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Abstract. In this study, novel wood combustion aging experiments performed at different temperatures (263 and 288 K)
in a ∼ 7 m3 smog chamber were modelled using a hybrid volatility basis set (VBS) box model, representing the
emission partitioning and their oxidation against OH. We
combine aerosol–chemistry box-model simulations with unprecedented measurements of non-traditional volatile organic compounds (NTVOCs) from a high-resolution proton
transfer reaction mass spectrometer (PTR-MS) and with organic aerosol measurements from an aerosol mass spectrometer (AMS). Due to this, we are able to observationally constrain the amounts of different NTVOC aerosol precursors
(in the model) relative to low volatility and semi-volatile primary organic material (OMsv ), which is partitioned based on
current published volatility distribution data. By comparing
the NTVOC / OMsv ratios at different temperatures, we determine the enthalpies of vaporization of primary biomassburning organic aerosols. Further, the developed model allows for evaluating the evolution of oxidation products of
the semi-volatile and volatile precursors with aging. More
than 30 000 box-model simulations were performed to retrieve the combination of parameters that best fit the observed organic aerosol mass and O : C ratios. The parameters
investigated include the NTVOC reaction rates and yields
as well as enthalpies of vaporization and the O : C of secondary organic aerosol surrogates. Our results suggest an av-

erage ratio of NTVOCs to the sum of non-volatile and semivolatile organic compounds of ∼ 4.75. The mass yields of
these compounds determined for a wide range of atmospherically relevant temperatures and organic aerosol (OA) concentrations were predicted to vary between 8 and 30 % after
5 h of continuous aging. Based on the reaction scheme used,
reaction rates of the NTVOC mixture range from 3.0×10−11
to 4.0×10−11 cm3 molec−1 s−1 . The average enthalpy of vaporization of secondary organic aerosol (SOA) surrogates
was determined to be between 55 000 and 35 000 J mol−1 ,
which implies a yield increase of 0.03–0.06 % K−1 with decreasing temperature. The improved VBS scheme is suitable
for implementation into chemical transport models to predict the burden and oxidation state of primary and secondary
biomass-burning aerosols.

1

Introduction

The fact that some semi-volatile compounds can exist in either gaseous or particulate form results in considerable uncertainties in the emission inventories for primary organic
aerosol (POA). Emissions of PM2.5 are generally based on
emission factors (EF) of POA, which may be over- or under-
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predicted depending on the measurement method used (Lipsky and Robinson, 2006; Nussbaumer et al., 2008a, b).
In Europe, residential wood-burning emissions constitute
one of the main anthropogenic sources of POA and potentially secondary organic aerosol (SOA), especially during
winter periods with a contribution from 15 to 50 % of the
total organic mass (Crippa et al., 2013; Waked et al., 2014).
Thus, great effort was devoted in the past to better constrain
the uncertainties related to wood-burning emissions and their
evolution in the atmosphere (Denier van der Gon et al., 2015;
May et al., 2013). Recent year-long source-apportionment
studies based on ACSM (aerosol chemical speciation monitor) measurements in central Europe suggest that winter
SOA fingerprints resembles those measured during chamber
studies of biomass-burning emission aging (Canonaco et al.,
2015).
One of the main complications when dealing with organic
aerosol (OA) is imposed by the semi-volatile and highly reactive nature of organic material (Robinson et al., 2007).
Depending on ambient conditions freshly emitted primary
organic particles can undergo evaporation. Once emitted to
the atmosphere, organic compounds are highly reactive towards various oxidants such as the hydroxyl radical (OH),
ozone (O3 ) and the nitrate radical (NO3 ). These oxidants can
strongly alter the chemical structure of the reacted precursors by generating secondary products with lower or higher
volatilities. Linking partitioning and oxidation processes of
thousands of emitted organic compounds is one of the main
challenges in atmospheric chemistry. The volatility basis set
(VBS) scheme can delineate the transformation of the surrogates upon their functionalization or fragmentation, by
changing the compounds’ volatility and O : C ratios, consistently with the dominant representative species in that part of
the parameter space. Regional and global chemical transport
models (CTMs) have been increasingly updated with a VBS
scheme with varying complexities (Bergström et al., 2012;
Ciarelli et al., 2016; Hodzic et al., 2016; Jathar et al., 2011;
Murphy et al., 2011; Shrivastava et al., 2015; Tsimpidi et al.,
2014; Zhang et al., 2013). A recent landmark paper within
the international AeroCom initiative (Tsigaridis et al., 2014)
gave a comprehensive audit of the status of organic aerosol
schemes in global models, brought together several benchmark observational datasets and intercompared and evaluated the OA simulated by a large number of global aerosol
models against them. Results indicate that simulated OA
greatly varies between models in terms of POA emissions,
SOA formation and complexity of OA parameterizations,
but the amount of OA remains under-predicted. In the latest
EURODELTA III (ED-III) European model intercomparison,
seven different regional models were applied in the European
domain during different periods (Bessagnet et al., 2016). All
models under-predicted the total measured organic fraction
during the February–March 2009 winter episode mainly due
to the uncertainties in SOA representation (Bessagnet et al.,
2014). Knote et al. (2011) used the COSMO-ART model
Geosci. Model Dev., 10, 2303–2320, 2017

