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Particulate matter from biomass burning emissions affects air quality, ecosystems and climate; however,

quantifying these effects requires that the connection between primary emissions and secondary aerosol

production is firmly established. We performed atmospheric simulation chamber experiments on the

chemical oxidation of residential biomass burning emissions under dark conditions. Biomass burning

organic aerosol was found to age under dark conditions, with its oxygen-to-carbon ratio increasing by

7–34% and producing 1–38 mg m�3 of secondary organic aerosol (5–80% increase over the fresh

organic aerosol) after 30 min of exposure to NO3 radicals in the chamber (corresponding to 1–3 h of

exposure to typical nighttime NO3 radical concentrations in an urban environment). The average mass

concentration of SOA formed under dark-oxidation conditions was comparable to the mass

concentration formed after 3 h (equivalent to 7–10 h of ambient exposure) under ultraviolet lights (6 mg

m�3 or a 47% increase over the emitted organic aerosol concentration). The dark-aging experiments

showed a substantial increase in secondary nitrate aerosol (0.12–3.8 mg m�3), 46–100% of which is in

the form of organic nitrates. The biomass burning aerosol pH remained practically constant at 2.8

throughout the experiment. This value promotes inorganic nitrate partitioning to the particulate phase,

potentially contributing to the buildup of nitrate aerosol in the boundary layer and enhancing long-range

transport. These results suggest that oxidation through reactions with the NO3 radical is an additional

secondary aerosol formation pathway in biomass burning emission plumes that should be accounted for

in atmospheric chemical-transport models.
Environmental signicance

Understanding the pathways for chemical aging of biomass burning emissions is essential to identifying and quantifying the impact of this source on air quality
and climate; however, the role of chemical oxidation occurring in the absence of sunlight is not well understood. We present evidence of rapid dark chemical
oxidation of biomass burning emissions and secondary aerosol production under laboratory conditions. This overnight production of secondary aerosol may
contribute to aerosol burdens in winter urban environments. Thermodynamic modeling suggests that the pH of biomass burning remains at a level that can
further promote inorganic aerosol production. This dark oxidation is not included in chemical transport models thus under-representing the link between
biomass burning and its impact on health and climate.
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1 Introduction

Biomass burning (BB), both in the form of open res (including
wildres) and residential burning, is an increasingly important
source of ambient particulate matter (PM) air pollution,
affecting both climate and human health.1–5 BB emits
substantial amounts of primary organic aerosol (POA), black
carbon (BC), and brown carbon (BrC) directly into the particle
phase.2,6–9 These primary emissions are a major contributor to
global organic aerosol (OA) and absorbing aerosol burdens.2 BB
is also an important contributor to the oxidative potential of
PM, which is currently thought to be one of the causes of
adverse health outcomes from PM inhalation.10,11
Environ. Sci.: Atmos., 2022, 2, 1221–1236 | 1221
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BB emits semi (SVOCs), intermediate (IVOCs), and volatile
organic compounds (VOCs) directly into the atmosphere.12

Moreover, as the plume dilutes, POA can evaporate and further
contribute to SVOC and IVOC availability.13,14 These organic
vapors may react with oxidants in the atmosphere (e.g., OH, O3,
and NO3) to form lower-volatility compounds, which may then
condense to the particle phase forming secondary organic
aerosol (SOA). These chemical and physical transformations
within the BB plume may form SOA on a time scale of hours to
days further impacting climate and air quality.14–17 This SOA is
oen chemically different to the POA emitted directly from the
BB source,18,19 complicating the link between BB emissions and
net PM concentrations in the days following emission. In order
to fully quantify the impacts of BB plumes on human health and
climate, it is necessary to account for both the corresponding
primary and secondary PM.

Previous research has mainly focused on the oxidation of BB
plumes in the presence of sunlight (i.e., via the OH
radical).18,20–22 While the conditions that lead to net OA forma-
tion (the increase in SOA outweighs the decrease in POA due to
dilution and evaporation) are not entirely understood, it is clear
that BB plumes can undergo extensive chemical processing
resulting in SOA production through oxidation with the OH
radical. Hennigan et al.23 performed laboratory smog chamber
experiments on BB emissions from a variety of fuels and re-
ported a wide range of outcomes ranging from a net OA increase
to a net decrease across all experiments. Hodshire et al.22 re-
ported that laboratory experiments oen showed a larger net
increase in OA compared to eld studies; however, both labo-
ratory and eld studies show extensive production of chemically
aged aerosol, suggesting substantial SOA formation even if net
OA remains roughly constant.

The established understanding of the daytime formation
mechanism for SOA production has led to increasing
complexity in atmospheric models, which are better able to
reproduce observations under conditions of adequate
sunlight.24–27 Fountoukis et al.27 found that oxidized OA (OOA) is
fairly well represented in Paris in the summer; however, the
model under-predicted OOA concentrations in the winter, sug-
gesting a possible additional formation pathway for SOA under
conditions of low-photochemical activity. One such proposed
secondary mechanism for SOA production in BB plumes is via
reactions with the NO3 radical.28

The NO3 radical is formed primarily through the reaction of
NO2 and O3, and is rapidly photolyzed during the day.29,30 Thus,
oxidation through reactions with the NO3 radical may only take
place during periods of low photochemical activity (such as at
night or in winter). Measurements of nighttime NO3 radical
concentrations display a large degree of spatiotemporal vari-
ability. Two-year measurements of NO3 in an urban site in Jer-
usalem indicated an average nighttime concentration of 27� 43
ppt, with measured levels during 21 nights exceeding 220
ppt.31,32 The NO3 radical concentration has also been shown to
exhibit a strong vertical gradient.33 Brown et al.34 found that on
average, NO3 levels in a New England area increase with altitude
reaching a maximum within the rst 500 meters above the
surface (with concentrations ranging from 0–90 ppt) and
1222 | Environ. Sci.: Atmos., 2022, 2, 1221–1236
decrease at higher elevations. Urban and rural surface-layer
measurements show average nighttime NO3 radical concentra-
tions in the range of 10–40 ppt: Wang et al.35 reported 16� 9 ppt
in Shanghai, China; Li et al.36 measured 22 � 2 ppt in
Guangzhou, China; McLaren et al.37 found median overnight
concentrations of 10 ppt near Vancouver, Canada. Conversely,
concentrations in the range of 3–10 ppt have been reported in
remote sites.38–40 The chemical transport simulations of Khan
et al.29 suggest that annual-mean nighttime NO3 radical
concentrations ranged between 10–25 ppt across the north-
eastern US.

