennaro et al., 2014), summit area of central Greenland
(Kehrwald et al., 2012), Ushkovsky ice core in the Kamchatka peninsula
of Northeast Asia (Kawamura et al., 2012), Muztag Ata ice core in
Eastern Pamir Plateau (Yao et al., 2013), Tanggula ice core in the
central TP (Yao et al., 2013), Cuopuguo ice core in southeastern TP
(You et al., 2016c) and many other glaciers in TP (You et al., 2017; You
and Xu, 2018). The maximum concentration of levoglucosan was found
up to 32.9 ng mL−1 at Yala glacier in central Himalayas, triggered by
being close to the strong emission source (You et al., 2016b).

On the other hand, the Arctic and Antarctica are mainly con-
taminated by the long-range atmospheric transport of BB products,
which are in part scavenged by gravitational settling, washout and
photochemical degradation before reaching the polar region, hence
leading the lowest levoglucosan concentration (Antarctica ice core:<
0.03 ng mL−1) (Gambaro et al., 2008; Stohl et al., 2006). The results
from these ice core studies provided historical records of forest fires.
For example, the thrilling fire event during 1995 was revealed by
maximum levoglucosan level in Tanggula ice core in the central TP
(Yao et al., 2013). Similarly, extreme fire events in the last 300 years
were observed during 1972, 1949, 1915, 1883, 1759, and 1705 which
is reflected by the erratic peaks of levoglucosan in the Ushkovsky ice
core over Russian Siberia (Kawamura et al., 2012). Moreover, results
from Greenland NEEM ice core reflect a substantial increase in the le-
voglucosan since the last glacial maximum, ensuing in a maximum at
around 2.5 kyr and then remarkable decrease to the present (Zennaro
et al., 2015).

In contrast to ice core and aerosol studies, levoglucosan in lake
sediments is not well known. However, its importance is being re-
cognized for paleoenvironmental reconstruction to understand the in-
teraction between climate and fire activity (Kirchgeorg et al., 2014).
Levoglucosan entrapped in lake sediment could have the lifetime as
long as 20,000 years (Elias et al., 2001; Hopmans et al., 2013; Kuo
et al., 2011), which is sufficient to study past fire events. In the late
1990s, lacustrine deposits in Carajas (Amazonia, Brazil) has been used
to reconstruct paleoenvironment and ecology which indicated dry
season of Holocene periods with frequent vegetation burning (Turcq
et al., 1998; Sifeddine et al., 1994). Elias et al. (2001) discovered the
fire record for 7000 years in Carajas Amazonia sediment using charcoal
as an indicator which validate the application of levoglucosan as a
molecular marker of BB. The major fire events were obtained during
700, 1200, 5000, and 7000 years ago by using the levoglucosan as a
tracer in the sediment core. Moreover, Lopes dos Santos et al. (2013)
investigated the sediment core from Murray-Darling Basin in Australia
and found high abundance (60–70%) of C4 plants during 58 to 44 kyr.
It was reported remarkably drop down to 30% by 43 kyr with increase
in BB (Lopes dos Santos et al., 2013). The above idea is further
strengthened by Kuo et al. (2008) emphasizing levoglucosan as a noble
qualitative indicator for the presence of char which is solely obtained
from BB.

6. Summary and future recommendations

There are ample studies on BB sources and distribution over the
globe wherein levoglucosan has been reported as a useful tracer for BB
aerosols. The existing scientific evidence and studies suggest that le-
voglucosan is released by the pyrolysis of carbohydrate and starch
present in the cellulose. Levoglucosan has, thus, been an ideal tracer
because of its high emission factor and longer stability in the atmo-
sphere. There have been several recent advantages for the measurement

of levoglucosan in different environmental matrices. However, the
identification and quantification of levoglucosan is still a very chal-
lenging task with ambiguity in its measurement by different analytical
techniques. The commonly used technique consists of GC-MS, HPLC,
HPAEC-PAD as an offline and PILS-HPAEC-MS as an online method. All
of the available methods have advantages and limitations (Table 1). It is
better to choose the instrument depending upon the objective of re-
search and the sample type. The overall result of levoglucosan analyzed
over the world indicate that it was maximum in high BB regions (e.g.,
forest fire, agricultural burning) and lower in marine and Polar Regions
where BB rarely exist. The concentration levels themselves do not give a
clear idea about the type of BB burnt. Therefore, to overcome this
problem, different ratios including L/M and L/OC are further analyzed
to take biomass type into account to some extent. Moreover, levoglu-
cosan stored in ice core and sediments were also studied to investigate
the paleofire records.

Though research in levoglucosan has been conducted extensively
over the last few decades and our understanding has improved, there
are still multiple areas where additional efforts are required to fill re-
search gaps. Following are some of the recommended future possibi-
lities.

a. Levoglucosan is well recognized as a tracer of BB, but the types of BB
sources, e.g., forest fire and agricultural residue burning are not well
differentiated. Therefore, ratios of levoglucosan with various tra-
cers/components (not limited to OC, mannosan and galactosan) are
most essential to give insights into the sources. Moreover, the ratios
(e.g., L/M, L/OC) could change during aging processes which might
create problem in source apportionment. Therefore, change in ratio
with aging should also be taken into consideration.

b. The emission and degradation of levoglucosan depend on several
external factors including pH, RH, temperature and biological ac-
tivity. A proper understanding of kinetic isotopic effect, back-tra-
jectory of the sampled air mass and contribution of major emission
on the way is needed. Furthermore, a more accurate measurement of
decay constant and transport time (i.e. aging) can be used to cal-
culate the original levoglucosan concentration of the emission
source, using controlled (closed system) as well as ambient en-
vironment (open system).

c. Levoglucosan measurements in ice cores and sediments can be used
to reconstruct the paleo-historical records of fire-activity and to
quantify the BB emissions. In addition, paleo-climate records of
vegetation and forest cover can be combined with the paleo-his-
torical records of fire-activity.

d. Snow surface is an active photochemical reactor. The reactivity and
fate of levoglucosan on the snow surface as well as glacier and ice
sheet is poorly understood, although those processes are essential to
appropriately interpret historical records. At the same time, le-
voglucosan can be consumed by microbes available in the snow and
sediment. Therefore, the interaction between microorganisms and
levoglucosan needs to be investigated in future.

e. Currently most of the methods of levoglucosan measurement are
filter based. Therefore, highly efficient measurement methods (e.g.
online and in-situ) with low cost for quantification of levoglucosan
in various environmental matrices should be designed, developed
and used.
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