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ABSTRACT: Levoglucosan has been widely used to quantita-
tively assess biomass burning’s contribution to ambient aerosols,
but previous such assessments have not accounted for
levoglucosan’s degradation in the atmosphere. We develop the
first global simulation of atmospheric levoglucosan, explicitly
accounting for its chemical degradation, to evaluate the impacts on
levoglucosan’s use in quantitative aerosol source apportionment.
Levoglucosan is emitted into the atmosphere from the burning of
plant matter in open fires (1.7 Tg yr−1) and as biofuels (2.1 Tg
yr−1). Sinks of atmospheric levoglucosan include aqueous-phase
oxidation (2.9 Tg yr−1), heterogeneous oxidation (0.16 Tg yr−1),
gas-phase oxidation (1.4 × 10−4 Tg yr−1), and dry and wet
deposition (0.27 and 0.43 Tg yr −1). The global atmospheric
burden of levoglucosan is 19 Gg with a lifetime of 1.8 days.
Observations show a sharp decline in levoglucosan’s concentrations and its relative abundance to organic carbon aerosol (OC) and
particulate K+ from near-source to remote sites. We show that such features can only be reproduced when levoglucosan’s chemical
degradation is included in the model. Using model results, we develop statistical parametrizations to account for the atmospheric
degradation in levoglucosan measurements, improving their use for quantitative aerosol source apportionment.

KEYWORDS: levoglucosan, biomass burning, atmospheric degradation, aqueous-phase oxidation, heterogeneous reaction,
source apportionment

1. INTRODUCTION

Levoglucosan (1,6-anhydro-β-D-glucopyranose), a water-solu-
ble anhydrosugar produced by the thermal breakdown of
cellulose, has been widely used as a molecular tracer for
biomass burning.1,2 Biomass burning, defined here as the
burning of plant matter in open fires and as biofuels, is a large
source of aerosols in the troposphere, affecting air quality and
climate on regional and global scales.3−5 It is thus vital to
quantify the contributions of biomass burning to ambient
aerosols, to understand its impacts and inform emission
reduction efforts. Many studies have used the measured
abundance of levoglucosan relative to organic carbon aerosols
(OC) to estimate the contribution of biomass burning to the
ambient OC at a receptor site (eq 1):

= ×

[ ]
[ ]( )

contribution of biomass burning to OC(%)
ER

100%

L
OC ambient

levoglucosan,OC

(1)

where ([L]/[OC])ambient is the abundance of levoglucosan
relative to OC measured in an ambient air mass. ERlevoglucosan,OC

is the emission ratio of the two constituents from the biomass
burning source.6−9 For example, using eq 1 the annual mean
contribution of biomass burning to ambient OC was estimated
to be 33% in Guangdong, China, reflecting the local use of
crop residues as a residential energy source.7

The use of eq 1 assumes that, during the transport of the
sampled air mass from the biomass burning area to the
receptor site, the concentration ratio of levoglucosan to OC
associated with that biomass burning source is equal to
ERlevoglucosan,OC of that source and does not change. However,
there are few reported values of ERlevoglucosan,OC, and they vary
greatly by fuel types and combustion conditions.6−9 Also,
gaseous precursors emitted from the biomass burning source
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may produce secondary OC during transport.10 Most
importantly, laboratory experiments and field measurements
have shown that atmospheric levoglucosan is chemically
reactive,1,11−17 resulting in its faster removal from the
atmosphere relative to OC.15,18 Previous studies have not
considered the chemical degradation of levoglucosan when
using eq 1 for aerosol source apportionment and likely
underestimated the contributions of biomass burning at
receptor sites.
Laboratory experiments showed that levoglucosan can be

oxidized in the gas16 and aqueous phases1,11,17 or be
heterogeneously oxidized on aerosol surfaces.12−14,19,20 Sig-
nificant degradation of atmospheric levoglucosan has also been
observed in the field.15,18,21 Levoglucosan is semivolatile; after
its pyrogenic production, it mostly condenses onto fine
particles with only 6−20% in the gas phase.1,22 The
atmospheric lifetime of levoglucosan against gas-phase
oxidation (defined as the burden of levoglucosan divided by
the loss rate due to gas-phase oxidation) is estimated to be 26
days under typical atmospheric OH levels ([OH]g = 2.0 × 106

molecules cm−3).16 In comparison, the aqueous-phase and
heterogeneous removal of levoglucosan from the atmosphere
are likely much faster. The measured residence time of
levoglucosan in an aqueous solution with [OH]aq = 3 × 10−13

M (high-end of typical in-cloud concentrations)23,24 is 6−23
min,11 which extrapolates to an atmospheric lifetime of
levoglucosan against aqueous oxidation of 0.5−4 days.11 The
estimated atmospheric lifetimes of particulate levoglucosan
against heterogeneous oxidation are 5.8 min by O3-oxidation,