Studies to date have established that the NO3 radical is a very
efficient oxidant of many biogenic VOC emissions, particularly
during periods of transport and mixing with air with high NOx

concentrations.30,41–45 In particular, the NO3 radical has been
shown to be very reactive toward unsaturated VOCs. Recently,
there has been increasing interest in exploring the extent of
nighttime chemical processing of BB emission plumes. Tiitta
et al.46 and Hartikainen et al.47 reported substantial SOA
production (factor of 2 increases over the emitted POA
concentration) in laboratory experiments under dark condi-
tions, with dominant gas-phase reactions taking place between
the NO3 radical and phenolic and furanoic compounds. Decker
et al.28 initialized a chemical box model with aircra observa-
tions and predicted substantial overnight oxidation of BB VOCs
largely through reactions with NO3. Li et al.36 found substantial
absorption enhancement of brown carbon aer NO3 radicals
were allowed to react with tar aerosols from BB in a ow reactor.
Kodros et al.16 argued that the rapid and extensive chemical
processing of BB plumes in the dark observed in laboratory
experiments produces SOA that is chemically similar to ambient
observations of oxidized and secondary OA factors, thus sug-
gesting dark oxidation of BB plumes may be an additional
formation pathway of OOA not included in most models.

Dark oxidation of BB plumes via the NO3 radical may also
lead to secondary inorganic and organic nitrate aerosol forma-
tion.16,28,46 Kiendler-Scharr et al.48 found substantial organic
nitrate mass concentrations in PM in urban and rural areas and
estimated that the dominant formation pathway involves reac-
tions with the NO3 radical. Similarly, Rollins et al.49 reported
organic nitrate aerosol production as a result of nocturnal NO3

radical chemistry in Bakerseld, California. The contribution of
residential BB specically to organic and inorganic nitrate
aerosol through dark oxidation in urban areas is not well
understood.

Biomass burning aerosol exhibits substantial hygroscop-
icity.50 Biomass burning emits considerable amounts of NH3

and NOx, that in turn can transform into inorganic nitrate
aerosol. The paucity of sulfate and the presence of potassium
and other non-volatile cations also imply that the aerosol
generated during biomass burning is much less acidic than
other types of combustion aerosol (e.g., from fossil fuels).
Observations51,52 and model studies to date53 suggest that
ambient aerosol dominated by biomass burning emissions
tends to exhibit elevated levels of pH compared to other aerosol
types. This in turn carries important implications for the
susceptibility of the aerosol to NH3 and HNO3 levels, as well as
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the tendency of inorganic nitrate aerosol to accumulate in the
boundary layer during BB events and the resulting nitrogen
being able to transport over long distances before deposi-
tion.54,55 It is unclear if the elevated pH levels are an “inherent”
property of BB aerosol, and if it is driven primarily by the semi-
volatile inorganic components (NH3, HNO3) or the non-volatile
cations that may be present (primarily K+). Finally, the impor-
tance of the organic water in controlling aerosol pH levels also
needs to be determined.

In this work we investigate if BB emissions can age rapidly in
the dark and form substantial concentrations of secondary
organic and inorganic aerosol. This dark oxidation is not
included in most atmospheric chemical-transport models,
suggesting an under-representation of the link between BB
emissions and secondary aerosol. In Section 2, we detail the
environmental smog chamber experimental procedure and
instrumentation. In Section 3, we discuss secondary aerosol
formation and mass spectra evolution for a typical experiment
(Section 3.1), discuss the range of results across all experiments
(Section 3.2), calculate aerosol acidity (Section 3.3), and nally
estimate the atmospheric relevant timescales of the major
processes (Section 3.4). In Section 4, we discuss our conclusions
and study limitations.
2 Methods
2.1 Experimental facility and instrumentation

Experiments on the dark chemical processing of BB emissions
took place at the Foundation for Research and Technology-
Hellas (FORTH) atmospheric simulation chamber and
combustion chamber facilities at the Center for the Study of Air
Quality and Climate Change. This facility consists of a 30 m3

temperature and light-controlled room capable of sustaining
variable sized reactors. In this study, all experiments took place
in a 10 m3 Teon reactor. Combustion of biomass took place in
the combustion facility located in a separate room directly
beneath the chamber. BB emissions were transferred into the
chamber through a dilution system.
Table 1 Aerosol emissions and properties for each biomass burning expe
O3 and NO2

Exp.

Biomass burning emissions

OA [mg m�3] Inorganic nitrate [mg m�3] Organic nitrate [mg m�3

1 14 0.2 0.2
2 14 0.1 0.1
3 83 0.7 0.8
4 39 0.4 0.2
5 33 0.7 0.4
6 9 0.7 0.4
7 47 0.8 0.5
8 30 0.8 0.7
9 13 0.2 0.2
10 45 0.5 0.4

a In experiment 10, no additional NO2 or O3 was injected. The levels report

© 2022 The Author(s). Published by the Royal Society of Chemistry
In the chamber, a suite of online instrumentation measured
the concentrations of particle- and gas-phase species. Non-
refractory PM1 aerosol was monitored by a high-resolution
time-of-ight aerosol mass spectrometer (HR-ToF-AMS, Aero-
dyne Research Inc.) working in V mode. A scanning mobility
particle sizer (SMPS; classier model 3080, DMA model 3081,
CPC model 3787, TSI) measured the aerosol number size
distribution. In these experiments, the sheath ow rate was 3
L min�1 and the aerosol sample ow rate was 0.6 L min�1,
allowing for a diameter size range of 14 to 790 nm. Black carbon
was monitored using a multiple-angle absorption photometer
(MAAP, Thermo Scientic Inc.) and a single particle soot
photometer (SP2, Droplet Measurement Technology). A proton-
transfer-reactionmass spectrometer (PTR-MS, Ionicon Analytik)
measured VOCs. Inorganic gas-phase species were measured
using a series of gas monitors: nitrogen oxides (NO and NO2,
Teledyne model T201), ozone (O3, Teledyne model 400E),
carbon monoxide (CO, Teledyne model 300E), and carbon
dioxide (CO2, Teledynemodel T360). In a subset of experiments,
NO3 radical concentrations were measured by incoherent
broad-band cavity-enhanced absorption spectroscopy (IBB-
CEAS) as described by Fouqueau et al.56 Gas-phase concentra-
tions of NH3 were measured using a photoacoustic monitor
(LSE, model NH3-1700).
2.2 Experimental procedure

