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Abstract. The oxidation of biogenic and anthropogenic com-
pounds leads to the formation of secondary organic aerosol
mass (SOA). The present study aims to investigate α-pinene,
limonene, and m-cresol with regards to their SOA formation
potential dependent on relative humidity (RH) under night-
(NO3 radicals) and daytime conditions (OH radicals) and the
resulting chemical composition. It was found that SOA for-
mation potential of limonene with NO3 under dry conditions
significantly exceeds that of the OH-radical reaction, with
SOA yields of 15–30 % and 10–21 %, respectively. Addition-
ally, the nocturnal SOA yield was found to be very sensitive
towards RH, yielding more SOA under dry conditions. In
contrast, the SOA formation potential of α-pinene with NO3
slightly exceeds that of the OH-radical reaction, independent
from RH. On average, α-pinene yielded SOA with about 6–
7 % from NO3 radicals and 3–4 % from OH-radical reaction.
Surprisingly, unexpectedly high SOA yields were found for
m-cresol oxidation with OH radicals (3–9 %), with the high-
est yield under elevated RH (9 %), which is most likely at-
tributable to a higher fraction of 3-methyl-6-nitro-catechol
(MNC). While α-pinene and m-cresol SOA was found to
be mainly composed of water-soluble compounds, 50–68 %
of nocturnal SOA and 22–39 % of daytime limonene SOA
are water-insoluble. The fraction of SOA-bound peroxides

which originated from α-pinene varied between 2 and 80 %
as a function of RH.

Furthermore, SOA from α-pinene revealed pinonic acid as
the most important particle-phase constituent under day- and
nighttime conditions with a fraction of 1–4 %. Other com-
pounds detected are norpinonic acid (0.05–1.1 % mass frac-
tion), terpenylic acid (0.1–1.1 % mass fraction), pinic acid
(0.1–1.8 % mass fraction), and 3-methyl-1,2,3-tricarboxylic
acid (0.05–0.5 % mass fraction). All marker compounds
showed higher fractions under dry conditions when formed
during daytime and showed almost no RH effect when
formed during night.

1 Introduction

Large amounts of volatile organic compounds (VOCs) are
emitted into the atmosphere from both biogenic and anthro-
pogenic sources with estimated source strengths of about
1300 Tg C yr−1 (Goldstein and Galbally, 2007). Once emit-
ted, VOCs undergo gas-phase reactions with ozone (O3), hy-
droxyl (OH), or nitrate (NO3) radicals (Atkinson and Arey,
2003). Those reactions result in the formation of oxygenated
products, with a lower vapor pressure than the parent hydro-
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carbons, which are subject to partitioning into the particle
phase, leading to the formation of secondary organic aerosol
(SOA). The atmospheric degradation of biogenic volatile or-
ganic compounds (BVOCs) and subsequent SOA formation
have been the subject of numerous studies during the last
decades (Hallquist et al., 2009; Glasius and Goldstein, 2016;
Shrivastava et al., 2017). The majority of these studies ex-
amined the reaction initiated by the OH radical or ozone as
they are considered as most dominating VOC sinks, although
measurements indicated NO3-radical reaction is the most im-
portant sink for several VOCs during nighttime (Geyer et
al., 2001). It was demonstrated that NO3-radical-initiated
oxidation contributes 28 % of the overall VOC conversion
compared to 55 % for OH-radical reaction and 17 % for
the ozonolysis (Geyer et al., 2001; Kurtenbach et al., 2002;
McLaren et al., 2010; Liebmann et al., 2018a, b). While NO2
and O3 serve as a precursor for nitrate radicals, NO3 is most
dominating at night due to the fast photolysis and degradation
with NO (Wayne et al., 1991; Brown and Stutz, 2012). The
number of studies interconnecting NOx and BVOC emis-
sions (Fry et al., 2009; Xu et al., 2015) are increasing, be-
cause the reaction with NO3 is often considered to be more
important for BVOCs than for anthropogenic VOCs (Brown
and Stutz, 2012).

Even though the number of studies investigating the rise
of NO3-radical-initiated SOA formation has increased dur-
ing the last few years (e.g., Pye et al., 2010; Fry et al.,
2014, 2018; Boyd et al., 2015; Qin et al., 2018; Joo et al.,
2019), there is still an enormous lack of data with respect
to SOA yields, the influence of relative humidity (RH) on
SOA formation, and the product distribution in the gas and
particle phase. Kinetic studies have shown rate constants
for α-pinene and limonene with NO3 in the range of 1.1–
6.5×10−12 and 1.1–94×10−11 cm3 molecule−1 s−1 (Atkin-
son et al., 1984; Dlugokencky and Howard 1989; Barnes et
al., 1990; Kind et al., 1998; Martinez et al., 1998, 1999;
Stewart et al., 2013). Form-cresol only two rate constants are
reported in the range of 7.0–9.2×10−12 cm3 molecule−1 s−1

(Carter et al., 1981; Atkinson et al., 1984). Accordingly, at
least for nighttime and on a regional scale, NO3 reaction
might lead to important contributions to VOC degradation
and SOA formation. According to the comprehensive re-
view by Ng et al. (2017), NO3+VOC is worth investigating
because (i) it can lead to anthropogenically influenced bio-
genic secondary organic aerosol (BSOA; Hoyle et al., 2007),
(ii) SOA yields might be higher than from OH and ozone
(Ng et al., 2017), (iii) it compromises an important source
for organonitrates that serve as NOx and NOy reservoirs (von
Kuhlmann et al., 2004; Horowitz et al., 2007), and (iv) in a
few regions it was identified as the most dominating SOA
contributor (Hoyle et al., 2007; Pye et al., 2010; Chung et al.,
2012; Kiendler-Scharr et al., 2016).

This study aims to investigate three selected precursor
compounds, namely α-pinene and limonene as biogenic
VOCs and m-cresol as aromatic VOC with regards to their

SOA formation potential under nighttime (NO3 radicals)
and daytime conditions (OH radicals). While α-pinene and
limonene are important BVOCs, m-cresol is often related to
biomass burning. The chemical composition of formed SOA
was characterized by their fraction of organic material (OM),
water-soluble organic material (WSOM), SOA-bound per-
oxides, and SOA marker compounds. For quantification of
marker compounds, well-known BSOA marker compounds
(pinic acid, pinonic acid, etc.) were used, while SOA that
originated fromm-cresol was characterized using a SOA mix
that contains mostly anthropogenic SOA compounds that are
often related to biomass burning (Hoffmann et al., 2007).
Furthermore, SOA yield and SOA growth will be discussed
in detail as well as the influence of the relative humidity.