13

112 min by NO3-oxidation,
13 30 min by N2O5,

13 and 0.7 to 53
days by OH,12,14,19,20,25,26 under polluted conditions. A recent
box model simulation estimated the levoglucosan’s atmos-
pheric lifetimes against gas-phase and heterogeneous removal
to range between 8 h and 10 days.27 These estimated
atmospheric lifetimes of levoglucosan against chemical removal
are comparable to the lifetimes of fine, soluble particulates
against dry and wet deposition.1 Therefore, chemical
degradation must be considered when interpreting the
atmospheric concentrations of levoglucosan.
Here, we construct the first global simulation of atmospheric

levoglucosan, accounting for its emissions from biomass
burning, its chemical removal, and dry and wet deposition.
We compare simulation results against global observations to
assess the impacts of chemical degradation on the observed
concentrations of levoglucosan and its relative abundances to
OC and particulate K+ (both emitted in large amounts from
biomass burning) at near-source and remote sites. Particulate
K+ is not known to chemically degrade in the atmosphere;
therefore, the concentration ratios of levoglucosan to
particulate K+ highlight the effects of levoglucosan’s degrada-
tion. Finally, we use model results to statistically correct for the
atmospheric degradation of levoglucosan in eq 1, improving
the quantitative assessment of biomass burning’s contribution
to ambient OC.

2. MODEL AND DATA
2.1. GEOS-Chem Model. We modify the GEOS-Chem

global 3-D chemical transport model (v12.3.0, http://geos-
chem.org)28 to simulate levoglucosan, OC, K+ in fine
particulate matter (PM2.5) and gas-phase levoglucosan for the
year 2013, to evaluate the impacts of levoglucosan’s
degradation. Our GEOS-Chem simulation is driven by the
GEOS-FP assimilated meteorological data set (https://gmao.

gsfc.nasa.gov/GMAO_products/) at 5° longitude ×4° latitude
resolution with 72 vertical layers. GEOS-Chem includes a
comprehensive tropospheric HOx-NOx-VOC-ozone-halogen-
aerosol chemical mechanism.29−31 Aerosols in the standard
GEOS-Chem include dust, sea salt, elemental carbon aerosol,
primary OC, sulfate, nitrate, ammonium, and secondary
organic aerosol (SOA).32−35 Freshly emitted OC is assumed
to be 50% hydrophobic and 50% hydrophilic, with a
conversion time scale from hydrophobic to hydrophilic of
1.2 days.32 SOA is produced at irreversible yields from
anthropogenic, biomass burning, and biogenic precursors.35

Dry deposition of aerosols and gases are simulated by a
resistance-in-series scheme.36,37 Wet deposition of aerosols and
gases include rain−out and wash-out;38,39 the wash-out
efficiency for hydrophilic fine particles is assumed to be unity.
Global monthly anthropogenic emissions for OC (except

from biofuel burning) and other pollutants are from the
Community Emissions Data System40 (CEDS) but superseded
by improved inventories in regions where better information is
available (Supporting Information (SI) Text S1). Further
details of the GEOS-Chem model and the emission inventories
for other pollutants are given in SI Text S1. We spin-up the
model throughout the year 2013 and use the result to restart
the simulation on January 1, 2013.

2.2. Emissions of Levoglucosan, OC, and Particulate
K+ from Biomass Burning. Biomass burning is the dominant
source of levoglucosan and a major source of OC and K+ in the
atmosphere.1,2,5,41,42 Recent studies showed that there are
anthropogenic, non-biomass burning emissions (e.g., municipal
waste incineration) of levoglucosan, but those emissions are
minor and likely still related to the pyrolysis of cellulose.42,43

We use monthly estimates of dry vegetative mass burned in
open fires from the Global Fire Emissions Database4

(GFEDv4.1s) inventory4 for the year 2013. GFED v4.1s
estimate burned dry biomass base on the Carnegie-Ames-
Standard Approach biogeochemistry model44 and the land
cover and burned area products from MODIS. Burned areas
associated with small fires (e.g., crop residue burning) are
statistically estimated using MODIS observations.4,45 The
estimated global dry biomass burned in open fires is 3638 Tg
for the year 2013, mostly of savanna and grassland (59%) and
forest (23%) burning.
For OC emissions from solid biofuel burning in the year

