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Abstract. Recently, secondary organic aerosols (SOAs) gen-

erated from anthropogenic volatile organic compounds have

been proposed as a possible source of light-absorbing organic

compounds, “brown carbon,” in the urban atmosphere. How-

ever, the atmospheric importance of these SOAs remains un-

clear due to limited information about their optical proper-

ties. In this study, the complex refractive index (RI, m = n-

ki) values at 405, 532, and 781 nm of the SOAs generated

during the photooxidation of toluene (toluene-SOAs) under

a variety of initial nitrogen oxide (NOx = NO + NO2) condi-

tions were examined by photoacoustic spectroscopy (PAS)

and cavity ring-down spectroscopy (CRDS). The complex

RI-values obtained in the present study and reported in the

literature indicate that the k-value, which represents the light

absorption of the toluene-SOAs, increased to shorter wave-

lengths at <532 nm, and the n-value also increased to shorter

wavelengths from 781 to 355 nm. The k-values at 405 nm

were found to increase from 0.0018 to 0.0072 with increas-

ing initial NOx concentration from 109 to 571 ppbv. The

nitrate to organics ratio of the SOAs determined using a

high-resolution time-of-flight aerosol mass spectrometer (H-

ToF-AMS) also increased with increasing initial NOx con-

centration. The RI-values of the SOAs generated during the

photooxidation of 1,3,5-trimethylbenzene in the presence of

NOx (1,3,5-TMB-SOAs) were also determined to investigate

the influence of the chemical structure of the precursor on the

optical properties of the SOAs, and it was found that the light

absorption of the 1,3,5-TMB-SOAs is negligible at all of the

wavelengths investigated (405, 532, and 781 nm). These re-

sults can be reasonably explained by the hypothesis that ni-

troaromatic compounds, such as nitrocresols, are the major

contributors to the light absorption of the toluene-SOAs. Us-

ing the obtained RI-values, mass absorption cross sections

of the toluene-SOAs at 405 nm were estimated to be 0.08–

0.52 m2g−1 under typical conditions in an urban atmosphere

during the daytime. These results indicate that light absorp-

tion by the SOAs potentially contributes to the radiation bal-

ance at ultraviolet wavelengths below ∼400 nm, specifically

when the mass concentrations of the anthropogenic SOAs are

significant compared with other light-absorbing particles.

1 Introduction

Atmospheric aerosol plays an important role in determin-

ing the visibility, health effects, heterogeneous chemistry,

and radiation balance of the atmosphere on a local and a

global scale (Seinfeld and Pandis, 2006; Finlayson-Pitts and

Pitts, 2000). Recently, it has been suggested that the or-

ganic aerosols called “brown carbon” can absorb solar radia-

tion, especially at ultraviolet (UV) and shorter visible wave-

lengths, and contribute to the radiation balance and pho-

tochemical reactions in the atmosphere (Andreae and Ge-

lencsér 2006; Moosmüller et al., 2009; Alexander et al., 2008

and references therein). “Brown carbon” is operationally

defined as a light-absorbing carbonaceous material with a

wavelength dependent imaginary part (k) of the complex re-

fractive index (RI), m = n − ki.

Sources of brown carbon have been reported to be the

organic components generated during the combustion of
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biomass, such as wood (Kirchsteller et al., 2004; Chen and

Bond, 2010), corn stem (Schnaiter et al., 2005), and rice

straw (Faves et al., 2009), as well as fossil fuels, such as

propane (Schnaiter et al., 2006), coal (Bond 2001), and the

organic components included in diesel exhaust (Adler et

al., 2010). Humic-like substances (HULIS) extracted from

aerosols generated by biomass burning (Hoffer et al. 2006)

and sampled in air pollution, rural forests, and fresh smoke

conditions (Dinar et al., 2008) were also reported to exhibit

light absorption, especially at UV and shorter visible wave-

lengths.

Secondary organic aerosols (SOAs) contain many differ-

ent chemicals including high molecular weight products,

and thus may possibly act as “brown carbon” (Graber and

Rudich, 2006; Hallquist et al., 2009). Jacobson (1999) sug-

gested the possible influence of the near UV light absorp-

tion by nitrated and aromatic aerosol components on reduc-

tions in downward solar radiation in the Los Angeles re-

gion. Recently, SOAs generated during the gas-phase pho-

tooxidation of toluene in the presence of nitrogen oxides

(NOx = NO + NO2) (Jaoui et al., 2008; Nakayama et al.,

2010a; Zhong and Jang, 2011), the chemical aging of SOAs

generated from the reaction of d-limonene with O3 (Bones et

al., 2010; Laskin et al., 2010), the irradiation of aqueous solu-

tions containing H2O2 and phenolic compounds (Chang and

Thompson; 2010), and aqueous phase reactions involving

glyoxal and methyglyoxal (Shapiro et al., 2009; Galloway

et al., 2009; Sareen et al., 2010; Trainic et al., 2011) were re-

ported to exhibit light absorption at UV and/or shorter visible

wavelengths.

The photooxidation of aromatic hydrocarbons such as

toluene, xylene, and trimethylbenzene (TMB) in the pres-

ence of NOx is known as a major source of anthropogenic

SOAs (Kleindienst et al., 2004; Ng et al., 2007; Henze et al.,

2008); therefore, quantitative characterization of the optical

properties of these SOAs is required in order to estimate the

effect of anthropogenic SOAs on the atmospheric radiation

balance. However, only a few experimental studies on the de-

terminations of the RI-values of light-absorbing SOAs have

been reported. Kim et al. (2010) reported the real part of the

RI at 670 nm for the SOAs generated during the photooxida-

tion of toluene in the presence of NOx (denoted by toluene-

SOAs) under a variety of initial hydrocarbon ([HC]ini =

1.71-3.75 ppmv) and NOx ([NOx]ini = 820–3100 ppbv) con-

ditions in the absence of seed particles, and reported n-values

ranging from 1.4 to 1.6 using a polar nephelometer. Our

group (Nakayama et al., 2010a) retrieved the real and imagi-

nary parts of the RI-values at 355 and 532 nm for the toluene-

SOAs generated in the presence of [HC]ini = 4.0 ppmv and

[NOx]ini = 540 ppbv in the absence of seed particles by mea-

suring the extinction and scattering coefficients using a cavity

ring-down spectrometer (CRDS) and a nephelometer, respec-

tively. The RI-values of m = (1.632+0.038
−0.035) − (0.047+0.041

−0.036)i

at 355 nm and m = (1.483+0.032
−0.036)− (0.007+0.030

−0.007)i at 532 nm

were reported. A non-negligible k-value was obtained at

355 nm, while no evidence of light absorption was found at

532 nm due to the difficulty of quantifying the small dif-

ference between the extinction and scattering coefficients.

Therefore, direct measurement of the absorption coefficients

is desired for the accurate determination of small k-values.