2 Experimental

2.1 Chamber experiments

Experiments were conducted in the aerosol chamber under
batch mode conditions at the Atmospheric Chemistry De-
partment (ACD) of the Leibniz Institute for Tropospheric
Research (TROPOS) in Leipzig. A brief description of the
chamber will be given here because a complete descrip-
tion of the chamber can be found elsewhere (Mutzel et al.,
2016). The aerosol chamber is made of PTFE and is of cylin-
drical geometry with a total volume of 19 m3 and a sur-
face to volume ratio of 2 m−1. The chamber is equipped
with a humidifier to enable reactions at elevated RH and
a temperature-controlled housing to keep the temperature
stable at T = 298 K throughout the experimental run. The
humidifier is connected to the inlet air stream to enable
humidification of air entering the chamber. Experiments
were conducted using ammonium sulfate / sulfuric acid seed
((NH4)2SO4 /H2SO4 particles of pH= 4 at 50 % RH). The
seed particles were injected via a nebulizer without a dryer.
Their RH-dependent pH value was calculated by E-AIM
(Clegg et al., 1998). All experiments were done with an ini-
tial hydrocarbon mixing ratio of 60 ppbv.

OH-radical reactions were initialized by photolysis of hy-
drogen peroxide (H2O2) in the presence of NO (10 ppb).
H2O2 was continuously injected into the chamber with a
peristaltic pump at 100 µL h−1 and was photolyzed with
UV-A lamps (Osram Eversun Super). When the method
developed by Barmet et al. (2012) is applied, the aver-
age OH-radical mixing ratio in the chamber is about 3–
5×106 molecules cm−3.

NO3 radicals were produced in a pre-reactor (operated as
a flow tube) by the reaction of NO2 and O3. A fraction of
the air flow (10 L min−1) out of the total air flow in the flow
tube (30 L min−1) was directed to the chamber (Iinuma et
al., 2010). When the kinetic box model developed by Fry
et al. (2014) is included into the COPASI (COmplex PAth-
way SImulator), the mixing ratio of NO3 radicals is calcu-
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Table 1. Experiments conducted for the NO3- and OH-radical-initiated oxidation of α-pinene, limonene, and m-cresol. All reactions were
conducted with 60 ppbv initial hydrocarbon concentration at T = 293 K and in the presence of (NH4)2SO4 /H2SO4 (pH= 4 at 50 % RH).
OH-radical experiments were done in the presence of 10 ppbv NO.

Precursor RH 1HC 1M SOA yield NO−3
compound (%) (µg m−3) (µg m−3) (%) (µg m−3) Literature referencea

α-Pinene NO3 < 5 154 10 6.7 0.30 0.2–16 % (Hallquist et al., 1999); 4 or 16 % (Spittler
et al., 2006); 1.7–3.6 % (Nah et al., 2016); 0 % (Fry
et al., 2014); 9 % (Perraud et al., 2010); 0.3–6.9 %
(Moldanova and Ljungstrom, 2000)

NO3 50 125 7 5.9
NO3 75 129 8 6.4 0.27

OH < 5 126 5 4.1 21.2 % (Ng et al., 2007)
OH 50 115 6 3.4
OH 75 139 6 4.3

Limonene NO3 < 5 193 59 29.9 3.1 14–24 % (Moldanova and Ljungstrom, 2000); 21–40 %
(Spittler et al., 2006); 25–40 % (Fry et al., 2011); 44–
57 % (Fry et al., 2014)

NO3 50 156 41 26.1
NO3 75 107 16 14.8 3.5

OH < 5 196 20 10.0 4.3 % (Larsen et al., 2001)
OH 50 236 50 21.0
OH 75 240 40 19.6

m-Cresol NO3 < 5 115 < 1 < 1 <DL 4.9 % (Iinuma et al., 2010)b

NO3 50 102 < 1 1.0
NO3 75 100 < 1 1.7 <DL

OH < 5 133 4 2.9 35–49 % (Nakao et al., 2011)
OH 50 114 8 6.2
OH 75 84 10 9.1

Blanks NO3 50 – < 1 < 1
OH 50 – < 1 < 1

a Only those studies are reported for OH-radical reaction of limonene and α-pinene that also apply H2O2 /NO as an OH source. b Due to the lack of data all available literature is
shown.

lated for the present study to be 7.5×107 molecules cm−3.
We implemented the reaction mechanism provided by Fry
and co-workers in COPASI, and the model was utilized in
the aerosol chamber.

After a reaction time of 90 min the reaction was stopped,
and samples were taken, passing chamber air over a 47 mm
PTFE filter (borosilicate glass fiber filter coated with flu-
orocarbon, 47 mm in diameter, Pallflex T60A20, Pall, NY,
USA) and QF filter (micro-quartz fiber filter, 47 mm in di-
ameter, MK 360, Munktell, Bärenstein, Germany) for 3 min
at 30 L min−1. During sampling time no additional air stream
was added to the chamber to avoid dilution. PTFE filters were
quantified afterwards for biogenic and anthropogenic SOA
marker compounds and QF to determine organic / elemental
carbon (OC /EC), non-purgeable organic carbon (NPOC,
formerly known as water-soluble organic carbon), and for
select experiments also concentration of inorganic nitrate
(NO−3 ).

Experiments were conducted either under nighttime con-
ditions with NO3 radicals or with OH radicals to represent
daytime chemistry. A complete overview of all experiments
can be found in Table 1.

Dilution rates and wall losses were considered as follows:
NO3 radicals and H2O2 were injected into the chamber with
a bypass air of 10 and 5 L min−1. Based on a reaction time of
90 min, a dilution of 4.7 % (NO3) and 2.4 % (OH) can be esti-
mated. These values are within the measurement uncertainty
of the proton-transfer-reaction time-of-flight mass spectrom-
eter (PTR-TOF-MS). According to the study by Romano and
Hanna (2018), an uncertainty of±10 % can be assumed. Wall
losses of VOCs were determined to be 2.5×10−5 s−1 (α-
pinene), 7.9×10−5 s−1 (limonene), and 2.2×10−5 s−1 (m-
cresol). The consumption recorded by PTR-TOF-MS is cor-
rected for those additional sinks. Particle wall losses were
determined from the blank experiments at RH= 50 %. Time-
dependent particle losses were used to correct the scanning
mobility particle sizer (SMPS) measurements. For blank ex-
periments all compounds were injected into the chamber,
except the hydrocarbon. Notably, wall losses at RH= 50 %
were also used as an approximation for 0 and 75 % RH, al-
though losses might change under those condition accord-
ing to their phase state. According to previous studies, wall
loss might be small due to the short reaction time. Accord-
ing to McMurry and Grosjean, a 90 min reaction time would
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result in a 10 % loss of particles, which is within the mea-
surement uncertainty of the SMPS (McMurry and Grosjean,
1985). Additionally, seed particles were injected without a
dryer. Consequently, they can be regarded as wet particles
when they enter the chamber. Thus at RH= 75 % no addi-
tional loss is expected.

As the chamber is allowed to equilibrate for at least 10 min
after seed injection, a dramatic wall loss under dry condi-
tions would be directly observable in SMPS by a drastic de-
crease of particle volume with a constant particle number.
As this was not observed, it can be assumed that wall loss at
RH= 0 % is in the same manner as at 50 %.

