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[1] Chemical composition of atmospheric aerosol particles was characterized using an
Aerodyne high-resolution time-of-flight aerosol mass spectrometer at a forest site in Japan
during 20–30 August 2010. A major fraction of nonrefractory submicron aerosol particles
consisted of organics (accounting for, on average, 46% of total mass), sulfate (41%), and
ammonium (12%). Positive matrix factorization of high-resolution organic aerosol mass
spectra identified two oxygenated organic aerosol (OOA) components: a highly oxidized,
low-volatility OOA and a less oxidized, semivolatile OOA (SV-OOA), interpreted mainly as
aged regional organic aerosol (OA) and as locally formed biogenic secondary OA (BSOA),
respectively. The mass concentrations of SV-OOA increased prominently during the daytime,
suggesting a strong photochemical production of BSOA on both nonevent and new particle
formation event days. Increases of f44 (fraction of m/z 44 in OA mass spectrum), the fraction
of CxOy

+ fragment, and the O/C ratio after midday (around 13:00 local time) suggest that OA
became increasingly oxygenated, which can be explained by the aging of freshly formed
BSOA. Aqueous phase oxidation reactions under conditions of high relative humidity may
have played a vital role in the aging of BSOA in this forest atmosphere. A substantial increase
of the mass concentration of organics in the small size range (below 300nm in vacuum
aerodynamic diameter), without an increase in that of sulfate, suggests that the formation of
BSOAmade a dominant contribution to the presence of particles of cloud condensation nuclei
size around the studied area.
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1. Introduction

[2] Submicron atmospheric aerosols are of great importance
to Earth’s climate and weather conditions. They also affect
adversely the environment and human health. Organic matter
comprises a substantial fraction (around 20%–90%) of the
submicron aerosol mass [Kanakidou et al., 2005; Zhang
et al., 2007]. The oxygenated organic aerosol (OOA), which

is a surrogate of the secondary organic aerosol (SOA), is the
major component of organic aerosol (OA), particularly at
rural/remote locations in the midlatitudes of the Northern
Hemisphere [Zhang et al., 2007; Jimenez et al., 2009]. SOA
can be formed from the atmospheric oxidation of both anthropo-
genic and biogenic gaseous precursors. The best estimate for the
global production rate of biogenic SOA (~90 Tg C yr�1) is
much higher than that of anthropogenic SOA (~10 Tg C yr�1),
according to Hallquist et al. [2009].
[3] Biogenic SOA (BSOA) is the oxidation product of bio-

genic volatile organic compounds (BVOCs), which are derived
primarily from terrestrial ecosystems and insignificantly from
the oceans [Atkinson and Arey, 2003; Arnold et al., 2009].
Terrestrial vegetation emits a variety of BVOCs into the atmo-
sphere, such as the isoprenoid compounds of isoprene, mono-
terpenes, and sesquiterpenes [Kesselmeier and Staudt, 1999].
Among the BVOCs, isoprene and monoterpenes have the
highest emission levels globally and they have been recognized
as the predominant precursors of BSOA [Arneth et al., 2008].
Biogenic monoterpenes are possibly involved in new particle
formation (NPF) in the forest atmosphere, and these particles
could eventually participate into cloud droplet activation,
enhancing the albedo of clouds significantly [Kavouras et al.,
1998; O’Dowd et al., 2002; Kerminen et al., 2005; Tunved
et al., 2006]. Despite the efforts of previous field and laboratory
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studies, BSOA is still characterized poorly with regard to
their formation pathways, physical and chemical properties,
and aging processes. This must be due partially to their
inherently high variability on temporal and spatial scales and
to the limitations of measurement techniques. For instance,
field quantification of BSOA using highly time resolved tech-
niques remains a challenge, because the formation rate of
BSOA is often relatively low and to separate BSOA from
other OA is difficult [Hallquist et al., 2009]. Laboratory
studies can capture some characteristics of BSOA in the
initial stage of their evolution, but it is rare that chamber
BSOA become as oxidized as ambient BSOA [Qi et al.,
2010; Ng et al., 2011]. The characteristics of ambient
BSOA remain unclear owing to the lack of field measure-
ments at sites dominated by BSOA.
[4] Aerodyne aerosol mass spectrometer (AMS) has been

deployed to measure BSOA in situ in various forested envi-
ronments, such as rural forested areas [Schwartz et al.,
2010; Slowik et al., 2010; Ziemba et al., 2010; Setyan
et al., 2012], boreal forests [Allan et al., 2006; Raatikainen
et al., 2010; Finessi et al., 2012], Amazon rain forests
[Chen et al., 2009; Schneider et al., 2011], and some other
tropical and subtropical forests [Capes et al., 2009;
Robinson et al., 2011]. These studies have investigated
certain characteristics of BSOA: their mass concentrations,
chemical composition, mass spectral profiles, gaseous
precursors, and interactions with anthropogenic aerosols.
To date, most studies have been performed in North
American and European regions. BSOA has been detected
at some forest sites in East Asia using traditional off-line
chemical analyses [e.g., Matsunaga et al., 2003; Fu and
Kawamura, 2011; Miyazaki et al., 2012], which usually
are focused on specific biogenic compounds and are limited
in their time resolution. However, to the best of our knowl-
edge, there are no reported real-time measurements of BSOA
using an AMS in East Asian forest areas.
[5] In the summer of 2010, we deployed an Aerodyne

high-resolution time-of-flight aerosol mass spectrometer
(HR-ToF-AMS) and other instruments to measure aerosol
particles over a midlatitude forest site in Wakayama, Japan.
NPF events were observed in this campaign. The number size
distributions of aerosol particles, the related physical param-
eters (e.g., condensation sink, coagulation sink, formation
rate, and growth rate), and the factors influencing the occur-
rence of NPF (air mass origin and meteorological condition)
have been reported by Han et al. [2013]. The present study
focuses on the characterization of the aerosol chemistry in
this forest atmosphere. We overview the bulk aerosol charac-
teristics based on aerosol filter analysis and an aerosol trans-
port model. The compositional properties of submicron
particles are characterized by the real-time AMS measure-
ment. BSOA in submicron particles is identified by positive
matrix factorization (PMF) of high-resolution OAmass spec-
tra and by the comparison of mass spectra between two
periods. The mass spectra of BSOA from various studies
are compared using delta analysis. The concentrations and
chemical characteristics of BSOA are investigated with
special focus on the temporal evolution of freshly formed
BSOA. Furthermore, the contributions of organics and
sulfate to the growth of new particles and the association with
cloud condensation nuclei (CCN) are discussed, based on
their size-resolved mass concentrations.