All eight dark-aging experiments (experiments 1–8; Table 1)
followed the same general procedure. First, the BB emissions
were injected into the chamber through the dilution system
(with a dilution rate of approximately 10-to-1). In all experi-
ments, a small amount (approximately 40–70 ppb) of d9-
butanol was also injected to determine the OH concentra-
tions. The fresh emissions remained in the chamber under dark
conditions for approximately 2 hours to allow sufficient time for
mixing and characterization. During this period, some chemical
processing may occur through reactions among the primary
pollutants and other compounds already present in the mixture
(e.g. ozone). To initiate oxidation by NO3 radicals, which we
riment along with experimental conditions and injectedmixing ratios of

Experimental conditions

] BC [mg m�3] O : C Lights RH [%] T [K] O3 [ppb] NO2 [ppb]

7.9 0.3 Dark 9 27 123 93
3.8 0.4 Dark 9 21 44 43

109 0.3 Dark 10 25 228 99
0.8 0.4 Dark 58 27 91 57
7.0 0.4 Dark 58 28 52 36

36 0.4 Dark 48 27 143 70
4.5 0.4 Dark 45 27 173 97
0.1 0.4 Dark 60 26 118 103
6 0.4 UV 15 19 — —
8.4 0.4 Dark 8 21 (23)a (7)a

ed here represent emissions directly from combustion as a comparison.

Environ. Sci.: Atmos., 2022, 2, 1221–1236 | 1223
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dened as time zero in all experiments, we injected a variable
concentration of NO2 and O3 (precursors to the NO3 radical). We
then allowed at least 3 hours for chemical processing and
characterization of the aged aerosol and vapors. In a subset of
experiments, we injected ammonium sulfate immediately
following the chemical processing period in order to quantify
the size-resolved loss rates of particles to the chamber walls. We
also performed 2 reference experiments (experiments 9–10). In
experiment 9, we initiated oxidation (at time zero) through
turning on ultraviolet (UV) lights to simulate daytime (OH
radical) oxidation. In experiment 10, we le the BB emissions in
the chamber under dark conditions for several hours without
injection of NO2 and O3.

Initial concentrations of biomass burning aerosol, NO2 and
O3, as well as relative humidity are presented for all experiments
in Table 1. Initial OA concentrations measured by the AMS
ranged from 9–83 mg m�3 across all experiments. To simulate
oxidation in dark conditions in urban areas, we injected
between 36–103 ppb of NO2 and 44–228 ppb of O3 for each
experiment. In all experiments, NO2 was injected prior to the
injection of O3 to prevent reaction of ozone with organic
compounds. The relatively high concentrations of NO2 and O3

are intended to accelerate oxidation that may take place over
night. Section 3.4 discusses the corresponding atmospheric
timescales which are longer than those of our experiments.
Finally, to test the sensitivity of dark oxidation to relative
humidity and possible contribution of aqueous-phase oxidation
to chemical processing, we varied the relative humidity in the
chamber ranging from dry conditions (about 10% relative
humidity) to moderate levels of around 60%. The temperature
of the experiments ranged from 19–28 �C, values that are in
general higher than those typically expected for winter night-
time conditions. We expect these higher temperatures to favor
NO3 radical production. This issue will also be addressed in
Section 3.4.

The combustion of olive tree wood in a residential wood
stove was the BB source of our experiments. Both the wood and
stove were purchased locally and represent typical residential
heating devices and fuels used in Greece. Previous studies have
suggested that combustion conditions such as aming phase or
combustion temperature may play a role in explaining the
variability of the extent of oxidation by altering the emission
prole of particle- and gas-phase organic compounds. In this
study, we do not systematically test the sensitivity of dark
oxidation to combustion conditions. In all experiments, we
sampled under aming conditions, roughly representative of
expected conditions in a residential wood stove, approximately
15–30 minutes aer ignition. We note that differences in
combustion conditions may play some role in the extent of
oxidation through differences in emission proles.
Fig. 1 Measurements for a typical experiment (experiment 1 in Table 1)
showing (a) wall-loss corrected bbOA, PM inorganic nitrate, and PM
organic nitrate (shaded region represents one standard deviation
around the wall-loss rate constant), (b) inorganic gas-phase species
NO2, O3, and NO3 radical, (c) representative VOCs showing the largest
decrease (phenol, isoprene, and monoterpenes), and (d) the change in
the O : C ratio and theta angle.
2.3 Data analysis

The HR-ToF-AMS measurements were analyzed using the AMS
soware toolkits SeQUential Igor data RetRiEvaL (SQUIRREL)
v1.57 and Peak Integration by Key Analysis (PIKA) v1.16.
Elemental ratios (e.g., O : C) were calculated following the
1224 | Environ. Sci.: Atmos., 2022, 2, 1221–1236
method of Canagaratna et al.57 The AMS collection efficiency
was calculated following the method of Kostenidou et al.58 The
total nitrate aerosol measured by the AMS was apportioned into
organic and inorganic nitrate following the methods discussed
in Farmer et al.59 and Kiendler-Scharr et al.48 While we recognize
the uncertainty in this method, we feel its use is acceptable for
the purposes of this study.

The measured size-dependent particle wall-loss rates
measured during the characterization period aer an experi-
ment were used to correct the AMS mass concentrations
following Wang et al.60 The relative standard deviation of the
measured wall loss rate constants across experiments was 35%.
In experiments where a wall-loss characterization period did
not take place directly following oxidation, the average size-
resolved particle wall loss rate prole was used to correct for
particle wall loss.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The secondary aerosol mass concentration at time t is
dened as the wall-loss correctedmass concentrationminus the
average wall-loss corrected mass concentration during the hour
before the start of oxidation. The enhancement ratio (ER) of
a parameter is dened as the parameter measured at time t
divided by the averaged parameter before the start of oxidation.
It has been calculated for the wall-loss corrected mass concen-
tration and for the O : C ratio.

