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Complex refractive index, single scattering albedo, and mass absorption
coefficient of secondary organic aerosols generated from oxidation of
biogenic and anthropogenic precursors

Justin H. Dinglea , Stephen Zimmermanb, Alexander L. Frieb , Justin Minc, Heejung Jungd , and
Roya Bahreinia,b,c

aEnvironmental Toxicology Program, University of California, Riverside, California, USA; bEnvironmental Sciences Department,
University of California, Riverside, California, USA; cChemistry Department, University of California, Riverside, California, USA;
dMechanical Engineering Department, University of California, Riverside, California, USA

ABSTRACT
Refractive index and optical properties of biogenic and anthropogenic secondary organic aero-
sol (SOA) particles were investigated. Aerosol precursors, namely longifolene, a-pinene, 1-meth-
ylnaphthalene, phenol, and toluene were oxidized in a Teflon chamber to produce SOA
particles under different initial hydrocarbon concentrations and hydroxyl radical sources,
reflecting exposures to different levels of nitrogen oxides (NOx). The real and imaginary compo-
nents (n and k, respectively) of the refractive index at 375nm and 632nm were determined by
Mie theory calculations through an iterative process, using the v2 function to evaluate the fit-
ness of the predicted optical parameters with the measured scattering, absorption, and extinc-
tion coefficients from a Photoacoustic Extinctiometer and Cavity Attenuated Phase Shift
Spectrometer. Single scattering albedo (SSA) and bulk mass absorption coefficient (MAC) at
375nm were calculated. SSA values of SOA particles from biogenic precursors (longifolene and
a-pinene) were�0.98–0.99 (�6.3% uncertainty), reflecting purely scattering aerosols regardless
of the NOx regime. However, SOA particles from aromatic precursors were more absorbing and
displayed NOx-dependent SSA values. For 1-methylnaphthalene SOA particles, SSA values of
0.92–0.95 and �0.75–0.90 (�6.1% uncertainty) were observed under intermediate- and high-
NOx conditions, respectively, reflecting the absorbing effects of SOA particles and NOx chemis-
try for this aromatic system. In mixtures of longifolene and phenol or longifolene and toluene
SOA under intermediate- and high-NOx conditions, k values of the aromatic-related component
of the SOA mixture were higher than that of 1-methylnaphthalene SOA particles. With the
increase in OH exposure, kphenol decreased from 0.10 to 0.02 and 0.22 to 0.05 for intermediate-
and high-NOx conditions, respectively. A simple relative radiative forcing calculation for urban
environments at k¼ 375nm suggests the influence of absorbing SOA particles on relative
radiative forcing at this wavelength is most significant for aerosol sizes greater than 0.4mm.
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Introduction

The Intergovernmental Panel on Climate Change (IPCC)
(Myhre et al. 2013) reported that the most significant
sources of uncertainty in the total estimated anthropo-
genic radiative forcing are due to aerosol direct and indir-
ect interactions with solar radiation. In the most recent
IPCC report (Myhre et al. 2013), the average global cli-
mate forcing for direct and indirect aerosol effects were
estimated to be �0.35Wm�2 (�0.85 to þ0.15Wm�2)
and�0.45 (�1.2 to 0.0) Wm�2, respectively. Sub-micron
aerosols, those that are longest lived and most important
for radiative forcing, are mainly comprised of organic

aerosols (OA). It is estimated that 70–90% of OA is
secondary organic aerosols (SOA) (Hallquist et al. 2009).
SOA particles are produced from chemical reactions of
volatile and semi-volatile organic species in the atmos-
phere, leading to compounds with a lower vapor pressure
that partition to the particle phase (Hallquist et al. 2009;
Volkamer et al. 2006). Prevalence of oxygenated organic
aerosol, representing SOA particles, has been observed in
urban centers, downwind of urban sites, and at remote
locations (Zhang et al. 2007). Typically, OA efficiently
scatters light in the visible range and has negative direct
radiative forcing values.
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In recent studies, brown carbon (BrC) which is
emitted directly from biomass burning or formed as
SOA particles, has been recognized to play a role in
climate forcing in addition to black carbon (BC). BC,
which is also emitted through combustion processes
and biomass burning, is made of graphene layers, and
can absorb radiation in a broad range, from the ultra-
violet region to the infrared region (Bond et al. 2013;
Venkataraman et al. 2005). BrC absorbs radiation
more strongly in the near ultraviolet to ultraviolet
region, contributing to strongly wavelength dependent
direct radiative forcing effects and is decribed as
“colored” organic compounds consisting of polycyclic
aromatic hydrocarbon (PAH) structures, with double
bonds and rings, and humic-like substances branched
with nitrated and oxidized functional groups (Laskin
et al. 2015; Andreae and Gelencs�er 2006; Ramanathan
et al. 2007; Feng et al. 2013). Small PAHs and their
derivatives, emitted from automobile and biomass
burning, are typically found in the gas phase; however
their photooxidation products can lead to SOA par-
ticles and BrC formation (Di Filippo et al. 2010;
Wang et al. 2007; Samburova et al. 2016; Chan et al.
2009; Hersey et al. 2011; Claeys et al. 2012; Iinuma
et al. 2010). For example, nitro-aromatics identified in
the water soluble organic carbon samples in the Los
Angeles basin have been shown to contribute to �4%
of water soluble BrC absorption at near ultraviolet to
ultraviolet region (Zhang et al. 2013). In recent stud-
ies, light absorption of primary BrC aerosol emitted
from biomass burning fuels such as Alaskan and
Siberian peat have also shown efficient absorption in
wavelengths between 300 and 400 nm (Chakrabarty
et al. 2016).