2. Experimental Methods

2.1. Sampling Site

[6] Field measurements of atmospheric aerosol particles
were performed from 20 to 30 August 2010 at the administra-
tion office site of Wakayama Forest Research Station
(WFRS, http://fserc.kyoto-u.ac.jp/waka/) of Kyoto University,
Wakayama Prefecture, Japan (34.07°N, 135.52°E, around
750m above sea level). This forest area is located in the central
part of the Kii Peninsula (a part of the Kinki region in Japan).
A vast area of the Kii Peninsula is covered by coniferous trees:
Cryptomeria japonica (Japanese cedar), Chamaecyparis
obtusa (Japanese cypress), and Pinus densiflora (Japanese
red pine) [Bao et al., 2008; Okumura, 2009]. The prevailing
BVOC emissions from these tree species are monoterpenes,
such as α-pinene, β-pinene, myrcene, sabinene, and α-
terpinene [Bao et al., 2008; Matsunaga et al., 2011;
Mochizuki et al., 2011]. The North Pacific is about 60 km to
the southeast of the sampling site. Osaka is the nearest mega-
city, located about 70 km north of the site.

2.2. HR-ToF-AMS Instrument and Data Analysis

[7] An aerosol inlet supported by a pole was set 7.5m
above ground level (agl). A PM1 cyclone (cutoff size of
1μm at a flow rate of 16.7 Lmin�1) was installed in the inlet
line (0.5 inch stainless steel tubing) to remove coarse parti-
cles. Downstream of the cyclone, aerosol particles were dif-
fusion dried using silica gel and molecular sieve and then
sampled in parallel with an Aerodyne HR-ToF-AMS (hereaf-
ter abbreviated to HR-AMS) and a scanning mobility particle
sizer (SMPS) system. The relative humidity upstream of the
HR-AMS inlet was maintained below 5%. The details of
the SMPS system for measuring the number size distribu-
tions of aerosol particles are given by Han et al. [2013].
[8] The nonrefractory submicron aerosol (NR-PM1) spe-

cies, including organics, sulfate, ammonium, nitrate, and
chloride, were determined using the HR-AMS. A detailed de-
scription of the HR-AMS instrument has been presented by
DeCarlo et al. [2006]. In this study, the HR-AMS was oper-
ated exclusively in high-sensitivity mode (V-mode). Under
V-mode operation with the scanning range of m/z 12–338,
the instrument cycled every 10 s between mass spectrum
mode and particle time-of-flight mode, and the data were
stored at 10min intervals. The calibrations of particle sizing
and ionization efficiency for the HR-AMS instrument were
performed at the beginning and end of the study. The differ-
ences of particle sizes and the ratio of ionization efficiency to
the air beam were within 7% and around 6%, respectively,
suggesting that the HR-AMS was stable throughout
the study.
[9] The HR-AMS data were processed using the standard

ToF-AMS data analysis software (SQUIRREL v1.52
and PIKA v1.11, http://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware/) that works on Igor Pro
6.2 (WaveMetrics, Inc.). The mass concentrations of NR-
PM1 species and the high-resolution mass spectra of OA
were generated from the PIKA analysis of raw mass spec-
trum data in the V-mode, and the size distributions of NR-
PM1 species were generated from the SQUIRREL analysis
of particle time-of-flight data. High-resolution ions of
CHO+ at m/z 29 should contribute to the OA signal (usually
less than 10%), but it was not chosen to fit in the PIKA
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analysis because CHO+ was not resolved well from the air
fragment of 15N14N. The relative ionization efficiency values
used in this study were 1.4 for organics, 1.2 for sulfate, 1.1
for nitrate, and 1.3 for chloride [Canagaratna et al., 2007].
A relative ionization efficiency value of 5.5 for ammonium
was used, based on the analysis of pure NH4NO3 particles
in the brute force single-particle mode.
[10] A collection efficiency (CE) value of 0.2 was applied

for the HR-AMS data analysis by comparing volume concen-
trations derived from the HR-AMS (in MS mode) and SMPS
data. To convert the mass concentrations of the NR-PM1 spe-
cies to their volume concentrations, we made the following
assumptions: (1) particles are spherical; (2) nitrate and sulfate
are neutralized fully with ammonium (note that the estimate
of CE is affected negligibly by this simplification, although
the studied aerosols were moderately acidic, i.e., the ratios
of the measured NH4

+ to NH4
+ required to neutralize fully

the measured SO4
2� and NO3

� were 0.82 and 0.75 on non-
event and NPF event days, respectively); (3) the volumes of
NH4NO3, (NH4)2SO4, and organics are additive with the
densities of 1.725, 1.77, and 1.4 g cm�3, respectively; and
(4) the volume concentrations of elemental carbon (EC) and
other refractory species are negligible. The standard devia-
tion of CE estimated from the comparison of the AMS and
SMPS data is 0.05. We applied the constant CE of 0.2 for
the analysis, considering the approximation acceptable for
the purposes of this study. The volume concentrations of
aerosol particles at 14–710 nm in mobility diameters (dm)
obtained from the SMPS measurement, which correspond
to a major part of submicron aerosols (Figure S1 in the
supporting information), were used for the comparison.
The HR-AMS- and SMPS-derived volume concentrations
correlate strongly (r: 0.97 and slope: 1.02, Figure S2).
Furthermore, the mass concentrations of organics, sulfate,
and ammonium derived from the HR-AMS also correlate
strongly with those from the analysis of PM0.95 (particles
with an aerodynamic diameter ≤ 0.95μm) aerosol filter
samples (r: 0.97, 0.97, and 0.99; slope: 0.68, 0.50, and 0.47,
respectively, Figure S2). The different concentrations derived
from the HR-AMS measurements and the PM0.95 analysis
are possibly due to their different sampling positions on the
site (7.5m agl versus ground level and the opposite side of
the house where the online instruments were operated), where
the degree of depositional loss of particles could be different
both horizontally and vertically. They are also possibly caused
by different size-cut profiles, including the sharpness of the
cutoff diameters.
[11] The CE value of 0.2 used in this study is lower than

0.5, which is a value that has been used commonly in many
previous field studies [Canagaratna et al., 2007], including
those for BSOA-rich environments [e.g., Finessi et al.,
2012; Setyan et al., 2012]. The low CE value herein is possi-
bly due to the enhanced particle bounce at the vaporizer sur-
face in the extremely dry condition (relative humidity below
5% upstream of the AMS inlet) [Middlebrook et al., 2012]
and the particle phase that enhances the bounce, e.g., CE
~0.2 for solid particles of pure (NH4)2SO4 [Matthew et al.,
2008]. Furthermore, the CE was possibly affected by the
aerosol composition, given that the ratio of AMS-derived to
SMPS-derived volume concentrations correlated positively
(or negatively) to the sulfate (or organic) fraction with an
r value of 0.35 (or �0.36). The composition of the organic

fraction would also affect the CE; e.g., a recent laboratory
study reported that CE ranged from unity to less than
0.15 for chamber-generated SOA [Docherty et al., 2013].
Moreover, a low value of CEwould also be derived if the par-
ticle beam did not hit the vaporizer in the center. In addition,
the very low fraction of NH4NO3 in NR-PM1 may have
inhibited the increase of CE during the study [Middlebrook
et al., 2012]. Conversely, the loss of large particles due to
the low transmission efficiency of the aerodynamic lens
system [Liu et al., 2007] did not result evidently in the low
value of CE in this study. This is evidenced by the similarity
of the size-resolved mass concentrations in the HR-AMS
particle time-of-flight mode and those derived from the
SMPS measurement (Figure S3). This result is consistent
with the results from several previous studies [e.g., Salcedo
et al., 2007; Docherty et al., 2013].
[12] High-resolution OA mass spectra generated from the