To separate the total BB OA (bbOA) AMS spectrum into
a primary (bbPOA) and a produced secondary OA (bbSOA)
spectrum, we use a simplied mass-balance approach outlined
in Jorga et al.61 In this method, we estimate the initial (i.e., fresh)
bbPOA assuming that its mass concentration is only affected by
particle wall loss with a rst-order loss rate with the wall loss
rate calculated as discussed above, while the normalized bbPOA
spectrum is assumed to be constant in time. The produced
bbSOA spectrum is thus the difference between the measured
OA spectrum and the estimated fresh bbPOA spectrum at time t.
We note that this method assumes that particle wall loss and
SOA formation are the dominant processes taking place in the
chamber, and does not account for semi-volatile vapor wall loss
or heterogeneous reactions.

We use the theta angle to quantify the differences between
bbOA mass spectra.62 The theta angle treats two mass spectra as
n-dimensional vectors (where n is the number of m/z values in
the spectrum) and calculates the inner product between them.
The theta angle is calculated by eqn (1) (following the discus-
sion in Kostenidou et al.62):
Fig. 2 (a) The normalized fresh bbPOA (green bars) and produced bbSO
typical experiment (experiment 1). The blue bars indicate an increasing co
at the given m/z for the produced bbSOA relative to the fresh bbPOA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
cosðqÞ ¼ MSAMSB

jMSAjjMSBj (1)

where MSA and MSB are the OA mass spectra expressed as
vectors. In previous studies,63 subjective thresholds have been
proposed to interpret the theta angle: an angle of 0–5� indicates
a near-identical match between the spectra, 6–10� represents
a high degree of similarity, 11–15� indicates some similarities
between the spectra with notable differences, 16–30� suggests
spectra from different sources with some shared similarities,
while theta angles greater than 30� suggest notably different
spectra. Here, we apply the theta angle in two main ways: to
compare the spectra of different OA (for instance, the fresh
bbPOA spectra and the produced bbSOA spectra) and the time
evolution of the OA over the experiment (for instance, by
comparing the spectra at time �1 hour to 3 hours). Kaltso-
noudis et al.63 calculated theta angles ranging from 15–20�

between fresh cooking OA generated in the laboratory and the
same plume exposed to UV light for 3 hours in an environ-
mental smog chamber.

In all experiments, OH concentrations are inferred through
the consumption of d9-butanol injected at the start of the
experiment.64 Here, we dene one photochemical day as
continued 24 h OH exposure at a concentration of 1.5 �
106 molecule per cm3.65,66
2.4 Calculation of aerosol pH

To estimate the acidity of the BB emissions and the associated
change aer dark chemical aging, we simulate aerosol
A (black circles) factors and (b) the difference between them for the
ntribution while the red bars represent a decreasing contribution in OA

Environ. Sci.: Atmos., 2022, 2, 1221–1236 | 1225
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Fig. 3 The change in (a) O : C ratio and (b) theta angle across all BB experiments. Experiments 1–3 were performed in dark and dry conditions,
exp. 4–8 in dark and humid conditions, and exp. 9 and 10 are the reference experiments. The black bars represent the change in the first 0.5 h
following the initiation of oxidation, while the green/black bars denote the change following 3 hours after the initiation of oxidation.
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thermodynamic properties using ISORROPIA-Lite,67 which is
based on the metastable routines of ISORROPIA II, version 2.3
(ref. 68) but expanded to include the effects of aerosol water
uptake associated with the bbOA on the semi-volatile parti-
tioning of the inorganics. Inputs to ISORROPIA-Lite include
temperature, relative humidity, and the total (gas-plus particle-
phase) concentrations of NH3, H2SO4, Na

+, Ca2+, K+, Mg2+, HCl,
and HNO3. In addition, water uptake from OA is calculated
Table 2 Extent of oxidation in each BB experiment as represented by enh
angle

Experiment

0.5 hours

DO : C O : CER Theta a

1 0.12 1.34 13.5
2 0.03 1.07 2.7
3 0.09 1.26 10.3
4 0.05 1.12 12.4
5 0.04 1.09 8.0
6 0.09 1.19 10.8
7 0.10 1.28 15.6
8 0.11 1.30 15.7
9 0.17 1.43 17.3
10 0.00 1.00 0.8

1226 | Environ. Sci.: Atmos., 2022, 2, 1221–1236
based on the OA mass concentration, density, and the hygro-
scopicity parameter, k.69 Measurements from the AMS are used
as inputs for the particle-phase species with the exception of the
crustal elements and measurements of gas-phase NH3. Due to
lack of measurements, we assume that the total HNO3 is equal
to the measured particulate inorganic nitrate concentration
(which is a reasonable assumption if the pH is high enough for
most of the nitrate to partition to the particulate phase). We
ancement ratio (ER) and absolute difference in O : C ratio and the theta

3 hours

ngle DO : C O : CER Theta angle

0.18 1.52 18.3
0.09 1.20 8.1
0.16 1.46 16.7
0.14 1.33 24.1
0.12 1.32 19.3
0.18 1.38 17.0
0.20 1.53 23.4
0.23 1.58 27.0
0.32 1.81 28.3
0.0 1.00 1.3

© 2022 The Author(s). Published by the Royal Society of Chemistry
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further assume that the concentrations of HCl, Na+, Ca2+, and
Mg2+ are negligible. The lack of direct measurements of these
species is a limitation of this analysis.

In our base set of calculations, we assume that concentra-
tions of potassium (K+) are 0.15 times the concentration of
particulate nitrate following Ryu et al.70 We set the OA hygro-
scopicity parameter equal to 0.15 and OA density to 1.4 g cm�3.
The sensitivity of our results to the above assumptions has been
quantied and is described in a subsequent section.

3 Results
3.1 Results of a typical dark oxidation experiment

In a typical experiment, such as experiment 1 (see Table 1), the
BB emissions were transferred into the chamber at approxi-
mately�2.5 h (Fig. 1). The particles were composed of bbOA (14
mg m�3), 8 mg m�3 of BC and less than 1 mg m�3 each of nitrate,
sulfate, ammonium, and chloride (Fig. 1a). The BB emissions
also included 15 ppb of O3 and 11 ppb of NO2 (Fig. 1b). During
the 2 h characterization period of the fresh emissions, the mass
concentration of these particle- and gas-phase species shows
only slight changes, with a decreasing trend of O3 (possibly due
to reactions with NO and NO2 and losses to the chamber walls).