Scattering and absorption of light by aerosols is
controlled by the real (n) and imaginary (k) compo-
nents of RI, which are a function of aerosol compos-
ition and wavelength of radiation (Bohren and
Huffman 1998). Therefore, RI values depend on OA
chemical precursors, oxidation scheme, temperature,
and relative humidity (Kim and Paulson 2013; Lambe
et al. 2013; Kim et al. 2012, 2010; Saleh et al. 2013).
Several methods can measure aerosol scattering and
absorption in the ambient environment and labora-
tory, from which complex RI are determined. For
laboratory-generated SOA particles, Nakayama et al.
(2012) derived values of n �1.4–1.5 and negligible k
at k ¼ 405, 532, and 781 nm from the photooxidation
of a-pinene using a cavity ring-down spectrometer
(CRDS) and photoacoustic soot spectrometer (PAS).
In another study, reducing the hydrocarbon to NOx

ratio (HC/NOx) from 33 to 8.1 increased n from 1.36

to 1.52 at k ¼ 532 nm (Kim et al. 2012). Nakayama
et al. (2013) performed similar toluene photooxidation
experiments to determine the complex RI of SOA par-
ticles under different NOx conditions using CRDS and
PAS. It was observed that reducing HC/NOx ratio
from 36 to 7, increased n and k from 1.449 to 1.567
and 0.0018 to 0.0072 at 405 nm, respectively, indicat-
ing the importance of NOx to the absorbing compo-
nents of aromatic SOA particles (Nakayama et al.
2013). In contrast, under NOx-free conditions, He
et al. (2018) performed aging experiments in an oxi-
dation flow reactor using Broadband Cavity Enhanced
Spectroscopy (BBCESVis) and determined b-pinene
and p-xylene SOA particles to have a decreasing trend
in n with increasing oxidation level for wavelengths of
400–650 nm. Literature values of n and k for cham-
ber-derived SOA particles from a variety of hydrocar-
bons range from 1.3 to 1.6 and 0.000 to 0.2,
respectively, for k ¼ 350–800 nm (Moise et al. 2015).
In these studies, complex RI values were determined
only for a subset of hydrocarbons and oxidation con-
ditions, and mostly in the visible wavelengths. Given
the increasing absorption efficiency of BrC at lower
wavelengths, it is valuable to expand the measure-
ments of RI of SOA particles to lower wavelengths
and to other hydrocarbons and ranges of oxida-
tion conditions.

In this study, we characterized the RI of SOA par-
ticles formed from oxidation of different biogenic and
anthropogenic hydrocarbons in a Teflon chamber
under variable NOx conditions. Specifically, we
explored oxidation of longifolene, a-pinene, 1-methyl-
naphthalene, phenol, and toluene precursors as repre-
sentative biogenic and anthropogenic precursors that
are commonly found in the ambient environment,
and have significantly different structures, but yet
have reasonably high SOA particle formation yields
(Wang et al. 2007; Chan et al. 2009). Although
refractive index of a-pinene-derived SOA particles has
been investigated before, the current chamber oxida-
tion conditions are different than in previous studies,
hence extending the range of SOA optical parameters
to a wider range of atmospheric-relevant conditions.
Furthermore, in the current study, mixtures of aro-
matic (phenol or toluene) with biogenic (longifolene)
SOA particles are studied, allowing us to assess optical
properties of such SOA mixtures in contrast to that of
pure systems. Oxidation under different HC/NOx

ratios was achieved by exposures to different hydroxyl
radical sources. Assuming particle sphericity, we
determined the complex RI values using Mie
theory calculations and iterative minimization of the
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least-squares deviation function (v2) using a range of n
and k values. Aerosol scattering and absorption coeffi-
cients at 375 nm were measured using a Photoacoustic
Extinctiometer while a Cavity Attenuated Phase Shift
Spectrometer was used to determine extinction coeffi-
cient at 632 nm. Additionally, we determined the SSA
and bulk mass absorption coefficient (MAC) of SOA
particles at k¼ 375 nm from 1-methylnaphthalene and
phenol with absorbing characteristics. We aim to
improve future model predictions of the direct climate
effects of anthropogenic and biogenic SOA particles by
constraining their optical properties at k¼ 375 nm
and 632 nm.

Chamber setup and instrumentation

All experiments were conducted in a 2m3 PFA Teflon
chamber bag, enclosed by a metallic frame, irradiated
by 16 Sylvannia black lights under relative humidity
ranging from 20 to 30% (Vaisala, HMP60 Series rela-
tive humidity and temperature probe) at temperatures
between 22 and 25 �C. The experiments used either
the photolysis of hydrogen peroxide (H2O2) or nitrous
acid (HONO) as the hydroxyl radical (OH) source for
intermediate- and high-NOx conditions, respectively.
Although we did not add additional NOx to the
experiments with H2O2, these experiments are classi-
fied as intermediate-NOx because of the impurities

introduced in the chamber through our compressed
zero-air cylinders, resulting in initial NOx mixing
ratios of �2–15 ppbv. Average OH concentrations of
the H2O2 (intermediate-NOx) and HONO (high-NOx)
experiments were measured as 6.3� 106 molecules
cm�3 and 3.6� 107 molecules cm�3, respectively. In
experiments with HONO as the OH source, additional
NO (PRAXAIR, 484 ppm) was also injected to achieve
initial NO mixing ratios of �500 ppbv in the chamber.
In an effort to further explore the influence of NOx

concentrations on 1-methylnaphthalene SOA particle
optical characteristics, �500 ppbv NO was injected in
Experiments I and II after the peak in SOA particle
mass concentration was reached. Table 1 summarizes
details of the experimental conditions used in
this analysis.

Irradiation was initiated once the hydrocarbon gas
phase concentrations were stable. SOA particles from
longifolene, a-pinene, and 1-methylnaphthalene sys-
tems were generated by nucleation; however, oxida-
tion of phenol and toluene did not result in
significant aerosol formation. To facilitate gas to par-
ticle partitioning of vapors in these systems,
�40–50 ppbv of longifolene was first injected and oxi-
dized to provide organic aerosols as seed particles,
with typical particle number concentration of �103

particles cm�3 and mode of �10–15 nm at the time of
phenol or toluene injection.

