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Abstract
Terrestrial biogenic emissions of organics can affect the cloud condensation nuclei (CCN)
activity and optical properties of atmospheric aerosols, and subsequently impact climate
change. Large uncertainties exist in how different types of biogenic emissions and changes in
the emission strength affect the formation of organic aerosol and its subsequent CCN activity.
In order to investigate the effects of biogenic organic compounds on the CCN properties, two
field experiments were made at suburban (Sapporo) and cool-temperate forest (Tomakomai)
sites to measure the chemical composition, particle hygroscopicity, and CCN properties of
submicron aerosols.
The time-resolved online measurements of submicron aerosols at the suburban site in
summer showed that temporal variation in the CCN activity, described by the hygroscopicity
parameter κ, was closely related to changes in the chemical composition and mixing state of
aerosols. The temporal variation of water-soluble organic matter (WSOM)-to-sulfate ratio was
closely linked to that of κ, where WSOM was likely dominated by the influence of biogenic
sources. From a two year-long measurement of water-soluble aerosols at the forest site, κ
derived from CCN measurements (κCCN) exhibited a distinct seasonal trend with a minimum in
autumn. The results also showed that κCCN depends on the WSOM/sulfate ratio, where the
significant reduction in the κCCN values in autumn was linked to the increase of WSOM.
Positive matrix factorization analysis indicates that α-pinene derived secondary organic
aerosols (SOA) substantially contributed to the WSOM mass (~75%) in autumn, the majority
of which was attributable to emissions from litter/soil near the forest floor. These findings
suggest that WSOM, most likely originated from the forest floor, can significantly suppress the
CCN activity of aerosols in cool-temperate forests. The reduction of the CCN activity can be
explained by α-pinene derived SOA coating pre-existing hygroscopic particles, which was
estimated to reduce the number of activated CCN particles by ~32% in autumn. Considering
VI

the atmospheric lifetime of α-pinene derived SOA, emissions of α-pinene from the forest floor
can affect the activation of CCN within the spatial scale of ~800 km (τ = ~3 days).
Comparison of the filter-based aerosol measurements with aerosol optical properties
retrieved from a Sky Radiometer at the forest site showed that the increased aerosol mass in
the forest canopy corresponded to increase in the aerosol optical depth of fine mode particles
(diameter < 1 µm) in autumn. In summer, the increased mass fraction of sulfate was linked to
the enhanced properties of aerosol scattering. In contrast, the increase in the mass fraction of
WSOM in autumn was found to be mainly associated with more absorbing characteristics of
aerosols. This suggests that the biogenic organic aerosols at the forest site can modify the
aerosol optical properties on a regional scale. The overall results demonstrate that changes in
types and amounts of biogenic organic emissions in cool-temperate forests can control the
cloud forming potential and can affect the aerosol optical properties. This study has important
implications for predicting regional climate effects by changes in biogenic emissions of
organics in the future.
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1. General Introduction

1.1 Biogenic aerosols and their effects on climate
Atmospheric aerosols are suspended solid or liquid particles in the atmosphere, which
have the size range from a few nanometers to tens of micrometers in diameter [Seinfeld and
Pandis, 2006]. Aerosol particles with sizes between 10 nm to 1 µm in diameter have typical
residence times from days to weeks in the atmosphere [Seinfeld and Pandis, 2006], and play a
key role in the climate system as they control the atmospheric radiative forcing. They can affect
the radiative forcing directly by absorbing and scattering radiation [Ångström, 1964], and
indirectly by acting as cloud condensation nuclei (CCN) to form cloud particles, which leads
to changes in the albedo (and thus ambient temperature) and precipitation [Twomey, 1974;
Albrecht, 1989].

Figure 1.1 Schematic of mechanisms for the possible impact of biogenic emissions of organics on the
climate.
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Aerosols are emitted directly into the atmosphere in particle phase (primary aerosols) or
formed by gas-to-particle conversion processes (secondary aerosol). Both primary and
secondary aerosols have anthropogenic sources such as traffic and industrial emissions, and
natural sources such as terrestrial vegetation, microbial activities in terrestrial and marine
environments. Organic material contribute significantly to the submicron aerosol mass up to
~90%, especially in regions influenced by biogenic sources [Kanakidou et al., 2005]. Figure
1.1 illustrates the general mechanism of how biogenic emissions impact the climate. Primary
biological aerosol particle (PBAP) include pollen, bacteria, fungal spores and their fragments.
The emission of biogenic volatile organic compounds (BVOCs) can lead to the subsequent
formation of biogenic secondary organic aerosol (BSOA). Globally, the dominant components
of BVOCs are isoprene (C5H8, 750 TgC yr−1) and monoterpenes (C10H16, 250 TgC yr−1), both
of which are the major precursors of BSOA [Guenther et al., 1995; Wiedinmyer et al., 2004].
Within the atmospheric boundary layer, photooxidation in the gas-phase of isoprene and αpinene with hydroxyl radicals (OH), ozone (O3), or nitrate radicals (NO3) leads to the formation
of low volatile oxidation products that condense to form BSOA [Claeys, 2004; Ng et al., 2008;
Zhang et al., 2015]. Additional yield of BSOA can result from the oxidation in the aqueousphase such as cloud droplets [Carlton et al., 2009; Aljawhary et al., 2015]. Andreae and
Crutzen [1997] estimated the global production of BSOA of 30 Tg yr−1 to 270 Tg yr−1. This
amount is comparable to that of sulfate aerosols (90 Tg yr−1 to 140 Tg yr−1). In particular, boreal
and cool-temperate forests can serve as important sources of monoterpene [Guenther et al.,
1995; Rinne et al., 2009]. These forest region covers 14 million km2 on the global surface,
which is the second largest forest region in the world [FAO, 2001].
Figure 1.2 presents the estimated ranges of the aerosol indirect radiative effect (AIE)
induced by biogenic aerosols, together with the intermediate values of AIE, for global and the
boreal forest region in summer. In general, the direct and indirect radiative effects of biogenic
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organic aerosols is expected to induce atmospheric cooling [e.g., Lihavainen et al., 2009; Scott
et al., 2014]. However, large uncertainties exist in the estimate of the radiative forcing,
especially for the indirect radiative effect, because of the uncertainties in the aerosol–cloud
interaction [Intergovernmental Panel on Climate Change (IPCC), 2014]. Recent studies
pointed out that large uncertainties of the AIE are attributable to uncertainties in the emissions
and characteristics of biogenic aerosols, as well as in the feedback of aerosols on the
biogeochemical cycles [Mahowald, 2011; Carslaw et al., 2013]. Moreover, the major
uncertainties also include the hygroscopic properties of organic aerosols [Liu and Wang, 2010].
As shown in Figure 1.2, the AIE due to biogenic aerosols ranges from atmospheric cooling
(−0.77 W m−2) to warming (+0.23 W m−2) [e.g., O’Donnell et al., 2011; Rap et al., 2013; Scott
et al., 2014]. On the other hand, uncertainties in biogenic emissions dominated by monoterpene