to investigate its performance as online-coupled chemistry–
climate model. In their study domestic wood-burning emissions were not included and POA was assumed to be nonvolatile, which resulted in a severe under-prediction of OA
over the studied domain (Knote et al., 2011). Fountoukis et
al. (2014) were among the first to implement the VBS approach into a large-scale aerosol model, following the multiple distribution framework approach proposed by Tsimpidi
et al. (2010). They found that the approach considerably improved the model result for OA when compared to a range
of observations from the EUCAARI field campaign (Kulmala et al., 2009, 2011) and from EMEP monitoring network (Tørseth et al., 2012). Bergström et al. (2012) used
the EMEP model for the period of 2002–2007 to compare
different partitioning and aging schemes. Their results indicate the importance, although potential underestimation, of
wood-burning emissions in Europe, in line with other studies
(Kostenidou et al., 2013; Fountoukis et al., 2016; Tsimpidi
et al., 2016). Recently, an important new initiative to provide improved information on residential wood combustion
(RWC) emission inventory for Europe was carried out by Denier van der Gon et al. (2015) and used as input in two CTMs
(PMCAMx and EMEP MSC-W) for the EUCAARI winter
periods (February–March 2009). The new RWC emissions,
which are higher by a factor of 2–3 compared to previous
emission inventories, improved the model performance for
total OA (Denier van der Gon et al., 2015). On the other
hand, radiocarbon dating (Mohr et al., 2012; Zotter et al.,
2014) and measurements of specific molecular markers, including methyl-nitrocatechols (Iinuma et al., 2010; El Haddad et al., 2013), during winter reveal the importance of residential wood burning for SOA formation. However, parameters needed for the simulation of the aging of biomass smoke
remain not well constrained. These novel investigations highlight the critical need for a representation of semi-volatile organic species and their evolution in chemical transport models.
In this study we perform extensive box-model simulations
of wood-burning combustion aging experiments performed
in a ∼ 7 m3 smog chamber at different temperatures. Most
uncertain parameters namely enthalpies of vaporization of
SOA, NTVOCs (non-traditional volatile organic compounds)
reaction rates and their yields were investigated by means of
a brute force approach, and a best-fitting solution, within acceptable physical limits and error ranges, was retrieved.

2

Experimental method

Beech (Fagus sylvatica) logs were combusted in a residential wood burner (model type: Avant, Attika from 2009), following the procedure described in Heringa et al. (2012) and
Bruns et al. (2015). The resulting emissions were sampled
from the chimney through a heated line (473 K), diluted by
a factor of ∼ 8–10 using an ejector diluter (473 K, DI-1000,
www.geosci-model-dev.net/10/2303/2017/
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Dekati Ltd.) and injected into the smog chamber (∼ 7 m3 )
through a heated line (423 K). Emissions were only sampled
during the stable flaming phase of the burn, for 11–21 min
and total dilution factors ranged from ∼ 100 to 200. Four
replicate experiments were conducted at 288 K and another
four experiments at 263 K. The smog chamber had an average relative humidity (RH) of 50 % over all eight experiments. Another three experiments were conducted at 90 %
relative humidity and 263 K. After the characterization of
the primary emissions, a single dose of d9-butanol (butanolD9, 98 %, Cambridge Isotope Laboratories) was injected into
the chamber, to trace the OH concentration (Barmet et al.,
2012). A continuous flow of nitrous acid (2.3–2.6 L min−1 ,
≥ 99.999 %, Air Liquide) into the chamber served as an OH
precursor. The chamber was then irradiated with UV light
(40 lights, 90–100 W, Cleo Performance, Philips) for 4.5–6 h
(Platt et al., 2013). The evolution of the gas-phase and particulate phase composition and concentration were monitored
in real time throughout aging. Non-refractory primary and
secondary particulate emissions were characterized using
a high-resolution time-of-flight aerosol mass spectrometer
(AMS). Equivalent black carbon (eBC) was quantified using a 7-wavelength aethalometer (AE33 Magee Scientific
Company, flow rate 2 L min−1 ) (Drinovec et al., 2015). Nonmethane organic gases with a proton affinity greater than
that of water were measured using a high-resolution proton transfer reaction mass spectrometer (PTR-ToF-MS 8000,
Ionicon Analytik G.m.b.H.). The PTR-ToF-MS was operated
with hydronium ([H2 O + H]+ ) as reagent, a drift tube pressure of 2.2 mbar, a drift tube voltage of 543 V and a drift
tube temperature of 90 ◦ C leading to a ratio of the electric
field (E) and the density of the buffer gas (N ) in the drift
tube (E/N ) of 137 Townsend. The analysis of PTR-ToF-MS
data and the identification of the precursors’ chemical nature
are described in Bruns et al. (2016). The elemental composition of the detected gases was analysed using the Tofware
post-processing software (version 2.4.5), running in the Igor
Pro 6.3 environment (version 6.3, Wavemetrics Inc.). More
than 95 % of the detected peaks could be assigned to a molecular formula. Approximately 70 % of the compounds’ chemical structures could be assigned to the observed ions guided
by previously reported compounds emitted during the residential wood combustion. Here, the lumped sum of the precursors’ molar concentrations will be used to constrain the
total amount of NTVOCs (Table S1 in the Supplement) in
the model. Their weighted average O : C ratio, volatility, reaction rate and carbon number will also be presented.
Particle wall loss rates in the chamber were determined using the decay of eBC assuming all particles were lost equally
to the walls and condensable material partitions only to suspended particles. The average particle half-life in the chamber was 3.4 ± 0.7 h. NTVOCs were stable in the chamber
prior to aging, indicating that the chamber walls are not an
effective sink for NTVOCs (Bruns et al., 2016). This is because NTVOCs acting as SOA precursors are largely comwww.geosci-model-dev.net/10/2303/2017/
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posed of volatile compounds (see below). By contrast, the
NTVOC oxidation products are expected to be semi-volatile
and partition to both the walls and the particles. Zhang et
al. (2014) showed that the bias created by the wall loss is
inversely proportional to the seed aerosol concentration and
OH concentration, both of which were relatively high in the
current experiments (Bruns et al., 2016). Therefore, under
our experimental conditions, wall losses of NTVOC oxidation products are not expected to be large and thus this effect
was not corrected for and yields presented should be considered as the lowest estimates.
3

Model description

The representation of SOA formation is based on the absorptive partitioning theory of Pankow (1994), assuming instantaneous reversible absorptive equilibrium. In this representation, the critical parameters driving the partitioning of a
compound i between the gas and the condensed phases are
its effective saturation concentration, Ci∗ , and the total concentration of organic aerosol, COA :


C ∗ −1
;
ξi = 1 + i
COA

COA =

X
ξi Ci .

