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A B S T R A C T

Levoglucosan has been extensively used as a molecular marker of biomass burning in source-apportionment studies
over the last few decades. However, recent studies suggest that the atmospheric lifetime of levoglucosan may be in
the order of only 1–2 days under summertime conditions relevant to prescribed/wildfires. Implications of le-
voglucosan reactivity to wintertime conditions, however, remain uncertain despite significant contributions of
domestic wood combustion to wintertime air quality. This study presents smog chamber experiments to investigate
levoglucosan decay during photo-oxidation of wood smoke over a temperature range between −8 and 10 °C.

Significant decay in particle wall-loss corrected levoglucosan is only observed around 10 °C in these ex-
periments. Theoretical analysis shows that the apparent chemical lifetime of levoglucosan increases at lower
temperatures as well as at higher organic aerosol mass concentrations as a result of smaller vapor fractions. The
chemical lifetime of a molecular marker is commonly interpreted by a relationship between relative decay in
particle wall-loss corrected marker concentrations versus integrated OH exposure. However, this relationship
strongly depends on vapor wall-loss rates in addition to temperature, organic aerosol concentrations, and OH
concentrations. Therefore, inferred lifetimes from a small set of experiments from a single chamber cannot easily
be generalized for the full range of atmospheric smoke conditions.

1. Introduction

Domestic wood combustion is one of the major sources of atmo-
spheric particulate matter (PM), especially in winter (Bergauff et al.,
2009; Gorin et al., 2006). Reductions in emissions from industrial and
transportation sources over the last few decades have resulted in in-
creasing importance of wood combustion as a persistent air pollution
source (Caseiro et al., 2009; Heal, 2014; Huang et al., 2014; Ofosu
et al., 2013; Pandis et al., 2016). Many PM source-apportionment stu-
dies have used various molecular markers. Levoglucosan is one of the
most widely used molecular markers for biomass burning (Hawthorne
et al., 1988; Jaeckels et al., 2007; Oros and Simoneit, 2001;
Pietrogrande et al., 2015; Schauer and Cass, 2000; Simoneit et al.,
1999; Stone et al., 2009; Szidat et al., 2006; Wang et al., 2012). Al-
though early studies assumed levoglucosan to be stable and non-vola-
tile, recent studies suggested that levoglucosan is semi-volatile, and
therefore gas-phase oxidation leads to short lifetimes of levoglucosan of

approximately 1–2 days under room-temperature conditions (Hennigan
et al., 2010; May et al., 2012). Therefore, source-apportionment studies
using levoglucosan as a marker may underestimate the contribution of
biomass burning to ambient aerosols under summertime conditions. In
contrast, the winter reactivity of levoglucosan is expected to be sig-
nificantly lower due to the reduced vapor pressure of levoglucosan
(May et al., 2012) as well as low diffusivity within the condensed phase
at low temperatures (Arangio et al., 2015). Despite the widespread use
of levoglucosan in PM source-apportionment studies in winter, to our
knowledge, only one recent study (Bertrand et al., 2018a) evaluated the
evolution of levoglucosan in laboratory experiments at low tempera-
ture. Bertrand et al. (2018a, b) concluded that partitioning and vapor
wall loss play a predominant role in the apparent decay of semi-volatile
marker species while the reactivity with OH has a minor effect in their
smog chamber at −2 °C. However, the implications of their findings to
other conditions, especially temperature, remain unclear. In addition,
the winter reactivity of levoglucosan may have an implication to
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geochemical studies exploring the presence of biomass burning markers
in ice cores to estimate the wildfire events several hundred years ago
(Kawamura et al., 2012). Here, we present smog chamber experiments
to systematically evaluate the reactivity of biomass burning markers in
-8 °C to +10 °C temperature range.