Figure 1.2 Estimated ranges of the aerosol indirect radiative effect (AIE) induced by biogenic
aerosols. The intermediate values of AIE are −0.3 ± 0.5 W m−2 and −4.1 ± 2.3 W m−2 for the global
estimate [e.g., O’Donnell et al., 2011; Rap et al., 2013; Scott et al., 2014] and for the boreal forests in
summer [Spracklen et al., 2008; Lihavainen et al., 2009], respectively.
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in boreal forests in summer lead to the negative feedback on the regional climate with a wide
range of −1.8 W m−2 to −6.4 W m−2 [Spracklen et al., 2008; Lihavainen et al., 2009] (Figure
1.2). These large variations emphasize the necessity to comprehensively understand the effects
of terrestrial biogenic emissions of organics on the cloud forming potential of atmospheric
aerosols to minimize these large uncertainties, particularly in cold regions.

1.2 Hygroscopicity and Cloud Condensation Nuclei (CCN) activity of
biogenic aerosols
Biogenic aerosols can affect the cloud formation and the properties of clouds by acting as
and/or altering cloud condensation nuclei (CCN). The cloud forming potential of aerosols
depends on chemical composition, sizes, and the mixing state of particles, which determine the
aerosol hygroscopicity and the CCN activity [e.g., McFiggans et al., 2006; Farmer et al., 2015].
Dusek et al. [2006] suggested that CCN activity primarily depends on particle sizes, whereas
Burkart et al. [2011] showed that the complexity in externally and internally mixed aerosols
prevents us from accurately predicting CCN activation from the size distributions alone.
Among the chemical and physical properties of particles, the major factors controlling the
activation of CCN include particle solubility and hygroscopicity, which are functions of the
chemical composition of aerosol [McFiggans et al., 2006; Lee et al., 2010].
Figure 1.3 shows the relative humidity and supersaturation (SS) around a droplet as a
function of the droplet diameter for different chemical components. The Köhler theory [Wex et
al., 2008] represents the competition between the following two effects: the Kelvin effect and
the Raoult effect. The former effect represents the surface tension and accounts for enhanced
vapor pressure due to the curvature of the droplet. This is reflected by an increase of the SS
around the droplet, which suppresses its activation to form a cloud droplet. The Raoult effect
represents the solute mass which depresses the vapor pressure due to dissolved mass. This is
reflected by a decrease of the SS, which facilitates the cloud droplet formation [McFiggans et
4

al., 2006] (Figure 1.3). The critical value for the activation is the maximum SS around the
droplet as represented by the peaks of the curves in Figure 1.3. Specifically, the competition
of Kelvin effect and Raoult effect determines this level of SS, which is defined as critical
supersaturation (SSc) at the corresponding droplet diameter. SSc depends on the chemical
composition of the solute. If the ambient air has a value of SS larger than the SSc threshold of
the droplet, then it leads to the growth to a cloud droplet with sizes of several tens of µm
[Seinfeld and Pandis, 2006]. For single inorganic compounds like ammonium sulfate, the
activation characteristic is well understood. In contrast, SSc for organics is highly uncertain,
especially when organics are mixed with inorganics in ambient aerosols.

Figure 1.3 Critical supersaturation for activation (SSc). The figure is based on McFiggans et al.
[2006] and Frosch et al. [2011]. The variation of the relative humidity and supersaturation adjacent to
a solution droplet containing organics (blue broken line), ammonium sulfate + organics (red line), and
ammonium sulfate (green dotted line). All of the colored lines are called Köhler curves.
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The single hygroscopicity parameter κ, parameterized by the κ-Köhler theory, describes
the influence of the chemical composition on the CCN activity of aerosol particles of a specific
diameter [Petters and Kreidenweis, 2007]. κ is calculated as follows:

κ(SS, Ddry ) ≈

A=

4 A3
27 D3dry ln2 SSc

4 σs/a Mw
R T ρw

(1.1)

(1.2)

where SSc represents the critical supersaturation for activation, Ddry is the particle dry diameter,
ρW is the density of water, MW is the molar mass of water, σs/a is the surface tension of the pure
water–air interface (σs/a = 0.072 J m−2), R is the universal gas constant, and T is the absolute
temperature (T = 298 K). κ represents a scaled volume fraction of soluble material in particles
and provides a theoretical framework to derive bulk hygroscopicity for particles with internal
mixtures.
Figure 1.4 illustrates the dependence of the CCN activation on the SS and the Ddry. κ can
be determined by obtaining the activation diameter (Dact) of the particle at the corresponding
SS followed by using equation 1.1. Dact of CCN is the Ddry at which 50% of the number of the
total particles (NCN) are activated as CCN (NCCN). Highly hygroscopic particles can be
activated at low SS with small particle diameter, which is represented by large κ values. κ∼1.4
is recognized as an upper limit for the most hygroscopic particles typically found in the
atmosphere [Petters and Kreidenweis, 2007]. On the other hand, κ = 0 represents nonhygroscopic particles.
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Figure 1.4 Dependence of the CCN activation on the supersaturation (SS) and the particle dry
diameter, which is described by the hygroscopicity parameter kappa (κ) [Petters and Kreidenweis,
2007; Parmonov et al., 2013; Whitehead et al., 2016].