An ozone monitor was connected for all experiments. Spe-
cific conditions in the pre-reactor were set to avoid ozone en-
tering the chamber during NO3-radical reaction. Therefore
for this reaction type ozonolysis as a side reaction can be
excluded. During H2O2 photolysis small amounts of O3 are
always formed, which might lead to ozonolysis. It should be
noted that OH-radical reaction was conducted in the presence
of NOx . Thus formed O3 will rapidly react with NO rather
than with α-pinene and limonene. Due to the low reaction
rate constant and low concentration, ozonolysis occurs to a
very small extent and cannot be excluded. A maximum O3
concentration of 5 ppb was observed.

2.2 Online instrumentation

The consumption of precursor compounds (1HC) was mon-
itored by a PTR-TOF-MS (Ionicon, Lindinger et al., 1998).
The particle size distribution was measured by an SMPS
(Wiedensohler et al., 2012). In absence of a reliable den-
sity estimation, an average density of 1 g cm−3 was used to
convert the SMPS measurement data into the increase in or-
ganic mass (1M). This assumption was also made for OM
and non-purgeable organic material (NPOM) measurement.
The assumed density was not changed with RH. As the ft
between OM and 1M stays almost constant, the RH seems
not to affect the density in the conducted experiments. The
particle growth by water uptake was taken into account by
collecting particles on the filter and determining the content
of OM. For most of the experiments it was found that both
values (1M and OM) fit well, indicating that particle growth
is mainly caused by organics rather than water. Monitors for
ozone (49C Ozone Analyzer, Thermo Scientific, USA) and
NOx (42i TL Trace Level NOx Analyzer, Thermo Scientific,
USA) were connected to the chamber as well.

2.3 Offline measurements

2.3.1 OC /EC, NPOC, inorganic nitrate, and
SOA-bound peroxides

The quartz filter was cut into halves. One half was used for
OC /EC quantification, and the second was used for water-
soluble organic carbon. The content of OC /EC was deter-

mined with a C-mat 5500 carbon analyzer, applying a two-
step thermographic method (Neusüß et al., 2002). The frac-
tion of water-soluble organic carbon was determined as non-
purgeable organic carbon with a TOC-VCPH analyzer (van
Pinxteren et al., 2009). To do so, the second half of the QF
was extracted in 25 mL ultrapure water for 30 min with an
orbital shaker. The resulting extract was filtered through a
0.45 µm syringe filter (Acrodisc 13, Pall, NY, USA). Two
hundred fifty microliters of the extract was used for NO−3
analysis. After acidification and sparging with N2, the re-
maining extract was injected into the TOC analyzer. The
amount of NO−3 was determined by ion chromatography cou-
pled with conductivity detection (IC–CD) using an AS18 col-
umn combined with AG18 guard column.

For SOA-bound peroxides, half of the PTFE filter was
used. One quarter of the filter was used for the peroxide test,
and the second quarter filter to determine the blank value.
The method is described in detail elsewhere (Mutzel et al.,
2013).

2.3.2 Sample preparation for liquid
chromatography–mass spectrometry

The sample preparation follows the method described in
the literature (Hoffmann et al., 2007; Mutzel et al., 2015).
Briefly, half of the PTFE filter was cut into small pieces
and transferred into an extraction vial. Five hundred micro-
liters of methanol was added, and the vial was placed in an
orbital shaker for 15 min at 1000 rotations min−1. Insoluble
material was removed by a syringe filter (0.2 mm, Acrodisc,
Pall, NY, USA). Afterwards, the extraction was repeated with
500 mL of MeOH. The combined extracts were dried under
a gentle stream of nitrogen and reconstituted in 250 mL of
CH3OH /H2O (50/50, v/v).

2.3.3 Analysis with liquid chromatography–mass
spectrometry

A high-performance liquid chromatography (HPLC, Agi-
lent, 1100 Series, Santa Clara, CA, USA) connected to a
electrospray ionization time-of-flight mass spectrometer (mi-
croTOF, Bruker Daltonics, Bremen, Germany) was used for
separation and quantification of marker compounds. For the
separation an Agilent ZORBAX C18 column (3.0× 150 mm,
5 µm particle size) was used at a temperature of 25 ◦C and a
flow rate of 0.5 mL min−1 with 0.1 % acetic acid in ultrapure
water (A) and 100 % methanol (B) as eluents. The gradient
was as follows: 10 % B for 2 min, increased from 10 % B
to 100 % B in 20 min, and then held constant for 3 min and
re-equilibrated for 5 min back to the initial conditions. The
quantification was done in the negative ionization mode with
a mass range between m/z 50 and 1000, applying a series of
sodium acetate clusters to calibrate mass accuracy. Quantifi-
cation was done using authentic standard solutions within a
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seven-point calibration with three repetitions of each calibra-
tion point.

For anthropogenic SOA compounds, the separation was
done as described above at 15 ◦C and with 0.2 % acetic acid
in water.

The yield of the single compounds was calculated by tak-
ing the quantified amount from the filter, correcting for sam-
pling volume. The numbers are given as a fraction in formed
organic mass.

2.3.4 Chemicals

The following chemicals were used as received: α-pinene,
limonene, andm-cresol (Sigma-Aldrich, St. Louis, USA; pu-
rity: 99, 97, and 99 %, respectively); terebic acid (Sigma-
Aldrich, St. Louis, USA; purity: 99 %); and pinic acid
(Sigma-Aldrich, St. Louis, USA; purity: 99 %).

The following compounds were synthesized accord-
ing to procedures given in the literature: norpinonic
acid, terpenylic acid (Claeys et al., 2009), 3-methyl-1,2,3-
butanetricarboxylic acid (MBTCA; Szmigielski et al., 2007),
and diaterpenylic acid acetate (DTAA; Iinuma et al., 2009).
The composition of the anthropogenic SOA mix is described
in detail in Hoffmann et al. (2007).

3 Results and discussion

3.1 SOA formation and yield

The SOA formation from the reaction of α-pinene, limonene,
and m-cresol with NO3 radicals has been investigated within
this study with emphasis on SOA yields, the chemical com-
position in the particle phase, the influence of the RH, and a
final comparison to daytime chemistry with OH radicals. The
SOA yields were calculated according to Odum et al. (1996)
by calculating the amount of produced organic mass in rela-
tion to the amount of reacted hydrocarbon according to

Y =
1M
1HC

, (1)

where 1M is the produced organic mass (µg m−3) and 1HC
is the reacted amount of hydrocarbon (µg m−3).

A complete overview on all experiments, the obtained re-
sults, and the comparison to literature values is given in Ta-
ble 1. In general, the discussion is mainly focused on the
amount of SOA mass produced after 90 min reaction time.
Only the differences in curve shape of growth curves are dis-
cussed in detail in the respective section.

In general, α-pinene yielded higher SOA with NO3 radi-
cals (YNO3 ≈ 6 %) than with OH (YOH ≈ 3.5 %). In the case
of limonene the difference is not as well discerned but can
still be observed (YNO3 ≈ 15–30 %; YOH ≈ 10–21 %). In con-
trast, m-cresol yielded a dismissable amount of SOA with
NO3 radicals and moderate amounts with OH radicals (YOH
≈ 3–9 %). Therefore, the highest SOA formation potential

for NO3-radical reaction was found for limonene, and the
lowest for m-cresol.