Table 1. Initial conditions for oxidation experiments.
Hydrocarbon Hydroxyl Radical Source aHCo (ppbv)

b[HC/NOx]o Plot Reference

Lgf H2O2 48 ± 4 30 ± 1 I
Lgf H2O2 37 ± 3 10 ± 1 II
Lgf HONO 86 ± 3 0.1 ± 0.1 III
Lgf HONO 76 ± 1 0.09 ± 0.01 IV
a-P H2O2 110 ± 7 22 ± 1 I
a-P H2O2 129 ± 3 12 ± 2 II
a-P H2O2 48 ± 2 4 ± 1 III
a-P H2O2 40 ± 1 4 ± 1 IV
1-MN H2O2 80 ± 5 21 ± 3 I
1-MN H2O2 61 ± 7 5± 1 II
1-MN H2O2 54 ± 5 4 ± 1 III
1-MN H2O2 22 ± 1 3 ± 0.1 IV
1-MN HONO 300 ± 20 0.4 ± 0.008 V
1-MN HONO 240 ± 5 0.3 ± 0.004 VI
Phe H2O2 210 ± 2 60 ± 1 I
Phe H2O2 160 ± 4 27 ± 1 II
Phe H2O2 31 ± 2 10 ± 1 III
Phe HONO 120 ± 6 0.2 ± 0.003 IV
Phe HONO 110 ± 5 0.1 ± 0.002 V
Tol H2O2 270 ± 5 55 ± 4 I
Tol H2O2 240 ± 3 50 ± 1 II
Tol H2O2 72 ± 1 N/A III
Tol H2O2 43 ± 3 18 ± 2 IV
Tol HONO 163 ± 20 0.2 ± 0.02 V
Tol HONO 110 ± 7 0.1 ± 0.04 VI

Note. (LgF¼ Longifolene, a-P¼ a-Pinene, 1MN ¼ 1-Methylnaphthalene, Phe¼ Phenol,
and Tol¼ Toluene).

Plot reference numbers correspond to plot markers in subsequent figures.
aHCo is the initial hydrocarbon concentration.
b[HC/NOx]o is the initial hydrocarbon to nitric oxide concentration.
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Gas phase concentrations of the hydrocarbon were
measured with Gas Chromatography coupled with a
Flame Ionizing Detector (GC-FID) using a Hewlett
Packard 5890 Series II instrument. A UV photometric
ozone analyzer (Thermo, Model 49i) and Thermo
chemiluminescence NO-NO2-NOx analyzer (Thermo,
Model 42i) were used to measure gas phase ozone
and NOx concentrations at 1-Hz. Various aerosol
instrumentation sampled air from the chamber
through a 30 cm long diffusion sampler, filled with sil-
ica-gel (Sigma-Aldrich-Saint Louis, MO, USA) and
Purafil (Thermo Scientific) to dry the samples and
remove NOx. A Photoacoustic Extinctiometer (PAX,
Droplet Measurement Technology) measured the scat-
tering coefficient (bscat) by a reciprocal nephelometer
and absorption coefficient (babs) by photoacoustic
measurements at 375 nm (Nakayama et al. 2015).
Details of the calibration procedures for PAX are
presented in supplementary information (SI).
Measurements were performed at 1-Hz, with 140 s
scattering and absorption detection limits of 1.29 and
1.08Mm�1, respectively. The detection limits were
defined as 3� standard deviation (3r) of the measure-
ments when sampling filtered air. Considering the
estimated uncertainties from the calibration factor
(± 2%) and truncation angle of the PAX instrument
(± 4%), we estimated the total scattering and
absorption measurement uncertainties to be � ± 4.5%
and ± 6%, respectively (Nakayama et al. 2015).

A Cavity Attenuated Phase Shift Spectrometer
(CAPS-PMex, Aerodyne) (Petzold et al. 2013; Massoli
et al. 2010) measured extinction coefficient (bext) at
632 nm, at 1-Hz with a 140 s (3r) detection limit of
0.25Mm�1 and an overall uncertainty of 10%
(Massoli et al. 2010). Total mass and composition of
the SOA particles were measured using a mini aerosol
mass spectrometer (mAMS) coupled with a compact
time-of-flight mass spectrometer (Dingle et al. 2016;
Vu et al. 2016). A Scanning Electrical Mobility
Spectrometer (SEMS, Brechtel Manufacturing Inc.)
was utilized to measure aerosol number size distribu-
tions (Lopez-Yglesias et al. 2014; Wonaschutz et al.
2013; Jaramillo et al. 2013). Sizing accuracy of the
SEMS was determined to be � ± 3% by sampling
polystyrene latex sphere standards at a known size
while counting accuracy of the SEMS is expected to
be better than � ± 10%. During the experiments,
SEMS voltage was scanned in 140 s intervals to pro-
vide size distributions in the range of 10–800 nm.
More details on the experimental setup and instru-
mentation are provided in the SI.

Refractive index calculations

bscat and babs obtained from PAX at 375 nm and bext
from CAPS-PMex at 632 nm were used to determine
the optimized complex values of RI of SOA particles,
that is, m¼ n � ik. Assuming aerosol sphericity,
bscat,calc and babs,calc at 375 nm were calculated with
initial guesses for n and k, following Equations (1) and
(2) (Bohren and Huffman 1998):

bscat;calc ¼
X

i
Qscat;i RI;Dp;kð Þ�Ni�

pD2
p;i

4
(1)

babs;calc ¼
X

i
Qabs;i RI;Dp;kð Þ�Ni�

pD2
p;i

4
(2)

where Qscat,i and Qabs,i are the scattering and absorp-
tion efficiencies at a diameter Dp as determined by
Mie theory (Seinfeld and Pandis 2006; Kokhanovsky
2008; Friedlander 2000), Ni is the number concentra-
tion at a specific size bin in particles cm�3, and Dp,i is
the diameter corresponding to that size bin (Bohren
and Huffman 1998). We assume that aerosol
absorption is negligible at 632 nm (Lack et al. 2012;
Lambe et al. 2013) and only calculate the scattering
coefficient at this value. Calculated values of optical
coefficients were compared with the measured values,
and iterations with different values of n and k were
carried out to minimize the least-squares deviation
function v2, as defined in Equations (3) and (4) at
375 nm and 632 nm, respectively:

v2375 ¼
bscat;meas� bscat;calc
� �2

e2scat;meas
þ babs;meas� babs;calc
� �2

e2abs;meas

(3)

v2632 ¼
bext;meas� bscat;calc
� �2

e2ext;meas
(4)

where bscat,meas, babs,meas and bext,meas are the averaged
1-Hz optical coefficients during the 140 s sampling
time of SEMS, emeas is the standard deviation of the
corresponding averaged optical data, and bscat,calc and
babs,calc are the calculated optical coefficients (Spindler
et al. 2007; Riziq et al. 2007; Lambe et al. 2013)
(Figure S1). In this iteration process, values of n in
the range of 1.3–1.8 were changed at 0.01 increments
while k values in the range of 0–0.05 were incre-
mented by 0.001 to capture the most relevant RI
values of organic aerosols found in the atmosphere
(Nakayama et al. 2010; Nakayama et al. 2013, 2012;
Moise et al. 2015).