2. Materials and method

2.1. Experimental setup

The experimental setup was installed in/on an INTERMODAL
shipping container. The experiments were performed in a 6m3 outdoor
pillow shaped Teflon smog chamber resting on the roof of the shipping
container and subject to ambient conditions. We used 64 Eiko 15W UV
lamps and installed them on the sides of the chamber. The chamber is
surrounded by a wooden structure on top and three sides and covered
by a tarp to protect the chamber from the outer elements. The tarp also
blocks sunlight to minimize variation in the light source. Schematic of
the experimental setup is shown in Fig. 1. Temperature studied in these
experiments was in the range of -8 °C to +10 °C. The wood stove used is
a Morso model no. 1125 built in Denmark in 1980s. We used local
seasoned softwood (Tamarack) and hardwood (Maple). Typically, four
wood logs were used in each experiment. Wood logs were usually
30–40 cm long and triangular or trapezoidal in cross-section. All the
experiments were performed during the flaming stage of the burn
where the Modified Combustion Efficiency (MCE = CO2/(CO2+CO)
(Yokelson et al., 1996),) is usually more than 90%. Table 1 lists the
details of the fuels and fire conditions in each experiment.

The emission sampling location was on the chimney at an approxi-
mately 60 cm above the fire area. An ejector dilutor (Air-Vac, TD260HSS)
was used to inject diluted smoke into the chamber. The line from the
chimney to the ejector dilutor was ∼60 cm copper tubing (1/4″ OD). The
tubing temperature was not actively controlled. Since fresh smoke was
continuously sampled through the tubing over 30min prior to injection
into the chamber, semi-volatile vapors in smoke were assumed to be in

equilibrium with the tubing surface. The dilution air was generated by
cleaning the compressed air (oil-free compressor) using a HEPA filter, 13X
molecular sieves, and silica gel. The dilution ratio was determined using
the CO measurements of the raw wood smoke and the diluted smoke, with
an average value of approximately 250. The humidity of the dilution air
was kept below 5%. Hydroxyl radicals (OH) were generated by photo-
oxidation of nitrous acid (HONO). HONO was generated by mixing sul-
furic acid (H2SO4) and sodium nitrite (NaNO2) and flushing the headspace
with the dilution air (Taira and Kanda, 1990). 150ml of 3mM NaNO2

solution was added to 50ml of 10mM H2SO4 solution. The mixture was
heated once to 33 °C, and then the heating was stopped during the entire
HONO injection. The chamber was also doped with an approximately
10 μl of methanol and ethanol mixture (50:50 vol/vol) after the wood
smoke injection. The initial concentrations of methanol and ethanol were
around 500 ppb and 350 ppb, respectively. For methanol and ethanol
sampling, 400ml SS ENTECH canisters MC400L were used. First order
reactive losses of methanol and ethanol over the period of the experiment
was used to estimate the OH concentration in the chamber. A 47mm filter
sample collection assembly comprised of two lines: one with Teflon and
quartz in series, while the other with quartz only. The filter assembly used
was Advantec MFS, Inc. LS47 gas line holder 304SS. The Teflon and quartz
filters used for collecting samples were from Pall Corporation. The nom-
inal flow rate for filter sample collection was 15 lpm for each line main-
tained using 15 lpm critical orifice supplied by O'Keefe Controls Co. Three
HONO injections were typically performed during the experiment prior to
and between sampling, which led to four filter and canister samples. The
filter samples were stored in a freezer until analysis.

2.2. Instrumentation

The moisture of the wood logs was measured using a Delmhorst J-
2000 as per the technique described in Smith et al. (2014). Thermo
Electron Corporation Model 42i and 49i were used to measure nitrogen
oxides (NOx) and ozone (O3) respectively. An IMR 5000 gaseous emissions
monitor was used to measure NOx, CO, CO2, and O2. The temperature and

Fig. 1. Schematic of the experimental setup.
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humidity of the content of the chamber were measured using a Rotronic
HC2A-S3 humidity probe. The ambient temperature was measured using a
LabJack Digit-TLH temperature logger. The temperature of the UV lamp
panels was recorded using a LabJack EI-1034 thermocouple. The tem-
perature of the sheath flow in a scanning mobility particle sizer (SMPS, TSI
3071) was recorded using a LabJack EI-1034 thermocouple to confirm
there was no considerable difference between the ambient and sheath air
temperature. During the smoke injection, the diluted smoke was analyzed
using a LASCAR EL-USB-CO carbon monoxide logger. An SMPS system
comprised of a differential mobility analyzer (DMA-3071A, TSI) and a
condensation particle counter (CPC-3010, TSI) was used for particle size-
distribution measurement. The canisters were analyzed using a Thermo
Trace gas chromatograph (GC) Ultra and DSQ-II MS, a single quadrupole
MS (Mass Spectrometer) using electron impact (EI) ionization. The column
used was Restek Rxi- 5ms that was 30m long, 0.25mm I.D and 0.25 μm
film thickness. The sample was fed to it through the Markes Unity plus CIA
system. The Markes system pulls 10ml of gas sample from a canister,
concentrates it and sends to the GC. Helium was used as the carrier gas
and introduced to the GC through the Markes system such that a pressure
of 15 psi was maintained in the GC column. The temperature gradient
used was 40 °C for 2min and then a ramp of 5 °C per minutes to 80 °C.