At time zero, dark oxidation was initiated through the
injection of 93 ppb of NO2 and 123 ppb of O3, resulting in
increasing NO3 radical concentrations (125 ppt aer 30 min,
Fig. 1b). Following this injection, rapid formation of bbSOA and
PM organic nitrate is observed. In the rst 30 min following the
injection of O3, the bbOA mass increased by 5 mg m�3 (an
enhancement of 37%), while the PM organic nitrate increased
by 0.5 mg m�3 (and enhancement of almost 250%). About 40%
of the secondary aerosol mass was formed in these rst 30 min
aer the injection of O3. Also following injection, there was
a corresponding decrease in VOC levels, the largest of which
were phenol, isoprene, and monoterpenes (Fig. 1c).

To measure the extent of chemical processing of bbOA, we
consider two metrics commonly associated with quantifying the
extent of OA oxidation: the change in the O : C ratio and the
evolution of the theta angle (dened in Section 2.3). In the hour
prior to the initiation of oxidation both metrics remained
roughly constant (the O : C ratio varied by less than 0.01 and the
theta angle varied by less than 1�), suggesting little chemical
changes of the fresh bbOA emissions (Fig. 1d). This suggests
that on a broad level, BB emission plumes may not age rapidly
in the dark without being exposed to sufficiently high concen-
trations of NO2 and O3 (that react to form the highly oxidizing
NO3 radical). In the 30 min following the injection of NO2 and
O3, the O : C ratio increases by 0.12 (34% increase), and the
theta angle by 14�, indicating notable evolution of the bbOA
spectrum while still maintaining some similarity to the fresh
bbOA aerosol. Themajority of the total increase in these metrics
over the course of the experiment takes place in the rst 30 min
(65% and 74% of the total increase over the experiment in O : C
and the theta angle, respectively).

We separate the measured OA mass spectra into a fresh
bbPOA and produced bbSOA spectrum (Fig. 2). Similar to
previous studies on BB oxidation, the normalized produced
© 2022 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2022, 2, 1221–1236 | 1227
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bbSOA spectrum in these experiments shows enhancements at
m/z 28 (CO+), 29 (CHO+), and 44 (CO2

+), and decreases in m/z 60
(C2H4O2

+), 57 (C4H9
+), and 73 (C3H5O2

+), relative to the
normalized fresh bbPOA spectrum (Fig. 2). Both the fresh
bbPOA and the produced bbSOA display prominent peaks
commonly associated with combustion at m/z 69 (C4H5O

+) and
91 (C7H7

+). The theta angle between the fresh and aged factor is
30�, indicating substantial dissimilarity between the two
spectra.

To estimate the relative contribution of reactions with NO3,
O3, and OH to the oxidation of BB emissions, we calculate the
average lifetime of the VOCs with the largest decreasing trends:
phenol, isoprene, and monoterpenes (assumed to be a-pinene
for this calculation). As a simplication we use the concentra-
tions of these VOCs in the fresh BB emissions and the average
concentration of the oxidants in the rst hour aer the initia-
tion of oxidation. For all three VOCs, the average lifetime for
reactions with OH are greater than 9 hours (three times the
length of the oxidation portion of the experiment), suggesting
OH concentrations are too low (approximately 9.5 � 105 mole-
cule per cm3) to play an important role in the oxidation reac-
tions in our experiments (Tables S2 and S3†). In contrast, the
average lifetime against reactions with NO3 are all less than 1 h
(0.9 h for phenol, 0.5 h for isoprene, and 0.08–0.16 h for a-
pinene), indicating NO3 likely plays a dominant role in the
Fig. 4 The (a) OAER and (b) bbSOA mass concentration after 30 minute
experiments.

1228 | Environ. Sci.: Atmos., 2022, 2, 1221–1236
oxidation of all three VOCs. Finally, reactions with O3 are likely
only relevant for a-pinene (with an average lifetime of 1.9–2.9 h).
While the reactions of phenol are most likely dominated by the
NO3 radical, it is possible that O3 may react with products of this
initial reaction. For instance, the reaction of phenol with NO3

produces a variety of products, one of which is the organic
molecule, C6H5O. The average lifetime of C6H5O against reac-
tions with O3 is less than 1 min (Table S3†). Additionally, O3

may react heterogeneously with organic compounds in the
aerosol phase.

3.2 Results across all experiments

3.2.1 Oxidation of bbOA and SOA formation. In all dark-
aging experiments (experiments 1–8), the initial (prior to
oxidation) O : C ratio ranged from 0.3–0.4. This ratio remained
roughly constant over the 1–2 h prior to oxidation. Following the
injection of NO2 and O3, all experiments show an increase in
O : C ratio ranging from 0.03–0.12 (enhancement ratio of 1.07–
1.34) aer 30 min and 0.09–0.23 (enhancement of 1.2–1.58)
aer 3 h (Table 2). The experiments with the lowest concen-
tration of injected NO2 and O3 (experiments 2 and 5) had the
lowest increase in O : C ratio (0.03–0.04) aer the rst 30 min.
Similarly, the theta angle increased in all dark-aging experi-
ments by 3–16� in the rst 30 min following the initiation of
oxidation and by 8–27� aer 3 h (Fig. 3). While experiments 2
s (black) and 3 hours (blue/green) for all dark oxidation and reference

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and 5 had the lowest exposure to NO2 and O3 and corresponding
lowest increase in O : C ratio, only experiment 2 had a similarly
limited increase in theta angle (3� aer 30 minutes) while the
theta angle in experiment 5 increased by a modest 8� aer the
rst 30 min. The reason for this discrepancy may be the effect of
relative humidity. Experiment 2 was performed under dry (less
than 10% RH) conditions, while experiment 5 was performed at
an RH of 60%.

All dark oxidation experiments showed production of SOA
following injection of NO2 and O3 (Table 3 and Fig. 4). Wall-loss
corrected SOA ranged from 0.7–38 mg m�3 (an OA ER of 1.05–
1.81) in the 30 min following the initiation of oxidation.
Between 11–53% of the total SOA was formed within these rst
30 min; however, all experiments except for experiment 5 show
a continued increasing trend in wall-loss corrected OA
throughout the 3 h oxidation period. Similar to the O : C ratio,
experiments with lower levels of NO2 and O3 (experiments 2 and
5) tended to form lower concentrations of SOA with OA
enhancements in the range of 4–5% as compared to similar
experiments with higher levels of NO2 and O3 with enhance-
ments ranging from 24–81%.