We examined the uncertainties for n and k based on
the uncertainty of the measured diameter, number con-
centrations from SEMS, bscat and babs measurements
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from PAX, and bext from CAPS-PMex. Considering the
various measurement uncertainties indicated in the pre-
vious section, we determined the range of uncertainties
in the deduced RI values by exploring the influence of
uncertainties in the measured size distributions and
optical coefficients on the deduced RI values. The
obtained uncertainties of the RI in each experiment are
summarized in Table S1. These uncertainties were
determined based on the difference between the RI
determined using the measured optical properties and
size distributions and the RI values determined using
the uncertainty-adjusted values of the optical properties
and size distributions. The adjusted values were based
on the uncertainties for bscat and babs at 375 nm (4.5 and
6%, respectively), bext at 632 nm (10%), and size distri-
bution uncertainties (sizing uncertainty of 3% and
counting uncertainty of 10%). Our results indicate the
uncertainties for n at 375 nm, n at 632 nm, and k at
375 nm to be up to nþ0:12

�0:05, n
þ0:12
�0:07, and kþ0:005

�0:001, respect-
ively. Additional information for validating our
approach to calculate RI is provided in the SI.

Results and discussion

Longifolene

An example of the experimental profile of longifolene
oxidation under high-NOx conditions is provided in
Figure S2a-c. SOA particle production began immedi-
ately after the lights were turned on and particle size
grew slowly throughout the experiment (Figure S2b),
but coagulation and particle-wall losses caused the
total number concentration to decrease sharply soon
after the start of irradiation (�10–15min after initial
irradiation). Trends in bscat and babs at 375 nm and
bext at 632 nm were initially controlled by the increase
in number concentration and particle size and ceased
to increase during the latter part of the experiment
due to the decrease in number concentration and lack
of a significant growth. As shown in Figure S2c,
absorption coefficient at 375 nm showed maximum
values of �2Mm�1 throughout the experiment, sug-
gesting that the SOA particles were mostly scattering.

Figure 1a shows SSA for longifolene SOA particles
as a function of size parameter (x) at 375 nm (color-
coded to OH exposure). As further discussed in the
SI, the propagated uncertainties for SSA are estimated
to be �6.3% for longifolene SOA. During the fast ini-
tial growth of SOA particles, the 140 s SEMS distribu-
tions are not truly representative of the aerosol size
distribution in the chamber. Therefore, to provide the
most certain estimates of optical parameters, we
implemented a criteria in all experiments to exclude

data points when the mode of the size distribution
increased by more than 2.5–3% in two consecutive
SEMS runs. Regardless of the NOx regime and the ini-
tial HC/NOx condition, longifolene SOA particles
were mostly scattering, with minimal absorption, lead-
ing to SSA values �0.99 for x> 1.5. Although OH
exposures for high-NOx conditions were �5.5�
greater than intermediate-NOx conditions, the overall
SSA was insensitive to OH exposure.

To investigate the intrinsic optical parameters
related to chemical composition, we examined trends
in RI of SOA particles with the extent of oxidation,
that is, OH radical exposure (molecules cm�3 s), and
size parameter. Under intermediate-NOx regimes,
n¼ 1.49–1.50 for initial OH exposure of 2� 1010 –
3.6� 1010 molecules cm�3 s, and decreased to 1.43
when OH exposure increased to 9.5� 1010 molecules
cm�3 s (Figure 1b). In contrast, under high-NOx

regimes, n remained constant at about 1.49–1.52 for
OH exposures between 5� 1010 and 5.5� 1011 mole-
cules cm�3 s (x¼ 1.5–2.5). Regardless of the initial
longifolene concentration for experiments under inter-
mediate-NOx regimes, k was mostly zero after OH
exposure of 2� 1010 molecules cm�3 s. However,
under high-NOx regimes, k ranged from 0.001–0.002,
showing minimally absorbing SOA products.
Although there is a clear difference in the behavior of
n between experiments under intermediate- and high-
NOx conditions for OH exposure >4� 1010 molecules
cm�3 s, the SSA remained close to 0.99 for both con-
ditions, indicating formation of mostly scattering SOA
products. There was no significant trend in n at
632 nm under intermediate- and high-NOx conditions,
with values in the range of 1.45–1.47 at OH exposure
>2� 1010 molecules cm�3 s for both conditions.

a-pinene

SSA values of a-pinene SOA particles formed under
intermediate-NO� conditions were similar to longifo-
lene SOA particles. Note that we only report on
a-pinene SOA particles formed under intermediate-
NOx regimes with HC/NOx >4 (OH exposure ¼
2.5� 1010 – 9.5� 1010 molecules cm�3 s) due to the
low SOA particles formed under high-NOx conditions,
resulting in optical measurements being below instru-
mental detection limits. Similar to longifolene SOA
particles, a-pinene SOA particles were scattering aero-
sols with minimal absorption, resulting in SSA values
of �0.98–0.99 for x> 0.5 (Figure S3a). At 375 nm and
for x> 1.5, n and k values ranged between 1.45–1.48
and 0.000–0.002, respectively (Figure S3b-c). At
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632 nm, n was constant at 1.45–1.46 (Figures S3d).
Limited number of previous retrievals of n and k val-
ues at similar wavelengths are available to compare to
our estimates. For SOA particles generated from OH
oxidation of a-pinene in a Potential Aerosol Mass
(PAM) flow reactor in the absence of NOx, Lambe
et al. (2013) utilized CRDS (405 nm) and UV-vis spec-
trometry. Lambe et al. (2013) observed that n
decreased from 1.51 (± 0.02) to 1.45 (± 0.04) as OH
exposure increased from �1� 1011 to 1.5� 1012 mole-
cules cm�3 s, whereas k values at 405 nm ranged from
0.0002 to 0.001 with little trend. Although our meas-
urement wavelengths are not identical, the values we
determined for n and k at 375 nm are consistent with
those of Lambe et al. (2013) at 405 nm when consider-
ing the variability in those measurements and our
uncertainties indicated in Table S1. More importantly,
the decreasing trend in n with the increase in OH
exposure was captured by both studies. Nakayama

et al. (2010, 2012) reported similar n values for ozo-
nolysis of a-pinene at wavelengths of 355 nm
(n¼ 1.458) and 405 nm (n¼ 1.463–1.475) for NOx lev-
els at 0 and 180 ppbv, respectively, and initial
a-pinene concentrations of 100 ppm, utilizing CRDS
and PAS techniques. The similarity in n values at near
UV to UV ranges for the oxidation of a-pinene sug-
gests consistency in the optical properties of a-pinene
SOA products, regardless of the NOx condition or
oxidation method.

