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Abstract. In this study we modeled secondary organic
aerosol (SOA) mass loadings from the oxidation (by O3,
OH and NO3) of five representative biogenic volatile or-
ganic compounds (BVOCs): isoprene, endocyclic bond-
containing monoterpenes (α-pinene and limonene), exo-
cyclic double-bond compound (β-pinene) and a sesquiter-
pene (β-caryophyllene). The simulations were designed to
replicate an idealized smog chamber and oxidative flow re-
actors (OFRs). The Master Chemical Mechanism (MCM)
together with the peroxy radical autoxidation mechanism
(PRAM) were used to simulate the gas-phase chemistry. The
aim of this study was to compare the potency of MCM and
MCM+PRAM in predicting SOA formation. SOA yields
were in good agreement with experimental values for cham-
ber simulations when MCM+PRAM was applied, while
a stand-alone MCM underpredicted the SOA yields. Com-
pared to experimental yields, the OFR simulations using
MCM+PRAM yields were in good agreement for BVOCs
oxidized by both O3 and OH. On the other hand, a stand-
alone MCM underpredicted the SOA mass yields. SOA
yields increased with decreasing temperatures and NO con-
centrations and vice versa. This highlights the limitations
posed when using fixed SOA yields in a majority of global
and regional models. Few compounds that play a crucial
role (> 95 % of mass load) in contributing to SOA mass
increase (using MCM+PRAM) are identified. The results
further emphasized that incorporating PRAM in conjunction
with MCM does improve SOA mass yield estimation.

1 Introduction

Atmospheric secondary organic aerosols, formed from gas-
to-particle phase conversion of the oxidation products of
volatile organic compounds (VOCs), significantly impact the
organic aerosol mass loadings (Griffin, 1999; Kanakidou et
al., 2005). However, the scale of SOA contribution to the
aerosol particle mass is still subject to high uncertainties
(Hao et al., 2011; Glasius and Goldstein, 2016). The elevated
aerosol particle concentrations are shown to have inimical ef-
fects on health (Miller et al., 2007) and a varying degree of
influence on the climate by forming cloud condensation nu-
clei (CCN), altering the cloud properties and radiative bal-
ance (Rosenfeld et al., 2014; Schmale et al., 2018). There-
fore, it is acutely necessary to understand the contributions
and role of SOA in the particle loading in the atmosphere.
Biogenic VOCs from forest are estimated to contribute to
about 90 % of VOC emissions globally (Guenther et al.,
1995, 1999, 2000). The most important BVOCs for SOA
formation are isoprene (C5H8), monoterpenes (C10H16) and
sesquiterpenes (C15H24). These compounds are all alkenes
containing at least one carbon–carbon double bond, enabling
them to undergo oxidation by the dominant atmospheric ox-
idants: the hydroxyl radical (OH), ozone (O3) and the ni-
trate radical (NO3). For some of the terpenes, initial oxida-
tion steps can lead to formation of highly oxygenated organic
molecules (HOMs). These HOMs generally have low volatil-
ities and can condense nearly irreversibly, thereby producing
SOA (Ehn et al., 2014). HOMs, detected in both the ambi-
ent atmosphere and chamber experiments (Ehn et al., 2012)
are formed by autoxidation (Berndt et al., 2016; Crounse and
Nielsen, 2013) wherein peroxy radicals (RO2) undergo sub-
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sequent intramolecular H shifts accompanied by rapid reac-
tions with O2. Autoxidation hence results in compounds con-
taining multiple functional groups such as hydroxyls, perox-
ides and carbonyls (Bianchi et al., 2017, 2019).

A majority of chamber and flow-tube experiments have
focused on HOM formation from the oxidation of various
VOCs and their contribution to SOA mass loadings (Ehn
et al., 2014; Kristensen et al., 2017). Oxidation of isoprene
(Liu et al., 2016), endocyclic monoterpenes containing reac-
tive double bonds such as α-pinene and limonene (Zhao et
al., 2015), or exocyclic double-bond-containing compounds
such as β-pinene (Jokinen et al., 2015) and sesquiterpenes
such as β-caryophyllene (Chen et al., 2012) have been in-
vestigated. The SOA forming potential of various BVOCs
depends on the isomeric structures (Friedman and Farmer,
2018; Keywood et al., 2004). Ozonolysis of compounds con-
taining reactive endocyclic bonds such as α-pinene produces
higher SOA mass yields of 41 % in comparison to those with
exocyclic bonds (β-pinene), which produce mass yields of
17 % (Lee et al., 2006a). One explanation for this depen-
dence on the isomeric structure is attributed to the formation
of HOMs (Ehn et al., 2014). Another important factor influ-
encing HOM formation is the initial oxidant, as pointed out
by Zhao et al. (2015). They showed that the SOA formation
by OH oxidation of α-pinene and limonene was lower when
compared to their SOA formed by ozonolysis. Further they
measured a lower H/C ratio for SOA produced by monoter-
pene ozonolysis (experiments were carried out in the dark
with CO as an OH scavenger), in comparison to OH oxida-
tion of α-pinene and limonene, while the O/C ratios were
similar for both oxidation cases. This was attributed to the
formation of RO2 radicals (monoterpenes+O3), which un-
dergo internal hydrogen shifts and subsequently react with
another RO2 radical to form compounds containing carbonyl
groups while losing hydrogen atoms in the process. A sim-
ilar analysis was conducted by Draper et al. (2015), who
showed that an increase in NO2 concentration reduced α-
pinene ozonolysis SOA mass yields, while no appreciable
reduction in mass yields is reported for β-pinene and 13-
carene ozonolysis. On the other hand, the mass yields from
limonene ozonolysis increased with increasing NO2 concen-
trations (Draper et al., 2015). This disparity in mass yields
for different BVOCs in the presence of NO2 is possibly
caused by the formation of high-molecular-weight oligomers
(or lack of in case of α-pinene) through oxidation with NO3
that contribute to SOA mass loadings (Draper et al., 2015).