Zhong and Jang (2011) measured the absorption spectrum

of toluene-SOAs that were generated with and without seed

particles using a UV-visible spectrometer with an integrating

sphere after collection on a filter. Based on the absorption

spectrum, they reported the imaginary part of the RI-value

at 350 nm for the toluene-SOAs generated in the presence

of [HC]ini = 0.207 and 0.202 ppmv and [NOx]ini = 62 and

70 ppbv in the absence of seed particles to be k = 0.0214

and 0.0215. They also reported that the SOAs generated in

the presence of (NH4)2SO4 or NH4HSO4+H2SO4 (1:1 mo-

lar mixture) seed particles have k-values that are 2–3 times

larger at 350 nm than those generated in the absence of seed

particles. Nitrated aromatic compounds such as nitrocresols

were considered as plausible sources of the light absorp-

tion observed by Nakayama et al. (2010a) and Zhong and

Jang (2011). The production quantum yield of nitrated aro-

matic compounds may depend on [NOx]ini,; however, the

k-values were measured under limited [NOx]ini conditions:

540 ppbv (Nakayama et al., 2010a) and 62–70 ppbv (Zhong

and Jang, 2011).

Herein, results of the detailed investigation of the wave-

length and NOx dependence of the complex RI-values of

toluene-SOAs are presented. To determine the small k-value

accurately, a 3λ-photoacoustic spectrometer (Droplet Mea-

surement Technologies, PASS-3) was used to directly mea-

sure the light absorption of the SOAs suspended in air. In

addition, the complex RI-values of the SOAs generated dur-

ing the photooxidation of 1,3,5-TMB in the presence of NOx

(denoted by 1,3,5-TMB-SOAs) were also determined to in-

vestigate the influence of chemical structure on the optical

properties of SOAs generated from aromatic hydrocarbons.

Using the obtained RI-values, possible atmospheric implica-

tions of the light absorption of the anthropogenic SOAs are

also discussed.

2 Experimental

The experimental setup used in this study, which is shown

in Fig. 1, is similar to that used in our previous study

(Nakayama et al., 2010a, 2012). The SOAs were gener-

ated in a 6 m3 Teflon-coated stainless steel photochemical

smog chamber (Akimoto et al., 1979; Sato et al., 2007).

The toluene (or 1,3,5-TMB), NO, methyl nitrate, and pu-

rified air were mixed in the chamber and continuously ir-

radiated by light from a xenon arc lamp (19 kW) through

Pyrex filters. Methyl nitrite (∼0.01 ppmv) was used as the

OH source. Toluene (Wako Chemicals, 99 %), 1,3,5-TMB

(Tokyo Chemical Industry, >97 %), and NO (Takachiho

Atmos. Chem. Phys., 13, 531–545, 2013 www.atmos-chem-phys.net/13/531/2013/



T. Nakayama et al.: Complex refractive index of toluene-SOA 533

Table 1. Experimental conditions, mass concentrations, and sur-

face mean diameters of the SOAs used for determination of the RI-

values.

Runa Compounds [HC]b
ini [NOx]b

ini Mc
p D̄d

s

(ppmv) (ppbv) (µg m−3) (nm)

A1 Toluene 3.9 109 31–34 133–149

A2 Toluene 3.9 167 40–60 119–170

A3 Toluene 4.0 289 81–113 153–218

A4 Toluene 4.0 571 119–160 211–270

B1 1,3,5-TMB 2.4 571 78–117 370–429

a No seed particles were added in the present study.
b NO was used for all experimental runs.
c Range of mass concentrations of the SOAs estimated from the size distributions measured

by the SMPS assuming a particle density of 1.4 g cm−3(Sato et al., 2007). Effects of dilution
and wall loss were not taken into account.
d Range of surface mean diameters of the SOAs measured by the SMPS.
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Figure 1.  Schematic diagram of the experimental setup; SMPS, scanning mobility particle 835 

sizer; PASS-3; 3l-photoacoustic soot spectrometer; CRDS, cavity ring-down spectrometer; 836 

FT-IR, Fourier transform-infrared spectrometer; H-ToF-AMS: high-resolution time-of-flight 837 

aerosol mass spectrometer. 838 
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Fig. 1. Schematic diagram of the experimental setup; SMPS, scan-

ning mobility particle sizer; PASS-3, 3λ-photoacoustic soot spec-

trometer; CRDS, cavity ring-down spectrometer; FT-IR, Fourier

transform-infrared spectrometer; H-ToF-AMS, high-resolution

time-of-flight aerosol mass spectrometer.

Chemical Industrial Co., 99.9 %) were used without further

purification. No seed particles were added in the present

study. The total pressure in the chamber was maintained at

1000-1030 hPa by adding purified air during the measure-

ments. All experiments were conducted under room temper-

ature (298 ± 3 K) and dry ([H2O] <1 ppmv) conditions. Four

experiments (runs A1–A4) were conducted for the toluene-

SOAs with different [NOx]ini conditions (109–571 ppbv) in

order to examine the NOx dependence of the RI-values, as

shown in Table 1. In addition, one experiment (run B1) was

conducted for the 1,3,5-TMB-SOAs with a high [NOx]ini

condition (571 ppbv).

The concentrations of toluene, 1,3,5-TMB, NO, NO2, and

O3 were monitored using a Fourier transform infrared spec-

trometer (FT-IR; Nicolet, Nexus 670) combined with a mir-

ror system with a 221.5 m optical path. The particle size dis-

tribution was measured every 6 min using a scanning mobil-

ity particle sizer (SMPS; TSI, 3934). Typical temporal pro-

files of the toluene, NO, NO2, O3, mass concentrations, and

the surface mean diameters of the toluene-SOAs during “run

 39 
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Figure 2.  Temporal profiles of (a) toluene (open circles), NO (open inverted triangles), NO2 842 

(open triangles), and O3 (open squares), and (b) mass concentrations (filled circles) and 843 

surface mean diameters (filled triangle) during “run A4”.  The bar indicates the period used 844 

for analysis of the optical properties.  845 
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Fig. 2. Temporal profiles of (a) toluene (open circles), NO (open in-

verted triangles), NO2(open triangles), and O3 (open squares), and

(b) mass concentrations (filled circles) and surface mean diameters

(filled triangles) during “run A4”. The bar indicates the period used

for analysis of the optical properties.

A4” are shown in Fig. 2. When the mass concentration of the

SOAs began to increase, the SOAs were introduced into the

PASS-3 and a custom-built CRDS.

The PASS-3 instrument was used to measure the ab-

sorption (babs(λ)) and scattering (bsca(λ)) coefficients at

405, 532, and 781 nm. The bsca(λ) data were calibrated

using monodisperse polystyrene latex (PSL) particles. The

babs(405, 781 nm) data were calibrated using polydisperse

propane soot particles, while the babs(532 nm) data were cal-

ibrated with monodisperse nigrosin particles and gaseous

NO2. These calibration procedures are described in the Sup-

plemental Material (S1). The bsca(532 nm) data obtained us-

ing the PASS-3 were not used in this study, because a strong

particle size dependence of the calibration factors was found.

Uncertainties associated with the calibration were estimated

to be 8, 10, 8, 10, and 10 % for babs(405 nm), babs(532 nm),

babs(781 nm), bsca(405 nm), and bsca(781 nm), respectively.