Sulfate aerosol is one of the most effective component to activate particles as CCN
[Seinfeld and Pandis, 2006] with κ values of greater than 0.6. On the other hand, primary
organic aerosols (POA) generally have lower κ values between 0 and 0.1 [Sun and Ariya, 2006;
Petters and Kreidenweis, 2007; Duplissy et al., 2011]. Atmospheric aging and the formation
of secondary organic aerosols (SOA) can change the CCN activity. This is typically attributable
to changes in the surface composition of particles by heterogeneous oxidation and the resulting
changes in the particle’s ability to uptake water.
Previous studies reported that the value of κ for bulk SOA ranges between 0 and ~0.4
[Engelhart et al., 2008]; these values likely represent the volume-weighted average of a broader
range of κ values for each constituent [Suda et al., 2012]. For example, the oxidation products
of 3-methylfuran with OH in the presence of NOx have κ = 0.06 [Suda et al., 2012], whereas κ
values reported for SOA derived from monoterpene and isoprene are 0.10−0.15 [Prenni et al.,
7

2007; Engelhart et al., 2008] and 0.10−0.12 [King et al., 2010; Engelhart et al., 2011],
respectively. In forested environments, BSOA show κ values of typically below 0.3 obtained
in intensive field studies [e.g., Levin et al., 2014; Whitehead et al., 2016], while studies of longterm measurements showed lower κ values in summer, which was attributed to increased
emissions of BVOCs in that season. However, those previous studies had limited chemical
measurements available to confirm that interpretation [e.g., Fors et al., 2011; Paramonov et
al., 2013]. Furthermore, a change in the CCN activity can be the result of the mixing of
chemical species with different hygroscopic properties. Therefore, the formation and
abundance of water-soluble biogenic organic aerosol relative to sulfate can modify the CCN
activity when organics are mixed with sulfate in a particle. The mixing state can change the
surface composition and water affinity of the particle.
The complexity of the chemical composition and mixing state of aerosol particles,
particularly for the organic fraction, prevents atmospheric models from accurately reproducing
and predicting the aerosol–cloud interaction. The formation and abundance of biogenic organic
aerosol relative to hygroscopic components are expected to modify the CCN activity of
particles, and thus can change the cloud properties. Therefore, comprehensive field
measurements of chemical composition and mixing state of biogenic aerosols together with
their effect on the CCN activity is needed to accurately predict the global distribution of CCN
and their impact on climate change.
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1.3 Objectives of this thesis
The objective of this thesis is to elucidate the effects of terrestrial biogenic emissions of
organics on the CCN properties and optical properties of atmospheric aerosols. This study
investigates how different types of biogenic emissions and changes in the emission strength of
biogenic sources can affect the formation of organic aerosol (OA) and its subsequent impact
on the CCN properties. In particular, it is still controversial how biogenic aerosols affect the
radiative forcing when they are mixed with anthropogenic aerosols. Two field experiments
were made at a suburban site in Sapporo (Chapter 2) and a cool-temperate forest in Tomakomai
(Chapter 3), whose locations are shown in Figure 1.5, to measure the chemical composition,
particle hygroscopicity, and CCN properties of submicron aerosols. Additionally, filter-based
measurements were compared with aerosol optical properties obtained at the same forest site
to investigate how the biogenic emissions of organics are linked to the radiative effect
(Chapter 4).

Figure 1.5 Locations of the two study sides in suburban Sapporo and the cool-temperate forest in
Tomakomai.
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Chapter 2. Effects of Chemical Composition and
Mixing State on Size-Resolved Hygroscopicity and
Cloud Condensation Nuclei Activity of Submicron
Aerosols at a Suburban Site in Summer
2.1 Introduction
Among the chemical and physical properties of particles, solubility and hygroscopicity
play important roles in the complex aerosol–cloud interaction beside the number concentration,
sizes, and mixing state of chemical species in aerosol particles [McFiggans et al., 2006; Lee et
al., 2010]. The dependence of the hygroscopicity and cloud condensation nuclei (CCN) activity
on the chemical composition and mixing state can be determined by the single hygroscopicity
parameter κ (Chapter 1.2). The hygroscopic properties of single compounds, such as
hygroscopic sulfate (κ = 0.6) or hydrophobic elemental carbon (EC, κ = 0), are well understood
[Seinfeld and Pandis, 2006]. However, κ for aersols with complex chemical mixtures is still
uncertain, which can change associated with photochemical oxidation in the atmosphere.
Specifically, the atmospheric processing of particles and the subsequent formation of
secondary organic aerosol (SOA) can affect the hygroscopicity and CCN activity of the
aerosols. The processing of aerosols depends on various chemical and physical reactions in the
atmosphere as well as differences in their origin and transport processes. Understanding how
such processes lead to changes in the particle size and particle chemical composition, and how
they are interrelated is important to accurately reproduce the global distributions of CCN and
their impacts on climate change. Due to the complexity of the atmospheric processing, timeresolved field measurements relating CCN activity to hygroscopicity and chemical
composition have been extensively conducted in previous studies [Fors et al., 2011; Jurányi et
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al., 2011; Sihto et al., 2011; Silvergren et al., 2014; Kawana et al., 2016]. In spite of the
importance of the size dependence of aerosol hygroscopicity and CCN properties, field studies
are limited on size-resolved hygroscopicity and cloud forming potential of atmospheric
particles affected by both anthropogenic and biogenic sources.
The objective of this chapter is to understand the impact of aerosol composition on both
subsaturated and supersaturated particle hygroscopicity in anthropogenic and biogenic aerosols.
Simultaneous measurements of size-resolved CCN concentrations, hygroscopic growth,
particle size distributions, and chemical composition in submicron aerosols were made at a
suburban site in northern Japan in the summer of 2008. In spite of the suburban environment,
the observational site has been suggested to be largerly influenced by biogenic sources in
addition to anthropogenic sources, especially in summer [Pavuluri et al., 2013]. Therefore, the
study site provides unique opportunities to investigate the effects of inhomogeneity of sources
and aerosol aging on CCN activity. This chapter discusses the relevance of the aerosol mixing
state, chemical composition, and different possible sources.

2.2 Experiments
2.2.1 Measurement site
Figure 2.1 shows the location of the measurement site and the surrounding area. The site
is located at the campus of Hokkaido University (43º3’56’’ N and 141º21’27’’ E) at the north
of the downtown area of Sapporo, northern Japan. The study site, which belongs to the cool
temperate zone, is surrounded by vegetation and residential areas. Urban industrial areas are
located south to east, whereas vegetation and residential areas are located in west to northwest
of the sampling site.
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Figure 2.1 Location of the measurement site at north campus of Hokkaido University, Sapporo,
northern Japan (43˚3’56’’ N and 141˚21’27’’ E). Map data ©2016 Google, ZENRIN; Imagery ©2016
Google, DigitalGlobe, (https://maps.google.com/). Maps are modified with Microsoft PowerPoint 2013.