Due to computational limitations, many regional- and
canopy-scale atmospheric chemistry models generally use
isoprene and/or a representative monoterpene (generally α-
pinene) to model SOA yields (Friedman and Farmer, 2018).
The SOA yields of different monoterpenes vary with struc-
ture, NOx and temperature (Friedman and Farmer, 2018;
Kristensen et al., 2017; Presto et al., 2005). This poses a limi-
tation on using representative monoterpene fixed SOA yields
in many of the global models and increases uncertainties in

predicting cloud condensation nuclei concentrations, cloud
droplet number concentrations and radiative balance due to
aerosol loadings.

This work aims to investigate the SOA mass loading
from the oxidation products of BVOCs with the atmo-
spheric oxidants OH, O3 and NO3 with a specific fo-
cus on the BVOCs isoprene, α-pinene, β-pinene, limonene
and β-caryophyllene. Further we study the effect of vary-
ing temperature (258.15–313.15 K) and NO concentrations
(0–5 ppb) on α-pinene oxidation mass yields. We use the
master chemical mechanism (MCMv3.3.1) (Jenkin et al.,
1997, 2012, 2015; Saunders et al., 2003), a nearly explicit
gas-phase chemical mechanism together with peroxy radi-
cal autoxidation mechanism (PRAM; Roldin et al., 2019)
(PRAM+MCM). The aim is to understand the importance
and contribution of peroxy radical autoxidation products to
the SOA mass yields from terpenes.

2 Model description

2.1 MALTE-Box

MALTE (Model to predict new Aerosol formation in Lower
TropospherE) is a one-dimensional model consisting of mod-
ules calculating boundary layer meteorology, emissions of
BVOCs, gas-phase chemistry and aerosol dynamics with
the aim to simulate particle distribution and growth in the
lower troposphere (Boy et al., 2006). In this study, a zero-
dimensional version, MALTE-Box, is applied to simulate an
ideal chamber and flow-tube environment (i.e., no wall loss
effects are considered in this study). For the simulations per-
formed in this study the emission module was switched off
while only employing the gas-phase chemistry and aerosol
dynamics module.

Kinetic PreProcessor (KPP) is used to generate a system of
coupled differential equations to solve the gas-phase chem-
istry schemes (Damian et al., 2002). The peroxy radical au-
toxidation mechanism (PRAM; Roldin et al., 2019; Qi et al.,
2018; Öström et al., 2017), formulated based on the oxidation
of monoterpenes as described by Ehn et al. (2014), was incor-
porated alongside MCMv3.3.1. PRAM explicitly describes
the formation and evolution of peroxy radicals (RO2) from
the ozonolysis and OH oxidation of monoterpenes, driven by
subsequent H shifts and O2 additions. The current version of
PRAM based on experimental and theoretical studies con-
siders HOM autoxidation for a fraction of the peroxy radi-
cals formed during the ozonolysis of α-pinene and limonene
and OH oxidation of α-pinene, β-pinene and limonene.
This is achieved by assigning species specific molar yields
for the formation of first RO2, which subsequently initiates
the autoxidation chain (Roldin et al., 2019). Currently, in
PRAM maximum first-generation RO2 yields of 9 % for α-
pinene ozonolysis, 21.9 % for limonene ozonolysis, 2.5 %
for α-pinene+OH, and 1 % for both limonene+OH and β-
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pinene+OH first-generation products are allowed to initiate
autoxidation (Roldin et al., 2019). For β-pinene ozonolysis
the molar yield of RO2 is minor (< 0.1 %) (Roldin et al.,
2019; Ehn et al., 2014) and hence not considered in this work.
The abovementioned RO2 molar yields used in this work are
close to the experimental values obtained in both smog cham-
ber and flow-tube experiments. Ehn et al. (2014) measured
an RO2 yield of ∼ 7 % for α-pinene ozonolysis and ∼ 17 %
for limonene ozonolysis, whereas Jokinen et al. (2015) mea-
sured 0.58 % and 0.93 % for OH oxidation of β-pinene and
limonene, respectively. The autoxidation is terminated by bi-
molecular reactions, wherein the RO2 formed reacts with
NO, HO2 or other peroxy radicals, thereby forming alkoxy
radicals, closed shell monomers or dimers (Roldin et al.,
2019). The PRAM considers temperature-dependent autox-
idation reaction rates, which is important when investigating
the SOA mass yields at varying temperatures. The temper-
ature dependence in PRAM is based on quantum chemical
calculations wherein the autoxidation rates correspond to an
activation energy of 24 kcal mol−1. The activation energies
vary for autoxidation of different RO2 from α-pinene ozonol-
ysis between 22 and 29 kcal mol−1 (Rissanen et al., 2015),
leading to varying autoxidation rates at different tempera-
tures (Roldin et al., 2019). It should be noted that the temper-
ature dependence in PRAM is the first of its kind but needs
further evaluation using recent measurements of HOM for-
mation at different temperatures (e.g., Quéléver et al., 2019).

The aerosol dynamics are simulated using the University
of Helsinki Multicomponent Aerosol model (UHMA) origi-
nally from Korhonen et al. (2004). The model has undergone
significant development since then to allow simulation with
all the compounds from MCM. It now supports an unlimited
number of condensing vapors and solves condensation using
the analytical predictor of the condensation method from Ja-
cobson (1997). The condensation algorithm considers both,
the Kelvin effect and Raoult’s law. The processes included in
the model are nucleation, condensation, evaporation, coagu-
lation and deposition. The discretization of the size distribu-
tion and the time evolution is modeled with the moving sec-
tion approach, with optional redistribution to a fixed grid. In
this work, the redistribution is active to make the coagulation
more accurate since it requires that grid points are available
near the size of the coagulated particles. In this study nucle-
ation and deposition are not active and hence are not con-
sidered. A total of 100 size bins ranging from 1nm to 20 µm
with the fixed grid was applied for this study.