2013, we use the monthly emission estimates from CEDS40

over most of the world, superseded by the annual emission
estimates from the Diffuse and Inefficient Combustion
Emissions in Africa inventory (DICE-Africa)46 over Africa.
CEDS estimates OC emissions from solid biofuel use in three
sectors: (1) energy generation, (2) industrial combustion and
processes, and (3) residential, commercial, and other sources.
Activity rates and emission factors for energy generation and
industries are from the Speciated Pollutant Emission Wizard
data set.47 Activity rates for residential, commercial, and other
sources are estimated by country and fuel type.40 DICE-
Africa46 estimates OC emissions from the use of four solid
biofuels (household fuelwood, commercial fuelwood, crop
residue, and charcoal), as well as OC emissions from charcoal
production. Activity rates are from country-level energy
statistics.48 The emission factors for OC in DICE-Africa are
fuel-specific and vary by combustion efficiency (flaming or
smoldering). Overall, the estimated global annual OC emission
from biofuel use for 2013 is 9.2 Tg C, 82% of which is from
residential and commercial activities.
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To estimate the biomass burning emissions of levoglucosan,
OC, and K+, we apply fuel-specific emission factors to the dry
biomass burned in open fires and scale the OC emissions from
biofuel use. We further assume that freshly emitted
levoglucosan is 90% in the particle phase and 10% in the gas
phase.22 Table 1 summarizes the emission factors and emission
ratios used in this study. For particulate OC and K+, we use the
mean fuel-specific open-fire emission factors compiled by
Andreae,5 or we moderately vary the emission factors within
the reported standard deviations, such that the simulated OC
and K+ concentrations agree with near-source observations.
For levoglucosan, we experiment within the range of emission
factors reported in the literature,5,43,49−59 to optimize the
agreement between observed and simulated particulate
levoglucosan concentrations at near-source sites. Similarly,
we optimize the emission ratios of levoglucosan to OC
(ERlevoglucosan,OC) and K+ to OC (ERK

+
, OC) to estimate

levoglucosan and K+ emissions from biofuel, charcoal use,
and charcoal production, respectively. Our optimization of
levoglucosan’s emission ratios from biofuel use compensate for
the lack of explicit anthropogenic, nonbiomass-burning
sources, which are in any case minor.42,43

Our model also includes particulate K+ emissions as parts of
fine dust and fine sea salt. Natural dust emissions in four size
bins are from an offline inventory;60 100% of the first bin (0.1
to 1 μm radii) and 38% of the second bin (1−1.8 μm radii) are
regarded as fine natural dust.33,61 Fine anthropogenic dust
emissions are from the Anthropogenic Fugitive, Combustion
and Industrial Dust inventory.62 We assume that particulate K+

was 0.2% of the total fine dust mass.63,64 Sea salt emissions in
the accumulated size range (0.1−0.5 μm radii) are from Jaegle ́
et al.;34 we assume 1% of that mass to be K+.64,65

2.3. Atmospheric Processes of Levoglucosan.
2.3.1. The Gas/Particle Partitioning and Gas-Phase Oxida-
tion of Levoglucosan. We partition levoglucosan between the
gas and particulate phases using an equilibrium partitioning
coefficient KOM (m3 μg−1):22,66

=
[ ]

[ ] [ ]
K

L

L MOM
p

g 0 (2)

where [L]p (ng m
−3) and [L]g (ng m

−3) are the particulate and
gaseous levoglucosan concentrations, respectively. [M0] (μg
m−3) is the concentration of the total particulate organic
matter (OM), onto which levoglucosan condenses. The KOM

for levoglucosan is calculated from a simple absorptive
partitioning theory:22,66

ξ
=K

RT
P10 MOM 6

OM OM
vap

(3)

where R (m3 atm K−1 mol−1) is the ideal gas constant; T (K) is
the air temperature; MOM (200 g mol−1) is the mean molecular
weight of the OM substrate;22,67 ζOM = 1 is the activity

coefficient of OM.22 = −
Δ( )( )P P exp

H

T
vap

0
vap

R
1

298.15
1vap (atm)

is the temperature-dependent saturation vapor pressure of pure
levoglucosan, with P0

vap = 2.38 × 10−10 atm and ΔHvap = 84.0 kJ
mol−1.22,68,69

Gaseous levoglucosan can be oxidized by atmospheric OH
radical.1,16 The second-order temperature-dependent reaction
rate kg (unit: cm

3 molecule−1 s−1) is16

= ± × − i
k
jjj

y
{
zzzk T T

T
( ) (1.3 2.1) 10 exp

735.7
g

23 3.71

(4)

2.3.2. Aqueous-Phase Oxidation of Levoglucosan. Partic-
ulate levoglucosan can be scavenged by cloud and rain, or it
can dissolve in aqueous aerosols, which then activate into
cloud droplets. Once in the aqueous phase, levoglucosan can
be oxidized by OH and NO3 radicals.