Ambient aerosol measurements were carried out during the period of July 1 to 17, 2008.
Previous field studies suggested that, in summer, both isoprene- and α-pinene-derived SOA
similarly contribute to the production of the water-soluble organic carbon (WSOC) mass in
aerosols at the same site and at a nearby forest site [Miyazaki et al., 2012; Pavuluri et al., 2013].
Consequently, similar contributions of isoprene and α-pinene emissions are expected to affect
ambient aerosols at this site in summer. During the study period, the average temperature was
21.0°C ± 2.7°C, while precipitation was only observed on July 11. The ambient aerosols were
sampled through a PM1.0 cyclone inlet. The sampled aerosols were then introduced to each online instrument as explained below.

2.2.2 CCN and particle number size distribution
Figure 2.2 shows the instrument setup for the measurements of the CCN, hygroscopic
growth factors (GF), and particle size distributions. Ambient aerosol particles (PM1.0) were
dried at relative humidity (RH) < 5% with two diffusion dryers filled with silica gel and a
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molecular sieve. Number concentrations of CCN (NCCN) were measured as a function of dry
diameter (Ddry, RH < 5%) and supersaturation using a continuous-flow thermal-gradient Cloud
Condensation Nuclei counter (CCNC-100: Droplet Measurement Technologies) [Roberts and
Nenes, 2005]. The CCN counter was operated in parallel with a condensation nuclei (CN)
counter (CPC 1; TSI, Model 3010) downstream of a differential mobility analyzer (DMA 1:
TSI Model 3081) (Figure 2.2) to obtain the total particle number concentration (NCN).

Figure 2.2 Schematic of the experimental setup for the HTDMA, CCNC, and SMPS.

The total flow rate of air into the CCN counter was 0.5 L min−1 with the ratio of sheath to
sample flows of ~10. The CCN counter was stepped through four different column temperature
gradients, which were calibrated to supersaturations (SS) of 0.10%, 0.30%, 0.50%, and 0.80%.
The concentration of CCN was measured for particles with Ddry ranging from 20.2 to 429 nm
for 1.5 h at each SS. The residence time of the particles in the column was ∼10 s, which is
sufficient for the particles to grow to droplets with diameters between 0.75 µm and 1 µm
[Paramonov et al., 2013]. Calibration of the CCN counter was performed using ammonium
sulfate (AS). Each SS was measured three times for laboratory-generated AS, and the presented
data are the averages of these measurements.
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For the calibration using particles with identical size and chemical composition, the
activation diameter of CCN is generally defined as Ddry at which NCCN reaches 50% of the total
particle number concentration (NCN) at a certain supersaturation (SS) [e.g., Rose et al., 2008].
Here, the activation diameter of CCN for ambient particles is defined as Dact. The overall
uncertainty of the NCCN/NCN ratio controlled by the counting efficiencies of the CPC and the
optical particle counter (OPC) in the CCN counter was estimated to be less than 10%. The
estimation of the uncertainty is based on the variation of the maximum ratios of the NCCN/NCN
for the AS aerosols during the calibration. Once Dact at a certain SS is determined, the
hygroscopicity parameter, κCCN, can be calculated for particles corresponding to that Ddry
[Petters and Kreidenweis, 2007].

κ(SS, Ddry ) ≈

4 A3
SS
27 D3dry ln2 (1 + 100% )

A=

4 σs/a Mw
R T ρw

(2.1)

(2.2)

where ρW is the density of water, MW is the molar mass of water, σs/a is the surface tension of
the solution–air interface of pure water (σs/a = 0.072 J m−2), R is the universal gas constant, T
is the absolute temperature (T = 298.15 K).
Particle size distributions were measured using a Scanning Mobility Particle Sizer (SMPS).
After drying and single charging via an aerosol bipolar charger (AM-241), the particles were
measured with DMA 3 and CPC 3 (TSI, Model 3022). The particle number dN/dlogd in the
64 channel per decade resolution was normalized by the total number (dN/dlogd/NTOTAL
(particle cm−3)).

19

2.2.3 Hygroscopic growth factor
The hygroscopic GF at 85% RH were measured with a hygroscopicity tandem differential
mobility analyzer (HTDMA) as a function of Ddry ranging from 24.1 to 359 nm. The
hygroscopic GF is defined as the particle diameter at a given RH (D(RH)) divided by its Ddry:

GF RH =

D RH
Ddry

(2.3)

The ambient aerosol particles (PM1.0) were dried to RH < 5% via two diffusion dryers as
described in the previous subsection (Figure 2.2). The aerosols were then passed through the
AM-241 to achieve single charged particles and classified by a differential mobility analyzer
(DMA 1: TSI Model 3081). The particles were selected at sixteen specific mobility diameters
between 24.1 and 359 nm. Humidification of the particles at 85% ± 1% RH was performed
using a humidity conditioner consisting of a Nafion tube. The RH was regulated by controlling
the dried and humidified airflows into the tubing. The residence time of the particles between
the inlet of the humidity conditioner and the DMA 2 was approximately 10 s [Boreddy et al.,
2014], which is considered to be sufficient for the particles to reach their equilibrium [Chan
and Chan, 2005; Duplissy et al., 2009]. The resulting number size distribution after
humidification was measured using the second DMA (DMA 2) and the condensation particle
counter (CPC 2). Calibration of the HTDMA system was made with AS. The measurement
uncertainty for GF at 85% RH was ± 1%, which is similar to that reported in previous studies
using the same measurement system [Aggarwal et al., 2007; Jung et al., 2011; Boreddy et al.,
2014]. More details about the principle are described in previous studies [e.g., Mochida et al.,
2006].
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Like the supersaturated hygroscopicity parameter (κCCN), κ values were also calculated
using the GF data (κGF) [Petters and Kreidenweis, 2007], which relates the water activity to the
dry particle volumes.
(GF(RH)3 − 1)(1 − aω )
κ=
aω
4 σs/a ⁄MW
aω = RH exp
R T ρW GF RH Ddry

(2.4)

1

(2.5)

where αω is the water activity, ρW is the density of water, MW is the molar mass of water, σs/α is
the surface tension of the solution–air interface of pure water (σs/a = 0.072 J m−2), R is the
universal gas constant, T is the absolute temperature, and Ddry the particle dry diameter. The
comparison between κGF and κCCN values is discussed in Section 2.3.2.
To calculate the fraction of the particle number concentration of the GF distributions, the
k-means cluster analytical tool of the Igor Pro software (ver. 6.3.7.2) was used. The tool uses
an iterative algorithm to classify the clustering of data into groups; hence, each data point
belongs to a group of the closest mean value. It then calculates peaks of the number fractions
of particles of the GF distributions, which is discussed in Section 2.3.3.