(1)

i

Here, ξi is the partitioning coefficient of i (condensed-phase
mass fraction). Ci∗ is a semi-empirical property (inverse of
the Pankow-type partitioning coefficient, KP ), reflecting not
only the saturation vapour pressure of the pure constituents
o ) but also the way they interact with the organic mix(pL,i
ture (effectively including liquid phase activities). This formulation essentially implies that at high COA almost all semivolatile organic aerosols are in the condensed phase with
only species with the highest vapour pressures remaining in
the gas phase.
The VBS approach proposed by Donahue et al. (2006) provides a framework for the representation of both the chemical aging and the associated volatility of particulate organic
matter evolving in the atmosphere. The approach separates
the organics into logarithmically spaced bins of effective saturation concentrations Ci∗ , at 298 K. This has been later extended (Donahue et al., 2011, 2012) by introducing surrogate compounds with different carbon and oxygen numbers
following the group contribution approach based on the SIMPOL method (Pankow and Asher, 2008) (Eq. 2).


ni ni
LogCi∗ = n0C − niC bC − niO bO − 2 i C Oi bCO ,
nC + nO

(2)

where bC and bO represent the carbon–carbon and oxygen–
oxygen interactions, respectively, bCO describes the nonideal solution behaviour and n0C , equal to 25, represents the
reference point for pure hydrocarbons (1 µg m−3 of alkene).
niC and niO are the carbon and oxygen numbers, respectively,
Geosci. Model Dev., 10, 2303–2320, 2017
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for the ith saturation concentration, at 298 K. In this configuration, the model becomes two-dimensional (2D-VBS),
capable of tracking the volatility and oxidation state (O : C
ratios) (Donahue et al., 2011, 2012) of oxidation products
arising from functionalization and fragmentation of their precursors.
Here, we have used the VBS scheme proposed by Koo et
al. (2014), referred to as a hybrid 1.5D-VBS and adapted for
regional models. In this framework, the molecular space is
not discretized according to the species saturation concentration and oxidation state, but rather every SOA surrogate
is given an average molecular composition (Cx Hy Oz ) – as
a function of its volatility and the precursor it derives from.
While a further simplification of the system compared to the
2D-VBS, this approach significantly decreases the degree of
freedom of the model, while still providing means to evaluate the bulk aerosol oxidation state based on the knowledge
of the surrogate molecular composition. This is especially
suitable given the limited constraints available, namely the
precursor composition, the precursor concentration, the POA
concentration, the aged OA concentration and the O : C ratios.
In practice, five volatility bins ranging from 0.1 to
1000 µg m−3 in saturation concentration were used to model
the partitioning of the POA and SOA fractions. The weighted
average carbon and oxygen numbers of the NTVOCs mixture
retrieved from the PTR-ToF-MS measurements were used in
combination with the group contribution approach (Eq. 2) to
estimate the average saturation concentration for SOA precursors yielding ∼ 106 µg m−3 , which is at the high end of
the intermediate volatility organic compound (IVOC) saturation concentration range (Donahue et al., 2012; Koo et al.,
2014; Murphy and Pandis, 2009) (Table 1).
A total number of three sets were used to describe the organic material. The first set was used to distribute the primary
emissions (set 1). Two other sets were used to model the
formation and evolution of semi-volatile organic compounds
(SVOCs). Oxidation products of SVOC material arising from
primary emissions were allocated to set 2, whereas oxidation
products from NTVOCs were allocated to set 3 (Fig. 1). The
specific molecular structures for each of the sets and bins
were retrieved using the group contribution approach and the
Van Krevelen relation, as shown in Table 1 (Donahue et al.,
2011; Heald et al., 2010).
Primary wood-burning emissions were placed to range
from 14 to 11 carbons (set 1) in line with previous studies (Donahue et al., 2012; Koo et al., 2014) and appropriate numbers of oxygen atoms were retrieved using Eq. (2).
The distribution of the primary organic material in the
low-volatility (Ci∗ = 0.1 µg m−3 ), and semi-volatile ranges
(OMsv ) (0.1 < Ci∗ < 1000 µg m−3 ) in set 1 (Table 1) is based
on the work of May et al. (2013). This work revealed that
the majority of the emitted primary organic mass is semivolatile, with 50 to 80 % of the POA mass evaporating when
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Figure 1. Proposed oxidation scheme: an average mixture of
NTVOCs compounds are allowed to react with the hydroxyl radical following a naphthalene kernel mass distribution. Secondary
products in the SOA set (set 3) are allowed to further react with
a reaction rate of kOH = 4.0 × 10−11 cm3 molec−1 s−1 . Oxidation
products from semi-volatile vapours from the POA set (set 1) are
allowed for further aging in set 2. The numbers on the red arrows
indicate the NTVOCs yields for each bin for the best-fitting solution
(ppm ppm−1 ).

diluted from plume to ambient concentrations or when heated
up to 100 ◦ C in a thermodenuder.
The oxidation of semi-volatile material would tend on average to increase the compounds’ oxygen number and decrease their volatility and carbon number, due to functionalization and fragmentation. We assume that the oxidation
of the primary semi-volatile compounds with C11 –C14 decreases their volatility by 1 order of magnitude and yields
C9 –C10 surrogates, placed in set 2, based on the work of
Donahue et al. (2011, 2012). Based on these assumptions and
using the group contribution approach, the oxygen numbers
for set 2 is predicted to vary between 2.26 and 4.56 (Table 1).
Thus, the model implicitly accounts for the addition of 1.1 to
1.5 oxygen atoms and the loss of 2.75 to 4.25 carbon atoms,
with one oxidation step.
Set 3 was constrained based on the proton transfer reaction mass spectrometer (PTR-MS) data. The measurements
suggested an average NTVOC carbon and oxygen number
of about 7 and 1, respectively. Based on reported molecular
speciation data (e.g. Kleindienst et al., 2007), we expect the
products of C7 compounds to have a C5 –C6 carbon backbone. These products were placed in set 3 following a kernel function based on the distribution of naphthalene oxidation products. At least two oxygen atoms were added to the
NTVOC mixture upon their oxidation (Table 1). The overall O : C ratio in the whole space roughly spans the range of
0.1–1.0.
Multi-generation chemistry (aging) is also accounted for
by the model. Unlike the 2D-VBS, the 1.5D-VBS does not
www.geosci-model-dev.net/10/2303/2017/
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Table 1. Properties of the VBS space. Oxygen numbers for each volatility bin were calculated using the group contribution of Donahue et
al. (2011). Hydrogen numbers were calculated from the van Krevelen relation (Heald et al., 2010).
Log (C ∗ )