For background interpolation, measurements of filtered air

were conducted using a particulate filter (Balston), typi-

cally for 4 min every 12 min. The typical detection limits

for the 12 min averaged data of babs(405 nm), babs(532 nm),

babs(781 nm), bsca(405 nm), and bsca(781 nm) were estimated

to be 1.0, 0.9, 0.4, 0.2, and 0.2 Mm−1, respectively, by taking

the two standard deviations (2σ) of each signal during the

filtered air measurements. It should be noted that these de-

tection limits varied depending on the magnitude of the drift

in each signal. Corrections of babs for the gas phase absorp-

tion of NO2 were conducted using the mixing ratio measured

via FT-IR, the absorption cross section, and the transmission

of NO2 through the particulate filter. Overall uncertainties

for the PASS-3 data were estimated by taking into account

www.atmos-chem-phys.net/13/531/2013/ Atmos. Chem. Phys., 13, 531–545, 2013
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Figure 3.  Dependence of the effective (a) scattering (or extinction) and (b) absorption 849 

efficiencies of the polydisperse SOA particles on the surface mean diameter at wavelengths of 850 

405 (circles), 532 (triangles), and 781 nm (inverted triangles) for the toluene-SOAs generated 851 

in “run A4”.  Error bars indicate the estimated uncertainties for the determination of the 852 

Qsca* (or Qext*) and Qabs* values.  The solid lines indicate Qsca* (or Qext*) and Qabs* 853 

calculated using Mie theory with the optimized RI values.  The definitions of Qsca*, Qext*, 854 

and Qabs* are stated in the text. 855 

856 

Fig. 3. Dependence of the effective (a) scattering (or extinction) and

(b) absorption efficiencies of the polydisperse SOA particles on the

surface mean diameter at wavelengths of 405 (circles), 532 (trian-

gles), and 781 nm (inverted triangles) for the toluene-SOAs gener-

ated in “run A4”. Error bars indicate the estimated uncertainties for

the determination of the Qsca* (or Qext*) and Qabs* values. The

solid lines indicate Qsca* (or Qext*) and Qabs* calculated using

Mie theory with the optimized RI-values. The definitions of Qsca*,

Qext*, and Qabs* are stated in the text.
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Figure 4.  Dependence of the effective (a) scattering (or extinction) and (b) absorption 858 

efficiencies of the polydisperse SOA particles on the surface mean diameter at wavelengths of 859 

405 (circles), 532 (triangles), and 781 nm (inverted triangles) for the 1,3,5-TMB-SOAs 860 

generated in “run B1”.  The symbols are the same as those used in Fig. 3. 861 
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Fig. 4. Dependence of the effective (a) scattering (or extinction)

and (b) absorption efficiencies of the polydisperse SOA particles on

the surface mean diameter at wavelengths of 405 (circles), 532 (tri-

angles), and 781 nm (inverted triangles) for the 1,3,5-TMB-SOAs

generated in “run B1”. The symbols are the same as those used in

Fig. 3.

the uncertainties in the calibration factors, in the background

interpolations (estimated from the drift between neighboring

filtered air measurements), and in the corrections of the gas

phase absorption, as well as the detection limit values. The

sampling flow rate of the PASS-3 was 1.0 lpm.

The CRDS instrument was used to measure the extinction

coefficients at 532 nm (bext(532 nm)). A detailed description

of the CRDS instrument used in the present study is included

in our previous papers (Nakayama et al., 2010a, b). Mea-

surement of the ring-down time for the filtered air was con-

ducted using a particulate filter (Pall), typically for 4 min ev-

ery 12 min. A typical detection limit for the 12 min averaged

data for bext(532 nm) during the experiments was estimated

to be 0.06 Mm−1 by taking the 2σ of each signal during

the filtered air measurements. The accuracy and precision

of the CRDS instrument were checked using monodisperse

PSL particles, and the uncertainty in the determination of

bext(532 nm) was estimated to be <5 %. The sampling flow

rate of the CRDS was 0.7 lpm.

The chemical properties of the aerosols were also mea-

sured every 6 min using an Aerodyne aerosol mass spec-

trometer (Aerodyne Research, H-ToF-AMS) in the V-mode

(Drewnick et al., 2005). The particles collected through an

aerodynamic lens were heated at 873 K to evaporate the par-

ticulate compounds, and the vaporized compounds were then

ionized by electron ionization and analyzed using a ToF-MS

instrument with a mass resolution of ∼2700. The data ob-

tained via H-ToF-AMS were numerically analyzed using the

ToF-AMS Analysis Toolkit program Version 1.48 combined

with the ToF-AMS HR Analysis Program Version 1.07.

3 Results

The complex RI of the SOAs was determined using the same

procedure that was used in our previous study (Nakayama et

al., 2010a). Assuming homogeneous spherical particles, the

effective absorption (Qabs*(D̄s, λ)), scattering (Qsca*(D̄s,

λ)), and extinction (Qext*(D̄s, λ)) efficiencies of poly-

disperse SOA particles with a surface mean diameter D̄s at

wavelength λ (=405, 532, or 781 nm) were calculated as fol-

lows:

Q∗
abs,sca,ext(D̄s,λ) = babs,sca,ext(λ)/

∫

N(Dp)
π

4
D2

pdDp, (1)

where Dp is the geometrical particle diameter and N is the

number concentration of particles in the size bin dDp with a

mean diameter Dp per unit volume.

A 12-min average of the babs(405, 532, 781 nm), bsca(405,

781 nm), and bext(532 nm) obtained with the PASS-3 and

CRDS, and the size distributions obtained with the SMPS

were used for the analysis. The range of babs, bsca, and bext

values used for the determination of the RI-values is listed

in Table 2. Figures 3 and 4 show the Qabs* at 405, 532, and

781 nm, the Qsca* at 405 and 781 nm, and the Qext at 532 nm

for “run A4” (toluene-SOAs, high [NOx]ini condition) and

“run B1” (1,3,5-TMB–SOAs, high [NOx]ini condition), re-

spectively, as a function of D̄s. Significant light absorption at

405 nm and non-negligible light absorption at 532 nm were

found for “run A4” (Fig. 3b). In contrast, no significant light

Atmos. Chem. Phys., 13, 531–545, 2013 www.atmos-chem-phys.net/13/531/2013/
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Table 2. Absorption, scattering, and extinction coefficients used for the analyses and the RI-values determined in the present study.

Run λ (nm) ba
abs (Mm−1) bsca or bb

ext (Mm−1)
Refractive index (m = n-ki)

n k

A1 405

532

781

1.1–2.9

<0.8

<0.6

61.2–71.8

22.1–27.3

4.4–6.1

1.449+0.030
−0.030

1.431+0.025
−0.026

1.389+0.053
−0.056

0.0018+0.0013
−0.0014

0.0000+0.0029
−0.0000

0.0000+0.0018
−0.0000

A2 405

532

781

2.0–5.3

<2.1

<1.9

67.5–166.5

26.2–70.5

4.5–14.5

1.467+0.029
−0.032

1.457+0.025
−0.023

1.403+0.036
−0.039

0.0030+0.0010
−0.0010

0.0004+0.0016
−0.0004

0.0000+0.0021
−0.0000

A3 405

532

781

6.7–10.8

<1.9

<0.4

247.5–411.4

101.5–180.8

21.6–41.5

1.468+0.029
−0.031

1.447+0.026
−0.028

1.387+0.028
−0.029

0.0036+0.0007
−0.0007

0.0003+0.0010
−0.0003

0.0000+0.0006
−0.0000

A4 405

532

781

24.8–43.0

1.2–4.0

<0.8

762.8-1263.3

454.2–546.8

72.1–146.7

1.567+0.042
−0.043

1.498+0.024
−0.025

1.452+0.031
−0.030

0.0072+0.0010
−0.0010

0.0010+0.0007
−0.0008

0.0000+0.0006
−0.0000

B1 405

532

781

<1.3

<1.1

<1.3

722.2–953.5

529.3–679.3

186.8–191.0

1.485+0.062
−0.054

1.459+0.028
−0.029

1.423+0.028
−0.027

0.0002+0.0004
−0.0002

0.0000+0.0010
−0.0000

0.0002+0.0007
−0.0002

a Ranges of the absorption coefficients at 405, 532, and 781 nm measured using the PASS-3 instrument (12 min average).
b Ranges of the scattering coefficients at 405 and 781 nm, and those of the extinction coefficients at 532 nm measured using the PASS-3 and CRDS
instruments, respectively (12 min average).

absorption was detected at all wavelengths (405, 532, and

781 nm) in “run B1” within the uncertainties (Fig. 4b).