11,17 To the best of our
knowledge, the aqueous removal of levoglucosan has thus far
only been measured in bulk, dilute solutions.11,17 A previous
box model calculation using these measured aqueous reaction
rates showed the lifetime of levoglucosan against aqueous
oxidation in wet aerosols to be significantly longer than that in
cloudwater, even at 90% relative humidity.11 As such, in our
model we only account for the aqueous oxidations of
levoglucosan in clouds. The removal of levoglucosan by
aqueous reactions is thus sensitive to the temperature and
cloud liquid water content11 in the atmosphere, as well as the
aqueous oxidant concentrations. We use the bimolecular rate
constants from Hoffmann et al.11 to calculate the aqueous-
phase oxidation rates of levoglucosan by OH (rOH, in units of
M s−1) and NO3 (rNO3

, in units of M s−1), respectively:

= [ ] ·[ ] · ± × −i
k
jjj

y
{
zzzr

T
(T) L OH (8.7 0.4) 10 exp

1083
OH aq aq

10

(5)

Table 1. Summary of Emission Factors and Emission Ratios from Biomass Burning Used in This Studya

emission factors (g per kg dry matter) emission ratios (g g−1)

types of biomass levoglucosan K+ OC ERlevoglucosan,OC ERK
+
,OC

savanna and grassland 0.20b (0.020−0.41) 0.42 (0.12−0.68) 3.0 (0.7−6.1) f f

tropical forest 0.52c (0.20−1.17) 0.34 (0.05−0.60) 4.4 (1.5−6.1) f f

temperate forest 1.33 (0.07−2.75) 0.17 (0.07−0.41) 10.9 (1.8−27.2) f f

boreal forest 1.87d (0.30−2.50) 0.17 (0.07−0.41) 8.2 (3.3−8.2) f f

agricultural residues 0.82 (0.007−1.84) 0.51 (0.13−1.47) 4.9 (1.0−13.0) f f

peat fires 1.42e (0.04−4.60) 0.004 14.2 (12.4−16.0) f f

biofuel use f f g 0.225 0.042
charcoal making f f g 0.075 0
charcoal burning f f g 0.359 0.34

aAll values were taken from Andreae5 unless otherwise indicated. Values inside parentheses indicate the ranges reported in the literature.43,49,53−59
bFrom a high-end value reported for Australian savannah Wang et al.49 cFrom a high-end value reported for Amazonian forest Graham et al.50
dFrom a high-end value reported for Canadian boreal forest Landis et al.51 eFrom a high-end value reported for peatland Jayarathne et al.52 fNot
used to derive emissions. gEmissions as given by CEDS and DICE-Africa.
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= [ ] ·[ ] · ± × −i
k
jjj

y
{
zzzr

T
(T) L NO (2.3 0.1) 10 exp

2141
NO aq 3 aq

10
3

(6)

[L]aq, [OH]aq, and [NO3]aq are the in-cloud concentrations of
levoglucosan, OH, and NO3, respectively. We ignore the
aqueous oxidation of levoglucosan by sulfate ion, as that
reaction is 2 orders of magnitude slower than the aqueous
oxidation by OH.11

We calculate the in-cloud concentrations of levoglucosan
([L]aq) by assuming its scavenging efficiency by cloud (Fc). For
hydrophilic particles, Fc range from near-zero for particles
smaller than 0.3 μm to unity for particles larger than 1 μm.70

We assume a constant Fc of 0.65 based on the typical
observation that 80% of levoglucosan mass is in particles
between 0.4 and 1 μm in size.71,72 Cloud liquid water content
in the cloudy fraction of the model grid is from GEOS-FP. The
calculated in-cloud concentration of levoglucosan is always
much lower than its solubility (8.23 M at 20 °C).73

The in-cloud concentration of NO3 radical is calculated by
the partial pressure of gaseous NO3 (PNO3

) and its Henry’s law

constant (KNO3
= 1.8·exp[2000·(1/T − 1/298.15)], unit: M

atm−1)74 using eq 7. The in-cloud concentration of OH radical
is calculated by eq 8 using the simulated gaseous OH
concentration (COH,g, molecules cm−3) and a simple partition
coefficient δ = 1 × 10−19 M cm3 molecule−1.75 The simulated
in-cloud OH concentration range from 10−17 to 10−13 M, in
the lower range of the simulated values from a cloud chemistry
model.76 For remote clouds, our simulated mean in-cloud OH
concentration is 10−16 M (range from 10−17 to 10−15 M),
consistent with observed remote cloud ranges.23

[ ] = KNO P3 aq NO NO3 3 (7)

δ[ ] = ·OH Caq OH,g (8)

The cloud-scavenged levoglucosan mass not removed by
aqueous oxidation is returned to the particulate phase upon
cloud evaporation.
2.3.3. Heterogeneous Oxidation of Levoglucosan. Partic-

ulate levoglucosan can also be heterogeneously oxidized by
gaseous oxidants, such as O3, OH radical, NO3 radical, and
N2O5.