Oxygen
number

Carbon
number

Hydrogen
number

O:C
ratio

Molecular
weight

Emission
factors

1H
J mol−1

POA set 1

−1
0
1
2
3

4.11
3.43
2.73
2.01
1.27

11.00
11.75
12.50
13.25
14.00

17.89
20.07
22.27
24.49
26.73

0.37
0.29
0.22
0.15
0.09

216
216
216
216
215

0.2
0.1
0.1
0.2
0.4

–
85 000a –70 000b
81 000a –59 000b
77 000a –48 000b
73 000a –37 000b

SOA set 2

−1
0
1
2

4.53
4.00
3.40
2.83

9.00
9.25
9.50
9.75

13.47
14.50
15.60
16.67

0.50
0.43
0.36
0.29

194
189
184
179

–
–
–
–

–
35 000
35 000
35 000

SOA set 3

−1
0
1
2
3

5.25
4.70
4.20
3.65
3.15

5.00
5.25
5.50
5.75
6.00

4.75
5.80
6.80
7.85
8.85

1.05
0.90
0.76
0.63
0.52

149
144
140
135
131

–
–
–
–
–

–
35 000
35 000
35 000
35 000

NTVOCs

6

1.22

7.22

7.14

0.16

113

4.75(OMsv)

–

a OM .1H
∗
−1 b
∗
−1
sv
vap = {85 000 − 4 000 × log(C )} J mol . OMsv .1Hvap = {70 000 − 11 000 × Log(C )} J mol .

use different kernel functions, to discretize the distribution of
the oxidation products according to their log(C ∗ ) and O : C
ratios, when functionalization and fragmentation occur. Instead, to reduce the computational burden of the simulations, the model assumes that the oxidation of a given surrogate yields one other surrogate with lower volatility, higher
oxygen number and lower carbon number. These properties
should be considered as a weighted average of those relative to the complex mixture of compounds arising from functionalization and fragmentation processes. Accordingly, the
1.5D-VBS approach may represent the functionalization and
fragmentation processes, while reducing the parameter space
and the computational burden. Gas-phase products in the
semi-volatile range in set 2 and set 3, once formed, can further react with a rate constant of 4 × 10−11 cm3 molec−1 s−1
as proposed by previous studies (Donahue et al., 2013;
Grieshop et al., 2009; Robinson et al., 2007), further lowering the volatility of the products by 1 order of magnitude.
This implies that for every additional oxidation step, the organic material receives around 0.5 oxygen atoms (Table 1).
According to Donahue et al. (2013), while the rate of increase in oxygen atoms does not decrease with the oxidation generation number, the compounds’ fragmentation significantly increases. The fragmentation branching ratio has
often been parameterized as a function of the compounds’
O : C ratios (e.g. fragmentation ratio = f (O : C(1/α) ), where
α is a positive integer often between 3 and 6 (Jimenez et al.,
2009). This results in a general decrease in the OA compounds’ carbon number and hence the number of oxygen
added per molecule, but not in the O : C ratio or the carbon

www.geosci-model-dev.net/10/2303/2017/

oxidation state. Therefore, the oxidation of moderately oxygenated NTVOCs, during the first oxidation step, leads to
significant functionalization (addition of at least two oxygen
atoms) compared to fragmentation, while the further aging of
the resulting oxidation products leads to both functionalization and fragmentation. Representing both processes by only
one compound imposes a decrease by only one volatility bin
and hence a gain of only half an oxygen atom per oxidation.
As the modelled species’ average carbon number systematically decreases with aging, this approach effectively takes
into consideration the compounds’ fragmentation. In parallel, the addition of oxygen reflects the compounds’ functionalization with aging and the increase in the measured O : C
ratio. Therefore, unlike previous 2D-VBS schemes where
functionalization and fragmentation are disentangled, the approach of decreasing the number of carbon atoms and increasing the number of oxygen atoms adopted here simultaneously describes both processes.

4

Parameterization methodology

The modelling approach involves two steps.
i. First, we modelled the partitioning of POA for the
11 smog chamber experiments (eight experiments at
RH = 50 % and three experiments at RH = 90 %) before aging begins. This step enables constraining
the amounts of primary semi-volatile organic matter
(OMsv ) in the different volatility bins (OMsv .Vol.dist)
and the enthalpy of vaporization of the different surGeosci. Model Dev., 10, 2303–2320, 2017
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185.1

Exp1
T = 263 K
RH = 50 %

8.1

–

Exp2
T = 263 K
RH = 50 %

16.7

–

Exp3
T = 263 K
RH = 50 %

9.3

79.3

Exp4
T = 263 K
RH = 50 %

12.0

143.5

Exp5
T = 263 K
RH = 90 %

17.7

91.7

Exp6
T = 263 K
RH = 90 %

6.0

68.7

Exp7
T = 263 K
RH = 90 %

22.6

121.5

Exp8
T = 288 K
RH = 50 %

17.5

190.4

Exp9
T = 288 K
RH = 50 %

18.7

174.6

Exp10
T = 288 K
RH = 50 %

18.6

195.7

Exp11
T = 288 K
RH = 50 %

Inferred OMsv and NTVOCs/OMsv ratios from
measurements and partitioning theory

Based on the PTR-ToF-MS and AMS measurements of gas
and particle phase organic material at t = 0, we seek to determine the ratio NTVOCs / OMsv and the OMsv .1Hvap that
represent best the observations at high and low temperatures.
Combinations of enthalpies of vaporization and volatility
distributions of primary biomass-burning semi-volatile compounds are reported in May et al. (2013), based on thermodenuder data. We note that in the current version of the
1.5D-VBS the volatility distribution (Table 1), subsequently
referred to as OMsv .Vol.distREF , is used in combination with
OMsv .1Hvap = {85 000−4000×log(C ∗ )} J mol−1 , based on
the recommendations of May et al. (2013). Here, several
combinations of OMsv .1Hvap functions and OMsv .Vol.dist
were tested.
In Table 2, the measured OAt=0 for all the 11 experiments, which ranges from 6.0 to 22.6 µg m−3 , are
reported. The OMsv values that match the measured
OAt=0 are shown as an example for the cases when
OMsv .1Hvap = {85 000 − 4000 × log(C ∗ )} J mol−1
and
Geosci. Model Dev., 10, 2303–2320, 2017

Table 2. Modelled and experimental data for 11 wood-burning experiments. The OMsv mass at the beginning of each chamber experiment is reported together with the measured
OAt=0 and the initial NTVOCs concentration. NTVOCs / OMsv is the ratio between the measured NTVOCs and the calculated OMsv mass at the beginning of each experiment for the
two different OMsv .1Hvap functions: a OMsv .1Hvap = {85 000 − 4000 × Log(C ∗ )} J mol−1 and b OMsv .1Hvap = {70 000 − 11 000 × Log(C ∗ )} J mol−1 , used in combination with
OMsv .Vol.distREF presented in Table 1.