PIKA analysis of V-mode data were analyzed using the
PMF Evaluation Tool (PET v2.04) [Paatero and Tapper,
1994; Ulbrich et al., 2009]. Prior to the PMF analysis, the
“bad” ions with a signal-to-noise ratio of less than 0.2 were
removed from the OA mass spectra and error matrices, and
the “weak” ions (0.2< signal-to-noise ratio< 2.0) were
downweighted by increasing their errors by a factor of 2
[Paatero and Hopke, 2003]; the ions related proportionally
to CO2

+, i.e., O+, OH+, H2O
+, and CO+, were downweighted

according toUlbrich et al. [2009]. The PMF-resolved factors
were evaluated according to the Q/Qexp value (where Q is the
total sum of the squares of the scaled residuals andQexp is the
expected Q value) and according to their time series of
mass concentrations, mass spectral profiles, diurnal variation
patterns, and correlations with other species [Ulbrich et al.,
2009; Zhang et al., 2011] (see also section 3.3). Two PMF
factors with Q/Qexp of 5.8 and the fpeak parameter of 0 are
considered to be an appropriate solution, the evaluation of
which is summarized in Figure S4. The seed value of 0 was
applied for the calculation, because Q/Qexp and the mass
fraction of PMF factors do not suggest the corresponding
solution to be exceptional as presented in Figure S5. The
mass spectra and the time series of the PMF solutions with
three and four factors (calculated with fpeak of 0) are shown
in Figure S6. The three-factor solution is not adopted, because
we cannot assign a specific source or type to one of the three
factors. The four-factor solution is not adopted either, because
we cannot provide a reasonable interpretation for the differ-
ences in two among four factors. More detailed explanations
on the three- and four-factor solutions are provided in section
S1. It should be noted that such solutions with a larger number
of factors are possibly associated with specific aerosol types or
sources and provide more insights into the processes and
sources of organics aerosols at WFRS. This is worth investi-
gating through an additional measurement in the future.

2.3. Filter Sampling

[13] Samples of total suspended particulates (TSP) were
collected on quartz fiber filters (8 × 10 inches) using a high-
volume air sampler (model AS-810B, Kimoto Electric)
placed on the ground. TSP sampling was performed each
daytime and nighttime, except when intensive sampling
was performed every 3 h (from 06:10 local time (LT) on
23 August to 05:50 LT on 24 August and from 06:10 LT
on 28 August to 06:10 LT on 29 August). By combining
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the averaged results from samples collected every 3 h and
those from the day/night samples, the daytime (start time:
06:00–10:30 LT; end time: 17:00–18:00 LT) and nighttime
(start time: 18:00–18:20 LT; end time: 05:50–06:30 LT) data
were analyzed. The water-soluble ionic species (Na+, NH4

+,
K+, Ca2+, Mg2+, MSA�, Cl�, NO2

�, NO3
�, PO4

3�, and
SO4

2�) in the TSP samples were determined using an ion
chromatograph (model 761, Metrohm). Organic carbon (OC)
and EC were measured using a thermal/optical carbon aerosol
analyzer (Sunset Laboratory Inc.) with a thermal optical trans-
mittance method under the Interagency Monitoring of
Protected Visual Environments protocol. The detection limits
of ionic species, OC, and EC, defined as 3 times the standard
deviation of field blanks, were 0.68 μgm�3 for OC and
2–49 ngm�3 for other components. In addition, ionic species,
OC, and EC in the PM0.95 samples [Han et al., 2013] are also
used for the discussion (note: a thermal optical transmittance
method was also used for the PM0.95 samples).

2.4. Air Mass Trajectories and CFORS Model

[14] Hourly backward trajectories of air masses that arrived
at WFRS (height: 500m agl and duration: 240 h) were
calculated for the entire period of the study using the Hybrid
Single-Particle Lagrangian Integrated Trajectory model
[Draxler and Rolph, 2003]. The concentrations of anthropo-
genic pollutants (averaged from the surface to 1000m height),
including carbon monoxide (CO) from biomass burning and
fuel combustion, sulfur dioxide (SO2), sulfate, OC, and black
carbon (BC), were forecasted by a regional-scale aerosol trans-
port model, the Chemical Weather Forecasting System
(CFORS, http://www-cfors.nies.go.jp/~cfors/). The algorithm
and application of the CFORS model are described in detail

by Uno et al. [2003, 2004]. The concentrations of anthropo-
genic pollutants at the location of 34.03°N, 135.45°E are
presented in the study.

3. Results and Discussion

[15] As reported by Han et al. [2013], four observation
days (06:00 LT on 26 August to 06:00 LT on 30 August
2010) were identified to experience NPF, which was charac-
terized by strong bursts of sub-30 nm particles that started at
~09:00 LT (except for one afternoon burst) and their subse-
quent growth. The NPF events were observed under the con-
dition of fewer preexisting particles, low-vapor condensation
sink, and low-particle coagulation sink. Here we present and
discuss the chemical characteristics of the observed aerosols
on nonevent (06:00 LT on 20 August to 06:00 LT on 26
August 2010) and NPF event days. Note that we define a
nominal day to be from 06:00 LT to 06:00 LT the following
day (e.g., 20 August (nominal) corresponds to 06:00 LT on
20 August to 06:00 LT on 21 August) when considering
the characteristics of the temporal variation of aerosol parti-
cles at WFRS. We focus on the characteristics of organics
in submicron aerosols over the studied forest area, including
their composition, sources, mass spectral profiles, temporal
evolution, and contribution to particle growth.