13 The heterogeneous oxidation of levoglucosan by a
gaseous oxidant, x, is represented as a pseudo-first-order
reaction,77 where the rate constant kx (s

−1) is77

ω γ=k A
1
4x x x (9)

where γx is the effective uptake coefficient of the oxidant x. For
O3, NO3, and N2O5, we use γx values of 1.3(1.0−2.5) × 10−5,
1.29(0.35−2.33) × 10−3, and 3.7(1.0−6.4) × 10−5, respec-
tively, as these are the only ones available in the literature.13

For OH, we use γx = 0.91, a middle-of-the-range value from the
literature (0.08−27).12,14,19,20,25,26 A is the surface area density
of particulate levoglucosan (unit: m2 m−3), calculated by
assuming a typical diameter of 8 × 10−7 m and a density of
1 6 8 8 k g m − 3 f o r l e v o g l u c o s a n p a r t i c l e s .

ω = × ×T MW1.455 10 / 10x x
2 3 (unit: m s−1) is the mean

molecular velocity of x, calculated as a function of temperature
and the molecular weight (MWx, kg mol−1) of the oxidant x.
2.4. Observation Data of Particulate Levoglucosan,

OC, and K+. SI Table S1 summarizes the published
levoglucosan measurements at 56 global sites (24 urban sites,

13 rural sites, 5 forest sites, 8 marine sites, and 6 polar sites). SI
Table S1 is largely based on a literature compilation by
Bhattarai et al.,41 to which we supplement with additional
measurements.21,78−80 We also compile concurrent measure-
ments of OC and K+ at 38 and 26 sites, respectively (SI Table
S1). The particles sampled in each measurement vary among
PM2.5, PM10, and total suspended particles (TSP). However,
because 90% of the airborne particulate levoglucosan mass is in
PM2.5,

81−84 it is reasonable to combine these measurements for
comparison with our model results. Many measurements in SI
Table S1 sampled only during the local open-burning season,
so they tended to show intense biomass burning influence. To
address this issue, we sample our model results at each site
during the month of the measurement when making one-on-
one comparison between the measurements and the model
results.

3. RESULT AND DISCUSSION

3.1. Global Emission of Levoglucosan. The global
annual total levoglucosan emission is 3.8 Tg yr−1, including 2.1
Tg yr−1 from biofuel use and 1.7 Tg yr−1 from open fires.
Biofuel emissions (Figure 1a) are highest over Eastern China,
South Asia, and the densely populated areas of Africa,
reflecting the residential uses of biofuels. Biofuel emissions
are relatively high over Eastern Europe, Northeastern U.S., and
Eastern South America, reflecting the use of firewood use in

Figure 1. Annual emissions of levoglucosan (a) from total biomass
burning sources, (b) from burning of plant-based solid biofuel, and
(c) from burning of vegetative matter in open fires. The global annual
emissions are shown inset.
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residential wood stoves. Open-fire emissions of levoglucosan
(Figure 1b) are highest over the boreal forests of North
America and Siberia, reflecting the forest fires and the high
emission factors of levoglucosan from hardwoods. Open fires
over the savanna and tropical forests in central Africa, as well as
the open-burning of agricultural residues over Southeast Asia

also emit large amounts of levoglucosan. Overall, the global
levoglucosan emissions reflect the regional differences in the
types and amounts of biomass burned (Figure 1c). A recent
bottom-up estimate for Chinese levoglucosan emission (from
biomass burning and nonbiomass burning sources) was 146
Gg for the year 2014.42 We estimate a higher Chinese

Figure 2. Simulated (filled contours) annual mean particulate levoglucosan concentrations (a) with and (b) without atmospheric degradation,
compared to the observations (symbols coded by site types). Symbols with blue outlines show annual mean observations; symbols with black
outlines show seasonal observations, which may be biased toward intense biomass burning influence