A group contribution method based on Nannoolal et
al. (2008) using the UManSysProp online system (Topping et
al., 2016) was used to estimate the pure liquid saturation va-
por pressures (p0) of the organic compounds in MCMv3.3.1.
For the PRAM species, p0 values were estimated using
the functional group method SIMPOL (Pankow and Asher,
2008; see Roldin et al., 2019, for details). Temperature was
used as an input to estimate p0 for both the group contribu-
tion methods.

2.2 Simulations

The simulations performed in this study are aimed to closely
resemble an idealized smog chamber (batch mode setup) and
an oxidative flow reactor (OFR) without interactions between
the gas phase and the system walls. For the chamber runs, the
VOC and oxidants were introduced at the beginning (time,
t = 0 s), set to certain concentrations (Table 1a) and then al-
lowed to react. Both chamber and OFR simulations are per-
formed using ammonium sulfate seed particles, which are in-
troduced at time t = 0. The condensation sink (CS) was in-
ferred from the size distribution of seed particles used in the
model. The CS for the chamber and OFR simulations was set
to 0.00067 and 0.067 s−1, respectively. SOA mass yields ob-
tained using an OFR are sensitive to the short residence time
used; hence the seed particle surface area should be chosen in
order to overcome the mass yield underestimation (Ahlberg
et al., 2019). CS sensitivity runs (Supplement Fig. S1) were
performed for α-pinene–O3 to determine the CS for which
there is no appreciable change in mass yields with increasing
particle surface.

The simulation for the chamber setup is run for a maxi-
mum time of 24 h and ends when either of the two criteria
are satisfied: (1) the simulation time reaches the 24 h mark or
(2) 90 % of the initial precursor VOC has reacted away. In the
latter case the simulation is continued for an additional 2 h to
ensure enough time for the vapors to condense onto the seed
particles. By contrast, the OFR runs were simulated for a
maximum residence time of 100 s, ensuring all initial precur-
sor vapors were oxidized. Seed particles were also added in
the OFR simulations. The oxidant concentrations used for the
OFR simulations (Table 1b) are significantly higher in com-
parison to the simulated chamber runs (∼ 2 orders of mag-
nitude larger). The time steps for the chamber and flow-tube
simulations are set to t = 10 s and t = 0.1 s, respectively. The
runs performed were oxidant specific (i.e., VOCs would be
oxidized by only one specific oxidant at any given time). For
the O3 specific simulations no OH could form in both, OFR
and chamber setups, thus making oxidation of O3 the only
pathway.

The simulations were performed at atmospherically rel-
evant NOx (NOx=NO+NO2) concentrations, correspond-
ing to [NO]= 0.5 ppb and [NO2]= 2.0 ppb conditions with
the relative humidity (RH) set to 60 % and temperature to
293.15 K. The RH value considered in this study is based
on previous published experimental studies performed at
∼ 60 % in both the smog chamber (Bruns et al., 2015; Ehn
et al., 2014; Stirnweis et al., 2017) and OFR (Ahlberg et al.,
2019). The α-pinene ozonolysis runs were performed at four
different temperatures: 258.15, 278.15, 303.15 and 313.15 K,
respectively (Table 1c). SOA mass yields are expected to in-
crease with decreasing temperature (Saathoff et al., 2009). A
similar temperature dependence was observed by Kristensen
et al. (2017), who observed SOA mass yield from α-pinene
ozonolysis at ∼ 40 % and ∼ 20 % at 258 and 293 K, respec-
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Table 1. (a) Concentrations of different BVOCs. (b) Concentrations of different oxidants for chamber and flow-tube runs. (c) NO concentra-
tions and temperatures used for α-pinene ozonolysis.

(a)

α-Pinene (ppb) β-Pinene (ppb) Isoprene (ppb) Limonene (ppb) β-Caryophyllene (ppb)

0.5, 1.0, 5.0, 50.0, 0.5, 1.0, 5.0, 50.0, 5.0, 50.0, 100.0, 1.0, 5.0, 50.0, 0.5, 1.0, 2.0, 5.0, 10.0
100.0, 200.0 100.0, 200.0 200.0 100.0, 200.0

(b)

OH (×106 molec. cm−3) – chamber
OH (×108 molec. cm−3) – OFR

O3 (×1011 molec. cm−3) – chamber
O3 (×1013 molec. cm−3) – OFR

NO3 (×107 molec. cm−3) – chamber
NO3 (×109 molec. cm−3) – OFR

2.0, 5.0, 10.0, 50.0, 100.0 1.0, 5.0, 10.0, 50.0, 100.0 1.0, 5.0, 10.0, 50.0, 100.0

(c)

NO (ppb) 0.5 (default), 0, 0.2, 1, 2, 5

Temperature (K) 293.15 (default), 258.15, 278.15, 303.15, 313.15

tively. Analogous to analyzing the effect of varying temper-
ature on SOA yields, we study the variation in α-pinene
ozonolysis SOA mass yields by varying the NOx concen-
trations (Table 1c). SOA yields for α-pinene ozonolysis at
high NOx conditions should be suppressed (Ng et al., 2007),
which could be due to the production of relatively volatile
organic nitrates under high-NOx conditions compared to less
volatile products during low-NOx conditions (Presto et al.,
2005).

Furthermore, two different chemistry schemes were ap-
plied for the simulations. One scheme consisted of only the
MCM chemistry mechanism and the second included the
MCM+PRAM chemistry mechanism. Table 1a shows the
concentrations of different BVOCs and Table 1b shows the
oxidant concentrations used for the simulations.