3.1. Overview of Aerosol Characteristics at WFRS

[16] Figure 1 presents the mass concentrations of compo-
nents quantified by the chemical analysis of aerosol filter
samples (TSP and PM0.95). The summedmass concentrations
of ionic species, OC, and EC in the TSP ranged from 3.0 to
25.4 μgm�3 with an average of 13.2μgm�3 for the entire
study. The total mass concentration of TSP was higher in
the daytime than in the nighttime, whereas the day/night vari-
ation of OC was not systematic. The average mass concentra-
tion of TSP components on nonevent days (18.9μgm�3) was
substantially higher than that on NPF event days (4.6μgm�3).
The summed mass concentrations of OC, SO4

2�, and NH4
+

accounted for, on average, 97% and 84% of total quantified
mass concentrations on nonevent and NPF event days, respec-
tively. The increased mass fraction of other minor components
on NPF event days was contributed mainly by Na+ and Cl�,
which are usually considered as the tracers of sea salt. This
is consistent with the backward trajectories of air masses that
originated mainly from the North Pacific on NPF event days
[Han et al., 2013].
[17] The total quantified components in PM0.95 contributed,

on average, 45% and 37% of those of the TSP on nonevent and
NPF event days, respectively (Figure 1b). The abundance of
aerosol components in coarse particles (> 0.95μm herein) at
WFRS is similar to that observed over a pristine Amazonian
rainforest (where the supermicron fraction accounted for
~70% of total particle mass concentration) [Pöschl et al.,
2010]. OC in PM0.95 accounted for, on average, 25.4% and
26.2% of that in the TSP on nonevent and NPF event days,
respectively, contrasting with values of 63.4% and 76.4% for
sulfate. The large mass fraction of organics in the coarse parti-
cles (> 0.95μm herein) might be associated with the presence
of primary biological aerosol particles [Després et al., 2012].
In this study, however, we focus on the submicron organic
aerosols at WFRS. Characterization of submicron organic
aerosols is important because SOA formed by oxidation of

Figure 1. Mass concentrations of three major species (OC,
SO4

2�, and NH4
+) and other minor components (Na+, K+,

Ca2+, Mg2+, MSA�, Cl�, NO2
�, NO3

�, PO4
3�, and EC) of

(a) TSP during the daytime and the nighttime and (b) TSP
and PM0.95 for every 2 days, based on chemical analysis of
aerosol filter samples. The capital letters D, N, T, and P over
the bars represent daytime, nighttime, TSP, and PM0.95, respec-
tively. The days presented are nominal days (section 2.3).
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gaseous organic precursors is abundant primarily in the
submicron size range, and most CCN might be composed
of submicron particles owing to their large number concen-
trations [Seinfeld and Pandis, 2006; Andreae and
Rosenfeld, 2008; Pöschl et al., 2010].
[18] The time series of the concentrations of gaseous and

particulate anthropogenic pollutants derived from the CFORS
model is shown in Figure 2. All the components had similar
patterns of temporal variation during this study; i.e., their
concentrations were relatively high on nonevent days
compared with the substantial decrease on NPF event days.
This is similar to the pattern of variation of the mass concen-
trations of chemical components of the TSP and PM0.95.

The CFORS-derived concentrations of the anthropogenic
species on nonevent days were, on average, about 3–17
times higher than on NPF event days. This result suggests
that aerosols at WFRS were influenced strongly by anthro-
pogenic pollutants on nonevent days, whereas such influ-
ence was much weaker on NPF event days.

3.2. Chemical Composition of NR-PM1

[19] Figure 3 presents the temporal variations of the mass
concentrations and mass fractions of the NR-PM1 species
obtained from the HR-AMS. The mean ± standard deviation
(σ) of NR-PM1 mass concentration was 4.0 ± 3.3μgm�3

for the entire study. The mean (± σ) mass concentration of
NR-PM1 on nonevent days (6.1 ± 2.7μgm�3) was 6.3 times
higher than that on NPF event days (1.0 ± 0.4μgm�3). The
contrasting results between nonevent and NPF event days
are similar to those derived from the off-line filter analysis
(Figure 1). This result further supports our conclusions
presented in the work of Han et al. [2013] that NPF events
occurred under relatively low aerosol loadings at WFRS.
[20] Organics, sulfate, and ammonium were three major

components, the sum of which accounted for, on average,
more than 96% of the total NR-PM1 mass. Organics, which
accounted for, on average, 46% of the total mass, was the
dominant component of NR-PM1 during most of the studied
period, followed by sulfate (41%) and ammonium (12%).
The mass fractions of organics, sulfate, and ammonium were
relatively constant on nonevent days, in comparison with the
pronounced variations on NPF event days. The average
mass fraction of organics on NPF event days (55%, ranging
from 9% to 86%) was higher than that on nonevent days
(45%, ranging from 12% to 66%). The enhanced mass frac-
tions of organics were accompanied by increases of particle
mode diameters during the daytime on NPF event days
(Figures 3b and 3c), suggesting that organics are associated

Figure 2. Time series of the concentrations of gaseous
(CO from biomass burning and fuel combustion and SO2)
and particulate (OC, BC, and sulfate) anthropogenic pollutants
(averaged from surface to 1000m height) derived from the
regional-scale aerosol transport model CFORS.

Figure 3. Time series of (a) mass concentrations (using a CE value of 0.2) and (b) mass fractions of NR-PM1

species (organics, sulfate, ammonium, nitrate, and chloride), and (c) particle number size distributions
(from Han et al. [2013] for comparison) in the studied period. The time series of Org/SO4 ratio and total
particle number concentrations (14–710 nm in dm) and the average mass fraction of NR-PM1 species on
nonevent and NPF event days (two pie charts) are also presented in Figure 3a. The areas shaded in light
red and green represent the nonevent and NPF event days, respectively.
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mainly with the growth of new particles. Nitrate and
chloride were the minor components throughout the study.
They accounted for, on average, 0.9% and 0.3% of the
NR-PM1 mass, respectively.
[21] The variation of the mass ratio of organics to sulfate

(Org/SO4 ratio) derived from the HR-AMS was small on non-
event days, contrasting with the pronounced variation between
daytime and nighttime on NPF event days (Figure 3a). This
indicates that the chemical composition of submicron aerosol
particles on nonevent days was distinct from that on NPF
event days. Figure 4 presents the hourly averaged Org/SO4

ratios with the backward trajectories of the air masses.
The mean (± σ) Org/SO4 ratios were 1.07 (± 0.36) and
1.81 (± 1.78) on nonevent and NPF event days, respectively.
The Org/SO4 ratios were persistently low on nonevent days
when air masses were mainly from the Asian continental re-
gion, in contrast with the highly variable ratios on NPF event
days when air masses were mainly from the North Pacific re-
gion. The mean Org/SO4 ratio on nonevent days was as low
as that for air masses originating from the Asian continent at
Fukue Island, Japan (mean: 1.05) [Takami et al., 2005].
High Org/SO4 ratios up to 7.3 (hourly average) were observed
only onNPF event days. The high Org/SO4 ratio onNPF event
days was caused mainly by the increase of the mass concentra-
tion of organics during the daytime. The pattern of strong
diurnal variation of the Org/SO4 ratio suggests that organics
were formed locally before the pattern was diminished by
the mixing during transportation. A similar result was also
obtained from the chemical analysis of PM0.95 samples, that
is, the average Org/SO4 ratios were 0.81 and 1.84 on nonevent
and NPF event days, respectively, on the assumption that the
mass concentration of organic matter is equal to 1.8 times that
of OC based on elemental analysis of the HR-AMS data.
[22] The patterns of the average diurnal variation of NR-PM1