12.3

39.6

42.2

39.8

42.4

37.7

40.1

4.9
4.6

46.6

49.7

4.4
4.1

9.5

12.3

5.0
4.7

23.5

31.0

2.6
2.4

16.9

22.2

7.2
5.6

13.6

17.8

3.9
3.0

22.4

29.5

8.5
6.4

12.1

15.8

5.1
4.4

17.3

22.7

–
–

5.1

Results

–
–

5

10.7
8.1

ii. Second, the obtained volatility distributions were used
to model the aging of the emissions and SOA formation within the hybrid 1.5D-VBS framework. The timedependent OA mass and O : C ratios were used as model
constraints and the NTVOC reaction rates (kOH-NTVOCs )
and yields (Y ) as well as average enthalpy of evaporation for secondary material in set 2 and 3 (SOA.1Hvap )
were retrieved. In section 6 we will discuss how other a
priori assumed parameters influence the results. For the
second step, only experiments performed at RH = 50 %
were used, as high RH might favour further uptake of
oxygenated secondary organic material into the bulk
phase, effectively increasing aerosol yields (Zuend and
Seinfeld, 2012). Such effects are beyond the scope of
this study.

Measured NTVOCs
[µg m−3 ]
Measured OAt=0
[µg m−3 ]
a
Modelled OMsv
[µg m−3 ]
b
Modelled OMsv
[µg m−3 ]
(NTVOCs) / (OMsv )a
(NTVOCs) / (OMsv )b

rogates (OMsv .1Hvap ). Combinations of OMsv .Vol.dist
and OMsv .1Hvap of primary biomass-burning semivolatile compounds are reported in May et al. (2013),
obtained based on thermodenuder data. Several combinations of OMsv .1Hvap and OMsv .Vol.dist were tested.
The amount of OMsv was varied until the measured
POA mass at t = 0 (OAt=0 ) was reached and the resulting NTVOCs / OMsv was calculated for the different
experiments. The average NTVOCs / OMsv calculated
at high and low temperatures were then compared and
only combinations of OMsv .1Hvap and OMsv .Vol.dist
that yielded similar NTVOCs / OMsv ratios at low and
high temperatures were considered to fit our data within
our experimental variability.
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Table 3. Solutions used for primary organic aerosol enthalpies of vaporization with averages and standard deviations of the
(NTVOCs) / (OMsv ) ratio.
1HvapPOA
(J mol−1 )

(NTVOCs) / (OMsv )
Average High-T
(288 K)

(NTVOCs) / (OMsv )
Average Low-T
(263 K)

4.2 ± 1.1
4.0 ± 1.1

7.2 ± 2.6
5.5 ± 2.0

{85 000 − 4000 × log(C ∗ )}
{70 000 − 11 000 × log(C ∗ )}

Figure 2. Partitioning of wood-burning POA before the start of the aging for 11 smog chamber experiments (SOL2). Gas phase in red and
particle phase in blue.

OMsv .1Hvap = {70 000 − 11 000 × log(C ∗ )} J mol−1 were
used in combination with OMsv .Vol.distREF . The average
NTVOCs / OMsv ratios obtained using both OMsv .1Hvap
functions are compared at high and low temperatures in
Table 3. OMsv .1Hvap = {70 000−11 000×log(C ∗ )} J mol−1
reduced the observed difference in the average
NTVOCs / OMsv ratios at the two temperatures. In
general, functions with lowest OMsv .1Hvap better explained
the change in the measured OAt=0 with temperature, with
OMsv .1Hvap = {70 000 − 11 000 × Log(C ∗ )} J mol−1
best fitting our data. The volatility distributions
that could explain our observation have an aggregate contribution in the volatility bins log(C ∗ ) = 1
and 2 smaller than or equal to 0.3. In the following,
OMsv .1Hvap = {70 000 − 11 000 × log(C ∗ )} J mol−1 shall
be used in combination with OMsv .Vol.distREF as model

www.geosci-model-dev.net/10/2303/2017/

inputs and in Sect. 6 we assess the sensitivity of the resulting
NTVOCs / OMsv ratios and SOA formed on the chosen
OMsv .Vol.dist.
Using
these
model
parameters,
the
overall
NTVOCs / OMsv ratio was determined to be around
4.75. Figure 2 shows the resolved equilibrium phase partitioning (Eq. 1) between the gas and particle phase at the
beginning of each of the 11 smog chamber experiments
(OAt=0 ). As expected, most of the material is found in the
gas phase at high temperatures, while at lower temperature
only part of the compounds with saturation concentrations
(at 20 ◦ C) between 100 and 1000 µg m−3 would reside in the
gas phase.