Levoglucosan in filter samples was analyzed using an Agilent 7890B
GC coupled to a 5977A MS detector (single quadrupole GC using EI
technique). The column used was a Restek Rxi- 5ms 30m long, 0.25mm
I.D and 0.25 μm film thickness. Simultaneous full scan and selected ion
monitoring (SIM) scan were performed with each sample. Helium was
used as a carrier gas with a constant flow of 1mlmin−1. The oven was
preheated to 90 °C, and then heated to 300 °C at 15 °C min−1 ramp ate.
The temperature was held at 300 °C for 6min to make the total run of
20min. The quartz filters were analyzed for elemental carbon and organic
carbon (EC/OC) using the IMPROVE_A method in a DRI model 2001.

2.3. Experiment protocol

The fire was started using paper and kindling. The smoke was in-
jected into the chamber only after all kindling were burnt, and the wood
was in the flaming phase. After 15min of mixing since the injection of
wood smoke, the first set of canister samples and filter samples were
collected. Initial OA concentration in the chamber ranged between 102
and 403 μgm−3 (Table 1). Then the UV lamps were switched on, and the
headspace of the aqueous solution of NaNO2 and H2SO4 was con-
tinuously flushed with ∼2LPM of purified air typically for an hour for
HONO injection, which results in negligible dilution in the chamber. The
second set of samples was collected immediately after the first HONO
injection assuming the majority of HONO injected is well mixed after an
hour of continuous HONO injection. Just after the second sample, second
HONO injection was started and continued until the third sample. This
process was repeated for one more sample set. After each experiment, the
chamber was cleaned by adding HONO with the lights on and 3–4 flush
cycles to reach a target particle concentration below 1×10−2 μgm−3.

Background experiments were performed to make sure the background
PM concentrations were within the desired limit (typically < 3 μgm3).
A summary of experimental conditions is shown in Table 1.

The Teflon filter samples were weighed using Mettler-Toledo Sartorius
microbalance model MC5 and Anti-Static bar with U-shaped electrode
ionizer to measure the particle mass concentration in the chamber. Then
the organics on the filter was extracted in 50ml of acetonitrile by soni-
cating for 20min. The extract was then concentrated 100 times using N2 as
the flush gas in a concentrator setup (Organomation Associates Inc. Model
11106). Levoglucosan was derivatized using N-Trimethylsilyl-N-methyl
trifluoroacetamide (MSFTA). To a 35-μl sample, 35 μl of MSFTA was
added and kept in an oven at 60 °C for 30min. A sample of 1 μl is injected
through a splitless column heated at 250 °C. To account for the extraction
efficiency, the filter samples were spiked with methyl α-D-xylopyranoside
(MXP), which was used as an internal standard. Levoglucosan and MXP
were both detected at m/z of 204.