species on nonevent and NPF event days are presented in
Figure 5. The mass concentrations of organics increased prom-
inently during the daytime on both nonevent and NPF event
days, which was most likely contributed by photochemically
formed BSOA. The higher mass concentration of organics in
NR-PM1 during the daytime than during the nighttime is dis-
tinct from the unsystematic day/night variation of organics in
the TSP (Figure 1a). The increase of organics in the daytime
on nonevent days was nearly a factor of 2 higher than that on
NPF event days. This is possibly because the gas-particle
partitioning of SOA shifted to the particle phase with the large

presence of aged regional aerosols on nonevent days. The
mass concentration of organics on NPF event days peaked at
~15:00 LT, which was about 2 h later than that on nonevent
days (~13:00 LT). One possible explanation for the later peak
on NPF event days is that partitioning of the semivolatile
secondary organics to the particle phase was suppressed until
the concentration of particulate OA, which absorb semivolatile
organics, increased substantially. The mass concentration of
sulfate increased at around 06:00–12:00 LT in the morning
on both nonevent and NPF event days, which might have been
due to the descent of sulfate-rich air aloft, followed by deposi-
tional losses within the mixing layer, and/or the photochemical
production of sulfate. The mass concentration of ammonium

Figure 4. Backward trajectories of air masses (resolution: 1 h and duration: 240 h) arrived at 500 m agl over
WFRS area on (a) nonevent and (b) NPF event days. The trajectories are colored by the HR-AMS-derived
Org/SO4 ratios at the starting time of the trajectories.

Figure 5. Averaged diurnal variations of the mass concen-
trations (using a CE value of 0.2) of NR-PM1 species (or-
ganics, sulfate, ammonium, and nitrate) on nonevent and
NPF event days. The colored lines with dots and the shaded
areas (or the black lines with open squares and the dashed
lines) represent the mean values and the ranges within the
standard deviation of the mass concentrations on nonevent
days (or NPF event days), respectively.
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was nearly constant on nonevent days, whereas it decreased
slightly during the daytime on NPF event days. Nitrate had
diurnal patterns similar to those of organics, implying the
presence of organic nitrate. Nitrate might have been in the
aerosols transported from outside of the forest area (mainly
on nonevent days), and it also might have been formed
from photochemical reactions of NOx emitted locally by
the soil.

3.3. Chemical Characteristics and Sources
of Organic Components

[23] PMF analysis of OA mass spectra identified two OOA
components, i.e., a highly oxidized, low-volatility OOA
(LV-OOA) and a less oxidized, semivolatile OOA (SV-OOA),
as shown in Figure 6. Herein, the naming of the components
is based on their similarities with those reported in previous
studies [e.g., Ng et al., 2010; Zhang et al., 2011] instead of
on their inherent volatilities. Note that these components are
not necessarily fully separate groups of organic compounds,
although they account for different masses of organics in the
studied aerosols. This is because intermolecular structures
within a molecule could be assigned to different components,
given that the measured mass spectra are as a result of frag-
mentation. The combustion-related hydrocarbon-like OA,
biomass burning OA, and cooking-related OA, which have
been observed at other sites [e.g., Huang et al., 2011; Sun
et al., 2011], are not resolved owing to the absence of such
sources. This is consistent with the low signals of their relevant
signatures (e.g., C4H9

+ for hydrocarbon-like OA, C2H4O2
+ for

biomass burning OA, and C6H10O
+ for cooking-related OA).

Furthermore, OA associated with the inflow of maritime air
masses (i.e., OA associated with marine sources) was not iden-
tified from the PMF analysis, suggesting the low concentration
of marine OA in the studied area. The identification of two
organic components at WFRS from the PMF analysis, both
of which are OOA, is similar to that in some other rural/remote

locations where submicron OA is almost completely domi-
nated by OOA [Jimenez et al., 2009].
[24] The mass spectrum of SV-OOA has a lower m/z 44

(mainly CO2
+) signal but higher signals of CxHyO1

+ and
CxHy

+ fragments, such as C2H3O
+ (m/z 43), C4H7

+ (m/z 55),
and C7H7

+ (m/z 91), compared with that of LV-OOA
(Figure 6a). The lower O/C ratio of SV-OOA (0.45, compared
with 0.67 for LV-OOA) suggests it is a less oxygenated and
relatively fresh organic component. The mass spectrum of
LV-OOA is characterized by a prominent CO2

+ peak and
relatively low signals in the high m/z range, which is similar
to that of the more oxidized OOA-1 reported in other studies
[e.g., Lanz et al., 2007; Ulbrich et al., 2009]. Such similarity
should be expected because OOA components observed at
various locations, which may have experienced aging pro-
cesses, would become more similar in their chemical struc-
tures with an increasing O/C ratio, regardless of their original
sources [Ng et al., 2010; Zhang et al., 2011].
[25] SV-OOA accounted for, on average, 46% and 57% of

the total OA on nonevent and NPF event days, respectively.
SV-OOA correlated positively with nitrate (r: 0.72; higher
than 0.66 for LV-OOA versus nitrate, Figure 6b). SV-OOA
also correlated positively with temperature (r: 0.54) and solar
radiation (r: 0.35) (data in 10min intervals), in contrast with
LV-OOA that showed almost no correlation with either
(r: 0.06 and�0.02, respectively). The diurnal patterns showed
that SV-OOA increased remarkably during the daytime with
the elevation of temperature and solar radiation on both
nonevent and NPF event days (Figure 7), implying its strong
association with photochemical secondary products from local
emissions. Based on these characteristics, we conclude that
SV-OOA consists to a significant extent of BSOA that is
freshly formed from the photochemical processing of BVOCs
in this forest atmosphere. It should be noted that SV-OOA
herein was not necessarily semivolatile in nature, given that
the aerosol volatility was not measured in this study.

Figure 6. (a) Mass spectra and time series of (b) the mass concentrations (using a CE value of 0.2) and
(c) the mass fractions of LV-OOA and SV-OOA resolved from the PMF analysis. The mass fraction of
the residual from the PMF analysis is also presented in Figure 6c.

HAN ET AL.: ORGANIC AEROSOL OVER A FOREST IN JAPAN

265



[26] LV-OOA was abundant mainly on nonevent days
(49% of total OA), whereas it was a minor fraction on NPF
event days (18% of total OA). LV-OOA correlated with
sulfate, especially during 22–30 August (r: 0.91), suggesting
its primary association with regional secondary products.
The average diurnal pattern of LV-OOA on nonevent days
was flat (Figure 7a), and thus, the contribution of local photo-
chemical formation to LV-OOA is not evident. Taking into
account the air mass origins (as shown in Figure 4), we infer
that LV-OOA on nonevent days is mainly an OA component
from the Asian continental region and the urban and indus-
trial areas of Japan. On NPF event days, however, some
increase was observed in the diurnal pattern of LV-OOA
(Figure 7b), suggesting that LV-OOA might be contributed
partly by locally formed SOA, possibly the aged BSOA.