Geosci. Model Dev., 10, 2303–2320, 2017
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Wood-burning aging at low and high temperatures

In this section, we will focus on emission aging. Using the
NTVOCs / OMsv ratio and the enthalpies of vaporization retrieved in the previous sections, we modelled the eight different smog chamber experiments: nos. 1, 2, 3, and 4 (low
temperature) and nos. 8, 9, 10, and 11 (high temperature)
performed at the same relative humidity (RH = 50 %). For
each of the eight experiments, we injected an average mixture of NTVOCs equal to 4.75 times the OMsv mass before the start of the aging. NTVOCs react solely with OH,
whose concentration was retrieved from PTR-MS measurements. The temperature dependence of the reaction rates
was also taken into account through the Arrhenius equation. The reaction rates (kOH-NTVOCs ) and yields (Y ) of
the NTVOCs as well as enthalpies of vaporization of SOA
(SOA.1Hvap ) in set 2 and set 3 were varied within specific physically realistic ranges that were already proposed
in the literature (Koo et al., 2014; Donahue et al., 2013;
Grieshop et al., 2009; Robinson et al., 2007). We varied
kOH-NTVOCs between 2 and 4 × 10−11 cm3 molec−1 s−1 in
steps of 0.1×10−11 cm3 molec−1 s−1 , and yields between 0.1
and 0.4 ppm ppm−1 in steps of 0.01 ppm ppm−1 . The yields
refer to the sum of the aerosol yields of the four volatility bins. A naphthalene kernel mass distribution with increasing contribution as a function of log(C ∗ ) is used to
distribute the products in the four bins (Murphy and Pandis, 2009). Values for SOA.1Hvap are still highly uncertain. In this study, we explored a wide range of values from
15 000 to 115 000 J mol−1 in steps of 20 000 J mol−1 . The
model performance for each combination of SOA.1Hvap , Y
and kOH-NTVOCs was evaluated by calculating the root mean
square error (RMSE) on both the O : C ratio and OA mass
(giving the same weight to both quantities) for the eight experiments (giving the same weight to all experiments), and
the best-fitting solution is the one that minimized the RMSE.
We performed a total number of 31 248 simulations.
Figure 3 shows the total errors for the OA mass (left
side) and O : C ratio (right side) for different SOA.1Hvap ,
Y and kOH-NTVOCs . The error on the OA mass varies from
a minimum of ∼ 25 % up to more than 60 %, whereas the
errors on the O : C ratio are lower, ranging from approximately 15 % up to more than 30 %. For the OA mass, distinct regions with lower errors are visible in the central part
of each panel with different SOA.1Hvap , representing the
models that best fit the measured OA. While a similar observation can be made for the O : C ratios, models with high
SOA.1Hvap tend to reproduce the data less faithfully. The
diamonds in Fig. 3 indicate the absolute best-fitting solution
(kOH-NTVOCs = 4.0×10−11 cm3 molec−1 s−1 ; SOA.1Hvap =
35 000; Y = 0.32 ppm ppm−1 , in yellow), and the ones retrieved with a likelihood-ratio test allowing for 10 % error
form the best fit (red diamonds). Regions with lower errors
are localized for kOH-NTVOCs ≥ 2.5×10−11 cm3 molec−1 s−1
between SOA.1Hvap values of 35 000 and 55 000 J mol−1 .
Geosci. Model Dev., 10, 2303–2320, 2017

Figure 4 shows the modelled and measured OA mass for
all eight experiments. The primary organic aerosol fraction
is reported as well as the SOA fraction from SVOCs and
higher volatility NTVOCs. All the low-temperature experiments (nos. 1, 2, 3, and 4, left side of the panel) were reproduced very well along with the concentration gradients
at the end of each experiment even though the model generally tends to slightly over-predict the final OA concentration
and to under-predict the production rate. The POA fraction
slightly increases at the very beginning of the aging phase,
upon the increase in OA mass. As the experiments proceed, POA decreases as a result of its partitioning to the gas
phase and subsequent oxidation. Most of the SOA was predicted to be formed from NTVOCs precursors (78–82 %) and
only a minor amount from SVOCs (18–22 %). Meanwhile, at
high temperatures, SVOCs contribute more significantly to
SOA formation compared to low-temperature experiments,
although the majority of SOA still arises from NTVOCs. We
note that at higher temperatures the OA mass was slightly
under-predicted for experiment nos. 9, 10, and 11, but largely
over-predicted for experiment no. 8 (see also Fig. S1). We
do not have any experimental evidence to discard experiment no. 8 as an outlier, but sensitivity analysis with excluding this experiment yielded slightly lower SOA.1Hvap values
(∼ 15 000–35 000 J mol−1 ).
Comparisons between measured and modelled O : C ratios are reported in Fig. 5. Model and observation results
match very well, especially upon aging. However, we note
on the one hand that significant differences between measured and modelled O : C ratios at the beginning of the experiments can be observed, without any systematic correlation
with the chamber conditions (e.g. OA mass or temperature).
These differences may be due to the variable nature of primary biomass smoke emissions, which cannot be accounted
for in the model. On the other hand, it is noticeable that the
model generally under-predicts the measured POA O : C ratios, suggesting that the parameters describing the O : C of
primary emissions are suboptimal. These parameters include
mainly the carbon and oxygen numbers of species in set 1,
and to a lesser extent the OMsv .Vol.dist and the OMsv .1Hvap ,
which are all adopted from previously published data. While
this observation suggests the presence of compounds with
lower carbon number (higher oxygen number) in the primary
aerosols (e.g. C6 H10 O5 anhydrous sugars, which contribute
∼ 15 % of the POA; Ulevicius et al., 2016), we believe that
we do not have suitable data (e.g. analysis at the molecular
level) to propose a more accurate representation of the POA
compounds. In addition, the average bias in the POA O : C
ratios is < 30 %, well within the experimental uncertainties.

6

Discussions and major conclusions

We performed extensive box-model simulations of woodburning smog chamber experiments conducted at two difwww.geosci-model-dev.net/10/2303/2017/
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Figure 3. Total error on the OA mass (left side) and on the O : C ratio (right side). White regions have an error larger than 60 % for the OA
mass and 26 % for the O : C ratio. The number of simulations per experiment is 3906. The red diamonds indicate the likelihood-ratio test
results for solutions within 10 % error from the best one (yellow diamond).

www.geosci-model-dev.net/10/2303/2017/

Geosci. Model Dev., 10, 2303–2320, 2017

2312

G. Ciarelli et al.: Constraining a hybrid volatility basis-set model for aging of wood-burning emissions

Figure 4. Modelled and observed OA mass for low-temperature experiments (left side) and high-temperature experiments (right side). The
model results are for the best-fitting solution (yellow diamond in Fig. 3). SOA from NTVOCs and SVOCs as well as POA are reported in
green, red and blue, respectively.