2.3 Mass yields

The SOA mass yields (Y ) are determined by calculating the
ratio of the amount of SOA or mass concentration of organic
aerosol formed (COA) to the amount of VOC (1VOC) re-
acted:

Y =
COA

1VOC
. (1)

A volatility basis set is fit to the data to obtain the volatil-
ity distribution. In this study equilibrium partitioning was
only assumed for deriving the volatility distribution based on
the model simulations. Following Donahue et al. (2006), the
SOA is assumed to be in equilibrium with the gas phase and
using the effective saturation concentration C∗i spaced loga-
rithmically. The individual product partitioning to the parti-
cle phase can be estimated using

Ei =

(
1+

C∗i

COA

)−1

, (2)

where Ei is the fraction of species in the condensed par-
ticle phase. The above equation determines the fraction of
species in the particle phase as well as in the gas phase.
For example, if we assume COA = 10 µg m−3, a species with
C∗ = 10 µg m−3 will partition 50 % to the condensed phase
and the other 50 % will reside in the gas phase. The fidelity
of this equilibrium partitioning enables the parameterization
of product vapors in volatility C∗ bins that are near the COA
concentrations (Henry et al., 2012).

3 Results and discussion

SOA mass yields were simulated for the oxidation of various
biogenic volatile organic compounds (isoprene, α-pinene,
limonene and β-caryophyllene, β-pinene) by dominant at-
mospheric oxidants OH, O3 and NO3. The following section
examines the comparison between the yields derived using
MCM+PRAM and a stand-alone MCM for chamber and
flow-tube experiments.

3.1 BVOCs – O3 chamber and flow-tube simulations

Figure 1a indicates the SOA mass yields derived on applying
a coupled MCM+PRAM mechanism to ozonolysis of α-
pinene and limonene (PRAM is only available for ozonolysis
of α-pinene and limonene) and panel (b) shows the ratio of
yields obtained by MCM and coupled MCM+PRAM.

The abscissa, depicted on a log scale, considers the en-
tire range of SOA mass loadings from 1 to 800 µg m−3. Each
data point is representative of simulated SOA mass yields
resulting from variable BVOC loading. The resulting mass
yields for α-pinene in the range shown in Table 2a are con-
sistent with the yields found in various smog chamber exper-
iments. The mass yields derived using MCM+PRAM for α-
pinene ozonolysis are in good agreement with the experimen-
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Figure 1. The mass yields from the ozonolysis of BVOCs α-pinene (red heptagon) and limonene (blue crosses) modeled after chamber
(filled symbols) and flow-tube settings (open symbols). The figure shows a comparison of SOA mass yields obtained from simulations with
MCM+PRAM (a) and ratio of yields from MCM and MCM+PRAM (b). Currently PRAM is available for ozonolysis of limonene and
α-pinene. The clumps are a result of SOA mass yields for the oxidation of specific oxidant concentrations with varying BVOC concentration.

tal yields measured for similar mass loadings by Kristensen
et al. (2017) and Pathak et al. (2007). The stand-alone MCM,
on the other hand, severely underpredicts the mass yields for
α-pinene ozonolysis. The MCM+PRAM also shows better
agreement with experiments when estimating the lower range
mass yields for SOA mass loadings of < 15 µg m−3. This is
supported by the values obtained by Shilling et al. (2008),
where the authors measured a 0.09 yield from α-pinene
ozonolysis for SOA mass loading of 10.6 µg m−3. Limonene
ozonolysis mass yields using MCM+PRAM in comparison
to stand-alone MCM are much closer to the values given by
Waring (2016).

The formation of HOM from β-pinene ozonolysis is low
(Ehn et al., 2014; Jokinen et al., 2015) and hence not consid-
ered in PRAM. The peroxy radical autoxidation mechanism
for β-caryophyllene ozonolysis has not yet been developed
and therefore is not considered in PRAM. When comparing
the measured mass yield values for β-caryophyllene (Chen
et al., 2012) and β-pinene ozonolysis (Griffin, 1999; Pathak
et al., 2008) to the modeled values using the MCM scheme,
it is evident that the MCM scheme drastically underpredicts
the SOA mass yields (Fig. 2).

Today oxidation flow reactor (OFR) experiments com-
plement the traditional batch mode smog chamber experi-

ments. The OFR generally exhibits lower mass yields com-
pared to the smog chamber experiments at ranges of equiv-
alent oxidant exposure (Lambe et al., 2015). We modeled
flow-tube simulation after the potential aerosol mass (PAM)
OFR, where the residence time is on the order of a few
to several minutes (Lambe et al., 2011). The model sim-
ulations are performed with a maximum residence time
of 100 s with O3 exposures ranging from 1.0× 1015 to
1.0×1017 molecules cm−3 s (residence time× [O3]). Kang et
al. (2007) measured a yield of 0.2 for ozonolysis of α-pinene
for an initial precursor VOC concentration of 100 ppbv, while
we obtain∼ 0.25 (MCM+PRAM) for the similar initial pre-
cursor concentrations. The OFR yields for β-pinene (MCM-
only) are significantly lower (0.02) than the values mea-
sured by Kang et al. (2007), wherein they measured a yield
of 0.49 for similar initial precursor concentrations. Addi-
tion of seed particles promotes condensation, leading to in-
creased SOA yields (Lambe et al., 2015), which was con-
firmed by Ahlberg et al. (2019). Kang et al. (2007) found that
when using seed particles the yield from α-pinene ozonol-
ysis increased by a factor of ∼ 1.4, which can explain our
yields for α-pinene ozonolysis simulations. The mass spec-
tra plot (Fig. S2) shows that PRAM contributes the majority
of dimers to the particle phase, while MCM dominates the
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Table 2. (a) Mass yields for BVOC ozonolysis at 293 K for different ranges of mass loadings using a chamber setup. The values in parentheses
in the column “Experimental yields” indicate the corresponding experimental mass loadings in micrograms per cubic meter. (b) Mass yields
for BVOC ozonolysis at 293 K for different ranges of mass loadings using an OFR setup.