Some residuals of organic mass concentration remained on
NPF event days (Figure 6c) in the PMF analysis, which is
likely associated with the variation of the mass spectra of
organic components, e.g., the further oxidation of SV-OOA.
[27] The representative mass spectra of BSOA can be

retrieved by an alternative method, i.e., by subtracting the
average mass spectrum of OA in the background period from
that in another period. The background period is defined as
the period with lowest OA mass concentration after mid-
night and before the daytime maximum (from the mean
values in Figure 5), i.e., 00:00–08:00 LT on nonevent days
and 05:00–08:00 LT on NPF event days. The difference
mass spectra of OAs on nonevent and NPF event days
(Figures 8a and 8c) are very similar to that of SV-OOA
(r: 0.96 and 0.995, respectively). This result suggests that
the increase of OA mass concentration on both nonevent
and NPF event days was contributed mainly by the forma-
tion of fresh SOA, most likely from local biogenic sources.
The mass spectra of the background OAs on nonevent and
NPF event days (Figures 8b and 8d) are similar to that of
LV-OOA (r: 0.999 and 0.88, respectively), and they are
considered to be mainly the aged regional OA and aged
locally formed SOA, respectively.
[28] The mass spectra of OA were analyzed using delta

(ion series) analysis, where each m/z in the mass spectrum
corresponds to a delta value, i.e.,Δ =m/z�14n+1 (�7≤Δ ≤6,
and n is the “nominal” number of the CH2 group) [McLafferty
and Tureček, 1993]. Chamber-experiment-derived BSOA is
characterized by the predominance of mass spectrum signals
at negative Δ values for the large m/z fragments compared
with anthropogenic SOA [Bahreini et al., 2005; Kiendler-
Scharr et al., 2009]. However, this characteristic of BSOA is
likely inapplicable to ambient BSOA, as explained below.
Figure 9 presents the average Δ values of fragments of OA
components with n from 1 to 4 (n1–4 fragments, m/z: 12–61)
and with n from 5 to 6 (n5–6 fragments, m/z: 62–89) from the
present study and other studies. Note that CO+ (m/z 28, Δ =1)
was not included in the analysis herein. The average Δ values

Figure 7. Averaged diurnal variations of mass concentra-
tions (using a CE value of 0.2) of LV-OOA and SV-OOA,
temperature, solar radiation, and relative humidity on
(a) nonevent and (b) NPF event days.
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of the n1–4 and n5–6 fragments of BSOA atWFRS are 1.13 and
�1.52, respectively, which are close to those of BSOA at rural
forested sites (1.03 ± 0.13 and �1.42 ± 0.27, respectively).
However, the Δ values of the n1–4 and n5–6 fragments of
BSOA at rural forested sites are within the ranges of those of
SV-OOA at urban sites (1.12± 0.22 and �1.35 ± 0.52,
respectively), and anthropogenic SOA at rural forested sites
(1.41 ± 0.65 and �1.44 ± 0.12, respectively). Furthermore,
the relative signal intensities of individual Δ values
(from �7 to 6) of BSOA are close to those of anthropogenic
SOA at rural forested sites and SV-OOA at urban sites
(Figure S9 in the supporting information). Therefore, the
characteristic of the mass spectrum of ambient BSOA is
not found based on the delta analysis herein. In addition
to the difference in the conditions (e.g., precursors and
oxidation pathways) from those of chamber studies, the aging
of freshly formed BSOA, as discussed in section 3.4, would
make it difficult to detect a universal mass spectral fingerprint
of ambient BSOA.

3.4. Temporal Evolution of BSOA

[29] A significant characteristic of the mass spectrum of
OA is found to be its time dependence, which indicates the
changes of the chemical composition of OA. Figure 10
presents the correlation coefficients (r) of the hourly averaged
mass spectra of OA on nonevent and NPF event days versus
the mass spectra of LV-OOA and SV-OOA. On NPF event
days, the r of OA versus SV-OOA increased at around

08:00–11:00 LT and remained constantly high until around
15:00 LT and then decreased slowly until midnight. The
r of OA versus LV-OOA increased slightly from around
11:00 LT until midnight. On nonevent days, the r of OA
versus SV-OOA increased at around 08:00–13:00 LT and then
decreased gradually, whereas the r of OA versus LV-OOA
showed the reverse trend after 10:00 LT. The continuous
change of r is explained, at least in part, by the formation
and chemical evolution of BSOA in this forest atmosphere.
[30] The evolution process of BSOA is investigated based

on the variations in the mass spectrum of OA, especially
those on NPF event days. Figure 11 presents the hourly aver-
aged f44 versus f43 (the fractions of m/z 44 and m/z 43 in the
mass spectrum of the OA, respectively), the CxOy

+ (herein
the sum of CO+ and CO2

+) fraction versus the CxHy
+ and

CxHyO1
+ fractions in the total OA, and the O/C ratio versus

the H/C ratio on nonevent and NPF event days. The diurnal
variations of these parameters on NPF event days were more
obvious in both the horizontal and vertical directions than on
the nonevent days, which is supposed to be affected by the
small abundance of aged regional OA on NPF event days
(as seen in Figure 7b). All the data points of f44 versus f43
reside in the middle part of the triangular region (Figures 11a
and 11b), where both more and less oxygenated organic com-
ponents at multiple sites are located [Ng et al., 2010].
[31] On NPF event days, the evolution process of BSOA

can be divided generally into three periods: those at
08:00–13:00 LT (P1), 13:00–23:00 LT (P2), and 23:00–next
05:00 LT (P3), according to the pattern of diurnal variation
of f44 versus f43 (Figure 11b). The background period is
05:00–08:00 LT, as explained in section 3.3 (Figure 8d).
After the background period with very low f43 and the lowest
f44, a significant increase of f43 and a slight increase of f44 were
observed at P1; the CxOy

+ fraction was nearly constant and the
CxHy

+ fraction decreased with an increase of the CxHyO1
+

fraction; the O/C ratio decreased, contrasting the increase of
the H/C ratio. These characteristics of the OA mass spectrum,
together with the significant increase of the mass concentra-
tions of SV-OOA at P1 (Figure 7b), suggest that the less oxy-
genated OA (herein BSOA) was formed substantially during
this period. Interestingly, at P2, f43 gradually decreased with
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a continued increase of f44 and an increase of the CxOy
+ frac-

tion occurred with a very slight decrease of the CxHy
+ fraction

and a substantial decrease of the CxHyO1
+ fraction; the O/C

ratio increased gradually, while the H/C ratio decreased.
These results suggest that OA at P2 became increasingly oxy-
genated, which is most likely associated with the aging process
of freshly formed BSOA (more details are given later). At P3,
nearly constant f43 and continuously decreasing f44 were
observed. The CxOy

+ fraction decreased with increases of both
the CxHy

+ and CxHyO1
+ fractions; the O/C ratio was almost

constant, while the H/C ratio decreased. These characteristics
and the quite lowmass concentration of OA (Figure 5) suggest
that aged BSOA were gradually replaced by the background
aerosols, which are possibly transported by maritime air from
the North Pacific. The less oxygenated characteristics of OA
at around 05:00 LT is consistent with the large fraction of
water-insoluble organic carbon in submicron marine aerosols
[O’Dowd et al., 2004]. Furthermore, organics from vegetation
(e.g., leaf wax) possibly constituted the background aerosol.
The results for individual days are presented in Figure S10.