The SOA yield curves were parameterized according to
Odum et al. (1996) following

Y =
∑

Yi =M0
∑ KOM,i

1+KOM,iM
αY

=

∑
Yi =M0

∑ KOM,i

1+KOM,iM0
, (2)

where α is the mass yield of compound i, KOM,i is the par-
titioning coefficient of compound i, and M0 is the absorbing
organic mass.

By applying the one-product model approach, the fit pro-
duced very good results, with R2 > 0.99. The applicability
of one-product models was also demonstrated by Friedmann
and Farmer (2018). Yield curves without any effect of RH
result in comparable α and K values. Yield curves with a
distinct RH influence show a higher partitioning coefficient
for higher SOA yields together with increasing mass yields.
All α andK values are depicted in the respective yield curves
(Fig. 1).

Only a limited number of studies provided parameteriza-
tion of yield curves for VOC /OH /NOx and VOC /NO3 ac-
cording to Odum et al. (1996), which highlights the need for
the present data set. Spittler et al. (2006) reported based on a
two-product model for limonene /NO3 α1/2 andK1/2 values
of 0.1249/0.3128 and 0.0348/0.0181. The reported values for
α correspond well to values obtained in this study, whereas
K values are by 1 order of magnitude smaller. This variation
could be caused by the different seed particles used, because
Spittler and co-workers employed a pure organic seed and in
this study an inorganic seed was utilized.

Iinuma et al. (2010) reported based on a two-product
model for cresol /OH α1/2 and K values of 0.1231/0.0004
and 0.0753. These values are not in agreement with reported
values, which might be caused by different OH sources used.

3.1.1 α-Pinene

SOA yields for α-pinene with NO3 radicals ranged from
YNO3 ≈ 5.9 to 6.4 % in reasonable agreement with the liter-
ature data (0–16 %; Table 1). However, comparing the SOA
formation from nighttime chemistry with daytime, the yields
from NO3 radical chemistry are higher. The SOA yield in
this study is very close to those that have been reported
by Moldanova and Ljungstrom (2000) (YNO3 ≈ 0.3–6.9 %)
and Nah et al. (2016) (YNO3 ≈ 1.7–3.6 %). Although the val-
ues agree very well with the majority of the studies, it is
still unclear why Fry and co-workers reported no SOA for-
mation from α-pinene /NO3 in the presence of seed parti-
cles (Fry et al., 2014). Even so, small SOA yields were ob-
served within our present investigation; α-pinene /NO3 al-
ways yielded SOA. The initial conditions in the study of Fry
et al., and this study are very similar, with the exception of
the workflow. Fry and co-workers injected the BVOCs into
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Figure 1. Yield curves for α-pinene, limonene, and m-cresol with NO3 and OH radicals for 0, 50, and 75 % RH. Yield curves were param-
eterized with the one-product approach (Odum et al., 1996). The obtained values for α (mass yield) and KOM (partitioning coefficient) are
included as well. Please note that the SOA yield of m-cresol /NO3 was below 0.01 %. Therefore, no parameterization can be provided. Each
fit presents a single chamber experiment. SOA yield was calculated by deviating the produced organic mass by the consumed amount of
hydrocarbon.

a chamber that was filled with NO3 radicals, whereas for the
present study the BVOC was injected at first and afterwards
the reaction was initialized. Further studies are needed to re-
veal the reasons for the discrepancies in the SOA yields from
NO3-radical reaction.

Furthermore, when comparing the growth curves for OH-
and NO3-radical reaction with α-pinene and limonene, a
clear difference in the curve shapes can be seen (Fig. 2). The
SOA formation from the OH-radical-initiated reaction starts
later than in the case of NO3 for both systems, α-pinene

and limonene. Such a long induction period is most likely
caused by further reaction of first-generation oxidation prod-
ucts leading to SOA formation as has been demonstrated in
previous studies (Ng et al., 2006; Mutzel et al., 2016). As
reported by Mutzel et al. (2016), the SOA formation of α-
pinene /OH and limonene /OH is partly controlled via fur-
ther reaction of myrtenal and limonaketone/endolim, respec-
tively. The reaction of these first-generation oxidation prod-
ucts is the limiting factor for SOA formation and explains the
delay in SOA growth (Mutzel et al., 2016). In contrast, SOA
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Figure 2. Growth curves for α-pinene, limonene, and m-cresol with NO3 and OH radicals for 0, 50, and 75 % RH.

originating from NO3 starts immediately after 30 µg m−3 is
consumed. Thus, condensable oxidation products are directly
formed and partitioned into the particle phase. Potential can-
didates of those products might be organonitrates.

3.1.2 Limonene

Limonene for both oxidation regimes (day and night) yielded
the highest SOA yields compared to α-pinene and m-cresol.
The SOA yield from limonene (YNO3 ≈ 16–29 %) is by a
factor of 3–5 higher than α-pinene and by a factor of 10
higher than m-cresol. Those values are close to the low-
est values reported for limonene ozonolysis (Northcross and
Jang, 2007; Chen and Hopke, 2010; Gong et al., 2018). Fur-

thermore, according to the present data set, limonene with
NO3 (YNO3 ≈ 16–29 %) is more efficient in SOA production
than the OH-radical reaction (YOH ≈ 10–21 %).

Consequently, nocturnal oxidation of limonene with NO3
yields more SOA than ozonolysis and OH-radical reaction.
This additional SOA source should be considered in future
studies, in particular under less humid conditions. In addi-
tion to the strong SOA formation potential, the organic mass
production of limonene+NO3 seems to be highly dependent
on humidity. This will be discussed separately in the corre-
sponding section below.
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3.1.3 m-Cresol

In contrast to α-pinene and limonene, m-cresol yielded only
negligible amounts of SOA with NO3 radicals, while the
OH-radical reaction seems to be more efficient than α-
pinene. This observation was unexpected because anthro-
pogenic VOCs are often suggested to form less SOA than
biogenic ones. SOA production from anthropogenic VOCs
has often been investigated but usually led to inconsistent re-
sults and very low yields (e.g., Izumi and Fukuyama, 1990;
Healy et al., 2009; Emanuelsson et al., 2013). A study by
Hildebrandt et al. (2009) raised the question about the low
SOA yields and observed much higher yields by using arti-
ficial sunlight. The present study also demonstrates higher
SOA yields than expected and supports the hypothesis of
Hildebrandt and co-workers about a higher importance of
SOA production from anthropogenic VOCs.

It should be noted that, due to the low SOA yields
from NO3-radical reaction, no parameterization of the yield
curves can be provided (Fig. 1). In general, the SOA
yields (YOH ≈ 2.9–9.1 %) for OH-radical reaction with m-
cresol are in good agreement with Iinuma and co-workers
(YOH ≈ 4.9 %), although the photolysis of methyl nitrite was
used to generate OH radicals. Compared to the study by
Nakao et al. (2011) (YOH ≈ 35–49 %) the values are much
lower. This is not surprising, as Nakao and co-workers con-
ducted experiments in the absence of NOx , whereas in this
study NOx was always present. The effect of NOx lowering
SOA yields has often been described in the literature (e.g.,
Presto et al., 2005; Ng et al., 2007; Zhao et al., 2018).