1-Methylnaphthalene

Figure S4 presents an example of the experimental
profile of 1-methylnaphthalene oxidation. Like longi-
folene, the production of SOA particles began imme-
diately after the lights were turned on and particle
size grew slowly throughout the experiment (Figure
S4b), but coagulation and particle-wall losses caused

Figure 1. (a) SSA vs. size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 632 nm vs. OH exposure for longifolene
SOA particles.
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the total number concentration to decrease sharply. In
contrast to the biogenic systems, babs also increased
significantly with SOA particle production (Figure
S4c). bscat and babs at 375 nm and bext 632 nm peaked
at different times after irradiation due to differences
in size-dependence of aerosol optical efficiencies at
different wavelengths.

The profiles of SSA vs. x showed relatively consistent
values in SSA between 0.92 and 0.95 under intermedi-
ate-NOx conditions (Figure 2a). However, there is a
clear and significant difference in SSA values for a given
x between 1-methylnaphthalene experiments at differ-
ent initial HC/NOx ratios. We observed that under
high-NOx regimes (initial HC/NOx �0.4) and at
x¼ 0.6–0.8, SSA increased from 0.75 to 0.85 likely due
to a combination of an increase in aerosol scattering
efficiency due to growth in size and changes in compos-
ition. At larger size parameters (x¼ 0.8–1.25), SSA

approached values that are �5–10% lower than those
under intermediate-NOx regimes (HC/NOx >2.6):
0.85–0.90 vs. 0.92–0.95. Considering the uncertainty of
�6.1% in the calculated SSA values, this observation
suggests that high-NOx conditions resulted in the for-
mation of SOA components that are chemically differ-
ent and more absorbing, leading to lower SSA values.

The real components of RI at 375 nm for size param-
eter x> 0.6 were 1.53–1.57 and 1.53–1.44 (with a
decreasing trend) under high- and intermediate-NOx

regimes, respectively. We observed an increasing trend
in k with increases in x. For intermediate- and high-
NOx conditions, k increased from 0.004 to 0.008 and
from �0.013 to 0.020 for x> 0.6. Focusing on the latter
parts of the experiments (OH >5� 1011 molecules
cm�3 s), n under high-NOx conditions was only �10%
greater than in intermediate-NOx conditions, while k
was �3 times higher under high-NOx conditions. This

Figure 2. (a) SSA vs. size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 632 nm vs. OH exposure for 1-methylnaph-
thalene SOA particles. White crosses indicate NO injection 2 h after irradiation.
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relatively higher contribution of absorption to the over-
all RI is consistent with the lower SSA observed under
high-NOx conditions.

Similar to the observations at 375 nm, n at 632 nm
was slightly higher under high-NOx regimes compared
to intermediate-NOx: 1.49–1.53 vs. 1.41–1.51, respect-
ively, for x> 0.4 (Figure 2d). Differences in the dom-
inant reaction pathways for RO2, that is, RO2þNO
reactions under high-NOx and RO2þHO2 under inter-
mediate-NOx conditions (Liu et al. 2015; Nakayama
et al. 2013; Ng et al. 2007), likey led to significant
compositional differences of 1-methylnaphthalene
SOA particles and altered both n (at 375 nm and
632 nm) and k (at 375 nm) values. Further evaluation
of the production of light absorbing compounds and
chemical difference of SOA particles under high- and
intermediate-NOx conditions will be investigated in a
follow-up paper.

To further evaluate the impact of RO2þNO chem-
istry on RI, in experiments under intermediate-NOx

and higher initial 1-methylnaphthalene concentrations
(experiments referenced I and II), NO was injected in
the chamber �2 h after the start of irradiation (indi-
cated by the white cross markers in Figure 2a–d).
Doing so decreased the HC/NOx ratio at the instant
of NO injection. No significant change in n at 375 nm
and 632 nm and k at 375 nm was observed in com-
parison to the times before NO injection, indicating
that availability of NO radicals to significantly alter
RO2 chemistry is more critical during initial stages of
1-methylnaphthalene oxidation and RO2 production.

The bulk MAC, that is, mass-normalized values of
babs at 375 nm, were calculated using the mass concen-
trations based on the SEMS integrated volume distribu-
tions and average effective densities that were
determined by comparing SEMS volume distributions
as a function of mobility diameter and mAMS mass dis-
tributions as a function of vacuum aerodynamic diam-
eter (more information on MAC calculations are
presented in the SI). MAC is an important parameter in
climate models to determine the relationship between
aerosol radiative effects and mass concentration (Bond
and Bergstrom 2006). As shown in Figure 3, as the OH
exposure progressed to values greater than 1� 1011

molecules cm�3 s, MAC values increased from �0.3 to
0.7 m2 g�1 during the high-NOx conditions. During
experiments under intermediate-NOx conditions and at
OH exposures of 1.5� 1010 to 9.9� 1010 molecules
cm�3 s, MAC increased from �0.1 to 0.3 m2 g�1. As
shown as an example in Figure S4a, during the latter
part of each experiment, SEMS volume concentrations
decreased; a decrease in SOA particle volume, and hence