2.2.4 Measurements of aerosol chemical composition
Semi-continuous measurement of WSOC in PM1.0 was made using a particle-into-liquid
sampler (PILS) coupled to a total organic carbon (TOC) analyzer (Model 810; Sievers, Boulder,
CO) [Miyazaki et al., 2006, 2012] in parallel with the measurements of GF and CCN. The
details of the instrument are given elsewhere [Miyazaki et al., 2006]. The inlet for the PILS
was identical to that for the CCN and hygroscopicity measurements.
The mass concentrations of organic carbon (OC) and EC were measured using a semi-
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continuous EC/OC analyzer (Sunset Laboratory Inc., Tigard, OR). The measurement procedure
of the EC/OC analyzer used in this study is given in Miyazaki et al. [2006]. The NOx mixing
ratios were measured using a NOx analyzer (Thermo Scientific, Waltham, MA). The instrument
collected ambient PM1.0 particles on a quartz-fiber filter for 45 min at a flow rate of 8 L min−1.
The collected particles were then analyzed using the thermal-optical-transmittance (TOT)
method for 15 min. Using the measured mass concentrations of OC and WSOC, waterinsoluble OC (WIOC) is defined as WIOC = OC − WSOC. In the present study, the mass
concentrations of WSOC and WIOC were converted to water-soluble organic matter (WSOM)
and water-insoluble organic matter (WIOM). A factor of 1.8 was used for the conversion of
WSOC to WSOM [Yttri et al., 2007; Finessi et al., 2012], and a factor of 1.2 was used to
convert the mass of WIOC to that of WIOM [Wang et al., 2005].
The inorganic bulk composition of aerosols was also obtained using another PILS coupled
to two ion chromatographs (IC) (761 Compact IC, Metrohm Switzerland) [Orsini et al., 2003]
with another inlet including a PM1.0 cyclone. The mass concentrations of sulfate (SO42−) and
other inorganic components were obtained every 15 min. The mass contributions of inorganics
other than sulfate to the submicron particle mass were insignificant: the avarage mass
concentrations of nitrate and ammonium were less than 15% of that of sulfate. Consequently,
the fractions of those inorganic components are not shown in this study. PILS-IC data were
obtained during a limited period (9:00−23:00 LT on July 7; 0:00−14:00 LT on July 12; 10:00 LT
on July 13 to 22:00 LT on July 15) due to a problem with the instrument. The inorganic
compositions were also measured with a filter-based off-line method as described below.
A high-volume Andersen sampler was used to collect PM1.0 samples on quartz filters at a
flow rate of 670 L min−1. The sampling duration was ~3 h during the day and ~6 h at night.
Only during the period from July 5 to July 8, the filter sample was obtained every 12 h.
Inorganic ions were measured using the same type of IC as used for the PILS measurement
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during the period of July 4 to 12. Briefly, inorganic ions were extracted from the filter samples
(20 mm diameter punch) with 10 ml of ultrapure water under ultrasonication. The extracts were
penetrated through a syringe filter (Millex-GV, 0.22 µm, Millipore), before being injected into
the IC [Miyazaki et al., 2009]. Concentrations of sulfate measured with PILS-IC (sulfatePILS)
agreed with those of the filter measurement (sulfatefilter) to within 10% for the data obtained on
July 7. Although the data used for the comparison was limited, it indicates that sulfatePILS was
almost identical to sulfatefilter in the current study.

2.3 Results and Discussion
2.3.1 Temporal variation
Figures 2.3a–2.3d show the temporal variations of the local wind speed and directions and
the chemical composition of the observed aerosols. Three distinct periods were observed in
terms of different characteristics of the observed air masses. The predominant local wind
directions during July 4–8 were east and southeast with typical local wind speeds > 1.5 m s−1
(av. 2.2 ± 0.7 m s−1; Figure 2.3a). Consequently, the air sampled during this period was
frequently influenced by emissions from urban areas (Figure 2.1). During the period from July
8 to July 11, the local wind speed was generally low (< 1.5 m s−1 with an average of
1.5 ± 0.8 m s−1), indicating that the observed air masses stagnated and were influenced by local
emissions from the surrounding area. On the other hand, the local wind direction from July 11
to July 17 was northwesterly with the average wind speed of 1.3 ± 0.8 m s−1. Based on these
differences in the local wind speeds and wind direction, the three periods were defined as P1,
P2, and P3, respectively. GF measurements for P3 are not available.
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Figure 2.3 Time series of (a) local wind speeds and direction, (b) the concentrations of sulfate and
WSOC, (c) EC, WIOC, and NOx mixing ratios, and (d) the mass fraction of the measured component
of submicron aerosols during the periods of 4 July–16 July 2008. Shaded area divides three periods (P1,
P2, and P3).