It should be emphasized that the above mentioned patterns
of f44 versus f43, CxOy

+ versus CxHy
+, and CxOy

+ versus
CxHyO1

+ were observed mainly for the individual days of 28
and 29 August, whereas some features were not clear on 26
and 27 August.
[32] On nonevent days, all these parameters showed similar

patterns of diurnal variation. The highest values of f44, the
CxOy

+ fraction, and the O/C ratio were observed at around
04:00 LT, followed by their respective decreases until around
13:00 LT, after which they increased gradually to their maxi-
mum; comparatively, the patterns of variation of f43, the
CxHy

+ fraction, the CxHyO1
+ fraction, and the H/C ratio were

the opposite. The relatively small variations of these parame-
ters suggest that a large fraction of the OA was well aged on
nonevent days, being consistent with the large presence of
aged regional OA. Aged regional OA (Figure 8b) is charac-
terized by a highest f44 and a lowest f43 values at around
00:00–08:00 LT. A continued decrease of f44, the CxOy

+

fraction, and the O/C ratio at around 08:00–13:00 LT suggests
that OA became less oxidized when fresh SOA, probably from

Figure 11. Diurnal variations of (a and b) f44 versus f43, (c and d) CxOy
+ fraction versus CxHy

+ fraction
in OA, (e and f) CxOy

+ fraction versus CxHyOz
+ fraction, and (g and h) O/C versus H/C on nonevent

(solid squares) and NPF event days (solid circles), respectively. Hourly averaged values are presented.
The solid triangles show the values derived from the differences in the mass spectra at the aging period
(13:00–23:00 LT) from those at the background period (05:00–08:00 LT) on NPF event days. In
Figures 11a and 11b, the triangular space defined by two dashed lines is from Ng et al. [2010] and the bars
represent the standard deviation of the mean values at 00:00–01:00 LT, 06:00–07:00 LT, 12:00–13:00 LT,
and 18:00–19:00 LT for individual days. In Figures 11c–11h, bars represent the standard deviation of the
mean values at 12:00–13:00 LT and 18:00–19:00 LT for individual days. Data on 27 August are not
included because those at 09:00–12:00 LT are not available.
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local biogenic sources, were added to the atmosphere and
mixed with the aged regional OA. Their increase after
13:00 LT was possibly caused by the aging of the BSOA, as
suggested for the NPF event days and/or by the decreased frac-
tion of BSOA with respect to the aged regional OA. The var-
iations in the mass spectrum of OA throughout the day could
also be explained by the possible changes of the contributions
from different parts of the forest with different vegetation.
However, we do not regard this possibility as the most likely
cause, because Japanese cedar and Japanese cypress cover a
large part of the Kii Peninsula [Okumura, 2009].
[33] Whereas the aging of freshly formed BSOA probably

occurred after midday (around 13:00 LT) on both nonevent
and NPF event days in this forest atmosphere, the very low
abundance of aged regional OA on NPF event days provides
ideal conditions to study the chemical evolution of BSOA.
The aging of freshly formed BSOA on NPF event days is
expected to proceed through several pathways: (1) the mixing
of BSOA with background aerosols, (2) uptake (e.g., conden-
sation, absorption, and diffusion) of oxidized organic vapors
or semivolatile species on BSOA particles, and (3) oxidation
reactions of BSOA with oxidants such as OH radicals, O3,
and nitrate radicals. To rule out the mixing effects on the aging
of BSOA, the difference between the aging period (P2) and the
background period (05:00–08:00 LT) were calculated for f44
versus f43 and for the CxOy

+ fraction versus the CxHy
+ and

CxHyO1
+ fractions. As shown in Figures 11b, 11d, and 11f,

all these parameters showed patterns of variation similar to
those with the mixing effects, suggesting that the aging of
BSOA is not driven significantly by mixing with background
aerosols. The uptake of oxidized organic vapors or oxidized
semivolatile organics on BSOA particles is possibly one of
the causes for the aging of freshly formed BSOA, although
there is no clear evidence for the large contribution of this
process to the continued increase of f44 at P2.
[34] The aging of freshly formed BSOA at P2 is also

explained by its oxidation via heterogeneous and multiphase
reactions [Rudich et al., 2007]. The oxidation reactions
would play a significant role in the aging of freshly formed
BSOA, because f44, the CxOy

+ fraction, and the O/C ratio at
P2 increased continuously. Heterogeneous reactions between
BSOA in the organic phase and gaseous oxidants are possi-
bly limited because the organic phase of BSOA would pres-
ent in a glassy (amorphous solid) state, which reduces the
rates of heterogeneous reactions [Virtanen et al., 2010].
The oxidation of BSOA would occur preferentially in the
aqueous phase because relative humidity was very high in
this forest atmosphere (Figure 7b, the hourly averaged rela-
tive humidity was in the range of 74%–97%), especially in
the nighttime. Aerosol water under subsaturated water vapor
conditions could be important for the formation of SOA in
the aqueous phase, given that SOA formation in the aqueous
phase would be comparatively important in cloud and aerosol
water [Ervens et al., 2011]. If this is the case, the large
increase of the CxOy

+ fraction with the relatively small
changes of the CxHy

+ fraction at P2 (Figure 11d) can be
explained by the oxidation of the less oxygenated functional
group, e.g., conversion of an aldehyde group to a carboxyl
group in the aqueous phase [Ervens et al., 2004]. This expla-
nation is hypothetical, but it is in line with the recent under-
standing that aqueous phase organic reactions can play a
vital role in the formation and aging of SOA and can also

explain the high oxidation state of ambient OA [Ervens
et al., 2011]. The reactions of monoterpenes with O3 may
provide the OH radicals in the nighttime [Kanaya et al.,
2007], a part of which may be transferred to the aqueous
phase. Furthermore, NO3 radicals originating from NOx in
the soil and O3 were possibly present and could have contrib-
uted to the aqueous phase reactions.