The effective absorption, scattering, and extinction effi-

ciencies can also be calculated using Mie theory as follows:

Q∗
abs,sca,ext(D̄s,λ) =

∫

f (Dp)Qabs,sca,ext(Dp,λ)dDp, (2)

where f (Dp) is the surface area weighted size distribution

function normalized to the total surface area, and this calcu-

lation was carried out with the SMPS data. Qabs,sca,ext(Dp,

λ) represent the absorption, scattering, and extinction effi-

ciencies, and were calculated based on Mie theory using the

BHMIE algorithm (Bohren and Huffman, 1983).

In this study, the optimized RI-values were determined us-

ing combinations of the data: (1) Q∗
sca and Q∗

abs at 405 and

781 nm and (2) Q∗
ext and Q∗

abs at 532 nm. To minimize the

sum of the squared residual between the Q∗ values obtained

using Eq. (1) and those obtained using Eq. (2), the optimized

RI-value was determined. The n-value was fixed between 1.2

and 1.7 and a positive value of k was chosen during the fitting

procedure. The complex RI-value was determined for each

experimental run by assuming a constant RI-value during the

measurement. The results for Q∗
abs, Q

∗
sca, and Q∗

ext calculated

using Eq. (2) with the optimized RI-values for “run A4” and

“run B1” are shown as solid lines in Figs. 3 and 4, respec-

tively. The obtained RI-values and their uncertainties, which

were estimated from the 2σ for the differences between the

Q∗(D̄s, λ) values obtained using Eqs. (1) and (2) and the un-

certainties in the measurements of the optical properties and

size distributions of the SOAs, are summarized in Table 2.

The uncertainties in the size distribution measurements were

estimated to be <8 % based on the estimated total counting

uncertainties (<5 %) and the uncertainties in the diameters

of the PSL particles used for the calibration of the SMPS

(<3 %). The total counting uncertainties were estimated by

doubling the uncertainties obtained in the inspection of ver-

ification standards by the manufacturer. Milles et al. (2010)

reported that the uncertainties in the particle size and RI of

PSL particles, used for the calibration of a CRDS instrument,

contributed to the uncertainties in the retrieved RI of other

aerosols. In the present study, the uncertainties in the diame-

ters of the PSL particles used for the calibration of the CRDS

and PASS-3 were also taken into account in the estimation

of the uncertainties for these instruments. The uncertainties

in the determination of the n- and k-values actually varied,

partly due to the differences in the abundance of the SOAs,

and partly due to the drift in the absorption and scattering

signals for each experimental run.

www.atmos-chem-phys.net/13/531/2013/ Atmos. Chem. Phys., 13, 531–545, 2013
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Figure 5.  Wavelength dependence of the (a) real and (b) imaginary parts of the RI values for 865 
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4 Discussion

4.1 Wavelength dependence of the RI-values for

toluene-SOAs

Figure 5 shows the wavelength dependence of the n and k-

values for the toluene-SOAs obtained in the present study

(n and k, runs A1–A4, filled circles) and reported in the

literature, Nakayama et al. (2010a) (n and k, open circles),

Kim et al. (2010) (n, open inverted triangle), and Zhong and

Jang (2011) (k, open triangle).

The n values at 405, 532, and 781 nm obtained in the

present study range between 1.4 and 1.6, and show an in-

crease to shorter wavelengths. The n-value of 1.498+0.015
−0.014

at 532 nm under the high [NOx]ini condition ([NOx]ini =

571 ppbv, run A4) is in good agreement with that ob-

tained in our previous study (1.483+0.032
−0.036) (Nakayama et

al., 2010a) under a high [NOx]ini condition ([NOx]ini =

540 ppbv). Interpolation of all of our results at 532 and

781 nm gives an n-value of ∼1.43 at 670 nm, which lies in

the lower part of the range between 1.4 and 1.6 that was

reported by Kim et al. (2010) for a variety of [HC]ini and

[NOx]ini conditions ([HC]ini = 1.71–3.75 ppmv, [NOx]ini =

820–3100 ppbv). These results may be explained by their use

of higher [NOx]ini conditions than those of the present study.

Significant k values at 405 nm, which range from

0.0018+0.0013
−0.0014 to 0.0072+0.0010

−0.0010, were obtained for the

toluene-SOAs in the present study. The k-value depends

on [NOx]ini, as discussed in detail in the next section. At

532 nm, the k-value of 0.0010+0.0007
−0.0008 obtained under high

[NOx]ini conditions (run A4) was slightly larger than the es-

timated uncertainties for this run, while the values for the

other runs (A1, A2, and A3) are negligible within the exper-

imental uncertainties for each run. At 781 nm, the k-values

were found to be negligible for all runs. In our previous

study (Nakayama et al., 2010a), the RI-values were deter-

mined from the measurements of the extinction and scatter-

ing coefficients. Therefore, precise determination of a small

k-value was difficult because of the large uncertainties (typi-

cally ∼0.04), as shown by the larger error bars in Fig. 5b. In

the present study, by directly measuring the absorption coef-

ficients using the PASS-3, the k values could be determined

with a higher precision (typical uncertainties of ∼0.001).

The k-values obtained in the present study and reported

in the literature (Nakayama et al., 2010a; Zhong and Jang

2011) suggest the existence of a resonance wavelength at

shorter wavelengths. For a light-absorbing material, the n-

value principally has a normal dispersion (i.e., n decreases

with increasing wavelength) for wavelengths well above the

resonance wavelength. Thus, the observed features of the

wavelength dependence of the n- and k-values are qualita-

tively consistent with the theoretically predicted features, if

the absorption peak (resonant wavelength) is assumed to be

shorter than 350 nm (e.g., Moosmüller et al., 2011).

4.2 NOx dependence of the RI-values for toluene-SOAs

Figure 6a and b show the [NOx]ini dependence of the n and

k-values at 405 nm (filled circles) and 532 nm (open circles)

for the toluene-SOAs obtained in the present study.

The n-values at 405 and 532 nm slightly increased from

1.45 to 1.57 and 1.43 to 1.50, respectively, with increasing

[NOx]ini from 109 to 571 ppbv, as shown in Fig. 6a. The

difference in the n-values at 405 and 532 nm also increased

from ∼0.02 to ∼0.07 with increasing [NOx]ini. These results

are again consistent with the theoretically predicted features

when the light absorption of a shorter resonant wavelength

is taken into account (e.g., Moosmüller et al. 2011), because

the stronger light absorption under high [NOx]ini conditions

would cause a larger increase in the n-values at 405 nm than

at 532 nm. It should be noted that a change in chemical prop-

erties, such as the O/C ratio, may also contribute to the ob-

served [NOx]ini dependence of the n-values; a positive cor-

relation has been reported for squalane and azelaic acid by

Cappa et al.(2011).