Geosci. Model Dev., 10, 2303–2320, 2017
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Figure 5. Modelled (black lines) and observed (red lines) O : C ratio for low-temperature experiments (left side) and high-temperature
experiments (right side).
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ferent temperatures (263 and 288 K). By combining new
NTVOCs and organic aerosol measurements we constrained
the amounts of NTVOCs that act as SOA precursors.
Our estimates indicate that NTVOCs are approximately
4.75 times the amount of total organic material in the 0.1 and
1000 µg m−3 saturation concentration range (OMsv ). This ratio can be directly used in CTMs in combination with the
proposed aging scheme, in the absence of explicit NTVOCs
emissions from wood burning. Our results suggest that only
the lowest enthalpies of evaporation of primary SVOCs reported by May et al. (2013) could reproduce the NTVOCs
and organic aerosol measurements at both temperatures.
These calculations were performed using a single volatility
distribution function.
Parameters required for representing SOA formation, such
as NTVOCs reaction rates (kOH-NTVOCs ), SOA yields (Y )
and enthalpies of vaporization of secondary organic aerosol
(SOA.1Hvap ), were varied within physically realistic ranges
and parameters best fitting the observed OA mass and O : C
ratios were retained. The use of time-resolved data and performing the experiments at two different temperatures significantly aided constraining these parameters. Based on the reaction scheme used, best-fitting kOH-NTVOCs ranged between
3.5 and 4.0 × 10−11 molec−1 cm3 s−1 , the Y of semi-volatile
SOA surrogates ranged between 0.3 and 0.35 ppm ppm−1 ,
and the SOA.1Hvap was determined to be between 35 000
and 55 000 J mol−1 . The model predicted that the majority of
the SOA formed during the aging phase arose from NTVOCs
and only a small amount from SVOCs.
Many parameters were not varied within the fitting procedure, but a priori assumed. In the following, we discuss the
approach used for the selection of these parameters and their
influence on the model results. Our results suggest that only
the lowest enthalpies of evaporation of primary SVOCs reported by May et al. (2013) could reproduce the NTVOCs
and organic aerosol measurements at both temperatures.
These low values are consistent with those obtained for SOA
(SOA.1Hvap = [35 000–55 000] J mol−1 vs. weighted average of 1HP OA ∼ 50 000 J mol−1 ). Results presented here
including the average NTVOCs / OMsv ratios and parameters required for representing SOA formation are all based
on the use of one OMsv .Vol.dist. In Fig. S3, we performed a
sensitivity analysis where several OMsv .Vol.dist were tested
in combination with the same SOA.1Hvap function and
the same reaction scheme. This analysis shows that the
NTVOCs / OMsv ranges between 3.9 and 4.8, which encompasses the value reported here (4.75) and that the resulting
SOA is only slightly sensitive to the assumed OMsv .Vol.dist
used, especially at low temperature. This is because the OMsv
is predicted to contribute to a lesser extent to the measured
SOA compared to NTVOCs.
The parameters describing the molecular characteristics
(e.g. oxygen and carbon numbers) of the primary SVOCs and
their oxidation products (set 1 and 2) were identical to those
proposed by Donahue et al. (2012) and Koo et al. (2014).
Geosci. Model Dev., 10, 2303–2320, 2017

As SVOCs contributed less than NTVOCs to SOA, the modelled OA mass and O : C ratios were not very sensitive to the
assumed parameters. Therefore, these assumptions could not
be tested and additional measurements at the molecular level
would be necessary for better constraining these parameters.
Meanwhile, we have assumed that the volatility distribution of the NTVOCs oxidation products follows the same
function as that of naphthalene oxidation products, scaled to
fit the total yield Y of these products in the semi-volatility
range. Initial tests indicated that the measurements used as
constraints did not allow for the determination of the exact
shape of this function, due to the limited concentration span
during our experiments (within only 1 order of magnitude).
Therefore, the function was fixed during the fitting procedure and only the Y was varied. Further experiments spanning a larger range of concentrations would be required for
better constraining the volatility distribution of the biomassburning NTVOCs oxidation products, with a special focus on
lower concentrations (between 1 and 20 µg m−3 ), representative of moderately polluted atmospheres, e.g. in Europe.
The carbon number of the NTVOCs oxidation products was based on the characterization of the chemical nature of these precursors by the PTR-ToF-MS (Bruns et al.,
2016), mostly comprising benzene and naphthalene and their
methylated derivatives, oxygenated aromatic products and
furans with an average carbon number of around 7. Based
on Donahue et al. (2013), we have assumed that the oxidation of moderately oxygenated NTVOCs leads to significant functionalization (addition of three oxygens on average), while the further aging of the resulting oxidation products leads to both functionalization and fragmentation. Representing both processes by only one compound in the 1.5DVBS approach imposed a decrease by only one volatility bin
and hence a gain of only one-half oxygen atom per oxidation.
This oxidation scheme is different from the one proposed
by Donahue et al. (2013), where significant fragmentation
occurs with aging combined with the gain of more oxygen
atoms. Initial tests showed that a higher increase in the oxygen number with aging would yield a significant decrease
of the compounds’ volatility (∼ 1.7 log(C ∗ ) bins per oxygen
atom) and hence an overestimation of the increase in SOA
yields with aging. An increase of one oxygen atom per oxidation step while decreasing the compounds’ volatility by
only one bin would imply significant fragmentation with the
loss of up to two carbon atoms, impossible in the case of C6
compounds, especially for low-volatility bins. We have attempted a further increase in the fragmentation compared to
the current scheme and the result was an overestimation in
the increase of the bulk O : C ratio with aging. We note that
the traditional functionalization and fragmentation scheme in
the initial VBS was developed by considering SOA precursors to comprise mostly long chain hydrocarbons (e.g. C10 –
C20 alkanes and alkenes), which are expected to be much
more subject to fragmentation than aromatics. Therefore, we
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Figure 6. Predicted OA mass (upper panels, note different scales), POA mass, SOA / POA ratio (middle panels) and yields (lower panels) at
different OMsv + NTVOCs initial load and atmospheric conditions (T ).