2.4. Data analysis

The concentrations from the filter analysis were converted to the
mass concentration per volume of sampled air (μg m−3). The con-
centrations of levoglucosan were normalized by the EC mass con-
centration to correct for particle wall loss as described in previous studies
(Hennigan et al., 2010; Hildebrandt et al., 2009; Weitkamp et al., 2007).
The equation used and the uncertainty is discussed in the supplemental
information (1.1 Particle wall-loss corrected levoglucosan). Although
particle number concentrations could also be used for particle wall-loss
correction (Carter et al., 2005), the high initial particle number con-
centration in the chamber (typically > 100,000 particles cm−3) leads to
significant coagulation, which can complicate particle wall-loss correc-
tion (Nah et al., 2017). Therefore, the EC-based correction (Hennigan
et al., 2010) was applied to the experimental data. Particle number-size
distributions were used to constrain simulated particle wall loss as dis-
cussed in the model description. All particle species at a given size un-
dergo the same wall loss rate. The wall-loss corrected levoglucosan
concentrations were further normalized by the initial value. Since the
time between the first filter sample and switching on of the UV lamps (t0)
varied among experiments, the initial values of levoglucosan and EC
were calculated by correcting for particle wall-loss between t0 and the
first sample. The OH concentrations in Experiment 5, 6, and another
higher temperature experiment (not included in Table 1) were de-
termined based on the first-order decay of ethanol and methanol used as
OH tracers in the chamber. In experiments where ethanol and methanol
samples were not available (Experiment 1, 2, 3, and 4), OH concentra-
tions were estimated by fitting the observed relationship between OH
concentration and temperature into a polynomial, where lower tem-
perature results in weaker irradiance of the blacklights (Platt et al., 2013)
and thus lower the HONO photolysis rate and the OH concentration. In
Experiment 1 and 2, HONO synthesis was carried out using 80ml of
NaNO2 solution instead of 150mL and hence estimated OH

Table 1
Experimental conditions.

Exp. Wood type Average wood
moisture (%)

Experiment temperature
(oC)

Relative humidity
(%)

MCE Fresh smoke OA
(μg m−3)a

Levoglucosan fraction in fresh
smoke OA

Mean OH (molec
cm−3)

1 Tamarack 12.3% 5 13.5–49.8 0.92 102 0.36 1.6× 107c,d

2 Tamarack 12.0% −6 1.8–15.7 0.89 124 0.23 9.1× 106c,d

3 Maple 16.3% 10 18.9–40.1 0.90 278 0.18 3.5× 107c

4 Maple 12.6% −8 32.9–63.1 0.91 403 0.19 1.5× 107c

5 Maple 14.4% −3 52.6–78.0 0.91 215 0.19 2.0× 107b

6 Maple 12.1% 3 30.0–80.7 0.92 224 0.11 2.8× 107b

a Assuming OM/OC=1.6.
b Determined by methanol/ethanol decay.
c Estimated by temperature-OH relationship.
d Corrected for a different amount of NaNO2.
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concentrations were scaled assuming linearity between HONO and
NaNO2 concentration (Taira and Kanda, 1990). The OH concentrations
varied in the range of 9.1×106 – 3.5×107 molecules cm−3.

2.5. Model description

This study uses an aerosol-microphysical model to evaluate the
potential impacts of temperature, OH concentration, SOA formation,
particle wall-loss, and vapor wall-loss on the interpretation of le-
voglucosan decay within a smog chamber. The details of the model are
discussed elsewhere (Bian et al., 2017, 2015). Briefly, Bian et al. (2015)
used simulations of particles in dark (slow oxidation) wood-smoke
smog-chamber experiments to explore the role of the particle and vapor
wall-losses in the evolving chamber aerosol, and both wall-loss pro-
cesses were found to reduce the suspended aerosol mass. Bian et al.
(2017) extended this work to explore wood-smoke smog-chamber ex-
periments with lights and oxidation, and they included gas-phase oxi-
dation and SOA formation within their simulations and explored the
interplay between wall-losses and oxidation. In Bian et al. (2015, 2017)
and in this work, the TwO-Moment Aerosol Sectional (TOMAS) mi-
crophysics model is coupled to the organic Volatility Basis Set (VBS)
(TOMAS-VBS). TOMAS-VBS includes 36 size sections spanning dry
diameters from 3 nm to 10 μm, and 15 organic volatility bins spanning
saturation vapor concentrations of 10−3 to 1011 μgm−3 at 25 °C, re-
spectively. Two sets of turbulence rate (ke, s−1) are retrieved by ap-
plying aerosol parameter estimation (APE) model (Pierce et al., 2008)
on the dark period before photo-oxidation experiment for a warm (5 °C)
and a cold experiment (−3 °C), respectively. These turbulence rates are
used to estimate particle wall-loss rates and reversible vapor-wall-loss
rate coefficients as described in Bian et al. (2015, 2017). The estimated
ke values are 0.3 s−1 at 5 °C and 1.0 s−1 at −3 °C, and the estimated
size-independent particle wall-loss coefficients (kw,p0 s−1) are
7.4×10−5 s−1 (see Pierce et al., 2008 for detailed descriptions of these
variables) These values are within the range of the previous observation
by Bian et al. (2015). The equivalent organic mass concentration of the
wall (Cw) is estimated as a function of C* using the parameterization
developed in Krechmer et al. (2016). Levoglucosan is independently
added into the VBS to monitor its oxidation separately. The initial le-
voglucosan concentration is assumed to be 10% of the total organic
matter (particle + vapor) in the model, which corresponds to ap-
proximately 20–25% of OA for the initial OA mass fractions. The
modeled levoglucosan OA fraction (20–25%) is within the range ob-
served in this study (Table 1) and in previous studies (e.g., 14.6%,
Hennigan et al. (2010); 14–48%, Bertrand et al. (2018a)). The OH
oxidation rate constant for levoglucosan was set to be 2×10−11 cm3