At 405 nm, the k-values increase from 0.0018 to 0.0072

with increasing [NOx]ini from 109 to 571 ppbv, as shown in

Fig. 6b. The difference in the k-values at ∼350 nm reported

by Nakayama et al. (2010a) and Zhong and Jang (2011) may

be explained by the difference in the [NOx]ini conditions:

540 ppbv (Nakayama et al., 2010a) and 62–70 ppbv (Zhong

and Jang, 2011). At 532 nm, the k-value was slightly larger

than the uncertainties under the high [NOx]ini condition
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Fig. 6. [NOx]ini dependence of the (a) real and (b) imaginary parts

of the RI-values at 405 and 532 nm for the toluene-SOAs and (c)

HRNO3/HROrg and O/C ratios measured using H-TOF-AMS. Er-

ror bars for the n and k-values indicate the uncertainties estimated

from the 2σ values for the differences in the Q∗ values obtained

using Eqs. (1) and (2) and those in the measurements of the opti-

cal properties and size distributions of the SOAs, while those in the

HRNO3/HROrg and O/C ratios indicate the 1σ values of the ratios

during the periods used for determination of the RI-values.

(571 ppbv). Because no significant k-values at 532 nm were

observed under the other [NOx]ini conditions, it is difficult

to discuss the [NOx]ini dependence of the k-value based on

these results.

As a plausible source of light-absorption for the toluene-

SOAs, nitroaromatic compounds, particularly nitrocresols,

have been proposed (Nakayama et al., 2010a; Zhong and

Jang 2011), because nitrocresols such as 4-nitro-o-cresol,

4-nitro-m-cresol, 2-nitro-p-cresol, and 4,6-dinitro-o-cresol,

which were identified as products of toluene-SOAs (Jang and

Kamens, 2001; Sato et al., 2007), exhibit strong light absorp-

tion at >350 nm (Jacobson, 1999; Chen et al., 2011).

Figure 7 shows one of the significant reaction schemes for

the formation of nitrocresols during the photooxidation of

toluene in the presence of NOx. There are two steps in the

reaction of toluene with OH: abstraction of a H from toluene

(∼10 %), and formation of a toluene-OH adduct (∼90 %).

The toluene-OH adduct reacts with O2 or NO2, and subse-

quent reactions of the corresponding products lead to SOA

formation. Under our experimental conditions, most of the

toluene-OH adduct reacts with O2, while only a few per-

cent of the adduct reacts with NO2 (Koch et al., 2007 and

references therein). Although cresols (o-, m-, p-cresol) can

be generated from both of these reactions, the cresols are

considered to be mainly generated from the reaction of the

toluene-OH adduct with O2, because the yields of o-, m-, and

p-cresol are reported to be ∼0.12, ∼0.03, and ∼0.03, respec-

tively, and do not strongly depend on the initial NOx condi-

tions (Smith et al., 1998; Klotz et al., 1998). The H atom

abstraction from cresols by OH or NO3 leads to the forma-

tion of methyl phenoxy radicals. Nitrocresols are considered

to be mainly generated from the reactions of methyl phenoxy

radicals with NO2, as shown in Fig. 7 (Forstner et al., 1997;

Sato et al., 2007).

The reaction of the cresol-OH adducts with NO2 possi-

bly contributes to the formation of nitrocresols. However,

the contribution should be small because most of the cresol-

OH adducts react with O2 rather than NO2 (Koch et al.,

2007). The fact that the yields of nitrocresols in the OH-

induced oxidation of cresols are similar to the calculated

fraction of the reaction proceeding via H atom abstrac-

tion from the OH group indicates that the nitrocresols are

mainly generated through methyl phenoxy radicals (Atkin-

son et al., 1992; Olariu et al., 2002; Coeur-Tourneur et al.,

2006). It should also be noted that nitrotoluenes, such as 3-

nitrotoluene, are generated through the reaction of toluene-

OH adducts with NO2, particularly at high [NOx]ini condi-

tions (typically >1 ppm) (Forstner et al., 1997; Smith et al.,

1998; Sato et al., 2007). The contribution of nitrotoluenes

to the light absorption of the toluene-SOAs should be min-

imal, however, because both the yield and absorption cross

section of nitrotoluenes have been estimated to be smaller

than those of nitrocresols under our experimental conditions

(Forstner et al., 1997; Smith et al., 1998; Sato et al., 2007;

Shama, 1991; Chen et al., 2011).

The observed [NOx]ini dependence of the k-values may

be explained by competition reactions of the methyl phe-

noxy radicals with NO2 and other oxidants, as shown in

Fig. 7. Although the rate constants for the reactions of

the methyl phenoxy radicals with NO2 and other oxidants

are not available, those for the reactions of phenoxy rad-

ical (C6H5O) with NO2, NO, and O3 were reported to be

kNO2
= 2.1 × 10−12 (Platz et al., 1998), kNO = 1.88 × 10−12

(Platz et al., 1998), and kO3 = 2.86 × 10−13 (Tao and Li,

1999) cm3molecule−1s−1 at room temperature (296-298 K),

respectively. The reaction of the phenoxy radical with O2 was

reported to be negligible (Platz et al., 1998). Although possi-

ble contributions of the reactions of the phenoxy radical with

HO2 and alkylperoxy (RO2) radical cannot be ruled out, the

rate constants for these reactions are not available. Assum-

ing that the rate constants for methyl phenoxy radicals are

similar to those for the phenoxy radical, and that the reac-

tions with HO2 and RO2 are negligible, the effective yield of

the reaction of methyl phenoxy radicals with NO2 (Y NO2
) is
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Fig. 7. One of the significant reaction schemes for the formation of nitrocresols during photooxidation of toluene in the presence of NOx.

The bold arrows indicate the major reaction paths leading to formation of 4-nitro-o-cresol under our experimental conditions.

estimated by the following equation:

Y NO2
=

kNO2
[NO2]eff

kNO2
[NO2]eff + kNO[NO]eff + kO3

[O3]eff,
(3)

where [NO2]eff, [NO]eff, and [O3]eff are the effective con-

centrations of NO2, NO, and O3, respectively, during the for-

mation of the SOAs. The values for [NO2]eff, [NO]eff, and

[O3]eff are calculated using the following equation:

[X]eff =

∫ tmax
t0

[X]t1Mt dt
∫ tmax

t0
1Mt dt

(X = NO2,NO,O3), (4)

where t0 and tmax are the time when the irradiation began and

when the volume (mass) concentration of the SOAs, which

was measured by the SMPS, reached a maximum, respec-

tively; [X]t is the concentration of X at time t ; and 1Mt is

the change in mass concentration of the SOAs during time

dt. The value of [X]eff is identical to the average concentra-

tion of X weighted with the change in mass concentration

of the SOAs during the period (t0<t<tmax). The estimated

Y NO2
values, along with the values for [NO2]eff, [NO]eff, and

[O3]eff, are listed in Table 3 for each experimental run. As a

result, Y NO2
was found to increase with increasing [NOx]ini.