3.5. Contribution of Organics to Particle Growth

[35] Although the mass spectra (and presumably the com-
position) of the BSOA formed on nonevent and NPF event
days are similar (section 3.3), their resulting size distributions
are quite different. Figure 12 presents the patterns of diurnal
variation of size-resolved particle volume concentrations,
vapor condensation sinks (CS) [seeHan et al., 2013], and mass
concentrations of organics and sulfate on nonevent and NPF
event days. The diurnal patterns of volume concentration and
condensation sink on nonevent days showed clear unimodal
distributions peaking at ~350 nm and ~250 nm in dm, respec-
tively, in the accumulation size range (Figures 12a and 12b).
Dissimilarly, they showed bimodal distributions in the Aitken
and the accumulation size ranges at around 09:00–22:00 LT
on NPF event days. In the period when the Aitken mode grew
toward a larger diameter, the diameter of the accumulation
mode changed only slightly. The increases of particle volume
concentration and vapor CS in the Aitken size range on NPF
event days coincided with the growth of new particles
(Figure 3c). The high CS in the Aitken mode on NPF event
days indicates the large potential of gas-to-particle conversion
of VOCs in this size range.
[36] Organics had a broader size distribution with the

hourly geometric standard deviation in the range of 1.9–2.5
on NPF event days, compared with 1.6–1.9 on nonevent days.
The mass concentration of organics below 150nm in dva
increased substantially at around 11:00–20:00 LT on NPF
event days, whereas no obvious increase was found for sulfate
(Figures 12c and 12d). Organics below 150 nm in dva
increased with the enhanced CS in the Aitken mode, suggesting
that the growth of new particles is contributed primarily by
organics formed from gas-to-particle conversion of BVOCs.
This result indicates the dominant role of organics in the growth
of new particles, as was reported at several urban and rural/
remote sites [e.g., Allan et al., 2006; Ahlm et al., 2012; Setyan
et al., 2012]. Organics and sulfate were dominant mainly at
~350nm and ~400nm in dva on NPF event days, respectively,
in contrast to those at ~500nm and ~600nm in dva on nonevent
days. The larger mode diameters of organics and sulfate on non-
event days can be explained by the presence of aged regional
aerosols with long residence time [Zhang et al., 2005] and by
the absorption of BSOA by the accumulation mode particles
with large volume concentrations.
[37] The formation of BSOA was also important to the

increase of the particles in the CCN-sized range in the studied
area. Figure 13 presents the diurnal patterns of the mass
concentrations and the mass fractions of organics and sulfate
at 60–150 nm, 150–300 nm, and 300–1000 nm in dva. On
NPF event days, the mass concentrations of organics in the
small size ranges (60–150 nm and 150–300 nm in dva)
increased substantially at around 09:00–24:00 LT; by contrast,
almost no increase was observed for sulfate. Particles at
60–150 nm in dva (around 43–106 nm in particle volume
equivalent diameter dve; see conversion method in S2 of
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Figure 12. Averaged diurnal variations of size-resolved (a) particle volume concentrations, (b) vapor
condensation sinks, and mass concentrations (using a CE value of 0.2) of (c) organics and (d) sulfate on
nonevent and NPF event days. The black lines with dots and the dashed lines represent the geometric mean
diameters and the geometric standard deviations, respectively.

Figure 13. Averaged diurnal variations of the mass concentrations (using a CE value of 0.2) and the mass
fractions of (a) organics and (b) sulfate in the size ranges of 60–150 nm, 150–300 nm, and 300–1000 nm in
dva on nonevent and NPF event days. The negative values, e.g., at 60–150 nm on nonevent days, may be
due to an imperfect subtraction of the baseline for particle time-of-flight signals and/or imperfect processing
using the fragmental table. We regard that the bias is small for the assessment of the differences in the
diurnal variations in different size ranges.
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the supporting information) were presumably around the
CCN activation diameter (dact, ~90 nm in dve, as proposed
by Han et al. [2013]), and particles at 150–300 nm and
300–1000 nm in dva (around 100–200 nm and 187–624 nm
in dve, respectively) were presumably above dact and poten-
tial CCN active particles. The substantial increase of
organics at 60–300 nm in dva instead of sulfate on NPF
event days suggests that BSOA played a dominant role in
the increase of CCN-sized particles by leading to the growth
of newly formed particles.
[38] Even on nonevent days, the increase of CCN-sized

particles would be contributed largely by the formation of
BSOA in the daytime. Although the increase of the mass con-
centration of organics at 60–150 nm in dva (around 43–106 nm
in dve) was weak, a substantial increase of organics at
150–300 nm in dva (around 102–204 nm in dve) was observed
at 09:00–18:00 LT on nonevent days. Because there was no
synchronous increase of sulfate in both size ranges, the in-
crease of CCN should have been governed by the formation
of BSOA. Sulfate was present mainly in the particles at
300–1000 nm in dva (around 186–620 nm in dve), but the
contributions of these particles to the increase of CCN
may be limited because of the low number concentrations
of the large-sized particles.

4. Conclusions

[39] Aerosol particles were measured using an Aerodyne
HR-ToF-AMS at a forest site in Wakayama, Japan, during
summer 2010. Off-line analysis of aerosol samples indicates
that submicron organic fraction accounted for, on average,
~26% of the mass concentration of the total OA. Results from
the CFORS model suggest that aerosols at WFRS were
influenced strongly by anthropogenic pollutants on nonevent
days, whereas such influence was much weaker on NPF event
days. Organics, sulfate, and ammonium accounted for more
than 96% of NR-PM1 mass. High mass ratios of organics to
sulfate on NPF event days were likely associated with OA
originating from local emissions in the forest. PMF analysis
of OAmass spectra identified two oxygenated organic compo-
nents: LV-OOA and SV-OOA, which are interpreted mainly
as aged regional OA and locally formed BSOA, respectively.
PMF solutions with a larger number of factors, which may
provide more insights into the processes and sources of
organics aerosols at WFRS, are worthy of further study. The
mass spectra of BSOA on nonevent and NPF event days can
be retrieved by an alternative method. A characteristic of
chamber-derived BSOA, i.e., the dominance of mass spectrum
signals with negative delta values for larger fragments, is
likely inapplicable to ambient BSOA based on the delta anal-
ysis of OA mass spectra. An increase in the mass concentra-
tion of SV-OOA during the daytime suggests a strong
photochemical production of BSOA on both nonevent and
NPF event days. Increases of f44, the fraction of CxOy

+ frag-
ment, and the O/C ratio after midday (around 13:00 LT)
suggest that OA became increasingly oxygenated, which can
be explained by the aging process of freshly formed BSOA.
Aqueous phase oxidation reactions are potentially an impor-
tant pathway for the aging of BSOA under the conditions of
high relative humidity in this forest atmosphere. The increased
mass concentration of organics with the enhanced CS in the
Aitken size range suggests that particle growth was

contributed primarily by organics originating from gas-to-par-
ticle conversion of BVOCs. Substantial increases in the mass
concentrations of organics in the small size range suggest that
the formation of BSOA made a dominant contribution to the
CCN-sized particles in the studied forest area. Further investi-
gation of aerosol particles over forest areas, at which inflow of
cleanmaritime air masses is expected (likeWFRS), is valuable
for understanding the formation and evolution processes of
BSOA and the contribution to the production of CCN and
cloud droplets.
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