molecules−1 s −1 (May et al., 2012). The saturation vapor concentra-
tion of levoglucosan at 298 K was assumed to be 13 μgm−3 with an
enthalpy of vaporization of 101 kJmol−1 (May et al., 2012). The SOA
chemistry in this study for the non-levoglucosan organics adopts the
“lower-bound” mechanism of Bian et al. (2017) where each reaction
with OH drops the volatility of the organics by a factor of 100. The
formation yield of the organic-OH reaction products is set to 0.4 in
order to reproduce the relatively low OA mass enhancements observed
in this study (Fig. S2), and we evaluate this assumption in the supple-
mental information (2. Model sensitivity to the formation yield of low
volatile products). We include no aerosol-phase or heterogeneous re-
actions in the model. The reaction rates are saturation-concentration
dependent using the mathematical relationship derived by Jathar et al.
(2014) for alkanes. We test the simulations with OH concentration of
3× 107, 1×107 molecules cm−3, which approximately correspond to
the range of OH concentrations in the chamber, as well as 0 molecules
cm−3. The initial aerosol size distribution is fixed across different si-
mulations to allow direct comparisons between different temperature
and OH conditions. Therefore, experimental results are not directly
used as model inputs except for slightly adjusting the wall-loss para-
meters and the formation yield of low volatile products.

3. Results and discussion

Experimental conditions are summarized in Table 1. Fig. 2 shows
the evolution of particle wall-loss corrected levoglucosan concentra-
tions normalized by the initial values. The estimation of experimental
uncertainties (represented as error bars in Fig. 2) is discussed in the
supplementary information. The majority of the results indicate no
significant change in the normalized levoglucosan concentration. Only
the experiment at ∼ +10 °C (Experiment 3) showed significant decay.
Although the results may indicate temperature-dependence of the ap-
parent decay of levoglucosan, it remains uncertain due to the large
variability. In addition, it is unclear if the significant levoglucosan
decay between ∼ −8 to +10 °C is due to chemical loss (e.g., reaction
with OH) or physical loss due to vapor wall-loss in the Teflon chamber.
In principle, controlled dark chamber experiments performed at iden-
tical temperatures and organic mass concentrations using a dual-
chamber approach would provide clear insights into the effects of
chemical perturbations (Tkacik et al., 2017).

In order to evaluate the potential role of chemical loss, a simple
calculation is performed here that assumes the total aerosol loading
stays fixed and ignores vapor and particulate wall loss. The purpose of
the calculation is to evaluate the approximate effects of the entire
temperature and organic mass concentration range. More detailed si-
mulations based on TOMAS-VBS are used to provide further details on
select conditions.

May et al. (2012) investigated the effects of gas-particle partitioning
and chemical oxidation on semivolatile marker lifetime using the fol-
lowing equations:

=
dC

dt
CS X KeC C k OH C( ) [ ]p i

p m i i g i p p i
,

, , , (1)

=
dC

dt
CS X KeC C k OH C( ) [ ]g i

p m i i g i g g i
,

, , , (2)