We compare these dark-oxidation experiments to a reference
experiment in which the BB emissions were aged under UV
lights (via the OH radical). The BB emissions in this experiment
(experiment 9) were exposed to UV lights (JNO2

of 0.59 min�1) for
Fig. 5 Production of secondary (a) PM organic nitrate and (b) PM inorga
initiation of oxidation across all experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3 h. The experiment under UV conditions had a larger increase
in O : C ratio (0.32 or an 80% increase) than the experiments
under dark conditions (0.09–0.23 or a 20–60% increase) aer
3 h. Similarly, the UV experiment showed the largest change in
theta angle (28� as opposed to 8–27� in the dark-aging experi-
ments). Conversely, the SOA formation in the UV experiment
tended to be similar or slightly lower than in experiments under
dark conditions. In the UV experiment, the OA enhancement
ratio was 1.47 (6 mg m�3), while in the dark oxidation experi-
ments it ranged between 1.00–1.95 (0.1–74 mg m�3) with one
experiment reaching an OA enhancement of 3.9 (experiment 6).

In experiment 10, where no external oxidation was initiated,
the O : C ratio remained constant throughout the experiment
and the theta angle between the bbOA at the end of the exper-
iment compared to the emitted spectrum was only 1.3�, indi-
cating near-identical spectra.

The fresh bbOA AMS mass spectrum exhibited moderate
variability across the various experiments with an average theta
angle between pairs of experiments of 17� (standard deviation
of 7�, Fig. S1†). Among the dark oxidation experiments, the
produced bbSOA spectrum tended to be more similar with (i.e.,
a lower theta angle) between two experiments than the fresh
bbOA factor for the same pair of experiments (an average theta
angle of 12.5� with a standard deviation of 6�). This increase in
similarity may be due to the increasing prominence of OA mass
nic nitrate aerosol after 0.5 h (black) and 3 h (blue/green) following the

Environ. Sci.: Atmos., 2022, 2, 1221–1236 | 1229
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at m/z 28 (CO+), 29 (CHO+), and 44 (CO2
+) in all aged bbOA

spectra.
3.2.2 Secondary inorganic and organic aerosol nitrate

formation. The fresh BB particulate emissions included
between 0.2–1.5 mg m�3 of total particulate nitrate (inorganic
plus organic). We estimate that in all experiments, approxi-
mately 33–56% of the fresh BB PM nitrate was organic (Table 1).
It is unclear if this variability was due to the properties of the
wood fuel, combustion conditions, or temperature in these
experiments.

Aer the injection of NO2 and O3, both organic and inorganic
nitrate increased rapidly. In 7 of 8 experiments aged under dark
conditions, the majority of the secondary nitrate aerosol was
organic, resulting in 46–100% of the post-oxidation (aer 3 h)
nitrate aerosol being organic (Fig. 5). In the 30 min aer the
initiation of oxidation, the organic nitrate mass concentration
increased by 0.1–1.9 mg m�3. For comparison, under UV
conditions, the organic nitrate mass concentration increased by
only 0.08 mg m�3 in the three hours aer the initiation of
oxidation (Fig. 5). The large enhancements of inorganic and
organic nitrate aerosol are likely characteristic of dark oxidation
due to the presence of NO2 and the NO3 radical.
Fig. 6 Model simulations and corresponding measurements for
experiment 8 showing (a) aerosol pH, (b) PM inorganic nitrate, and (c)
PM NH4. Included are sensitivity simulations with neither bbOA water
uptake nor K included in the model (blue), only bbOA water uptake
included (orange), only K included (green), and the base assumptions
with bbOA water uptake and K included (red). Measurements from the
HR-ToF-AMS are included as black dots.
3.3 Aerosol acidity

We simulated the thermodynamic properties of the bbOA, in
order to estimate the aerosol acidity before and aer oxidation.
Under the base assumptions (outlined in Section 2.4), we
calculate an average pH for the fresh emissions of 2.8 (with
standard deviation of 0.25) across all experiments (Table S1†).
The pH of the aerosol did not change appreciably following dark
oxidation, with an average pH of the aged aerosol of 2.8 (stan-
dard deviation of 0.12) (Fig. 6). The largest change in estimated
pH occurred in experiment 6 with a 0.3 unit increase between
the fresh (pH of 2.5) and aged (pH of 2.8) aerosol.

To test the sensitivity of including bbOA water uptake into
the model and the assumed K+ levels, we perform additional
simulations: (1) a simulation with no bbOA water uptake and K+

concentrations set to zero; (2) K+ concentrations equal to 15% of
the PM nitrate (but without bbOA water uptake); (3) bbOA water
uptake but with K+ concentrations set to zero; (4) and with both
bbOA water uptake and potassium concentrations included in
the model. When including neither bbOA water uptake nor K+

in the model, the pH of the BB aerosol stays roughly constant at
a value of 1.2 throughout the experiment (Fig. 6). When bbOA
water uptake alone is included, the pH of the bbOA increases to
2.7. Similarly, when an estimate of K+ emissions from BB is
included (but without bbOA water uptake), the pH of the freshly
emitted BB aerosol increases to 2.9. Interestingly, when K+ is
included without bbOA water uptake, the pH of the BB aerosol
increases from 2.9 to 4.1 following oxidation; however, when
both bbOA water uptake and K+ are included the pH ranges
from only 2.5–2.8 throughout the experiment.

These differences are due to the change in simulated PM
inorganic nitrate and ammonium when bbOA water uptake and
K+ are included in the model. When neither bbOA water uptake
nor K+ are included in the simulation, nitrate is entirely in the
1230 | Environ. Sci.: Atmos., 2022, 2, 1221–1236
gas phase (in the form of HNO3). Including bbOA water uptake
leads to a slight increase in simulated particle-phase inorganic
nitrate (0.1 mg m�3). However, when K+ is included, the simu-
lated PM inorganic nitrate matches the observations aer one
hour. On the other hand, the inclusion of K+ leads to an over
prediction of PM ammonium relative to the observations. This
highlights the importance of both bbOA water uptake and K+

concentration in determining aerosol pH. This also means that
while pH in biomass burning aerosol is buffered largely by the
NH3–NH4

+ partitioning,71–73 the amount of organic water uptake
plays a pivotal role in the case of biomass burning to ensure that
bbOA pH is virtually constant throughout its lifetime.