(a)

SOA mass MCM+PRAM MCM mass BVOC Experimental References
loading (µg m−3) mass yield range yield range yields

0–15 0.07–0.08 0.00 –0.06 α-pinene 0.09 (10.6) Shilling et al. (2008)
16–60 0.12–0.20 0.06–0.11 α-pinene 0.16–0.21 (15–60) Pathak et al. (2007)
61–200 0.22–0.30 0.12–0.15 α-pinene 0.22 (62) Kristensen et al. (2017)
1.1–550 0.24–0.48 0.007–0.06 limonene 0.26 (1.7) Waring (2016)
0–100 0–0.09∗ 0–0.09 β-pinene 0.03–0.22 (7.2–100) Griffin (1999)
0–10 0–0.01∗ 0–0.01 β-caryophyllene 0.13 (1.8) Chen et al. (2012)

(b)

SOA mass MCM+PRAM MCM mass BVOC Experimental References
loading (ppb) mass yield range yield range yields

0–100 0.07–0.25 0–0.13 α-pinene 0.2 (100) Kang et al. (2007)
0–156 0–0.02∗ 0–0.02 β-pinene 0.49 (156) Kang et al. (2007)

∗ Indicates that no PRAM mechanism is available yet; i.e the yields are the same as the MCM yields.

Figure 2. The mass yields from the ozonolysis of BVOCs β-pinene and β-caryophyllene modeled after chamber (filled symbols) and flow-
tube (open symbols) settings. The figure shows a comparison of SOA mass yields obtained from simulations with only MCM as currently
there is no PRAM available for these compounds. The experimental values are provided for comparison.

monomer contribution. Another interesting facet of Fig. S2
are the different condensing compounds in both OFR and
chamber simulations. The higher absolute RO2 concentra-
tions in the OFR simulations explain the lower concentra-
tion of HOM monomers and dimers relative to the chamber
simulations; i.e., the high RO2 concentrations in the OFR

cause termination of the peroxy radical autoxidation chain
before the RO2 becomes highly oxygenated, thereby influ-
encing SOA yields. Hence, this should be taken into account
when using yields from OFR as inputs to regional and global
models.

Atmos. Chem. Phys., 19, 13741–13758, 2019 www.atmos-chem-phys.net/19/13741/2019/
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3.2 BVOCs – OH chamber and flow-tube simulations

The mass yields obtained by MCM+PRAM for α-pinene–
OH oxidation are close to the measured values (Kristensen
et al., 2017), while using only MCM underpredicts the mass
yields (Fig. 3a and b and Table 3). The maximum SOA mass
yield for OH oxidation of α-pinene is lower than the yield
from ozonolysis, which is suspected to arise due to the for-
mation of more volatile oxidation products produced during
OH oxidation (Bonn and Moortgat, 2002; Kristensen et al.,
2014). The OH oxidation of β-pinene results in mass yields
similar to the measurements obtained by Lee et al. (2006b)
for similar mass loadings. The β-pinene SOA yields are
comparatively well represented by MCM+PRAM in com-
parison to the stand-alone MCM. On the other hand, the
limonene mass yields are underpredicted by MCM+PRAM
for similar mass loadings. Yields for limonene SOA mass
loadings of 350 µg m−3 are around 0.31, which is lower
than the experimental values of 0.58, measured by Lee et
al. (2006b).

For β-caryophyllene, the modeled values are in good
agreement with experimental measured yields in the range of
mass loadings provided by Griffin (1999) and Tasoglou and
Pandis (2015). Currently there are no experiments provid-
ing HOM yields from OH oxidation of β-caryophyllene, and
hence those species are not included in PRAM. The simula-
tion results for yields from OH oxidation of β-caryophyllene
indicate that the MCM scheme is able to reproduce the ex-
perimental values (Fig. 4). Only MCM was used for mod-
eling the mass yields for OH oxidation of isoprene due to
the current lack of a PRAM mechanism for isoprene. The
mass yields derived from OH oxidation of isoprene vary
from 0.01 to 0.31 covering a range of mass loadings from
0.003 to 132 µg m−3. At low mass loadings < 10 µg m−3 the
maximum yield obtained is ∼ 0.06, which is a factor of 3
greater than the experimental results obtained by Lee et al.
(2006b), who measured a yield of 0.02. The mass yields
are in good agreement with the experimental results from
Liu et al. (2016), wherein they measured a yield of 0.13 for
22 µg m−3 (Table 3).

The OFR simulation results for the OH oxidation of
BVOCs with an equivalent exposure range from 2.0×1010 to
2.0× 1012 molecules cm−3 s are shown in Fig. 3. Our yields
for α-pinene agree well with the yields obtained by Bruns et
al. (2015), who measured a yield of ∼ 0.3 for a mass loading
of ∼ 300 µg m−3 at equivalent OH exposures. Friedman and
Farmer (2018) found mass yields of 0–0.086 for α-pinene
(ammonium sulfate seeded experiment), 0–0.12 for β-pinene
(no seed particles) and 0–0.04 for limonene (no seed par-
ticles), by varying the OH exposures between 4.7× 1010

and 7.4× 1011 molecules cm−3 s. Our simulated yields for
OH oxidation of α-pinene, β-pinene and limonene suggest
higher mass yields for α-pinene and limonene at equiva-
lent mass loadings, while mass yields for β-pinene are in
good agreement with the experimental yields. Friedman and

Farmer (2018) suggest that the reason for this underestima-
tion in mass yields could be the exclusion of large particle
sizes in the experiments, and they propose that these yields
could represent lower bounds.