=CS N d DF2p t p (3)

where Cp,i is the particle-phase concentration of i, Cg,i is the gas-phase
concentration of i, CSp is the aerosol condensation sink, Xm,i is the mass
fraction of species i in the condensed organic matter (=Cp,i/COA), Ke is
the Kelvin effect, Ci* is the saturation concentration of i, kp is the het-
erogeneous oxidation rate constant, kg is the gas-phase oxidation rate
constant, Nt is the total aerosol number concentration, dp is the particle
diameter, D is the diffusion coefficient for the organic vapor, and F is
the Fuchs correction factor. For simplicity, neglecting the hetero-
geneous reactions (k 0p ), the Kelvin effect (Ke 1), and assuming
that the gas-phase levoglucosan is in a steady-state ( 0)dC

dt
g i, , Eqs. (1)

and (2) is reduced to

Fig. 2. Experimental results of levoglucosan decay at different temperatures.
Levoglucosan concentrations were normalized by EC to correct for the particle
wall-loss.
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Introducing the gas-particle partitioning coefficient (Donahue et al.,
2006),
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1
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where i is the partition coefficient of i representing the fraction of i
found in the condensed phase. Using Eqs. (4) and (5),

=
dC

dt
k OH C[ ]

1
.p i

g
i

i
p i

,
,

(6)

When i is constant, i.e., constant temperature, COA, and activity
coefficient, integration of Eq. (6) yields

=
C
C

exp k OH t[ ]
1

.p i

p i
g

i

i

,

,
0 (7)

The temperature dependence of Ci (and i) is calculated by the
Clausius-Clapeyron equation (Epstein et al., 2010):

=R T
T

C T
C T

H
T T

ln ( )
( )

1 1 ,
ref ref

VAP

ref

2 2

2 (8)

where R is the gas constant, Tref is the reference temperature, T2 is the
new temperature, and ΔHVAP is the enthalpy of vaporization.

Using Eqs. (5), (7) and (8), one can estimate the approximate extent of
the chemical loss, 1 C

C
p i

p i

,

,
0 , of a semivolatile marker as a function of tem-

perature and COA (Fig. 3). The calculation assumes an OH concentration of
1×107 molecule cm−3 and 5h of oxidation as a plausible chamber con-
dition with elevated OH. A lower OH concentrations would result in a
smaller chemical decay fraction in Fig. 3b. Fig. 3a shows that a significant
fraction of levoglucosan exists in the gas-phase under the conditions of
Hennigan et al. (2010), whereas the fraction is only ∼1% or less under the
conditions of Bertrand et al. (2018b) and this study. As a result, the esti-
mated chemical decay via gas-phase oxidation is generally<10% in this
study. Since the experimental uncertainty of the particle wall-loss corrected
levoglucosan in this study is approximately 30% (Supplementary

Fig. 4. a) Simulated time evolutions of organic aerosol mass concentrations
using the TOMAS-VBS model. b) Simulated time evolution of levoglucosan
concentrations in the gas and particle phase using the TOMAS-VBS model. c)
Simulated time evolution of particle wall-loss corrected levoglucosan decay
using the TOMAS-VBS model and Eq. (7). All calculations assume no vapor
wall-loss and OH=1×107 molecule cm−3.

Fig. 3. (a) Estimated gas-particle partition coefficient (the fraction of levoglu-
cosan mass in the particle phase at equilibrium) and (b) chemical decay fraction
of levoglucosan as a function of temperature and organic aerosol mass con-
centration. The calculation in (b) used Eq. (7) and assumed kg=2×10−11 cm3

molecule−1 s−1, [OH]= 1×107 molecules cm−3, and t=5h. The tempera-
ture and OA concentration ranges used in Hennigan et al. (2010) and Bertrand
et al. (2018b) are shown as boxes. The initial conditions of six experiments in
this study are shown as numbers (1–6).
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information), the effect of chemistry is expected to be within the experi-
mental uncertainty and thus, cannot be resolved. Therefore, the temperature
effects in Fig. 2 are likely to be due to physical vapor wall-loss, rather than
chemical reaction loss. The TOMAS-VBS model also shows that the majority
of levoglucosan decay at 10 °C is due to the vapor wall-loss (Fig. 6a) as
discussed later in this section. The minor role of chemical loss is consistent
with Bertrand et al. (2018b) in which the partitioning and vapor wall-loss
played a predominant role in the depletion of particle-phase levoglucosan in
their experimental conditions. However, it should be noted that chemical
loss can play a significant role (∼30%) even at temperature ∼0 °C if the
experiments can be carried out at COA∼1–10 μgm−3 (Fig. 3b); the chal-
lenge is the quantification of levoglucosan at such low concentrations. The
potential effects of organic mass concentrations on apparent levoglucosan
lifetime has not been considered in previous studies (Hennigan et al., 2010;
May et al., 2012; Bertrand et al., 2018a). For instance, if wood smoke dilutes
into a background with total OA<10μgm−3, the lifetime of levoglucosan
would be shorter than temperature alone could explain. Alternatively, high
OA concentrations in wintertime pollution events would increase the life-
time of levoglucosan.