2.3.1.1 Aerosol chemical composition
Table 2.1 summarizes the average mass concentrations of the major chemical components
for each period. During P1, sulfate (5.20 ± 3.65 µg m−3) was the most abundant accounting for
62.0% of the submicron particle mass measured during that period. On July 6 (P1), the sulfate
concentration showed a substantial increase with a maximum of 11.42 µg m−3 (Figure 2.3b).
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Table 2.1. Mass concentrations of EC, WIOM, WSOM, and SO42-, together with the
NCCN/NCN ratios of particles at 146 nm for SS of 0.1% to 0.8%. Average values are given for
day (6:00–18:00 LT), night (18:00–6:00 LT), and the whole periods of P1, P2 and P3.
P1 (July 4–8)

a

P2 (July 8–11)

P3 (July 11–17)

Day

Night

All

Day

Night

All

Day

Night

All

EC
(µgC m-3)

0.86
± 0.47

0.52
± 0.41

0.70
± 0.48

0.75
± 0.23

0.48
± 0.34

0.62
± 0.32

0.83
± 0.67

0.42
± 0.29

0.66
± 0.58

WIOM
(µg m-3)

1.02
± 0.54

1.05
± 0.56

1.03
± 0.55

1.29
± 0.60

1.37
± 0.72

1.33
± 0.66

1.10
± 0.62

0.97
± 0.63

1.04
± 0.62

WSOM
(µg m-3)

1.59
± 0.94

1.31
± 0.78

1.46
± 0.88

2.24
± 0.98

1.91
± 0.73

2.08
± 0.89

1.75
± 1.34

1.04
± 0.58

1.45
± 1.13

SO42− a
(µg m-3)

5.65
± 3.89

4.24
± 2.84

5.20
± 3.65

1.68
± 0.41

1.98
± 0.25

1.83
± 0.37

1.58
± 1.02

1.44
± 0.99

1.53
± 1.01

NCCN/NCN

0.77
± 0.10

0.91
± 0.10

0.83
± 0.12

0.46
± 0.16

0.74
± 0.16

0.58
± 0.21

0.42
± 0.19

0.65
± 0.18

0.52
± 0.2

Concentrations are averaged from on- and offline measurements.

Conversely, the mass concentrations and fractions of organics during P2 and P3 were much
larger than those during P1 as shown in Figures 2.3b–2.3d. The result clearly shows the change
in the chemical compositions from sulfate-rich aerosols during P1 to organic-rich aerosols
during P2/P3. The difference in the chemical compositions in the observed aerosol during each
period can be explained by the difference in the local wind speeds and wind direction. As
described above, the average local wind speed during P1 (2.2 ± 0.7 m s−1) was higher than that
during P2 (1.5 ± 0.8 m s−1) and P3 (1.3 ± 0.8 m s−1; Figure 2.3a). During P1, the predominant
local winds were east to southeasterly, suggesting that most of the observed air masses were
transported from the urban industrial areas, as described in Section 2.2.1. This explains the
observed sulfate-rich aerosols, most of which were likely of anthropogenic origin. Although
the predominant wind direction during P2 was similar to that during P1, the lower local wind
speeds and the lower levels of sulfate during P2 suggest a difference in the dominant source of
the air masses compared with P1. The predominant wind direction during P3 was northwest,
which indicates the influence of emissions from vegetation and residential areas, as described
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in Section 2.2.1. The chemical characteristics of the aerosols with the dominance of organics
during P3 were rather similar to that observed during P2.
In order to investigate possible sources of organics, Figure 2.4 presents the WSOC and
WIOC concentrations as a function of EC for each period. The average concentrations of EC
were similar in each period (0.62–0.70 μgC m−3; Table 2.1) and the temporal variations in the
EC concentrations generally agreed well with those in the NOx mixing ratios during the entire
period (R2 = 0.71, Figure 2.3c). In urban areas, traffic emissions have been found to be the
dominant source for NOx, whereas EC is emitted by motor vehicles with burning diesel [e.g.,
Seinfeld and Pandis, 2006]. Indeed, Gu et al. [2011] reported that large concentrations of EC
correlate well with those of NOx in an urban environment and they attributed the dominant
source of EC to traffic emission. Therefore, the current result indicates that the majority of the
observed EC originated from combustion-derived sources, most likely traffic emissions.
During P1 only, the WSOC showed a positive correlation with EC (Figure 2.4a), whereas the
correlations were insignificant during P2 and P3 (Figures 2.4b and 2.4c). This result and the
possible source of EC as discussed above suggest that combustion-derived anthropogenic
sources were the dominant sources of WSOC during P1. The result of the correlation and the
larger concentrations of sulfate indicate the presence of more anthropogenically influenced
aerosols during P1.
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Figure 2.4 Scatterplots of (a–c) water-soluble organic carbon (WSOC) and (d–f) water-insoluble
organic carbon (WIOC) versus elemental carbon (EC) for the periods P1, P2, and P3.

In contrast, the WSOC and WIOC concentrations showed insignificant correlations with
EC, with a substantial decrease in the sulfate concentrations both during P2 and P3 (Figures
2.4b, 2.4c, 2.4e, and 2.4f). This indicates that the majority of observed WSOC and WIOC
during these periods did not originate from combustion-derived anthropogenic sources.
Moreover, the diurnal profiles of the WSOC concentrations showed peaks during the daytime
of these two periods, as shown in Figure 2.3b. These results suggest that the effects of local
biogenic sources surrounding the study site (Figure 2.1) and the subsequent formation of OA
on the temporal variations in WSOC were significant compared with variations due to the
regional transport of air masses. In fact, Pavuluri et al. [2013] measured radiocarbon (14C) of
WSOC observed at the same sampling site in summer, which allows the quantitative
apportionment between fossil fuel (dead carbon) and biogenic (modern carbon) sources. Based
on this method, they found that 88% of WSOC consists of biogenic carbon, which supports the
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present result.