Figure 3. Comparisons of observed (black) and simulated values of (a) particulate levoglucosan concentrations, (b) particulate levoglucosan to OC
concentration ratios, and (c) particulate levoglucosan to K+ concentration ratios at global surface sites. Red and blue lines indicate simulations with
and without atmospheric degradation of levoglucosan, respectively.
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levoglucosan emission of 285 Gg for the year 2013, due to our
adoption of higher emission factors/ratios, based on optimized
simulation of near-source concentrations (Section 2.2).
3.2. Comparison of Observed and Simulated Con-

centrations of Particulate Levoglucosan and Its Rela-
tive Abundance to OC and K+. Figure 2a shows the
observed annual or seasonal particulate levoglucosan concen-
trations at global surface sites, which vary over 7 orders of
magnitude (10−2 to 104 ng m−3) with large regional
differences. Observed particulate levoglucosan concentrations
generally exceed 10 ng m−3 over populated areas and forested
lands. The highest particulate levoglucosan concentration of
9220 ng m−3 was measured in Siberia during June-July 2012
due to a forest fire near the measurement site.85 Observed
levoglucosan concentrations are generally higher in winter than
in summer at urban sites and higher in the dry season than in
the wet season.41 Outside of the populated and fire-prone
areas, the observed levoglucosan concentrations decline
sharply and are typically less than 10 ng m−3 over marine
and polar areas.86−88 The lowest levoglucosan concentration
reported (0.04 ng m−3) was at Fraglione Camp, Antarctica.
Figure 2a also shows the annual mean particulate

levoglucosan concentrations simulated by GEOS-Chem when
atmospheric degradation processes are included. Similar to the
observations, the model shows a wide range in particulate
levoglucosan concentrations and a sharp decline away from the
sources. The highest simulated annual mean levoglucosan
concentrations are over the Siberian forest (400−1500 ng
m−3). The simulated levoglucosan concentrations generally
exceed 500 ng m−3 over East Asia, South and Southeast Asia,
central Africa, Eastern Europe, and the Canadian forests,
reflecting the emissions from open fires or biofuel use. Over
the oceans and the polar regions, the simulated concentrations
are typically below 1 ng m−3, with the exception of two marine
sites in the Indian Ocean and in the Northwestern Pacific,
which respectively experience continental influences from
South Asia and Eastern China.86 Simulated gas-phase
levoglucosan concentrations show spatial distributions similar
to particulate levoglucosan but are 2 to 3 orders of magnitude
lower (10 to 10−4 ng m−3, SI Figure S1). The simulated gas/
particle partitioning ratios of levoglucosan in the surface air are
between near-zero to 7%, consistent with constraints from the
limited observations in the literature.22

Figure 3a more clearly demonstrate the sharp decline in
particulate levoglucosan concentrations from near-source to
remote sites, both in the observations and in our simulation
with atmospheric degradation. Here the model is sampled at
the locations and the months of measurements. The observed
particulate levoglucosan concentrations are between 100 and
9000 ng m−3 in urban, rural, and forested sites but decrease to
0.04−27 ng m−3 at marine and polar sites. The model with
atmospheric degradation generally reproduces the observed
particulate levoglucosan concentration but has a slight low bias
at near-source sites. The most significant low biases are at two
urban sites (Bakersfield in California, U.S.; Geeveston in
Tasmania, Australia) and two rural sites (Grove in Tasmania,
Australia; Manjimup, Australia). These biases may be due to
missing accounts of residential wood fuel use or prescribed
forest burnings near the urban boundary, especially in
Australia.89 Over marine and polar areas, the model reproduces
the observed low levoglucosan concentrations, except that the
simulated concentrations are too low at two Antarctic sites.

The measurements taken at these two sites were affected by
biomass burning emissions from South America.87

If atmospheric degradation were not included in the model,
the model would fail to reproduce the observed sharp
concentration decline from near-source to remote sites
(Figures 2b, 3a, and S2). Without atmospheric degradation,
the simulated concentrations are still similar to the observed
values at urban, rural, and forested sites. However, at marine
and polar sites, the simulated concentrations would increase by
1-2 orders of magnitude when atmospheric degradation is
turned off and thus much higher than the observed
concentrations. As previously mentioned, we tune the
levoglucosan emission factors to optimize agreement with
observations at near-source sites (Section 2.2). However, that
tuning would not affect the simulated concentration gradient.
Figure S3 shows the ratios of simulated particulate
levoglucosan concentrations with and without atmospheric
degradation ([L]/[LNOCHEM]). Degradation begins to take
place near the sources. By the time levoglucosan particles are
transported to the marine atmosphere, more than 50% have
been removed. The degradation of levoglucosan is faster in
summer than in winter (Figure S3). We also conduct
sensitivity simulations using high-end values for the rates of
aqueous and heterogeneous removal of levoglucosan and find
that faster removal rates would lead to overestimation of the
levoglucosan concentration gradient between near-source and
remote sites (Text S2).
We further examine the impacts of levoglucosan’s degrada-

tion on the particulate levoglucosan to OC concentration ratio
([L]/[OC], Figure 3b) and the particulate levoglucosan to K+

concentration ratio ([L]/[K+], Figure 3c). Without atmos-
pheric degradation of levoglucosan, the removal of levogluco-
san, OC, and K+ in PM2.5 would be mostly by the same
processes (dry and wet deposition) and would occur at nearly
the same rates (exceptions involve hydrophobic OC and
semivolatile OC). As such, without levoglucosan degradation,
the simulated [L]/[OC] and [L]/[K+] are both relatively
stable from near-source to remote sites. However, observations
clearly show decreases of both [L]/[OC] and [L]/[K+] from
near-source to remote sites, corroborating the significant
chemical degradation of levoglucosan in our simulation.
Marine emissions of OC (not included in model), secondary
production of OC (included in model), and larger marine
emission of K+ could increase the relative abundance of OC
and K+ at marine and polar sites.21 However, it is unlikely that
these factors alone could lead to the observed orders-of-
magnitude decrease of [L]/[OC] and [L]/[K+] from near-
source to remote sites.