mass concentration, could lead to an apparent increase
in MAC. MAC values were strongly and positively cor-
related (r¼ 0.92 and 0.96) with the derived k values
under both high-and intermediate-NOx conditions,
respectively. This correlation indicates that the increase
in MAC at longer OH exposures and larger size parame-
ters was not due to any sampling artifacts, but rather the
presence of more absorbing aerosol (i.e., with higher k
values) per unit SOA particle mass. Previous laboratory
and field studies have found different aerosol MAC val-
ues depending on the source, wavelength of radiation,
chemical composition, etc (Moise et al. 2015). Hecobian
et al. (2010) found that urban water-soluble organic car-
bon (WSOC) impacted by biomass burning emissions
in the South East U.S had MAC (at 355 nm) values of
0.70 ± 0.07m2 g�1 and 0.31 ± 0.20m2 g�1 during winter
and summer, respectively. In urban-influenced air
masses in California, Cappa et al. (2012) observed BrC
MAC values (405 nm) of 0.12–0.14 m2 g�1. In compari-
son to previously measured ambient MAC values, our
values under high-NOx conditions are most similar to
those observed in biomass burning emissions, whereas
MAC under intermediate-NOx conditions reflects simi-
lar values to urban aerosols. It should be noted that the
measurements made by the groups mentioned above
were based on ambient samples of aerosols, not a single
hydrocarbon precursor.

Mixed biogenic and anthropogenic SOA particles

As described before, to promote condensation of oxi-
dized hydrocarbon vapors, we formed phenol and tolu-
ene SOA particles under intermediate- and high-NOx

conditions in the presence of longifolene seed aerosol

Figure 3. Trends in the derived MAC with OH exposure for 1-
methylnaphthalene SOA particles.
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(LgfþPhe and LgfþTol experiments). In these experi-
ments, we initially injected �50 ppbv of longifolene into
the chamber. Oxidation of longifolene by OH was initi-
ated similar to the other hydrocarbons by photolysis of
H2O2 for intermediate-NOx and HONO for high-NOx

conditions. Longifolene reacted quickly, resulting in
�1000 particles cm�3 of SOA in �10–15min after
irradiation time, at which point the aromatic hydrocar-
bon, phenol or toluene, was injected into the chamber.
Note that only 10–35% of longifolene had reacted away
at the time of aromatic injection. Initial number concen-
tration of longifolene SOA particles provided surface
area for condensation of vapors produced from oxida-
tion of phenol or toluene. The OH exposure levels stated
for these mixture experiments are based on the time
since injection of the aromatic hydrocarbon. We per-
formed Mie calculations and v2 analysis as described
above to obtain the overall n and k values of the mixed
SOA particles. To isolate the absorbing properties of
phenol and toluene SOA particles, we performed mass
weighted calculations (i.e., volume weighted calcula-
tions assuming similar densities of the two SOA compo-
nents) and determined the imaginary component of RI
for phenol or toluene SOA particles by using the follow-
ing equation:

kmix ¼ kLgFfLgf þ karom 1�fLgf
� �

(5)

where kmix is the imaginary component of RI of
mixed SOA, kLgf is that of pure longifolene SOA par-
ticles assumed to be 0.002 based on our observations
during longifolene experiment III and IV, fLgf is the
mass fraction of longifolene in the mixed precursor
experiment, and karom is the imaginary component of
RI of phenol and tolune SOA particles formed in the
mixed-precursor experiments. Note that the k values
derived from Equation (5) might be different than the
values for pure phenol or toluene SOA particles as we
cannot exclude the possibility of longifolene and aro-
matic oxidation products interacting with one
another. Mass fraction of longifolene was determined
by comparing the mass fraction of a fragment com-
mon to terpene-related compounds (i.e., m/z 79)
(McLafferty and Turecek 1993) in the mAMS mass
spectra during the mixed-hydrocarbon experiment
with the fraction in pure longifolene experiments at
comparable oxidation conditions. Based on this calcu-
lation, mass fraction of longifolene was at 1 at the
time of aromatic compound injection, and it
decreased linearly to 0.87 and 0.73 for phenol and
toluene experiments, respectively, by the end of the
experiment. Example mass spectra of Lgf, Lgfþ Phe,

and LgfþTol SOA particles at the peak mass concen-
tration of experiments are shown in Figure S5.

Longifolene1phenol SOA mixtures

The SSA for LgfþPhe SOA (SSALgfþPhe) particles was
mostly >0.93 for x> 1.3, suggesting mostly scattering
aerosols. At intermediate-NOx conditions (HC/NOx

>10), SSALgfþPhe were measured to be �0.97–0.99. At
high-NOx conditions (HC/NOx <0.2), LgfþPhe SOA
particle mixture were slightly more scattering than 1-
methylnaphthalene SOA particles with SSALgfþPhe

�0.94–0.97 for x> 1.5 (Figure S6a), but the difference
is within the estimated uncertainties of SSA in these
systems (�6.1–6.3%).

The real part of the refractive index of LgfþPhe
mixture, nLgfþPhe, at intermediate-NOx conditions
ranged from 1.41 to 1.51. At high-NOx conditions,
nLgfþPhe was consistent at 1.50–1.52 for OH exposure
4� 1010 – 4.3� 1011 molecules cm�3 s, then decreased
only slightly to 1.46 at the longer exposure levels
(Figure S6b). In contrast to the decreasing trend in
nLgfþPhe, values of kLgfþPhe increased from 0.002 to
0.005 and 0.005 to 0.013 with increase in OH expos-
ure for intermediate- and high-NOx conditions,
respectively (Figure S6c), showing a similar behavior
to that of 1-methylnaphthalene SOA particles. This
observation highlights the contribution of phenol SOA
to absorption and suggests that the chemical pathways
of aromatics oxidation and SOA particle formation
are somewhat preserved within similar conditions and
systems. Under intermediate- and high-NOx condi-
tions, nLgfþPhe at 632 nm were relatively constant at
1.50–1.55 and 1.46–1.48 for OH exposure greater than
2� 1010 and 3� 1010 molecules cm�3 s, respectively.

Similar to pure 1-methylnaphthalene SOA particles,
MAC of LgfþPhe SOA mixtures (MACLgfþPhe)
increased with OH exposure (Figure S7), and
MACLgfþPhe values were strongly correlated (r¼ 0.98)
with the derived kLgfþPhe values. Under intermediate-
and high-NOx conditions, MACLgfþPhe were 0.1–0.2
and 0.2–0.6 m2 g�1, respectively. MAC values for 1-
methylnaphthalene ranged from 0.1 to 0.7 m2 g�1,
indicating that SOA particles produced from both aro-
matic systems contain absorbing components.