Despite the number of approximations made in the derivation of Eq.
(7), the simplified estimates using Eq. (7) reasonably agree with the
TOMAS-VBS model without vapor wall-loss. Fig. 4 shows time-series of
organic aerosol concentrations, levoglucosan concentrations in the gas
and particle-phase, and the normalized, particle wall-loss corrected

levoglucosan simulated by the TOMAS-VBS model at 10 °C and 20 °C
with OH concentration of 1×107 molecule cm−3. The gas-phase le-
voglucosan concentrations at 10 °C are nearly constant (Fig. 4b), showing
that the steady-state approximation made in Eq. (4) is reasonable, al-
though some decrease is observed at 20 °C. Levoglucosan decays are
calculated by Eq. (7) using the average value of COA during oxidation
(54 μgm−3). Eq. (7) gives a lower C/C0 than TOMAS-VBS because
TOMAS-VBS simulates the decreasing OA concentrations (mostly due to
particle wall losses) with time, and initially TOMAS-VBS has a higher
concentration than Eq. (7). Therefore, Eq. (7) initially overestimates the
gas-phase oxidation compared to TOMAS-VBS (but underestimates at the
end when TOMAS-VBS predicts less OA than Eq. (7)). Since these cal-
culations neglect vapor wall-loss, the chemical loss estimated by Eq. (7)
is the upper limit with respect to gas-phase oxidation.

Next, we performed simulations using the TOMAS-VBS model to
illustrate the effects of vapor-particle-wall partitioning in the observed
levoglucosan decay in the smog chamber. Again, due to the large ex-
perimental uncertainties, the objective of the simulation is not to obtain
the best fit with the experiments in the wide parameter space, but ra-
ther to demonstrate the implications of vapor wall-loss in interpretation
of experimental results using plausible parameters similar to the ones
used in Bian et al. (2017). Fig. 5 shows the model time series for all
organics and levoglucosan in each phase for two different temperatures
and with and without OH oxidation. Fig. 5a and (b) shows the results

Fig. 5. Simulated time evolution of organic mass (OM) in different phases in TOMAS-VBS model with particle and vapor wall-loss on. Solid lines show results for an
OH concentration of 3×107 molecules cm−3, and dashed lines at zero OH. (a) and (b) are the results for total organics, and (c) and (d) are of levoglucosan.
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for organic matter in particle-phase, gas-phase, and on the wall through
particle- and vapor-phase wall-losses at 20 °C and −3 °C, respectively.
The vapor wall-loss is higher when no OH is present indicating that
higher SOA formation shifts the gas-particle partitioning toward the
particle phase and thus reduces vapor wall-loss. The impact of OH
concentration on the particle phase concentrations is larger at 20 °C due
to a higher fraction of initial organics being in the vapor phase at higher
temperatures due to higher temperatures increasing volatility. Thus, at
higher temperatures, the model has more SOA precursor vapors. Fig. 5c
and (d) illustrates the same parameters for levoglucosan exclusively.
There is little apparent difference in the predicted levoglucosan con-
centrations between with and without OH at −3 °C. This is because
more than 99.8% of initially suspended levoglucosan (vapor + particle)
remains in the particle phase (compared to just 92% at 20 °C), and
therefore the reactive losses of levoglucosan by OH in the gas-phase is
negligible. Vapor wall-loss of levoglucosan is significant at 20 °C, con-
sistent with recent studies on the significance of vapor wall-loss
(Matsunaga and Ziemann, 2010; McVay et al., 2014; Trump et al.,
2016), but negligible at −3 °C due to the low concentrations of le-
voglucosan vapors at this low temperature. Although Hennigan et al.
(2010) observed a modest decrease in levoglucosan in the dark ex-
periment, ∼10% over 3 h, they concluded that the reason for the decay
was unknown; we suspect the decay was due to the vapor wall-loss.