3.3 BVOC – NO3 chamber and OFR simulations

Figure 5 shows the yields derived from the oxidation of
BVOCs by NO3. Currently, as no PRAM is available for NO3
oxidation, Fig. 5 represents SOA yields derived using MCM.
Due to limited experimental constraints, PRAM presently
does not consider autoxidation of RO2 formed from NO3 ox-
idation of VOCs, which could explain the huge discrepancy
between the measured and simulated mass yields (Fig. 5).
The yields obtained for oxidation of α-pinene (0.002–0.007)
by NO3 are low in comparison to those obtained by Nah et
al. (2016), where they measured a yield of 0.036. Measured
mass yields for limonene oxidation by NO3 result in mass
yields between 0.25 and 0.4 (Fry et al., 2011), whereas we
obtain negligible (∼ 0.0003) mass yields.

3.4 NOx dependence

Varying NOx concentrations changes the fate of RO2 radicals
formed during organic oxidations by altering the HO2/RO2
ratio, thereby impacting the distribution of reaction products
and aerosol formation (Presto et al., 2005; Zhao et al., 2018;
Sarrafzadeh et al., 2016). We modeled the SOA mass yields
for the α-pinene–O3 setup with varying NOx concentrations
(NO was varied whereas NO2 was kept constant for all the
runs), for initial α-pinene mixing ratios in the range 0.5–
200 ppb (Fig. 6). A maximum SOA yield value of 0.55 is ob-
tained for a combination of the lowest values of NO (0 ppb,
red circles). As the NO concentrations increase from 0.2 ppb
(blue squares) to 5 ppb (green inverted triangles) the yields
begin to decrease, and this pattern is observable and valid
for all concentration ranges of reacted precursor VOC. The
NOx dependence of α-pinene ozonolysis is consistent with
the findings of Draper et al. (2015) and Presto et al. (2005),
who observed a trend of decreasing SOA mass yields for α-
pinene ozonolysis with increasing NOx concentrations.

At low NOx concentrations RO2 radicals undergo rapid
autoxidation until they react with HO2 or RO2, resulting
in production of low-volatility hydroperoxide products (Sar-
rafzadeh et al., 2016), closed shell monomers or dimers
(Ehn et al., 2014; Roldin et al., 2019), which increase SOA
mass. This contrasts with high-NOx conditions where the
RO2+NO reactions dominate over reactions with HO2 or
RO2, resulting in the formation of more volatile products
such as aldehydes, ketones and organonitrates (Presto et al.,
2005; Sarrafzadeh et al., 2016) and likely suppressing the au-
toxidation process leading to a decrease in SOA mass load-
ings (Ehn et al., 2014).

Figure 7 shows the absolute contributions to SOA mass
loadings by PRAM and MCM compounds at two differ-
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Figure 3. The mass yields from OH oxidation of BVOCs α-pinene (red heptagons), β-pinene (black squares) and limonene (blue crosses)
modeled after chamber (filled symbols) and flow-tube settings (open symbols). The figure shows a comparison of SOA mass yields obtained
from application of MCM+PRAM (a) and ratio of yields from MCM and coupled MCM+PRAM (b). Currently PRAM is available for
OH oxidation of limonene, α-pinene and β-pinene.

Table 3. Mass yields for OH oxidation of BVOCs at 293 K for different ranges of mass loadings using a chambera and OFRb setup.

SOA mass loading MCM+PRAM MCM mass BVOC Experimental References
(µg m−3) mass yields yields yields

300a 0.28 0.25 β-pinene 0.31 (293) Lee et al. (2006b)

350a 0.31 0.06–0.11 limonene 0.58 (394) Lee et al. (2006b)

30a 0.09 0.004 α-pinene 0.11 (30) Kristensen et al. (2017)

< 10a 0.21c 0.21 β-caryophyllene 0.2 (8.8) Tasoglou and Pandis (2015)
20–80a 0.3–0.7c 0.3–0.7 0.37–0.79 (17–82) Griffin (1999)

22a 0.1c 0.1 Isoprene 0.13 (22) Liu et al. (2016)
< 10 0.06c 0.06 0.02 (9) Lee et al. (2006b)

0–300b 0.05–0.31 0–0.2 α-pinene 0–0.086 (0–300) Friedman and Farmer (2018)
0.3 (300) Bruns et al. (2015)

0–30b 0–0.1 0–0.01 β-pinene 0–0.12 (30) Friedman and Farmer (2018)

0–40b 0.0–0.19 0–0.17 limonene 0.0 – 0.04 (35) Friedman and Farmer (2018)

c Indicates that no PRAM mechanism is available yet; i.e., the yields are the same as the MCM yields.
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Figure 4. The mass yields from OH oxidation of BVOCs β-caryophyllene (black triangles) and isoprene (maroon diamonds) modeled
after chamber (filled symbols) and flow-tube settings (open symbols). The figure shows a comparison of SOA mass yields obtained from
application of MCM as currently there is no PRAM available for these compounds.

ent O3 concentrations of 4 and 100 ppb and varying NO
concentrations. The figure shows that with an increase in
NO concentrations of more than 1 ppb the contribution of
PRAM compounds to the particle phase decreases at both
4 and 100 ppb of O3 concentrations. In PRAM the RO2+

NO reaction leads to the formation of organonitrate HOM,
closed-shell monomers with a carbonyl group or fragmen-
tation products with higher volatility (Roldin et al., 2019).
HOM dimer formation is suppressed with increasing NO
concentrations in PRAM (Roldin et al., 2019), which ex-
plains the lower contribution by PRAM compounds to SOA
mass loadings with increasing NO. At NO concentrations
< 1 ppb the PRAM contribution increases as first-generation
RO2 products are capable of undergoing autoxidation, form-
ing highly oxygenated RO2, which then reacts with NO to
form organonitrates (Ehn et al., 2014). As NO concentrations
exceed 1ppb the first-generation RO2 is scavenged by NO,
thereby reducing the concentration of organonitrate HOM
(Ehn et al., 2014), possibly affecting SOA yields. The MCM
contribution also decreases with increasing NO concentra-

tions mostly due to the formation of more volatile organoni-
trates (Jenkin et al., 2019).