The observed [NOx]ini dependence of the k-values is consis-

tent with the hypothesis that nitrocresols, which are gener-

ated through the mechanism described above, are the main

contributors to the light absorption of the SOAs. The ob-

served [NOx]ini dependence of the RI-values was compared

with the chemical properties of the SOAs, which were simul-

taneously measured using H-TOF-AMS. The ratio averages

(±1σ) of the nitrate to the organics (HRNO3/HROrg) and the

oxygen atoms to the carbon atoms (O/C) calculated from the

H-ToF-AMS data for the same period used for determination

of the RI-values are listed in Table 3. The HRNO3/HROrg

ratio increases with an increase in the [NOx]ini from 0.023 to

0.037, as shown in Fig. 6c with the open triangles. Particulate

nitroaromatic compounds are known to be detected as nitrate

by AMS (Bahreni et al., 2005; Sato et al., 2010, 2012).

It should be noted that the mass concentration of the SOAs

may also contribute to the HRNO3/HROrg ratio, since the

mass concentration increases with an increase in the [NOx]ini

under the present experimental conditions with a constant

[HC]ini, as shown in Table 1. Sato et al. (2012) reported that

the HRNO3/HROrg ratio for the SOAs generated from the

photooxidation of benzene in the presence of NOx (denoted

by benzene-SOAs) was not dependent on the mass loading,

but closely dependent on the [NOx]ini. Therefore, the AMS

data reinforce the hypothesis that the nitroaromatics, includ-

ing nitrocresols, contribute to the observed light absorption.

The average of the O/C ratio was also found to increase with

increasing [NOx]ini from 0.64 to 0.73, as shown in Fig. 6c

with the filled triangles. This result suggests that the oxida-

tion processes of the precursors may also contribute to the en-

hancement of the light absorption of the toluene-SOAs. The

O/C ratios obtained in the present study are roughly consis-

tent with those reported in the literature (e.g., Chhabra et al.,

2011; Sato et al., 2012).

4.3 RI-values of 1,3,5-TMB-SOAs

The RI-values of 1,3,5-TMB-SOAs were also determined in

order to investigate the influence of the chemical structure

of the aromatic hydrocarbons on the optical properties of

the SOAs. The RI-values of 1,3,5-TMB at 405, 532, and

781 nm were determined to be 1.485+0.062
−0.054-0.0002+0.0004

−0.0002i,
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Table 3. Effective concentrations of NO2, NO, and O3 during SOA formation and the chemical properties of the SOAs.

Run [NO2]a
eff [NO]a

eff [O3]a
eff Y NO2

b HRNO3/HROrg c O/C c

(ppbv) (ppbv) (ppbv)

A1 13 0.7 178 0.34 0.023 ± 0.002 0.64 ± 0.01

A2 20 0.4 205 0.41 0.026 ± 0.005 0.66 ± 0.02

A3 45 1.9 261 0.55 0.025 ± 0.004 0.70 ± 0.02

A4 97 2.5 301 0.69 0.037 ± 0.008 0.73 ± 0.02

B1 43 1.1 277 – 0.019 ± 0.001 0.49 ± 0.01

a Effective NO2, NO, and O3 concentrations during the SOA formation, which were estimated using Eq. (4), see
text for details.
b Effective yield of the methyl phenoxy radials with NO2 during the SOA formation, which were estimated
using Eq. (3), see text for details.
c Average (±1σ) of the HRNO3/HROrg and O/C ratios of the SOAs measured by the H-ToF-AMS during the
periods used for the determination of the RI-values.

1.459+0.028
−0.029-0.0000+0.0010

−0.0000i, and 1.423+0.028
−0.027-0.0002+0.0007

−0.0002i,

respectively, under high [NOx]ini conditions ([NOx]ini =

571 ppbv). The n-value slightly increased to shorter wave-

lengths in a manner similar to that observed for the toluene-

SOAs. In contrast to the toluene-SOAs, however, the k values

for 1,3,5-TMB were found to be negligible at all of the wave-

lengths studied (405, 532, and 781 nm). The averages (±1σ)

of the HRNO3/HROrg and O/C ratios during the same period

as that used for determination of the RI-values were 0.019

±0.001 and 0.49 ± 0.01, respectively (Table 3). These val-

ues are lower than those for the toluene-SOAs (0.023–0.037

(HRNO3/HROrg) and 0.64–0.73 (O/C)) obtained under con-

ditions where the [NOx]ini was between 109 and 571 ppbv.

In 1,3,5-TMB, the hydrogen atoms in the two meta po-

sitions to the methyl group in toluene are substituted by

other methyl groups. The difference in the light absorp-

tion properties between toluene-SOAs and 1,3,5-TMB-SOAs

may be explained by the difference in the production of ni-

trophenols. Sato et al. (2012) compared the chemical proper-

ties of the 1,3,5-TMB-SOAs with the benzene-SOAs based

on H-ToF-AMS and liquid chromatography/time of flight

mass spectrometry (LC/TOF-MS) analyses. They reported

that nitrophenols were not detected in the 1,3,5-TMB-SOAs,

while they were detected in the benzene-SOAs, and that the

HRNO3/HROrg ratio for 1,3,5-TMB was lower than that

for the benzene-SOAs and not dependent on the [NOx]ini.

These results were explained by the instability of the NO2

adducts of the phenoxy-type radicals produced from 2,4,6-

trimethyphenol, which was formed from the reaction of

1,3,5-TMB with OH (Sato et al., 2012). In the resonance

structures of the phenoxy-type radicals, the carbon atoms

at the radical’s center are bonded with methyl groups, and

therefore the NO2 adducts of the phenoxy-type radicals im-

mediately dissociate to reactants again (Sato et al., 2012).

The fact that no light absorption was revealed for the 1,3,5-

TMB-SOAs in the present study is consistent with the hy-

pothesis that nitroaromatics such as nitrocresols are the main

sources of the light absorption for the toluene-SOAs. The

non-zero HRNO3/HROrg ratio observed in the present study

may be due to the contributions of nitrate and nitrite com-

pounds other than nitroaromatics to the HRNO3 signals.

In the case of many other aromatic hydrocarbons, such

as benzene, o-xylene, m-xylene, p-xylene, 1,2,4-TMB, and

ethylbenzene, there are other meta sites for which the hydro-

gen atom is not substituted by an alkyl group. Therefore, the

photooxidation products of these precursors include stable

NO2 adducts of phenoxy-type radicals, and the SOAs gener-

ated from these precursors presumably contain nitrophenols

and exhibit light absorption at UV and shorter visible wave-

lengths.

5 Atmospheric implications

To estimate the possible contribution of light absorption by

the toluene-SOAs, mass absorption cross sections (MACs) at

405 nm were calculated using the obtained RI-values.