In additional sensitivity simulations, we tested a range of
hygroscopicity parameters from 0.1 to 0.2, and found little
change in estimated pH.
3.4 Equivalent atmospheric time scales

In a subset of experiments (experiments 1, 4, 5, 7, and 8), we
measured the NO3 radical concentrations during the BB
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The equivalent number of hours in an ambient urban environment (assuming an NO3 radical concentration 20 ppt throughout the night)
for the subset of experiments with NO3 radical measurements.
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experiments. Prior to the initiation of oxidation, NO3 radical
concentrations were below the detection limit (approximately 3
ppt for 10 s of acquisition time) of the instrument, suggesting
that the NO2 and O3 emitted from this source were not sufficient
to form substantial concentrations of NO3. In the 30 min
following the injection of NO2 and O3, NO3 concentrations
increased to 100–400 ppt for experiments 1, 7, and 8 (with
relatively higher injections of NO2 and O3) and 0–50 ppt for
experiments 4 and 5 (with relatively lower injections of NO2 and
O3). In experiment 5, NO3 stayed near the detection limit of the
instrument for the duration of the experiment. In the remaining
four experiments (experiments 1, 4, 7 and 8) there were signif-
icant concentrations (80–400 ppt) of NO3 throughout the 3 h
oxidation period, suggesting that our dark-aging experiments
were likely limited by VOC levels as opposed to oxidants.

To relate the experimental timescale and injected concen-
trations of oxidant precursor species (NO2 and O3), we assume
a typical nighttime ambient urban NO3 radical concentration of
20 ppt, in line with previous measurements at urban
sites.29,31,34,35 In the 30 min following the injection of NO2 and
O3, the NO3 exposure across the experiments with measured
NO3 radical concentrations above the limit of detection
(experiments 1, 4, 7, and 8) ranges from 0.4–2.3 equivalent
hours. Aer 3 h, this range increases to 11–43 h. Assuming 10 h
of darkness in an ambient environment, the integrated NO3

radical exposure aer 0.9–2.8 h is roughly equivalent to one
night of NO3 exposure in a typical urban environment (Fig. 7).
As a comparison, we estimate OH exposure in the UV-aging
experiment (experiment 9) and calculate that 3 h of experi-
mental time is roughly equivalent to approximately 7–10
photochemical equivalent hours (assuming [OH] ¼ 1.5 �
106 molecule per cm3 throughout a 24 h period).

One important limitation in this analysis is the possibility of
O3 or OH contributing to the oxidation in the dark-aging
experiments. Following the discussion in Section 3.1, our esti-
mates of the average lifetime of phenol, isoprene, and a-pinene
suggest an important role of NO3 in the fate of all three VOCs
(with average lifetimes one hour or less), while OH likely does
© 2022 The Author(s). Published by the Royal Society of Chemistry
not contribute to the oxidation of these VOCs (with the shortest
estimated lifetime of six hours, or twice the length of the
oxidation portion of the experiment; Table S4†). As discussed
previously, O3 may contribute to reactions with a-pinene or to
reactions with the products of the reaction of phenol with NO3.
In this case, the equivalent time scale in an ambient urban
environment for our experiments would be longer than dis-
cussed here, as the O3 concentration in our experiments (44–
228 ppb) is higher than is typical in nighttime ambient envi-
ronments. Further, this analysis does not take into account
heterogeneous reactions which may affect the O : C ratio.

4 Conclusions and implications

In this study, we performed a suite of smog chamber experi-
ments to explore the sensitivity of the chemical processing and
formation of secondary aerosol of biomass burning emissions
to aging under dark (dominated by the NO3 radical) conditions.
The biomass combustion was designed to be representative of
residential heating in an urban environment. We nd that
biomass burning organic aerosol (bbOA) does age rapidly under
dark conditions following exposure to NO2 and O3. The oxygen-
to-carbon ratio increased by 7–34% in the rst 30 min following
the injection of NO2 and O3. The experiments with the lowest
increase in the oxygen-to-carbon ratio were experiments with
the lowest levels of NO2 and O3 (suggesting low NO3 radical
concentrations). Production of secondary organic aerosol across
these experiments ranged from 0.7–38 mg m�3 (corresponding
to a 4–81% increase over the initial emitted organic aerosol
concentration). In addition, the dark-aging experiments
produced 0.1–3.8 mg m�3 of secondary nitrate aerosol, much of
which (46–100%) is in the form of organic nitrate. The results
presented here are in broad agreement with the results of Tiitta
et al.46 and Hartikainen et al.47 which reported large enhance-
ments of secondary organic aerosol and consumption of
phenolic compounds aer exposure of biomass burning emis-
sions to the NO3 radical.

In a subset of experiments, the NO3 radical concentration
was measured using incoherent broad-band cavity-enhanced
Environ. Sci.: Atmos., 2022, 2, 1221–1236 | 1231
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absorption spectroscopy (IBB-CEAS). In the 30 min following
the injection of additional NO2 and O3, the NO3 radical
concentration increased to as much as 400 ppt across these
experiments. Assuming an average nighttime concentration of
20 ppt (typical of an urban environment), roughly 1–3 h of NO3

exposure at these experimental concentrations would corre-
spond to one night of continued 20 ppt exposure (dened as 10
hours of darkness). While this comparison of NO3 radical
exposure to ambient urban conditions is a rough estimate, it
does suggest that freshly emitted bbOA can undergo substantial
chemical processing, including the formation of secondary
organic and inorganic aerosol, overnight.

We compare these dark-aging experiments to 2 reference
experiments: one experiment with no external initiation of
oxidation and one experiment with oxidation initiated with UV
lights. While there were low levels of NO2 and O3 (7 and 23 ppb,
respectively) emitted with the biomass burning OA and VOCs,
the experiment with no external initiation of oxidation showed
no increase in the oxygen-to-carbon ratio and only a slight
increase in aerosol concentration (within the uncertainty range
of the wall loss correction) aer 3 hours of the experiment.
During an experiment in which the BB emissions were aged
under UV lights, the O : C increased more than in the dark-
aging experiments (43% aer 0.5 h and 81% aer 3 h).
Conversely the production of secondary organic aerosol was
comparable to the dark-aging experiments; however, we note
that we did not test the same range of initial conditions in the
UV experiments as in the eight dark-aging experiments.