Furthermore, the yield curves clearly indicated a strong
effect of relative humidity, which can also be seen from the
growth curves (Fig. 2). This effect will be discussed in the
following section.

3.2 Influence of RH on SOA yield and growth

Within this study, experiments were conducted at RH< 5 %,
RH= 50 %, and RH= 75 % to investigate the effect of hu-
midity on SOA yield, growth and composition. As discussed
in the section above, relative humidity has been suggested
to influence SOA formation and yield for the NO3-radical-
initiated reaction of VOCs. The observed humidity depen-
dencies could be caused by four main factors: (i) the up-
take of the SOA marker compounds or their precursor com-
pounds changes as a function of the experimental conditions,
(ii) the formation process of SOA marker compounds is di-
rectly affected by the experimental conditions, (iii) further
reactions take place within the particle phase, and/or (iv) the
uptake behavior of the first-generation oxidation products
might change with liquid water content (LWC). It remains
a challenge to differentiate between all these factors because
the observed dependency is most likely the result of a com-
bination of all four factors. A discussion of factor (i)–(iii) is
provided in the respective subsection (Sect. 3.3). The influ-

ence of RH on the uptake behavior of first-generation oxida-
tion products cannot be excluded. At has been demonstrated
in previous studies, the uptake coefficient of first-generation
oxidation products, in particular carbonyl compounds, might
depend on RH (Healy et al., 2009)

Furthermore, the limited number of studies investigating
the effect of RH on the OH-radical reaction often contra-
dict each other (Cocker et al., 2001; Bonn and Moortgat,
2002). Only a very limited number of studies are available
that investigate the influence of RH on SOA formation orig-
inating from VOCs+NO3 (the only ones, to the authors’
knowledge, are as follows: Spittler et al., 2006; Fry et al.,
2009; Bonn and Moortgat, 2002; Boyd et al., 2015). Accord-
ing to Fig. 2, a significant effect can be observed for two
systems – i.e., limonene /NO3 and m-cresol /OH – while
α-pinene /NO3 and m-cresol /NO3 were not affected by
RH, which is in good agreement with the literature stud-
ies (by Bonn and Moortgat, 2002; Fry et al., 2009; Boyd
et al., 2015). Only Spittler and co-workers observed lower
SOA yields under humid conditions (20 vs. 40 % RH). No-
tably, in the case of limonene /NO3, the SOA yield varies
by a factor of 2 between 29.1 % (at RH< 5 %) and 14.8 %
(at RH= 75 %). In the literature, higher SOA yields for
other cresol isomers have been reported. Due to the differ-
ent volatilities of the cresol isomers, different SOA formation
potentials are expected (Ramasamy et al., 2019).

In the case of m-cresol /OH the SOA yield increases with
humidity by a factor of 5. Thus far, no study has investigated
the role of RH on the SOA formation from limonene /NO3
and m-cresol /OH, and the data set for α-pinene /NO3 is
small and inconsistent. Since an effect was only observed
for limonene /NO3 and m-cresol /OH, these systems will
be discussed in more detail.

3.2.1 Limonene + NO3

The SOA yield was found to decrease with increasing rel-
ative humidity from 29 down to 14.8 %. This pronounced
effect could be a result of a direct effect of RH on the par-
titioning of condensable products. Organonitrates (ONs) are
well-known oxidation products of VOC with NO3 and are
often related to SOA formation and growth (e.g., Day et al.,
2010; Rollins et al., 2010; Zaveri et al., 2010). ONs are re-
ported to be very prone to hydrolysis, which might explain
the lower SOA yields under humid conditions (e.g., Darer et
al., 2011; Hu et al., 2011; Jacobs et al., 2014; Rindelaub et al.,
2015). As a contribution of ONs is excluded, the formation
of the hydrophobic compounds that partition into the organic
phase needs to be considered as a potential explanation. As
depicted in Fig. 4, limonene yields the highest fraction of
water-insoluble OM. Although this process needs to be con-
sidered, it is unlikely that this explains the current observa-
tion; Fig. 2 clearly indicates a decreasing consumption when
RH increases as a potential reason for lower SOA yields at
higher RH. One might assume that lower consumptions are
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caused by an enhanced partitioning of NO3 radicals into the
particle phase due to an enhanced aerosol liquid water con-
tent (ALWC). This seems to be supported by the quantifi-
cation of particulate inorganic nitrate as this shows a higher
fraction in SOA under elevated RH (Table 1). Under dry con-
ditions the ratio of produced organic mass : particulate inor-
ganic nitrate is around 9.65, whereas under elevated RH this
ratio decreases to 4.65. Therefore, a stronger contribution of
particulate inorganic NO−3 can be inferred.

A second aspect to be considered is the contribution of
first-generation oxidation products. According to theoretical
investigations, endolim is the most favored product formed
during limonene+NO3 (Jiang et al., 2009). It could be spec-
ulated that endolim reacts faster with NO3 than limonene,
scavenging NO3 radicals. As no rate constants are avail-
able for endolim with NO3, the values from the Master
Chemical Mechanism (MCM, version 3.3.1; Jenkin et al.,
1997; Saunders et al., 2003) were taken for comparison.
For the reaction of endolim with NO3 (LIMAL) a rate con-
stant of 2.6×10−13 cm3 molecule−1 s−1 can be found. Ac-
cording to k values taken from MCM and kinetic studies,
limonene with NO3 is by 2 orders of magnitude (klim+NO3 :
1.2 6×10−11 cm3 molecule−1 s−1) faster compared to en-
dolim. Consequently, a competition between limonene and
the respective first-generation oxidation product can be ex-
cluded.

A last sink of NO3 radicals is the reaction of RO2 radicals
with NO3, as has been investigated by Boyd et al. (2015)
for α-pinene. In conducting two different sets of reactions
with “RO2+NO3 dominant” and “RO2+HO2 dominant”,
no effect on SOA yield of α-pinene was found. Nevertheless,
taking into account that α-pinene contains only one double
bond, formed RO2 radicals are saturated, whereas limonene
as a diene forms RO2 radicals with one remaining double
bond, which could be expected to be more reactive than satu-
rated RO2 radicals. Therefore, limonene-originated RO2 rad-
icals are more reactive and might represent an important sink
for NO3, which is in competition to limonene+NO3. Thus
far only one study exists that investigates this reaction chan-
nel. Thus, this competitor for limonene with NO3 seems to be
likely and should be systematically investigated in the future.

3.2.2 m-Cresol + OH

In contrast to limonene /NO3, the OH-radical-initiated oxi-
dation ofm-cresol showed higher SOA yields with increasing
RH (Fig. 1). Even though the consumption also decreases un-
der humid conditions, the particulate OM increases (Fig. 2).
When analyzing the respective growth curves, a delay in
aerosol production can be seen. At 0 and 50 % RH condi-
tions, aerosol production starts at 1HC≈ 80–90 µg m−3. At
more elevated RH the SOA production starts immediately af-
ter initialization of the reaction (1HC≈ 5–10 µg m−3). Ac-
cording to Ng et al. (2006), such a difference in mass pro-
duction can be caused by one or both of two factors, the first

Figure 3. Evolution of m/z 123 as a function of consumption of
m-cresol (1HC). The signal atm/z 123 can be attributed to methyl-
1,4-benzoquinone.

being a delay in mass transfer from the gas into particle phase
and the second being the fact that condensable products are
only formed from second-generation oxidation products and
thus the formation of those products is the limiting parameter
for SOA formation.