If the nitrocresols generated from the methyl phenoxy rad-

icals with NO2 are the main sources of light absorption of the

toluene-SOAs, and the yield of the methyl phenoxy radicals

is constant, as discussed in Sect. 4.2, then the k-values at

405 nm can be considered to be proportional to Y NO2
:

k(405nm) = A(405nm) × Y NO2

= A(405nm) ×
kNO2

[NO2]eff

kNO2
[NO2]eff + kNO[NO]eff + kO3

[O3]eff,
(5)

where A(405 nm) is the factor that is proportional to the ef-

fective absorption cross section of the light-absorbing species

(i.e., nitrocresols). Because [NO]eff is smaller than both

[NO2]eff and [O3]eff under our experimental conditions, the

observed k(405 nm) values of the SOAs are substantially de-

termined by the ratio of [NO2]eff to [O3]eff during SOA for-

mation. Figure 8b shows the [NO2]eff/[O3]eff ratio depen-

dence of the k(405 nm) values for the toluene-SOAs. Mini-

mizing the sum of the squared residual between the measured

k-values and those calculated using Eq. (5), the A(405 nm)

value was determined to be 0.0083+0.0021
−0.0021. The quoted uncer-

tainties include 2σ for the differences between the observed
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Fig. 8. [NO2]eff/[O3]eff dependence of the (a) real and (b) imag-

inary parts of the RI-values at 405 nm for the toluene-SOAs. The

solid and dashed lines are the best estimation and upper (or lower)

limit values, respectively, calculated using Eqs. (5) and (6) assum-

ing a constant [NO]eff/[NO2]eff (=0.04); see text.

Fig. 9. [NO2]/[O3] dependence of the MAC values at 405 nm for the

toluene-SOAs with particle diameters of 200, 400, and 600 nm, as-

suming a constant [NO]/[NO2] (=0.04). The solid and dashed lines

are the best estimation and upper (or lower) limit values, respec-

tively.

k-values and those calculated using Eq. (5) and the uncer-

tainties in the experimentally determined kvalues.

The nvalues at 405 nm slightly depend on [NO2]eff/[O3]eff,

as shown in Fig. 8a, possibly due to their contribution to the

light absorption, as discussed in Sect. 4.2. Assuming that the

n(532 nm) value obtained under low [NOx]ini conditions (run

A1), 1.431, is a typical n-value for the toluene-SOAs with-

out light absorption, the [NO2]eff/[O3]eff dependence of the

n(405 nm) values can be estimated using the following equa-

tion:

n(405nm) = 1.431 + B(405nm) × Y NO2

= 1.431 + B(405nm) ×
kNO2

[NO2]eff

kNO2
[NO2]eff + kNO[NO]eff + kO3

[O3]eff
, (6)

where B(405 nm) is the factor that is proportional to the

contribution of the light-absorbing species to n. Minimiz-

ing the sum of the squared residual between the measured

n-values and those calculated using Eq. (6), the B(405 nm)

value was determined to be 0.13+0.07
−0.07. The quoted uncer-

tainties include 2σ for the differences between the observed

n-values and those calculated using Eq. (6) and the un-

certainties in the experimentally determined n-values. The

solid (dashed) lines in Fig. 8a and b show the best estima-

tion (and upper or lower limit) values for n(405 nm) and

k(405 nm) calculated using Eqs. (5) and (6) with the op-

timized A(405 nm) and B(405 nm) values, respectively, as-

suming a constant [NO]eff/[NO2]eff value of 0.04, which is

the average for the experimental runs (A1–A4).

Using the obtained [NO2]eff/[O3]eff-dependent n- and k-

values, the MAC values of the toluene-SOAs at 405 nm were

estimated based on Mie theory (BHMIE algorithm) assum-

ing homogeneous spherical particles with a particle density

of 1.4 g cm−3 (Sato et al., 2007) and a constant [NO2]/[O3]

ratio during the formation of the SOAs. Usually, [NO] is

significantly smaller than [NO2] during the daytime, when

the photooxidation of toluene occurs, because of the rapid

conversion of NO to NO2 via reaction with O3. Therefore,

a constant [NO]/[NO2] ratio (=0.04) was assumed in the

calculation. Figure 9 shows the [NO2]/[O3] dependence of

the MACs of the SOAs with diameters of 200, 400, and

600 nm for the typical [NO2]/[O3] range between 0.1 and 10

in an urban atmosphere during the daytime (e.g., Finlayson-

Pitts and Pitts, 2000; Kondo et al., 2008). The ranges of

the best estimates (upper and lower limits) of the MAC val-

ues at 405 nm for the toluene-SOAs with diameters between

200 and 600 nm were estimated to be 0.11–0.33 (0.08–0.52)

m2g−1, respectively. As shown in Fig. 9, the MAC values at

405 nm increase 2.4 times on average with an increase in the

[NO2]/[O3] ratio from 0.1 to 10, and increase 1.2 times on

average with an increase in the particle diameter from 200 to

600 nm.

Several observational studies on the wavelength depen-

dence of the MAC values of brown carbon in urban aerosols

(Barnard et al., 2008; Flowers et al., 2010; Zhang et al.,

2011; Cheng et al., 2011) have been reported. Barnard et

al. (2008) determined the MAC values at wavelengths be-

tween 300 and 500 nm for organic components of aerosols in

Mexico City, and reported that the MAC steeply decreased

from ∼6 m2g−1 at 390 nm to ∼1 m2g−1 at 410 nm. Flow-

ers et al. (2010) reported that the MAC values for organic

carbon in various Asian pollution plumes that were trans-

ported to Jeju, Korea ranged between 2.1 and 3.4 m2g−1C

at 405 nm. The MAC value at 405 nm for the toluene-SOAs

obtained in the present study (0.08–0.52 m2g−1) is several
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times smaller than these reported values. The difference may

be explained by contributions of other sources of brown car-

bon, such as biomass burning, because the reported MAC

values for combustion-related organic aerosols (combustion-

OA) are typically larger than those for water soluble organic

carbons (WSOC) (Sun et al., 2007 and references therein).

Very recently, SOAs generated from anthropogenic VOCs

were reported to contribute to the light absorption of WSOC

at near UV wavelengths (Zhang et al., 2011; Cheng et al.,

2011). Zhang et al. (2011) compared the light absorption

spectra of WSOC in the Los-Angeles basin (LA) and Atlanta

during the summer, and reported a 4–6 times higher bulk ab-

sorption per soluble carbon mass at 365 nm (α(365 nm)/ρ;

α is the bulk absorption coefficient, ρ is the density of the

WSOC) in LA: (0.69 (weekdays) and 0.77 m2g−1C (week-

ends)) compared to those in Atlanta. They suggested that

the light absorption observed in LA was due to freshly-

formed anthropogenic SOAs, because the radio carbon anal-

ysis showed that the SOAs were mainly formed by fossil car-

bon, and the chemical analysis showed a positive correlation

between the bulk absorption coefficients with nitroaromatics

in the WSOC. The bulk absorption per soluble carbon can be

compared with the particulate absorption coefficients using

the MAC (Bohren and Hoffman, 1983):

MAC =
6π

ρλ
Im

{

m2 − 1

m2 + 2

}



1 −
4πD3

P

3λ3
Im

{

m2 − 1

m2 + 2

}2


 .

(7)

For particles with Dp <600 nm and k <0.01 at λ =405 nm,

the term (4πD3
p/3)Im{ (m2-1)/(m2+2)}2 is less than 0.001.