The enhancement in secondary inorganic and organic
aerosol did not appear to substantially affect the calculated pH
of the biomass burning aerosol if the water uptake from the
organics is considered in the calculations. Using the
ISORROPIA-Lite thermodynamical model, we estimate the pH
of the BB aerosol is roughly constant at 2.8 before and aer the
dark oxidation. The modeled partitioning of ammonium is
consistent with the observed values. This result does exhibit
moderate sensitivity to the amount of potassium in the aerosol,
which is largely mitigated from the presence of organic water.
These levels of pH promote most of the total nitrate to be in the
form of aerosol nitrate, which implies that its dry deposition
rates in the ambient atmosphere would signicantly decrease
compared to if it were residing in the gas phase in the form of
HNO3.55 This observation carries two signicant implications:
inorganic nitrate would tend to accumulate much more in the
boundary layer before it deposits, increasing the PM levels
considerably and its sensitivity to NH3 and/or HNO3,54,55 while
the relatively slow deposition of nitrate means that the corre-
sponding nitrogen can be transported over long distances
before it is deposited.54 This in itself increases the range of
inuence of BB emissions, their impact on air quality and
ecosystem productivity over large regions of the globe.53

There are a number of limitations regarding this study. First,
we did not systematically test the sensitivity of the production of
secondary aerosol under dark conditions to differences in
combustion conditions. Different combustion conditions may
alter the prole of gas- and particle-phase emission, and hence
alter the degree to which the fresh emission may be aged by the
1232 | Environ. Sci.: Atmos., 2022, 2, 1221–1236
NO3 radical. While our laboratory emissions are representative
of residential heating, we note that open res may behave
differently. In addition, we note the possible loss of semi-
volatile organic species during the transfer of the emission
plume into the experimental chamber. Second, while the NO3

radical appears to dominate the oxidation process (the esti-
mated average lifetime of phenol, isoprene, and a-pinene
against reaction with NO3 are much less than the length of the
oxidation portion of the experiment), it is possible that O3 may
react with monoterpenes or with later-generation VOC products
to enhance chemical aging. In this case, the equivalent time
scales based on NO3 exposure would be an underestimate of
nighttime oxidation in an ambient environment. Finally, when
separating fresh from produced organic aerosol spectra, we
assume only homogenous gas-phase oxidation takes place
without heterogeneous reactions on the particle surface. Recent
work by Yazdani et al. (in review) suggest that both aerosol- and
gas-phase aging of primary BBOA may occur to a signicant
extent, perhaps more than AMS-based analysis alone may
imply. Despite these limitations, our results suggest that
biomass burning emissions are able to age substantially under
dark conditions on a time scale of roughly one night under
polluted urban conditions, and the inherent properties of the
aerosol (acidity, hygroscopicity) favor the condensation of
signicant amounts of nitrate to the aerosol phase. This in turn
reduces the deposition rate of nitrates, promotes the accumu-
lation of nitrate aerosol in the boundary layer and its transport
over long distances before deposition to the surface. Not
including this dark aging mechanism and acidity effect in
chemical-transport models underestimates the connection
between biomass burning emissions and nocturnal air
pollution.

Data availability

Experimental results are available through the EUROCHAMP
Data Centre (https://data.eurochamp.org/). The EUROCHAMP
Data Centre is maintained by the French national center for
Atmospheric data and services AERIS.
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W. P. Dubé, M. Z. Markovic, J. M. Roberts, P. R. Veres,
1234 | Environ. Sci.: Atmos., 2022, 2, 1221–1236
M. Graus, C. Warneke, J. de Gouw, L. E. Hatch,
K. C. Barsanti and S. S. Brown, Nighttime Chemical
Transformation in Biomass Burning Plumes: A Box Model
Analysis Initialized with Aircra Observations, Environ. Sci.
Technol., 2019, 53, 2529–2538.

29 M. A. H. Khan, M. C. Cooke, S. R. Utembe, A. T. Archibald,
R. G. Derwent, P. Xiao, C. J. Percival, M. E. Jenkin,
W. C. Morris and D. E. Shallcross, Global Modeling of the
Nitrate Radical (NO3) for Present and Pre-Industrial
Scenarios, Atmos. Res., 2015, 164–165, 347–357.

30 N. L. Ng, S. S. Brown, A. T. Archibald, E. Atlas, R. C. Cohen,
J. N. Crowley, D. A. Day, N. M. Donahue, J. L. Fry, H. Fuchs,
R. J. Griffin, M. I. Guzman, H. Herrmann, A. Hodzic,
Y. Iinuma, J. L. Jimenez, A. Kiendler-Scharr, B. H. Lee,
D. J. Luecken, J. Mao, R. McLaren, A. Mutzel,
H. D. Osthoff, B. Ouyang, B. Picquet-Varrault, U. Platt,
H. O. T. Pye, Y. Rudich, R. H. Schwantes, M. Shiraiwa,
J. Stutz, J. A. Thornton, A. Tilgner, B. J. Williams and
R. A. Zaveri, Nitrate Radicals and Biogenic Volatile Organic
Compounds: Oxidation, Mechanisms, and Organic Aerosol,
Atmos. Chem. Phys., 2017, 17, 2103–2162.

31 D. Asaf, D. Pedersen, V. Matveev, M. Peleg, C. Kern,
J. Zingler, U. Platt and M. Luria, Long-Term Measurements
of NO3 Radical at a Semiarid Urban Site: 1. Extreme
Concentration Events and Their Oxidation Capacity,
Environ. Sci. Technol., 2009, 43, 9117–9123.

32 D. Asaf, E. Tas, D. Pedersen, M. Peleg and M. Luria, Long-
Term Measurements of NO3 Radical at a Semiarid Urban
Site: 2. Seasonal Trends and Loss Mechanisms, Environ.
Sci. Technol., 2010, 44, 5901–5907.

33 J. Stutz, K. W. Wong, L. Lawrence, L. Ziemba, J. H. Flynn,
B. Rappenglück and B. Lefer, Nocturnal NO3 Radical
Chemistry in Houston, TX, Atmos. Environ., 2010, 44, 4099–
4106.
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