2.3.1.2 Number concentrations and CCN activity
Figures 2.5a–2.5b show a time series of the size distribution of particle number
concentrations and the NCN during the study period. The NCN at Ddry = 20.2–429 nm ranged
from 230 cm−3 to 5,440 cm−3, with an average of 1,560 cm−3. This range is similar to that
reported in previous field studies conducted at the same sampling site [Jung et al., 2013]. The
NCN reached a maximum at the dominant size range in the Aitken mode (Ddry = 30–100 nm).
The maximum of NCN in the nucleation and Aitken modes was also reported by previous field
measurements at the same sampling site [Jung et al., 2013]. The measured NCN in this study
generally ranges from 1,000 to 10,000 cm−3, which is typical of rural sites [e.g., Hussein et al.,
2004] in northern latitudes.
In this study, a Ddry of 146 nm was chosen as typical size for CCN at which even less
hygroscopic particles in the ambient atmosphere can be activated at a SS of 0.1% [Dusek et al.,
2006; Petters and Kreidenweis, 2007; Mochida et al., 2010]. The NCCN/NCN ratio showed a
wide range between 0.04 and 1.02 with an uncertainty of 10% at a SS of 0.1% (Figure 2.5c).
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Figure 2.5 Time series of (a) the particle number size distribution, (b) the total particle number
concentration (NCN), (c) NCCN/NCN ratios (Ddry = 146 nm) at supersaturations (SS) of 0.1%, 0.3% and
0.8%, (d) activation diameter Dact, (e) hygroscopic growth factors (GF) for dry mobility sizes 146 nm,
49.6 nm and 24.1 nm under RH of 85%, and (f) hygroscopicity parameter kappa (κ) values each
obtained by the GF (Ddry = 146 nm) and CCN (SS = 0.1%) measurements.
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The wide range of the ratio indicates the presence of particles with different CCN activation
properties. The NCCN/NCN ratios and their temporal variations were rather similar at each SS
during P1, whereas the ratios at SS = 0.1% were much smaller than those at SS = 0.3% and
0.8% during P2 and P3 (Figure 2.5c). The similarity in the NCCN/NCN ratios with larger values
during P1 suggests that the particles were highly CCN active, which did not significantly
depend on SS, indicating internally mixed particles with highly hygroscopic chemical
composition. This is supported by the dominance of sulfate during P1 (Figure 2.3d). On the
other hand, the larger difference in the NCCN/NCN ratio at a different SS suggests that the
majority of the observed particles during P2 and P3, even if they were in the same aerosol
population, was externally mixed with different CCN characteristics. Similar results were
obtained by Silvergren et al. [2014] who found that the NCCN/NCN ratio was less sensitive to SS
for highly hygroscopic, internally mixed particles, whereas the sensitivity was high for less
hygroscopic, externally mixed particles influenced by anthropogenic emissions. In summary,
the difference in the NCCN/NCN ratios among the different SS values in this study indicates that
the reduction of the CCN activity depends on the chemical composition and mixing state of the
observed aerosols.
Figure 2.5d presents temporal variations of activation diameter Dact, the average values
of which during each period are shown in Table 2.2. The average Dact values at 0.1% SS during
P2 and P3 were 156.8 ± 17.1 nm and 152.4 ± 11.0 nm, respectively, which are substantially
larger than that during P1 (130.1 ± 10.7 nm). These Dact values correspond to the average κCCN
values of 0.64 ± 0.12, 0.38 ± 0.12, and 0.40 ± 0.09 for P1, P2, and P3, respectively. The
differences in Dact and κCCN during each period suggest that the CCN were less active during
P2 and P3 than during P1.
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Table 2.2. Average values (± SD) of activation diameter (Dact) at each supersaturation (SS) and
κCCN during P1, P2, and P3.
SS (%)
0.1

P1 (July 4–8)
Dact (nm)

κCCN

P2 (July 8–11)
Dact (nm)

κCCN

P3 (July 11–17)
Dact (nm)

κCCN

130.1 ± 10.7 0.64 ± 0.12 156.8 ± 17.1 0.38 ± 0.12 152.4 ± 11.0 0.40 ± 0.09

0.3

76.5 ± 6.7

0.36 ± 0.10 115.7 ± 35.8 0.15 ± 0.13 104.1 ± 30.9 0.21 ± 0.15

0.8

46.5 ± 9.0

0.26 ± 0.12

75.9 ± 35.5

0.15 ± 0.15

55.6 ± 15.5

0.17 ± 0.10

New particle formation (NPF) for particles with Ddry < 30 nm and subsequent growth of
the particles were observed on July 9–11 during P2 (Figure 2.5a). Several NPF events in
summer were also reported for the same site in previous studies [e.g., Jung et al., 2013]. An
increase in the number concentrations of the particles with Ddry = 146 nm resulted in a decrease
of the NCCN/NCN ratios at a SS of 0.1%. Note that a significant decrease was observed during
P2/P3 rather than during P1, in spite of the similarity in the number size distribution (Figure
2.5a). The suppression of the CCN activity during P2 and P3 can therefore be related to the
change in the chemical composition and mixing state of the particles.

2.3.1.3 Hygroscopic growth factor
Figure 2.5e shows the temporal variation of the GF for particles at each measured
diameters, whereas the average values during each period are summarized in Table 2.3.
Although the hygroscopic GF data were obtained during the limited period of P1 and P2,
a significant difference in the GF values was observed between these two periods. The average
GF at Ddry = 146 nm during P1 (1.37 ± 0.04) was larger than those during P2 (1.24 ± 0.05). The
observed GF values in the current study generally agree with those (1.19–1.27) at
Ddry of 120 nm, obtained at the same site in summer 2011 [Jung and Kawamura, 2014]. Other
studies reported GF values of 1.20–1.50 at similar values of Ddry at a suburban site in Paris
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[Jurányi et al., 2013; Laborde et al., 2013]. The larger GF values were associated with aged air
masses in those previous studies, similar to those observed during P1 in this study.

Table 2.3. Average values (± SD) of hygroscopic growth factor (GF) at each size, and their
averages (bulk) during the periods of P1 and P2.
Ddry = 146 nm

P1 (July 4 – 8)
1.37 ± 0.04

P2 (July 8 – 11)
1.24 ± 0.05

Ddry = 49.6 nm

1.23 ± 0.06

1.19 ± 0.05

Ddry = 24.1 nm

1.21 ± 0.05

1.19 ± 0.06

bulk

1.28 ± 0.09

1.21 ± 0.05

Table 2.4 lists typical GF values for different types of aerosols reported in previous
studies. The observed GF of 1.37 at Ddry of 146 nm, obtained during P1, is close to the lower
end of GF for AS (1.50–1.70). This is consistent with the aerosol chemical measurements,
which showed the dominant contribution of sulfate to the submicron particle mass as discussed
above. In contrast, the GF for the smaller particles (Ddry < 50 nm) in P2 (1.19; Table 2.3) is
rather similar to typical values for secondary organic aerosols (SOA; 1.03–1.16) [Virkkula et
al., 1999; Saathoff et al., 2003; Varutbangkul et al., 2006; Duplissy et al., 2011] and EC (<
1.05) [Weingartner et al., 1997] (Table 2.4). The enrichment of sulfate in the accumulation
mode, and the largest fraction of organic mass being found in the Aitken size mode, has also
been found in other environments [Pöschl et al., 2010; Whitehead et al., 2016]. The present
data suggest that the GF depends on the particle size, which is attributable to the size-dependent
chemical composition. This point is further discussed in Section 2.3.3.
In order to discuss the link between hygroscopicity at each particle size and chemical
composition, Figures 2.6a–2.6c show temporal variations in the particle number
concentrations as a function of the GF at Ddry of 146 nm, 49.6 nm, and 24.1 nm. The GF and
particle number
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Table 2.4. Typical values of hygroscopic growth factor (GF) for various aerosol components
reported in previous studies.
Aerosol type