3.3. Impacts on Atmospheric Degradation the Global
Budget of Levoglucosan. We compare the simulated global
budget of atmospheric levoglucosan, with and without
levoglucosan’s atmospheric degradation (Table 2). If there
were no atmospheric degradation of levoglucosan, the global
emission of levoglucosan (3.8 Tg yr−1) would be balanced
mainly by wet deposition (3.1 Tg yr−1) and to a smaller extent
by dry deposition (0.7 Tg yr−1). This balance would have led
to a global burden of levoglucosan of 76 Gg and a mean
lifetime of 7.3 days. With atmospheric degradation, chemical
loss (3.1 Tg yr−1) becomes the dominant sink of levoglucosan,
mainly via aqueous oxidation by OH (2.6 Tg yr−1) and NO3
(0.35 Tg yr−1). Heterogeneous oxidation (0.16 Tg yr−1), gas-
phase oxidation by OH (1.4 × 10−4 Tg yr−1), and wet (0.43 Tg
yr−1) and dry (0.27 Tg yr−1) depositions are relatively minor
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sinks. The global burden of atmospheric levoglucosan is 19 Gg.
The atmospheric lifetime of levoglucosan (burden divided by
total removal rate) is 1.8 days.

4. USE OF LEVOGLUCOSAN TO QUANTIFY BIOMASS
BURNING CONTRIBUTION TO OC
4.1. Correction for Atmospheric Degradation of

Particulate Levoglucosan. As discussed above, previous
application of eq 1 did not account for levoglucosan’s
degradation and likely underestimated biomass burning’s
contribution to ambient OC. To correct such underestimation,
we define a correction factor, x, representing the freshness of
particulate levoglucosan at a receptor site:

= [ ] [ ]x L / LNOCHEM (10)

where [L] is the particulate levoglucosan concentration at the
receptor site. [LNOCHEM] is the particulate levoglucosan
concentration that would be at the receptor site, if there
were no degradation. Eq 1 can thus be modified to account for
the degradation of measured levoglucosan:

= ×

[ ]
[ ]( )

contribution of biomass burning to OC(%)
ER

100%
x
1 L

OC ambient

levoglucosan,OC

(11)

The value of x, which vary from 1 for air masses with fresh
biomass burning emissions to 0 for extremely aged air masses,
can be parametrized using our model results. Aqueous
oxidation is the dominant sink for levoglucosan (Section
3.3). Thus, a logical choice would be to parametrize x as a
function of the simulated molar ratio between SO2 and the
sum of SO2 and sulfate in the sampled air mass, [SO2]/([SO2]
+ [SO4

2−]), because sulfate is largely produced by the aqueous
oxidation of SO2. However, because SO2 (mostly emitted from
coal-burning) is not coemitted with levoglucosan, x is not
highly correlated with [SO2]/([SO2]+[SO4

2−]) on a global
scale (SI Figure S4a).

We next parametrize x as a function of the simulated molar
ratio of NOx (≡NO + NO2) to NOy (≡NOx + HNO2 + HNO3
+ HNO4 + peroxyacetyl nitrate + peroxymethacroyl nitrate),
which is a widely used indicator for atmospheric aging.90 We
find a relatively good linear fit (R = 0.78, SI Figure S5a):

= ·
[ ]
[ ]

−x 0.94
NO
NO

0.09x

y (12)

However, atmospheric NOx has many sources; only 20% of
NOx is emitted from biomass burning on a global scale.91 In
the remote marine atmosphere, NOx is more likely from
lightning.92 As such, over the oceans, the ([NOx]/[NOy]) ratio
does not reflect the aging of an air mass during its transport
from a biomass burning or continental source.
Finally, we parametrize x using another biomass burning

tracer, K+. Here we also find some interference with the use of
total K+, because dust and sea salt are also important regional
sources of K+ (SI Figure S4b). However, if we use only the
concentrations of K+ emitted from biomass burning ([K+

BB]),
x can be well-fitted as a function of the ratio of [L]/ [K+

BB] (R
= 0.84, SI Figure S5b). This relationship reflect the aging of an
air mass during its transport from a biomass burning source:

= · [ ]
[ ]

++x 0.18
L

K
0.08

BB (13)

4.2. Application to Particulate Levoglucosan Meas-
urements at Lin’an, China and Chichijima, Japan. We
apply our parametrizations to the particulate levoglucosan
measurements in Lin’an, China (a rural site in central eastern
China)80 and Chichijima, Japan (an island site in the North
Pacific),93−95 to demonstrate the improved use of levoglucosan
measurements for aerosol source apportionment. Intensive
wheat straw burning is known to be a major source of aerosols
over central eastern China in June,96 yet Liang et al.80 found
that levoglucosan concentrations were not elevated at Lin’an in
June 2015. They inferred that the site was not significantly
affected by biomass burning in June 2015. We contend here
that the levogluocsan in their sampled air may have
significantly degraded. We raise these clues: (1) the
levoglucosan measured at this site was significantly correlated
with OC (R2 between 0.52 and 0.71) and nonsea-salt K+ (R2

between 0.49 and 0.66) and not correlated with elemental
carbon in all seasons, indicating significant contributions of
biomass burning to the local OC and nonsea-salt K+ year-
round. (2) The measured levoglucosan to OC concentration
ratios ([L]/[OC]) in summer was 0.0028, 1−2 orders of
magnitude smaller than the emission ratios (ERlevoglucosan,OC
between 0.05 and 0.12) for Asian crop residue reported from
burning chambers.97 (3) The measured levoglucosan to OC
concentration ratio was lowest in summer and highest in
winter, potentially reflecting more efficient aqueous oxidation
of levoglucosan in summer. Using eq 1 and ignoring
levoglucosan’s degradation, one would estimate a 2.3−5.6%
contribution of biomass burning to local OC. However, by
applying eqs 11 and 13 to correct for levoglucosan’s
degradation, we estimate a 14−33% contribution of biomass
burning to the local OC, more consistent with the observed
high correlation between levoglucosan and OC.
At Chichijima, Japan, Mochida et al.21 proposed that the

observed low particulate levoglucosan concentrations in aged
Asian outflows in summer were due to the levoglucosan’s
degradation during transport. Our sensitivity simulations

Table 2. Global Sources, Sinks, Burden, and Lifetime of
Levoglucosan

with atmospheric
degradation

without
atmospheric
degradation

burden [Gg] 19 76
lifetime [day] 1.8 7.3
emission [Tg yr −1] 3.8 3.8

open fire burning of vegetative
matter [Tg yr −1]

1.7 1.7

biofuel use [Tg yr −1] 2.1 2.1
sink: aqueous-phase oxidation
[Tg yr−1]

2.9

OH 2.6
NO3 0.35

sink: heterogeneous oxidation [Tg
yr−1]

0.16

O3 0.15
OH 0.012
NO3 4.5 × 10−4

N2O5 6.2 × 10−5

sink: gas-phase oxidation by OH
[Tg yr−1]

1.4 × 10−4

sink: dry deposition [Tg yr −1] 0.27 0.74
sink: wet deposition [Tg yr −1] 0.43 3.1
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support their point of view. Our model reproduces the
observed particulate levoglucosan concentrations (0.03−1.43
ng m−3), as well as the observed [L]/[OC] (0.05−0.6) and
[L]/[nonsea-salt K+] (0.01−0.09) ratios at Chichijima in
summer 200893 when levoglucosan’s degradation is consid-
ered. The model would overestimate these values by 2−3
orders of magnitude, if levoglucosan’s degradation were not
included. Using eq 1 and ignoring atmospheric degradation,
one would infer that biomass burning only contributes 0.3−
0.8% of the summertime ambient OC at Chichijima. However,
using eqs 11−13 to correct for levoglucosan’s degradation, we
estimate that biomass burning contributed 3.4−8.3% of the
summertime ambient OC at Chichijima.

5. DISCUSSION
Our comparison of observed and simulated levoglucosan
concentrations at global sites corroborate the significant
atmospheric degradation of levoglucosan. Such significant
degradation should be considered when using levoglucosan to
quantify the contribution of biomass burning to ambient
aerosols. We achieve this by empirically representing the
freshness of the levoglucosan at a receptor site using either the
observed [NOx]/[NOy] ratio (eq 12) or the observed [L]/
[K+

BB] ratio (eq 13). At sites where K+ was dominated by
biomass burning, eq 13 would be a better choice. For general
quantification of atmospheric aging, eq 12 can be used. Further
studies are needed to better constrain the degradation rates of
levoglucosan in the atmosphere to improve the use of
levoglucosan as a quantitative pyrogenic tracer for studies of
air quality and climate.
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