According to a study by Coeur-Tourneur et al. (2006),
methyl-1,4-benzoquinone (MBQ) is the most dominating ox-
idation product, with up to 12 % molar yield. MBQ was
also detected in this study by means of the PTR-TOF-MS
at m/z 123. Nevertheless, the increase of the signal in re-
lation to consumption does not show a significant effect of
RH on the formation (Fig. 3). Therefore, a strong contribu-
tion due to further reactions of MBQ can be excluded. Thus,
the delay might be caused by the effect of relative humidity
on the partitioning of condensable products, such as methyl-
nitro-catechol. This hypothesis is supported by the compre-
hensive characterization of the particle phase as discussed in
Sect. 3.4.

3.3 Characterization of particle-phase chemical
composition

The filters collected after each experiment were analyzed
with regards to their content of OC, WSOM, SOA-bound
peroxides, and SOA marker compounds. The results are sum-
marized in Figs. 4–7.

3.3.1 Organic carbon and water-soluble organic
carbon

Pre-heated quartz fiber filters were analyzed for OM and
WSOM content. Please note that WSOM was determined as
NPOM. The obtained results were compared to the increase
in organic mass (1M) obtained from the SMPS (Fig. 4).
In general, the values agree, meaning that the increase in
organic mass corresponds to organic carbon and, secondly,
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Figure 4. Comparison of organic mass calculated from SMPS with an offline-determined concentration of organic material (OM) and non-
purgeable OM. Measurement uncertainties are given as follows: 10 % for SMPS measurements (Wiedensohler et al., 2012), 5 % for OC /EC
measurements (Spindler et al., 2004), and 10 % for WSOM measurements (Timonen et al., 2010). Please note that no values can be given for
m-cresol /NO3 as the produced organic mass was too small to be within the detection limits of the different techniques. The values of OM
and WSOM were also illustrated as a fraction of the produced organic mass 1M (expressed as percent above to the corresponding bar).

that the majority of this mass is water-soluble, except in the
limonene experiments.

In general, limonene with 22–36 % organic mass is the
only precursor hinting at water-insoluble material. From both
systems, limonene /NO3 and limonene /OH, the WSOM
fraction ranges between 32–50 and 61–78 %, respectively.
In the case of limonene /NO3 the fraction of water-soluble
carbon decreases dramatically when the relative humidity
is reduced. Only one-third (32 %) of 1M is composed of
water-soluble carbon, although the SOA yield was highest
under dry conditions. Thus, under reduced RH more water-
insoluble compounds partition into the particle phase, lead-

ing to enhanced SOA growth. Potential candidates might
be higher-molecular-weight compounds (HMWCs), which
seem to be involved in SOA growth for the NO3 and OH
system.

To further investigate the fraction of organic material
found in the formed SOA, discussions about SOA-bound per-
oxides and single compounds are provided in the following
sections.

3.3.2 SOA-bound peroxides

Organic peroxides in SOA were quantified according to a
method published by our laboratory (Mutzel et al., 2013),
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Figure 5. Fraction of SOA-bound peroxides from α-pinene (a) and limonene (b) oxidation with OH radicals (black) and NO3 radicals (grey).
Quantification was done following the method described by Mutzel et al. (2013) assuming a molar mass of 300 g mol−1 (Docherty et al.,
2005).

assuming a molar mass of 300 g mol−1 (Fig. 5), as is recom-
mended by Docherty et al. (2005), presuming that the major-
ity of organic peroxides are higher-molecular-weight com-
pounds (e.g., dimers). Notably, the assumed molar mass has a
significant influence of the calculated amount of SOA-bound
peroxides. This might cause some uncertainties. The method
applies an iodometric detection by UV–Vis spectroscopy. Al-
though earlier studies demonstrated that H2O2 injected into
an aerosol chamber does not cause artifacts, blank experi-
ments were also conducted to exclude them. The blank run
was conducted by injecting seed, H2O2, and NO. After a
reaction time of 90 min, filter samples were taken and ana-
lyzed for their SOA-bound peroxide content. These exper-
iments also show no peroxide content. Thus for pure inor-
ganic seed particles an effect of H2O2 originating from the
injected H2O2 can be excluded. Additionally, mixed organic
and inorganic seed particles might be prone to partitioning
of injected H2O2. If the organic content controlled the H2O2
uptake, it could be expected that the detected amount of per-
oxides is the same for particles containing the same amount
of OM. In the case of α-pinene /OH the content of OM is
almost constant (around 5–6 mg m−3), whereby the perox-
ide constant differs from 80 to 20 %. With a contribution of
mixed organic and inorganic particles an H2O2 uptake can-
not be excluded, but based on the present data set it can be
regarded to be very small.

The fraction of SOA-bound peroxides is always expressed
as a fraction of organic mass formed during the experiment
and was calculated as follows:

mperox = nperox× 300gmol−1, (3)

Mperox =
mperox

Vsampling
, (4)

Fperox =
Mperox

Morg
, (5)

where

– nperox is amount of substance in micromoles (calculated
from the iodometric peroxide test)

– mperox is mass of organic peroxides in micrograms

– Mperox is mass concentration of organic peroxides in mi-
crograms per cubic meter

– Vsampling is sampling volume of the filter in cubic meters

– Fperox is mass fraction of SOA-bound peroxides in per-
cent

– Morg is amount of organic mass formed during experi-
ment in micrograms per cubic meter.