consider the scheme proposed here to be more suitable for
C7 aromatic and furan oxidation products.
In the present study, the bulk micro-physical properties
of the condensed phase were not measured. Therefore, for
all calculations, we assumed instantaneous reversible absorptive equilibrium of semi-volatile organic species into a wellmixed liquid phase; i.e. the model does not invoke diffusion
limitations within the condensed phase. These assumptions
may influence our results, especially at lower temperatures;
e.g. if diffusion limitations were to be considered, higher reaction rates would be required to explain the observations.
www.geosci-model-dev.net/10/2303/2017/

However, the same assumptions are considered in CTMs and
therefore we expect that resulting biases will partially cancel
out, providing that the bulk phase properties and condensational sinks of chamber and ambient aerosols are not significantly different.
Based on our best-fitting solutions, the OA mass and composition can be predicted at any given temperature, emission
load and OH exposure. This is illustrated in Fig. 6 for three
different OM emission loads (OMsv + NTVOCs) of 6, 60
and 600 µg m−3 and for a wide range of atmospherically relevant temperatures (from 253.15 to 313.15 K). Partitioning
Geosci. Model Dev., 10, 2303–2320, 2017
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of POA depends on the temperature and the ambient concentrations.
The POA mass decreases with temperature by 0.5 % K−1
on average with higher effects predicted at higher loads
(0.7 % K−1 at 600 µg m−3 vs. 0.3 % at 6 µg m−3 ). The partitioning coefficient of the primary material increases by about
a factor of 1.5 for a 10-fold increase in the emissions. As
aging proceeds, POA mass slightly increases as a result of
additional partitioning, but after an OH exposure of (1.0–
1.5) ×107 molec cm−3 h, the trend is inverse and POA mass
decreases due to the oxidation of semi-volatile primary compounds. This effect is more pronounced at high loads.
From Fig. 6, we can also assess the impact of temperature, OH exposure and emission concentrations on SOA
yields. The temperature effect on SOA yields is a function of OH exposure, aerosol load and temperature; i.e.
∂Y /∂T = f (T , COA , OHexp ). SOA yields increase 0.03, 0.06
and 0.05 % K−1 on average for 6, 60 and 600 µg m−3 , respectively, with higher effects predicted in general at lower temperatures. The temperature effect on the yields is also larger
at higher OH exposures (except for very high loads). An analysis typically performed to estimate the volatility distribution
of SOA products is based on SOA yields from chamber data
performed at different precursor concentrations. We investigated the impact of the OA concentration on the yield at
different temperatures and OH exposure. In Fig. S2, an average change in the yield with log COA is shown at the different conditions: (∂Y /∂ log COA ) = f (T , OHexp ). An increase
in SOA yields with the log COA was observed as expected,
which is not solely due to additional partitioning, but is also
related to changes in the actual chemical composition and
hence volatility distribution of the SOA surrogates, as they
age to different extents at different concentrations and temperatures. We determined a yield increase of 4–9 percentage
points for a 10-fold increase in emissions, with a higher effect at higher OH exposures and lower temperatures.
From Fig. 6, one may also evaluate the minimum OH
exposure values required for SOA to exceed POA. SOA is
predicted to exceed POA after ∼ 1.5 × 107 molec cm−3 h,
for typical ambient concentrations and temperatures. At low
temperatures (263 K) and high loads, SOA might exceed
POA at an OH exposure of 9 × 106 molec cm−3 h, or in 2–
10 h (at OH concentrations of (1–5) ×106 molec cm−3 ), in
line with previously estimated values for biomass-burning
emissions for the typical conditions of haze events (Huang
et al., 2014). Comparatively, at 288.15 K an OH exposure of
7 × 106 molec cm−3 h would be required for SOA to exceed
POA, which might be reached within 2 h or less at typical
summer OH concentrations, i.e. (5–10) ×106 molec cm−3 .
These results confirm previous observations during haze
events in China that SOA formation is very rapid and SOA
mass might exceed primary emissions within timescales of
hours, even during haze events (Huang et al., 2014).
Mounting evidence underlines the importance of accurately assessing the emission and evolution of wood-burning
Geosci. Model Dev., 10, 2303–2320, 2017

emission in the CTMs in order to properly predict the SOA
levels retrieved from ambient measurements (Ciarelli et al.,
2016; Denier van der Gon et al., 2015; Shrivastava et al.,
2015). The simplified VBS scheme proposed here allows for
including a mixture of NTVOCs retrieved from latest stateof-the-art wood-burning smog chamber experiments (Bruns
et al., 2016). The amount of the new NTVOCs material included in the model was found to be in the range of estimates
proposed by previous biomass-burning studies (Shrivastava
et al., 2015; Yokelson et al., 2013; Dzepina et al., 2009) and
to reproduce most of the chamber experiments successfully.
Including the fragmentation and multi-generation chemistry
of SOA precursors allows for a reasonable description of
the chemical properties of the SOA species including their
volatility distribution and their O : C ratios.
The applicability of the parameters to other burning conditions and other emission types should be evaluated in future studies. It has to be noticed that the scheme relies exclusively on chamber experiments conducted with only one
type of wood (Beech, Fagus sylvatica). Even though the effects of temperature, OH exposure and different emission
loads on the predicted OA concentrations were presented
in this study, differences in the nature of the emitted organic species (e.g. NTVOCs / OMsv and NTVOC composition) might be expected depending on the different burning
conditions and biomass used. Therefore, special care is required when extrapolating the results to a global scale, including more detailed emission information related to the
wood-burning habits of the different countries. An application of the proposed scheme, limited to the European scale,
can be found in Ciarelli et al. (2017).

Code and data availability. The VBS box model was written in
Fortran and was compiled using the Portland group compilers. Simulations were performed under Scientific Linux SL distribution using C shell scripts in order to brute force the chemical and physical
parameters. Model output was written in tab-separated text format.
Routines to perform the oxidation reactions of SOA precursors and
partitioning between particle and gas-phase organic material were
taken from the CAMx model (available at http://www.camx.com/)
and based on the work of Koo et al. (2014). Please contact the corresponding authors of this publication if you are interested in the
model code or applications and/or scientific collaboration.
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