3.5 Temperature dependence

The formation of SOA from α-pinene ozonolysis in the tem-
perature range of 258.15–313.15 K was investigated in this
study using MCM+PRAM. Strong dependence of SOA
mass yield on temperature was reported by Saathoff et
al. (2009), wherein they measured the decreasing mass yields
from 0.42 at 273.15 K to 0.09 to 313.15 K for SOA loadings
of 53 and 92 µg m−3, respectively. Our results in Fig. 8 show
increasing SOA mass yields for α-pinene ozonolysis with de-
creasing temperature, which is attributed to the augmented
condensation of oxidation products termed semi-volatile or-
ganic compounds (SVOCs) (Kristensen et al., 2017) at lower
temperatures.

For α-pinene maximum mass loading < 150 µg m−3 the
mass yields reach a maximum value of 0.38 at temperatures
as low as 258.15 K and decrease to 0.27 for a temperature
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Figure 5. The mass yields from NO3 oxidation of BVOCs modeled after chamber and flow-tube settings. The figure shows a compar-
ison of SOA mass yields obtained from application of MCM. Appreciable mass yields were only obtained for α-pinene, limonene and
β-caryophyllene.

Figure 6. The SOA mass yields from O3 oxidation of α-pinene modeled for different NO concentrations with the chamber setup. The model
runs were performed using MCM+PRAM.
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Figure 7. Contribution to the SOA mass loadings by total PRAM and MCM compounds at different NO levels and O3 concentrations. For
comparison we use 4 and 100 ppb O3 concentrations, respectively, at 50 ppb α-pinene.

of 293.15 K and to 0.1 for a temperature of 313.15 K. These
yields are comparable to the results obtained by Kristensen
et al. (2017), who measured yields of 0.39 for 258.15 K and
0.22 for 293.15 K for mass loading < 150 µg m−3. The re-
sults show a weak dependence of SOA mass yields on tem-
peratures in the range of 278.15–313.15 K at low SOA mass
loadings, which become more pronounced as the mass load-
ings increase. At the lowest temperature of 258.15 K the mass
yields are higher in comparison to other temperatures regard-
less of the mass loadings. These results are in good agree-
ment with the findings by Pathak et al. (2007), who found a
strong temperature dependence of SOA mass yields at lower
temperature (0–15 ◦C), which decreases as the temperature
increases. Furthermore, similar to the measurements made
by Pathak et al. (2007), our simulations were able to repro-
duce the experimental findings that show no appreciable dif-
ferences in the SOA mass yields for loadings below 1 µg m−3

(initial mixing ratio of 1 ppb) for temperatures > 273.15 K.
Figure 9 shows the volatility distribution of α-pinene-

ozonolysis-derived SOA at different temperatures. The sat-
uration vapor pressure limits for defining extremely low-
volatility (ELVOCs – grey shaded), low-volatility (LVOCs
– red shaded), semi-volatile (SVOCs – green shaded) and
intermediate-volatility (IVOCs – cyan shaded) organic com-
pounds used in the volatility basis set (VBS) are set ac-
cording to the values suggested in Donahue et al. (2012).
In this work, we categorize compounds (ELVOCs, LVOCs,

SVOCs and IVOCs) based on effective saturation vapor pres-
sures (C∗) in the range of 10−5 to 103 µg m−3 and temper-
ature of 298 K (Donahue et al., 2009). At the lowest tem-
perature of 258.15 K, the SVOC contribution to the particle
phase is dominant in comparison to LVOCs and ELVOCs,
a trend which is subsequently reversed as the temperatures
are increased. At 293.15 K a majority of SVOCs and IVOCs
are in the gas phase while the contribution of LVOCs and
ELVOCs to the particle phase increases. These results are
in good agreement with observations made by Kristensen
et al. (2017), who observed an increasing contribution of
SVOCs at subzero temperatures of 258.15 K, which decrease
the fraction of SOA formed from ELVOCs. Again, it should
be noted that the temperature dependence of peroxy radical
autoxidation product formation still needs further validation
based on recent experiments (e.g., Quéléver et al., 2019).

3.6 Composition

MCM+PRAM can be used to narrow down and compile
a list of compounds playing a pivotal role in contributing
to SOA mass loadings and also compare the relative im-
portance of implementing PRAM alongside the MCM. Fig-
ure 10 shows the most important compounds from both the
MCM and PRAM that together contribute to more than 95 %
of α-pinene ozonolysis SOA mass loading at 293.15 K.

Figure 10 shows that contribution to SOA mass loadings
by PRAM compounds is∼ 48 % (of 97 %) while MCM com-
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Figure 8. Temperature dependence of SOA mass yields at different temperatures using the MCM+PRAM. The open pentagons represent
measurement data from Kristensen et al. (2017) at 258.15 and 298.15 K.