As described in Liu et al. (2016), in mixtures of
biogenic and anthropogenic SOA particles, the non-
absorbing biogenic SOA will “dilute” the absorbing
properties of the anthropogenic SOA. Using volume
weighted calculations, we isolated kphenol as described
above (Equation (5)). Although kLgfþPhe increased
with OH exposure, given the increase in mass fraction
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of phenol-SOA during the experiments, derived kphenol
for phenol fraction >0.05 decreased from 0.10 to 0.02
and 0.22 to 0.05 for intermediate- and high-NOx con-
ditions, respectively, which is in contrast to that of 1-
methylnaphthalene. Regardless, the predicted kphenol
values were �2.5–50 times higher than that of pure 1-
methylnaphthalene SOA at comparable OH exposure
levels. Additionally, kphenol values were �2.6 times
higher in high-NOx conditions compared to inter-
mediate-NOx conditions. As apparent from the simi-
larity in the mass spectra of pure longifolene SOA
particles vs. LgfþPhe SOA particles (Figure S5), SOA
particles produced in the mixture was dominated by
longifolene products. However, even less than 20%
contribution of phenol SOA particles appears to have
influenced the overall absorbing properties of the mix-
ture due to its strongly absorbing characteristics.
Further evaluation of the absorbing properties and
chemical nature of the chormophores in the LgfþPhe
SOA aerosol mixture will be made in the future.

Longifolene1 toluene SOA mixtures

Similar to SOA products of LgfþPhe, SSALgfþTol of
LgfþTol SOA particles was >0.94 for x> 1, suggest-
ing mostly scattering aerosols (Figure S8a). Under
intermediate-NOx (HC/NOx >18) and at x> 1.5,
SSALgfþTol was about 0.98–0.99. For high-NOx condi-
tions (HC/NOx <0.22), SSALgfþTol approached
0.96–0.98, indicating some SOA particle absorbing
characteristics, although the difference is within the
measurement uncertainties (�6.3%).

Similar to phenol, upon oxidation, nLgfþTol at
375 nm decreased at longer exposures (Figure S8b).
For example, under intermediate-NOx conditions,
nLgfþTol decreased from � 1.45 to 1.37 at OH expos-
ure >2� 1010 molecules cm�3 s. Under high-NOx

conditions, nLgfþTol was relatively constant at �1.51
and 1.47 (for reference experiment V and VI, respect-
ively) until OH exposure levels of �4� 1011 molecules
cm�3 s, beyond which it decreased to 1.47 and 1.42,
respectively (Figure S8b). Under intermediate-NOx

conditions and at OH exposure of 2� 1010 to
1.2� 1011 molecules cm�3 s, kLgfþTol values were vari-
able between experiments (0.001–0.005). The initial
variability in kLgfþTol might have resulted from vari-
able fractional contributions of toluene SOA particles
to the mixture and will be further investigated in the
future. However, kLgfþTol remained constant at OH
exposure >5� 1010 molecules cm�3 s at values
0.001–0.002 (Figure S8c). In experiments under high-
NOx conditions, kLgfþTol values were �0.001–0.011 for

OH exposure >5� 1010 molecules cm�3 s. In Figure
S8d, the trend for nLgfþTol at 632 nm was explored. In
contrast to nmix at 375 nm, nmix at 632 nm remained
constant at 1.48–1.53 and 1.45–1.47 under intermedi-
ate- and high-NOx conditions at OH exposure
>2� 1010 molecules cm�3 s.

A similar volume-weighted calculation was per-
formed for the LgfþTol SOA mixture during refer-
ence experiment VI when enhanced absorption was
observed. With the toluene SOA particle fraction
increasing to 0.2 at the longest OH exposure, the
average ktol during the experiment was 0.036 ± 0.026,
with a decreasing trend from 0.12 to 0.02. Previous
data on the imaginary component of RI of toluene
SOA particles are limited to relatively lower NOx con-
ditions compared to this study, with k values in the
range of 0.0018–0.0072 (Nakayama et al. 2010;
Nakayama et al. 2013). The significantly higher ktoluene
values determined in our study may be the result of
lower HC/NOx levels (<0.23 vs. 7 or 37; Nakayama
et al. 2010; Nakayama et al. 2013) or the consequence
of unique chemistry in these mixed SOA systems.
Although we observed some absorbing properties in
the SOA for LgfþTol mixtures under high-NOx con-
ditions, the absorbing properties of the mixture and
that of toluene SOA particles were not as strong as in
the LgfþPhe system.

Atmospheric implications

SSA is an important parameter in climate models for
estimating radiative forcing. In this section, we compare
our SSA values at size parameters >0.8 from laboratory
studies and field measurements of ambient aerosols. In
this study, OH oxidation of 1-methylnaphthalene,
Lgfþ Phe mixture, and LgfþTol at high- (and inter-
mediate-NOx) conditions resulted in SSA¼ 0.85–0.90
(and 0.92–0.95), 0.94–0.97 (0.97–0.99), and 0.96–0.98
(0.98–0.99), respectively. However, oxidation of longifo-
lene and a-pinene led to the formation of highly scatter-
ing SOA particles, with SSA �0.98–0.99. In biomass
burning events, Lack et al. (2012) observed SSA ¼ 0.85
at 404 nm in fires near Boulder, Colorado, while Ma and
Thompson (2012) reported SSA ¼ 0.83-0.84 (± 0.01) at
355 nm for biomass burning aerosols of pear tree leaves
and Afghanistan pine needle in laboratory and ambient
studies (Lack et al. 2012; Ma and Thompson 2012).
Ambient biomass burning SSA values reflect the absorb-
ing contribution of BC and are therefore lower than
0.90. For individual hydrocarbon precursors, Lambe
et al. (2013) observed SSA for naphthalene SOA par-
ticles to be 0.96 at OH exposures most comparable to
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those in our intermediate-NOx experiments, which is in
good agreement with the SSA of 1-methylnaphthalene
SOA particles under similar NOx regimes.