Organic peroxides were detected from α-pinene and
limonene, but not fromm-cresol. The absence of organic per-
oxides for m-cresol might be a result of the aromatic struc-
ture. Notably, in the case of α-pinene, organic peroxides were
only detected from the OH-radical reaction, albeit in very
high fractions. This observation was unexpected as NOx was
present in the system, usually suppressing ROOH formation.
Considering the reaction of alkylperoxy radicals (RO2) with
hydroperoxy radicals (HO2) is the most important source for
ROOH, this source decreases with rising NOx levels due to
the competition with RO2+NO (Presto et al., 2005). Other
processes than RO2+HO2 should have yielded organic per-
oxides, and thus other compounds of peroxidic nature are de-
tected by the applied test. As daytime experiments were per-
formed with H2O2 as an OH source, blank filters were care-
fully checked to exclude the contribution of H2O2 present in
the particle phase due to gas-to-particle partitioning of the
injected oxidant. In general, peroxide fractions of 10–80 %
of the organic mass have been detected from α-pinene /OH
experiments. The high peroxide fractions of 10–80 % are in
contradiction to the small SOA yields from α-pinene /OH
(YOH ≈ 3.5 %). While the organic peroxide formation from
the ozonolysis of α-pinene and limonene has been studied
in the past (Docherty et al., 2005; Mertes et al., 2012; Ep-
stein et al., 2014; Krapf et al., 2016; Gong et al., 2018), per-
oxide fractions from OH-radical-induced oxidation are rare
(Mertes et al., 2012). Mertes and co-workers reported perox-
ide fractions between 5 and 17 % (low NOx at 50 % RH) and
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5.5–6.4 % (high NOx at 75 % RH). Those values are slightly
lower than observed in this study, with 34 % (medium NOx
at 50 % RH) and 13 % (medium NOx at 75 % RH). The dif-
ference between the two studies is most likely caused by us-
age of other OH-radical sources. The observed tendency of
lower peroxide fractions under elevated RH is consistent in
both studies and might be a result of two facts: (i) the up-
take of HO2 radicals from the gas phase and (ii) decompo-
sition and/or hydrolysis of hydroperoxides. It has been re-
ported that the gas-phase HO2 radical concentration is sig-
nificantly suppressed by 3 orders of magnitude when a liquid
phase is present (Herrmann et al., 1999). If the HO2 uptake
is increased under elevated RH, then HO2, in the gas phase,
is only available in a smaller amount to react with RO2 rad-
icals (Herrmann et al., 1999). Furthermore, decomposition
and/or hydrolysis occur to a larger extent, lowering the per-
oxide fraction under high RH (Chen et al., 2011; Wang et al.,
2011).

In contrast, limonene yielded SOA-bound peroxides from
both oxidation regimes, NO3 and OH. For the OH-radical re-
action no difference between the respective fractions can be
observed, which leads to an average organic peroxide frac-
tion of about 30 % without a dependency on RH. This there-
fore indicates that (i) organic peroxides are of a different
nature than those formed from α-pinene, (ii) they originate
from other reactions, and/or (iii) they are protected from hy-
drolysis. The latter hypothesis is supported by the high frac-
tion of water-insoluble material, which could hint at a sepa-
rate organic phase protecting peroxides from hydrolysis. The
almost stable content might indicate that those peroxides and
their respective formation pathways are not affected by hu-
midity. Thus, it could be speculated that peroxides of higher
molecular weight – i.e., dimers with peroxyhemiacetal struc-
ture – are formed. Due to the lack of data, no comparison to
other studies can be provided.

The reaction of limonene with NO3 radicals yielded per-
oxides as well, in fractions comparable to those measured for
both OH reactions with lower RH. Under higher RH (75 %),
the peroxide fraction decreases dramatically to almost 0.5 %.
The formation of organic peroxides in NO3-initiated reac-
tions has not been a subject of VOC oxidation studies, with
regards to the published information at present. Only a few
studies have examined the further processing of nitrooxy-,
alkyl-, peroxy-radical formed during NO3-radical reaction.
For isoprene it has been shown that the reaction of nitrooxy,
alkyl, and peroxy radical with other RO2 and HO2 is able to
form peroxidic compounds, such as ROOR C10 dimers and
nitrooxyhydroperoxide (Kwan et al., 2012; Schwantes et al.,
2015). As the detected fraction of SOA-bound peroxides de-
creases with RH, the reaction of RO2+HO2 seems to be the
major source of these peroxides.

3.3.3 Biogenic SOA marker compounds

The quantification of biogenic marker compounds was per-
formed using a BSOA standard containing norpinonic acid,
terpenylic acid, pinonic acid, pinic acid, and MBTCA
(Fig. 6). These compounds were detected from night- and
daytime chemistry of α-pinene, while, due to its different
structure, limonene does not form these compounds. There-
fore, the discussion about the fraction of those BSOA marker
compounds refers to those formed within the α-pinene oxida-
tions. Fractions of SOA marker compounds were expressed
as mass fraction in formed organic mass (derived from SMPS
measurements).

The most important SOA marker compounds formed from
the OH-radical reaction of α-pinene are pinonic acid < pinic
acid < norpinonic acid and terpenylic acid < MBTCA. A
significant dependency on RH was observed in the same
manner as with the organic peroxides (Fig. 5) for all com-
pounds: increasing RH leads to decreasing SOA fractional
contributions, while the SOA yields themselves remain about
constant (Fig. 1).

As stated above, this observation might be caused by four
main factors: (i) the uptake of the SOA marker compounds or
their precursor compounds change as a function of the exper-
imental conditions, (ii) the formation process of SOA marker
compounds is directly affected by the experimental condi-
tions, (iii) further reactions take place within the particle
phase, and (iv) the uptake behavior of the first-generation ox-
idation products might change with LWC. However, it should
be noted that earlier studies (Seinfeld et al., 2001; Ma et al.,
2007) suggest the ALWC does influence the partitioning be-
havior of carboxylic acids such as pinic acid and pinonic
acid. As a higher RH corresponds to a higher ALWC, en-
hanced partitioning is expected. However, this hypothesis is
not supported by the experimental results of this study due to
the observation of higher fractions of the SOA marker com-
pounds under almost dry conditions; factor (i) seems to be
unlikely. Factor (ii) may play a partial role in the formation
of carboxylic acids. In the literature, the formation of car-
boxylic acids is often described by OH attacks on a particu-
lar precursor compound, and subsequent mechanisms usually
involve the reaction of a formed acylperoxy radical with HO2
radicals (Niki et al., 1985; Moortgat et al., 1989; Lightfoot
et al., 1992; Larsen et al., 2001). For both reactions, water
is most likely to have a direct effect on OH and HO2 rad-
icals, except in opposite directions. Vöhringer-Martinez et
al. (2007) suggest that water molecules catalyze the attack
of OH radicals (in the gas and particle phases) due to the
formation of hydrogen bonds which can lower the reaction
barrier. This catalytic effect could lead to higher fractions of
specific markers under elevated RH, which was not observed
in the data set obtained from this study. On the contrary, the
reaction of the acylperoxy radical with HO2 might be RH-
dependent because, as discussed before, HO2 tends to parti-
tion into the particle phase at elevated RH and thus is not suf-
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Figure 6. Fraction of α-pinene marker compounds norpinonic acid, terpenylic acid, pinonic acid, pinic acid, and MBTCA for OH-radical
reaction (black) and NO3-radical reaction (grey).

ficiently available in the gas phase (Herrmann et al., 1999).
This might explain the low fractions of marker compounds at
elevated RH.

The last factor (iii) to be considered involves further re-
actions of the SOA marker compounds yielding HMWCs in
the particle phase, as has been often described in the litera-
ture (e.g., Gao et al., 2004; Tolocka et al., 2004; Müller et
al., 2008; Yasmeen et al., 2010). It was suggested that com-
pounds such as terpenylic acid and pinic acid can react fur-
ther in the particle phase to form dimers (Yasmeen et al.,
2010). Thus, under elevated RH, the formation of higher-
molecular-weight compounds might be enhanced, lowering
the fraction of individual monomeric compounds. Neverthe-
less, based on the experimental results of this study and the
literature data, the combination of two factors appears to be
important for the formation of carboxylic acids: first, the sup-

pression of carboxylic acid formation due to enhanced parti-
tioning of HO2 into the particle phase under elevated RH and,
second, the further reaction of particulate marker compounds
yielding HMWCs.