Figure 9. Modeled volatility distribution of SOA at different temperatures. The volatility bins span a range of effective saturation vapor
pressures C = C∗ = 10−5 to 103 µg m−3. The VBS distribution is based on a reference temperature of 298 K.
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Figure 10. MCM and PRAM compounds contributing to > 95 % of SOA mass at 293 K and 50 ppb O3 and α-pinene concentrations.

pounds contribute ∼ 52 % (of 97 %). On lowering the tem-
perature to 258 K the relative contributions of PRAM drop
to 15 % (of ∼ 99 %), while MCM dominates by contributing
∼ 85 % (of ∼ 99 %), respectively (Fig. S3a). The contribu-
tion of PRAM increases to∼ 64 % (of∼ 97 %) and the MCM
contribution drops to 36 % (of ∼ 97 %) at 313 K (Fig. S3b).
These results reflect the importance of PRAM as its con-
tribution plays an increasingly dominant role with increas-
ing temperatures and highlights the crucial few compounds
that contribute to maximum SOA mass loadings for α-pinene
ozonolysis. The list of abundant compounds which together
add up to contribute more than 95 % of SOA mass loadings
at 258, 293 and 313 K are presented in the Supplement (Ta-
ble S1a, b, c). At 258 K MCM compounds, namely pinonic
acid (C10H16O3, 4.4 %), C920PAN (C10H15NO7, 9.3 %),
C108NO3 (C10H15NO6, 8.9 %), C811PAN (C9H13NO7,
10.1 %) and C717NO3 (C7H9NO6, 11.3 %) contribute sig-
nificantly to the total SOA mass loadings while PRAM com-

pounds such as C10H14O7 (0.88 %), C10H16O4 (1.3 %) and
C10H16O6 (1.13 %) contribute significantly less. An increase
in temperature to 293 K results in an overall increase in con-
tribution by PRAM compounds, with C10H14O10 (3.6 %),
C10H14O11 (6.2 %) and C10H16O10 (3.2 %) playing an im-
portant role in contributing to the SOA mass loadings. This
trend of relative increase in the contribution by PRAM com-
pounds over MCM compounds to SOA mass loadings is
also evident as the temperatures are further increased to
313 K, where the PRAM compounds C10H14O11 (18.3 %),
C10H14O12 (6 %) and C10H16O12 (6.6 %) play a dominant
role in increasing SOA mass loadings.

4 Conclusions

We simulated SOA mass yields derived from the oxidation
of various BVOCs (isoprene, α-pinene, β-pinene, limonene
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and β-caryophyllene) by the oxidants O3, OH and NO3 us-
ing the zero-dimensional model MALTE-Box. The gas-phase
chemistry was simulated using the MCM in conjunction with
PRAM. The aim was to verify the efficacy of MCM+PRAM
in simulating the SOA mass yields. Additional simulations
were performed to test the MCM+PRAM under varying
temperature and NO concentrations. A few important com-
pounds playing a major role in increasing the SOA mass
yields for α-pinene ozonolysis at different temperatures are
also highlighted.

The simulations were designed to resemble ideal smog
chamber experiments and experiments in oxidative flow re-
actors (OFR). No interactions between the gas phase and
chamber walls were considered during the simulations. For
the smog chamber setting, the stand-alone MCM generally
underpredicts the mass yields obtained by the ozonolysis
and OH oxidation of BVOCs. In contrast, the yields derived
using MCM+PRAM for the smog chamber setup are in
good agreement with the experimental results. For an ide-
alized OFR setup, MCM+PRAM yields are in good agree-
ment with experimental yields, while again the MCM under-
predicts the SOA yields. The relative contribution of HOM
monomers and dimers to the particle phase in OFR simu-
lations is low when compared to the chamber simulations.
This is due to higher RO2 concentrations in OFR leading
to termination of peroxy radical autoxidation, thereby affect-
ing SOA yields. This needs to be considered when applying
yields based on OFR simulations in regional or global chem-
ical transport models

The model does not simulate appreciable SOA mass yields
for oxidation of BVOCs with NO3, as PRAM currently does
not consider autoxidation of RO2 formed from NO3 oxida-
tion of VOCs. This underlines the need for developing a
NO3 oxidation scheme which can better constrain and predict
SOA mass yields. In accordance with the previous studies,
the simulated SOA yields tend to decrease at higher tempera-
tures. The PRAM contribution to mass yields at low tempera-
tures (258.15 K) is ∼ 14 %, which is substantially lower than
that of MCM (∼ 86 %). As the temperature is increased to
313.15 K, the contribution of PRAM to SOA mass yields be-
gins to dominate over MCM. This most likely is due to MCM
producing more SVOCs (compounds classified as SVOCs at
298 K), which show a stronger contribution to the particle
phase at lower temperatures, due to decrease in saturation
vapor pressures with temperature. It should be noted that the
present temperature dependency of mass yields using PRAM
are a first and currently the best estimate in understanding the
influence of temperature on the peroxy radical autoxidation
formation. The simulated SOA yields with varying NO con-
centrations agree well with experimental results; i.e., SOA
yields decrease with increasing NO concentrations due to the
formation of more volatile compounds such as organonitrates
and ketones.

Using PRAM coupled with MCM helps us bridge the gap
in understanding the role and contribution of peroxy radical

autoxidation to SOA formation. The variation in SOA yields
for temperature and NO concentrations indicates the limita-
tions of global and regional models in predicting cloud con-
densation nuclei (CCN) effects using fixed SOA yields. The
good agreement of modeled and experimental yields from
smog chambers could further help us parameterize the SOA
yields, which could be applied at global and regional model
scales to more accurately predict the direct and indirect im-
pact of aerosol particles on radiation balance by aerosol scat-
tering/absorption and CCN concentrations. Furthermore, im-
plementation of a condensed PRAM version to regional and
global models has been tested but still needs further valida-
tion (Roldin et al., 2019).

Data availability. The complete PRAM mechanism written in
a format compatible with the Kinetic PreProcessor (KPP) to-
gether with all species information can also be downloaded from
https://doi.org/10.1594/PANGAEA.905102 (Roldin, 2019).

Supplement. The supplement related to this article is available on-
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