Previous studies presented results of levoglucosan decay in terms of
integrated OH exposure, or photochemical age (Bertrand et al., 2018a;
Hennigan et al., 2010). Fig. 6 shows simulation results of particle wall-
loss corrected levoglucosan decay in terms of elapsed time and photo-
chemical age (assuming ambient OH=1×106 molecule cm−3) using
the TOMAS-VBS model. Each case has the same initial COA of
∼130 μgm−3. The decay of levoglucosan at zero OH is due to vapor
wall-loss based on the parameters used in Bian et al. (2015) (Fig. 6a).
When vapor wall-loss is turned off, there is no decay in the particle
wall-loss corrected levoglucosan at zero OH (Fig. 6b). When there is
significant vapor wall-loss at zero OH, the trend appears as vertical lines
in terms of photochemical age since the integrated OH exposure is zero

(Fig. 6c). Comparisons between the levoglucosan estimates when vapor
wall loss is on (Fig. 6a,c) to estimates when vapor wall loss is off
(Fig. 6b,d) show that a substantial fraction of the observed levoglucosan
decay in these experiments may be because of vapor wall losses, even
∼50% of the decay for the highest OH concentrations. Thus, the decay
trend of levoglucosan in smog-chamber oxidation experiments depends
on a number of experimental conditions: COA, OH concentration, tem-
perature, and vapor wall-loss rate. Additionally, SOA formation adds to
COA and will affect levoglucosan decay (Fig. 5). Therefore, inferred
lifetimes from a small set of experimental conditions cannot be gen-
eralized for the full range of atmospheric smoke conditions. The sup-
plementary material includes discussion on the sensitivity of model
simulations to assumed formation yields of less volatile species.

4. Conclusions

This study performed smog chamber experiments to investigate the
evolution of levoglucosan over a temperature range between −8 and
10 °C. Only the experiment at around 10 °C showed significant decay of
levoglucosan, suggesting that levoglucosan is relatively stable as a
marker species at low temperatures. Theoretical analysis showed that
both temperature and OA mass concentrations affect the chemical
decay of levoglucosan by shifting gas-particle partitioning. Therefore,
the lack of significant decay of levoglucosan in the majority of experi-
ments in this study was interpreted as a result of the high OA mass
concentrations and low temperatures. The TOMAS-VBS model demon-
strated the effects of vapor wall-loss on the interpretation of levoglu-
cosan decay in smog chamber experiments. Caution must be taken
when interpreting levoglucosan decay as a function of photochemical
age (or integrated OH exposure); the apparent decay rate in terms of
photochemical age depends on the relative importance of vapor wall-
loss and chemical degradation in addition to OA concentrations and
temperature. Therefore, direct comparisons of levoglucosan decay at
different temperatures, OA concentrations, OH concentrations and
chambers with different vapor wall-loss rates are not valid. These

Fig. 6. Simulated decay of particle wall-loss cor-
rected levoglucosan at different temperature (−3,
10, and 20 °C) and OH concentrations (0, dashed
lines; 1×107, thick solid lines; and 3×107 mole-
cule cm−3, thin solid lines) using the TOMAS-VBS
model. The initial COA is ∼130 μgm−3. The elapsed
time (a, b) is equivalent to the experimental time in a
smog chamber. The photochemical age (c, d) is
equivalent to the integrated OH exposure assuming
OH=1×106 molecule cm−3 as the ambient OH
concentration. Also shown are the upper and lower
bound observed by Hennigan et al. (2010). The
vapor wall-loss is turned off in b and d.
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findings also highlight the importance of accounting for gas-particle-
wall interactions in the investigation of the lifetime of levoglucosan or
other semi-volatile marker species. This study shows that a high mass
concentration of OA and low temperature extend the lifetime of the
semivolatile organic markers in the atmosphere. However, as the smoke
disperses, the dilution of the OA may lead to faster photochemical loss
of semivolatile markers via gas-phase reactions with OH radical. It is
therefore suggested to consider the OA concentrations and temperature
in interpreting the lifetimes of semivolatile markers. The study also
suggests that levoglucosan is a useful marker for local wintertime wood
smoke/biomass burning event.
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