Notably, pinonic acid was detected in comparable amounts
from α-pinene /OH and α-pinene /NO3 with the same RH
dependency (Fig. 6). The reasons for such a pronounced RH
dependency have been discussed intensively above. In addi-
tion to the described factors, in the case of NO3-radical re-
actions, the central role of organonitrates needs to be consid-
ered. It cannot be ignored that ONs act as potential precur-
sors for the detected marker compounds. With elevated RH
conditions and depending on their structure, ONs are prone
to undergoing hydrolysis, and the respective products should
show higher fractions under elevated RH. This observation
seems to be the case for norpinonic acid, leading to the the-
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Figure 7. Fraction of 3-methyl-6-nitrocatechol from the oxidation
of m-cresol with OH. Please note that other compounds from the
ASOA standard (Hoffmann et al., 2007) were not identified, and due
to the low SOA yield from NO3-radical reaction the concentration
might be below the detection limit.

ory that these might be the hydrolysis products of respective
organonitrates. More data are needed for the hypothesis of
norpinonic acid being a hydrolysis product of ONs, as it re-
mains speculative at this time.

The remaining marker compounds observed after the NO3
reactions – terpenylic acid, pinic acid, and MBTCA – do not
show a significant variation with RH and are not affected
by water or ALWC. Nevertheless, the fractions of all com-
pounds, except pinonic acid, are significantly lower com-
pared to the OH-radical reaction. This is most likely caused
by an enhanced formation of ONs.

3.3.4 Anthropogenic SOA marker compounds

A well-established analytical method was applied to iden-
tify and quantify anthropogenic secondary organic aerosol
(ASOA) marker compounds from m-cresol oxidation (Hoff-
mann et al., 2007). Despite the larger number of standards
present in the authentic standard mixture, only 3-methyl-
6-nitro-catechol (MNC) could be detected and quantified
(Fig. 7). This compound was only detected from the OH-
radical reaction. Quantification of marker compounds in
samples after nighttime processing cannot be provided due
to the very small SOA yields.

For MNC, an intense RH dependency was found in higher
values under humid conditions and lower values under dry
conditions (1.5 %). In particular, with elevated RH the frac-
tion of 3-methyl-6-nitro-catechol reached 6 % of overall
formed SOA mass, highlighting the importance of this partic-
ular oxidation product. Methyl-nitro-catechols are of special
interest because they are important biomass burning tracer
compounds, and their ambient concentration can reach up to
29 ng m−3 (Iinuma et al., 2010). Additionally, such a high
fraction of MNC could also affect the phase state of the par-
ticles. It has been shown that MNC particles adsorb water un-
der elevated RH, leading to a change in the phase state of the

particles (Slade and Knopf, 2014). This effect is connected
to a lower uptake of OH radicals into the particle phase by a
factor of 4 when RH increases from 15 to 30 %. The lower
fractions under dry conditions might be a result of a stronger
OH uptake into the particle phase, leading to a greater extent
of heterogenous reactions of MNC in the particle phase.

3.4 Atmospheric implications and conclusion

The examination of the oxidation of atmospherically rele-
vant compounds and the resulting SOA formation is of large
importance for a better understanding of atmospheric chem-
istry and its response to future climate change. Several stud-
ies predict an increase in BVOC emissions as a response
to a warmer climate (e.g., Sanderson et al., 2003; Lathière
et al., 2005; Heald et al., 2008). The increase in monoter-
penes emission is estimated to be up to 50 % (Lathière et al.,
2005). Such a dramatic increase might lead to an enhanced
formation of reactive oxygen species (ROS) as determined
here as peroxides and SOA. ROS are suggested to cause ox-
idative stress that influences human morbidity and mortality
(Squadrito et al., 2001; Schwartz et al., 2002; Xiao et al.,
2003; Ayres et al., 2008). The current knowledge is limited,
with large uncertainties for predicting the global SOA burden
(see review by Hallquist et al., 2009; Glasius and Goldstein,
2016; Shrivastava et al., 2017). With an expected increase in
VOC emissions the knowledge about SOA formation process
and their response to changes in the parameters investigated
in this study will become more important. The present study
provides important data concerning SOA formation potential
of OH and NO3 radical oxidation of biogenic and anthro-
pogenic VOCs, the influence of relative humidity on the SOA
yield, and its resulting chemical composition.

During the night and early morning hours, the RH near
the surface is high; NO3 radical chemistry is competitive
with that of other oxidants; and, accordingly, RH starts to
play a crucial role. The investigation of the effect of RH
on the SOA formation and chemical composition shed light
on various aspects, especially for NO3-initiated SOA forma-
tion. NO3 radical reaction can form SOA more efficiently
than OH-radical reaction in the presence of NOx , at least
for α-pinene and limonene, highlighting the importance of
this atmospherically relevant nighttime sink. Furthermore,
pinonic acid was found to contribute significantly, up to
4 %, for NO3- and OH-originated α-pinene-SOA, indicat-
ing this compound might play a key role for both day- and
nighttime conditions, not just daytime conditions. Pinonic
acid might be formed from the oxidation of pinonaldehyde
that itself has been found for NO3-radical-initiated reactions
of α-pinene (Spittler et al., 2006). It should be also noted
that huge amounts of organic peroxides were found from α-
pinene /OH, which are an important part of ROS and can be
associated with oxidative stress after inhalation of such parti-
cles. The peroxide fraction was found to be higher under dry
conditions and, somewhat surprisingly, decreases with RH.
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Relative humidity was found to affect SOA growth and
composition, in particular the formation of MNC during
m-cresol oxidation. While daytime chemistry of α-pinene
and limonene is RH-independent (YOH≈ 6 % and 20 %),
SOA yields fromm-cresol+OH increased with elevated RH
(YOH ≈ 3–9 %). This observed effect is most likely to be at-
tributed to the huge fraction of MNC of up to 6 % under
high RH, lowering the uptake of OH radicals and changing
the phase state. Additionally, the reaction of limonene+NO3
appeared to be very sensitive towards RH, yielding the high-
est SOA (YNO3 ≈ 29 %) under dry conditions. This observa-
tion is suggested to be caused by a competitive reaction be-
tween limonene and formed RO2 radicals, leading to a lower
conversion of limonene. Furthermore,m-cresol was found to
yield only insignificant amounts with NO3, thus producing a
highly reactive gas phase, since almost all oxidation products
stay in the gas phase. The concentration of reactive species
in the gas phase could act as a reservoir for compounds with
a much higher SOA formation potential.

Data availability. All data presented in this study are avail-
able from the authors upon request (herrmann@tropos.de). In
addition data from experiment at RH= 50 % (α-pinene /OH,
α-pinene /NO3, limonene /OH, limonene /NO3, cresol /NO3)
are available at the EUROCHAMP web page (https://data.
eurochamp.org/data-access/chamber-experiments/#/, last access:
24 January 2020, Herrmann, 2020).
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