Therefore, the MAC is approximated by

MAC =
6π

ρλ
Im

{

m2 − 1

m2 + 2

}

. (8)

As shown by Sun et al. (2007), by expanding the term in

brackets and substituting for α, the MAC can be related to

the bulk absorption:

MAC = ξ × α/ρ, (9)

where ξ is defined by:

ξ =
9n

(

n2 − k2 + 2
)2

+ 4n2k2
. (10)

Applying the n(405 nm) and k(405 nm) values estimated us-

ing Eqs. (5) and (6) for [NO2]/[O3] ratios from 0.1 to 10, the

ξ values were estimated to be 0.69–0.77. The MAC values at

405 nm were then estimated from the reported α(365 nm)/ρ

values to be 0.30–0.48 m2g−1C using a mean absorption

Ångstróm exponent (AAE) of 3.2 ± 1.2 for LA and the ξ val-

ues, because Zhang et al. (2011) reported a linear relationship

between log(babs) and log(λ) in this wavelength range. The

ranges of the best estimates (upper and lower limits) of the

MAC values at 405 nm for the toluene-SOAs with diameters

between 200–600 nm estimated in the present study, 0.11–

0.33 (0.08–0.52) m2g−1, were converted to those per car-

bon mass, 0.22–0.69 (0.16–1.09) m2g−1C, by taking into ac-

count the range of the O/C, H/C, and N/C ratios measured via

ToF-AMS during “runs A1–A4”. These values are roughly

consistent with the MAC values at 405 nm estimated based

on the observations in LA by Zhang et al. (2011) (0.30–

0.48 m2g−1C), although it should be noted that the wave-

length dependence of light absorption for the toluene-SOAs

and the particles observed in LA may be different.

The typical MAC values at 405 nm for the BC particles

were estimated to be 10.2 m2g−1 from the value reported by

Bond and Bergstrom (2006), assuming an AAE of 1. The

estimated MAC values for BC are 30–90 (20–130) times

larger than the best estimates (upper and lower limits) of the

MAC values determined in this study for the toluene-SOAs at

405 nm. However, the temporal and spatial variations of the

relative abundance of BC and anthropogenic SOAs should be

large. Therefore, the light absorption by the anthropogenic

SOAs potentially contributes to the radiation balance at UV

wavelengths below ∼400 nm, specifically when the relative

abundance of the anthropogenic SOAs is significant.

It should be noted that the mass concentrations of

the toluene-SOAs generated in the present study were

higher than typical atmospheric organic mass loadings (0.1–

20 µg m−3). Although the contribution of the mass loading to

the optical properties would be small under our experimental

conditions as discussed in Sect. 4.2, a possible contribution

of the mass loading under atmospheric conditions cannot be

ruled out. The relative abundance of a chemical compound

mainly depends on the vapor pressures of the chemical com-

pounds comprising the SOAs (e.g., Donahue et al., 2006,

Shilling et al., 2009). The vapor pressures of nitrocresols

range from 1 × 10−5 to 2 × 10−2 Torr (Heintz et al., 2007),

and correspond to mass-equivalent effective saturation con-

centrations from 1 × 102 to 3 × 105µg m−3 when an activ-

ity coefficient of 1 and an average molecular weight for the

SOAs of 250 g mol−1 are assumed (Donahue et al., 2006).

If the vapor pressures of non-light-absorbing compounds in

the toluene-SOAs are significantly lower than those of light-

absorbing compounds such as nitrocresols, the relative abun-

dance of the light absorbing compounds in the SOAs, and

therefore the MAC values at 405 nm, might be lower under

atmospheric conditions. It should also be noted that the reac-

tion of cresols with NO3 possibly contributes to the forma-

tion of nitrocresols, because these reactions are considered to

produce phenoxy radicals efficiently, and then the phenoxy

radicals react with NO2 to form nitrocresols (Atkinson et al.,

1992; Klotz et al., 1998; Calvert et al., 2002). Because the

rate constants for the reactions of cresols with NO3 are 1/3–

1/8 of those with OH at room temperature (Atkinson et al.,

1992), the competition reactions of cresols with NO3 and OH

would also contribute to the yield of nitrocresols if the [NO3]

www.atmos-chem-phys.net/13/531/2013/ Atmos. Chem. Phys., 13, 531–545, 2013
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was higher than the [OH] during the formation of SOAs un-

der our experimental conditions. In this case, the yield of

nitrocresols produced in the atmosphere during the daytime

may be lower. In addition, the presence of seed particles may

enhance the light absorption of the toluene-SOAs by a fac-

tor of 2–3, as reported by Zhong and Jang (2011). Therefore,

further studies on the contribution of other possible factors,

such as the presence of seed particles, the initial VOC con-

centrations (mass loading), and the generation of SOAs from

other anthropogenic VOCs and reactants, to the RI values of

SOAs are needed.

6 Conclusions

In the present study, the [NOx]ini dependence of the complex

RI-values at 405, 532, and 781 nm for toluene-SOAs was de-

termined. The imaginary part of the RI-value (k) for toluene-

SOAs was found to increase to shorter wavelengths at

<532 nm, and the real part of the RI-value (n) also increased

to shorter wavelengths from 781 to 355 nm. The k-value at

405 nm was found to increase from 0.0018 to 0.0072 with in-

creasing [NOx]ini from 109 to 571 ppbv. The HRNO3/HROrg

and O/C ratios of the SOAs determined using H-ToF-AMS

also increased with increasing [NOx]ini. Our results imply

that nitroaromatic compounds, probably nitrocresols, are the

main cause of light absorption by toluene-SOAs, and that ox-

idation processes of the precursors may also contribute to the

enhancement of the light absorption of toluene-SOAs. The

RI-values of the 1,3,5-TMB-SOAs generated under a high

[NOx]ini condition were also determined for the first time.

The light absorption of the 1,3,5-TMB-SOAs was found to be

negligible at all wavelengths (405, 532, and 781 nm). These

results are explained by suppression of the formation of ni-

trophenols due to the instability of the NO2 adducts of the

phenoxy-type radicals produced from 2,4,6-trimethylphenol,

which was formed from the reaction of 1,3,5-TMB with OH.

Using the obtained RI-values, the MACs of the toluene-

SOAs at 405 nm were estimated to be 0.08–0.52 m2g−1, un-

der typical conditions in urban atmospheres during the day-

time. These results indicate that light absorption by the SOAs

potentially contributes to the radiation balance at UV wave-

lengths below ∼400 nm, specifically when the relative abun-

dance of the anthropogenic SOAs is significant compared

with other light-absorbing particles. The estimated MAC val-

ues at 405 nm for the toluene-SOAs are roughly consistent

with those estimated based on the bulk light absorption of

WSOC observed in LA by Zhang et al. (2011).

This study suggests that the optical properties of SOAs

generated from aromatic hydrocarbons depend on the con-

centration of NOx and O3 during SOA formation, as well as

the chemical structures of the precursors. Therefore, further

studies of the optical properties of SOAs generated from a va-

riety of aromatic hydrocarbons (including their isomers) and

their [NOx]ini dependence are required for a precise under-

standing of the atmospheric implications of light-absorbing

anthropogenic SOAs. In addition, further experimental stud-

ies of these SOAs at shorter wavelengths (e.g., <330 nm) are

also desired in order to evaluate the influence of particle ab-

sorption on photochemistry in the atmosphere by varying the

photolysis rate of O3.

Supplementary material related to this article is

available online at: http://www.atmos-chem-phys.net/13/

531/2013/acp-13-531-2013-supplement.pdf.
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