We compared relative radiative forcing effects of
SOA particles at k¼ 375 nm from the oxidation of 1-
methylnaphthalene and longifolene to a purely scatter-
ing aerosol component, namely ammonium sulfate,
and several biomass burning fuel types (Figure 4). We
evaluated the relative direct radiative forcing values
based on a simplified equation (Zarzana et al. 2012):

DFrel ¼ � 1�að Þ2bQscat � 2aQabs

� �
(6)

Where a is the surface albedo (0.153 to represent
the average albedo of urban environments), b is the
fraction of radiation scattered in the upward direction,
and Qscat and Qabs are the scattering and absorption
efficiencies, respectively, based on RI of interest. b
was obtained using the following equation (Zarzana
et al. 2012; Moosm€uller and Ogren 2017; Sagan and
Pollack 1967; Hassan et al. 2015):

b ¼ 1�g
2

(7)

where g is the asymmetry parameter that represents
the angular distribution of scattering and is assumed
as 0.50 (McComiskey et al. 2008). Note that the n and
k values used in the calculations represent points

during the latter part of our experimental runs, with
OH exposure greater than 1� 1011 molecules cm�3 s
and 5� 1011 molecules cm�3 s for intermediate- and
high-NOx, conditions, respectively, corresponding to
14–70 h of photochemical oxidation under ambient
conditions (assumed OH ¼ 2� 106 molecules cm�3).
Overall, the estimated urban relative radiative forcing
at k¼ 375 nm (DFrel,urban) decreased to a more nega-
tive value with increase in size from 0.01 to 0.4 mm,
reaching minimum values at �0.4–0.5 mm depending
on the RI, before increasing at larger sizes, reflecting
the size dependency of Qscat and Qabs. We observed
that in the size range of 0.01–0.4 mm, 1-methylnaph-
thalene and longifolene SOA particles under inter-
mediate-NOx conditions follow similar trends as OA
formed in burns of ponderosa pine and Alaskan duff.
However, at sizes larger than 0.4 mm, longifolene SOA
particles are predicted to have the most negative rela-
tive forcing while 1-methylnaphthalene followed a
similar profile to ammonium sulfate and Alaskan duff
burning. For the more absorbing SOA particles from
1-methylnaphthalene under high-NOx conditions,
relative forcing values were most similar to OA in
emissions from ponderosa pine and Alaskan duff
burns at sizes smaller than �0.4–0.5 mm. The esti-
mated negative DFrel,urban decreased by up to 75% at

Figure 4. Relative radiative forcing calculated for different RI values as a function of aerosol size.
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larger sizes, approaching values observed for OA in
pine/wood burning. The influence of absorbing SOA
on urban relative radiative forcing at 375 nm is most
significant for aerosol sizes greater than 0.4 mm. For
example, relative radiative forcing from absorbing
SOA particles of 1-methylnaphthalene under high-
NOx conditions was �40–65% less negative than that
of purely scattering SOA particles from longifolene at
>0.6 lm whereas this difference was insignificant at
0.4 lm. Additional calculations of DFrel with albedo
values of global land (0.26) and snow (0.85) surfaces
(DFrel, land and DFrel, snow, respectively) are shown in
Figure S9 (Sailor 1995; Yu et al. 2010; Roesch 2006).
Increasing a from 0.153 in our base calculation
(Figure 4) to 0.26 and 0.85 presents DFrel profiles
(Figure S9) with less negative values compared to
DFrel, urban. In Figure S9a, DFrel, land from wood burn-
ing shows predominantly positive values at all size
ranges, while the other aerosol types have �24% to
270 times less negative DFrel, land when compared to
DFrel, urban (Figure 4). Over the reflective surfaces of
fresh snow (Figure S9b), all aerosol types with absorb-
ing characteristics led to positive DFrel, snow values. In
this case, 1-MN SOA particles under high NOx condi-
tions led to DFrel, snow being �10–60% higher than
that from ammonium sulfate for sizes in the range of
0.1–0.8 mm. We note that the relative radiative effect
calculations presented above are at k¼ 375 nm, which
is far from the peak of the solar spectrum. Given the
strong wavelength dependence of BrC optical proper-
ties, the extent of the bias in estimating direct radia-
tive effects of SOA by neglecting its absorption
properties strongly depends on SOA size distributions,
the wavelength of interest, and surface reflectivity.

Conclusions

In this study, we observed different optical properties
between biogenic and anthropogenic SOA particles.
SSA showed that regardless of the NOx regime, longi-
folene and a-pinene SOA particles were purely scatter-
ing with SSA values �0.98–0.99. In contrast,
anthropogenic SOA particles from 1-methylnaphtha-
lene precursor showed lower SSA values of 0.92–0.95
and 0.75–0.90 under intermediate- and high-NOx

regimes, respectively. The significantly lower SSA val-
ues in high-NOx conditions corresponded to higher k
values (by a factor of 3 compared to intermediate-
NOx conditions). In addition, MAC values of 1-meth-
ylnaphthalene SOA particles increased with increase
in OH exposure from �0.3m2 g�1 to 0.7m2 g�1 dur-
ing high-NOx conditions, while in experiments under

intermediate-NOx conditions, MAC increased from
�0.1 to 0.3m2 g�1, signifying the impact of NOx in
oxidation chemistry of 1-methylnaphthalene. In
Lgfþ Phe mixture experiments, we determined that
SSALgfþPhe was �0.94–0.99, and kphenol decreased with
OH exposure from 0.10 to 0.02 and 0.22 to 0.05 for
intermediate- and high-NOx conditions, respectively.
However, despite the decrease in kphenol, kphenol was at
least 2.5–50 times greater than that of pure 1-methyl-
naphthalene SOA particles at high-NOx conditions.
MACLgfþPhe values were 0.1–0.2 and 0.2–0.6 m2 g�1

for intermediate- and high-NOx conditions, respect-
ively, indicating similarity with 1-methylnaphthalene
MAC. In LgfþTol SOA particle mixture, the average
ktoluene was 0.036 ± 0.026, which is also considerably
higher than the values reported in Nakayama et al.
(2010, 2013), possibly due to the high-NOx conditions
in our system or the unique chemistry of the biogenic
and aromatic mixture.
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