Growth factor

RH

Author

BC, mineral dust

Almost hydrophobic,
GF < 1.05

94%, 95%

Weingartner et al. (1997);
Vlasenko et al. (2005)

Biomass burning

Wide range, up to 1.65,
GF is lower at the
source,
increases after mixing
with secondary
inorganic ions

89%, 90%

Cocker et al. (2001);
Swietlicki et al. (2008)

Ammonium sulfate
(NH4)2SO4, ammonium
nitrate NH4NO3

GF 1.5–1.7
Associated inorganic
ions:
NO3−, SO42−, NH4+

85%, 90%

Gysel et al. (2002); Wise
(2003); Swietlicki et al.,
(2008)

Secondary organic
aerosol (SOA)

1.01–1.16
Aged SOA in
simulation chamber: up
to 1.65

84%, 85%, 90%,
95%

Virkkula et al. (1999);
Saathoff et al. (2003);
Varutbangkul et al. (2006);
Duplissy et al. (2011)

Organic compounds

1.0–1.7

80%, 85%, 90%,
95%

Peng et al. (2001); Chan and
Chan (2003); Prenni et al.
(2003); Wise (2003); Huff
Hartz et al. (2006); Koehler et
al. (2006)

Secondary organic
aerosols from terpenes,
α–pinene, β–pinene

1.03–1.18

85%, 90%

Saathoff et al. (2003);
Varutbangkul et al. (2006);
Prenni et al. (2007)

Sea–salt,
sulfuric acid

> 2.0

90%, 95%

Gysel et al. (2002); Koehler et
al. (2006)

distributions indicate a large dependence of the GF on the particle size. The GF at Ddry = 146 nm
during P1 showed a unimodal distribution with a peak as high as 1.40, which is more significant
than those at smaller particle sizes (49.6 and 24.1 nm as seen in Figures 2.6b and 2.6c,
respectively). This result supports the idea that most of the particles were internally mixed
during P1, with the dominance of sulfate mostly residing in the accumulation size mode, as
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Figure 2.6 Temporal variations in the particle number concentrations as a function of the growth factor
(GF) at Ddry of (a) 146 nm, (b) 49.6 nm, and (c) 24.1 nm.

discussed above. For the smaller particles (Ddry = 24.1 and 49.6 nm), bimodal GF distributions
became more pronounced during P2, which supports the idea that the majority of the particles
were externally mixed during this period. The contributions of the particle number to the high
GF values were more significant at these smaller sizes (Figures 2.6b and 2.6c). This is
attributable to the increase in the particle number concentrations in the Aitken mode (Figures
2.5a and 2.5b) with less aged characteristics of the particles of local origin.

2.3.2 Super- and subsaturated hygroscopicity
Figure 2.5f shows the temporal variations of the κCCN and κGF. Overall, the average κCCN
(0.24 ± 0.16) observed in this study is similar to those reported for a suburban site in Paris
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(κCCN = 0.08–0.24 at SS of 0.1–1.0%) [Jurányi et al., 2013]. As expected from the GF values,
the κCCN and κGF during P1 were significantly larger than those during P2 and P3 (also
summerized in Table 2.5), exhibiting greater hygroscopicity during P1 under both

Table 2.5. κ values derived from the hygroscopic growth factor (κGF) and the CCN
measurements (κCCN) for day, night, and the whole periods of P1, P2, and P3. κGF shown is the
average of the sizes at 146 nm, 49.6 nm, and 24.1 nm. κCCN is the average value obtained at SS
between 0.1% and 0.8%.
P1

P2

P3

Day

Night

All

Day

Night

All

Day

Night

All

κGF

0.17
± 0.07

0.21
± 0.07

0.20
± 0.08

0.12
± 0.03

0.16
± 0.04

0.14
± 0.04

n/a*

n/a*

n/a*

κCCN

0.39
± 0.16

0.46
± 0.20

0.36
± 0.16

0.14
± 0.14

0.31
± 0.13

0.15
± 0.12

0.25
± 0.11

0.27
± 0.13

0.20
± 0.11

* Data is not available.
supersaturated and subsaturated conditions. In order to examine the κ values derived from the
CCNC and HTDMA measurements, Figure 2.7 compares the average κGF (Ddry = 49, 146 nm)
with κCCN values at similar Dact ranges (47.34–129.04 nm for P1; 69.81–189.54 nm for P2)
obtained at SS of 0.1 and 0.3%. While the κCCN under all SS conditions correlated well with
the corresponding κGF (R2 = 0.82), the κCCN was generally larger than the κGF by 59% and 44%
for P1 and P2, respectively. The degree of the difference in this study is similar to that (∼37%)
has been found for ambient aerosols at a mountainous site in central Germany [Wu et al., 2013]
and at an urban site in Japan [Kawana et al., 2016].
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Figure 2.7 Scatterplot of κCCN versus κGF. The average κGF at Ddry of 49 and 146 nm are compared with
the average κCCN at similar Dact under SS of 0.1% and 0.3%. The data obtained during P1 and P2 are
indicated by solid circles and open squares, respectively.

Discrepancies between CCNC-derived and HTDMA-derived κ values have been
reported in a number of previous studies, which have generally reported larger κCCN compared
to κGF [Roberts et al., 2010; Cerully et al., 2011; Hersey et al., 2013; Hong et al., 2014; Hansen
et al., 2015]. Although Carrico et al. [2008] reported that κCCN and κGF (at RH = 90%) for
laboratory-generated biomass burning particles agreed to within 20% and Dusek et al. [2011]
also showed the agreement between κCCN and κGF (at RH = 85%) for particles with diamters of
100–150 nm, the difference between them increased with decreasing particles size. Irwin et al.
[2010] found that the discrepancy between κCCN and κGF (at RH = 86%) increased with
decreasing particle size for particles measured at a mountainous site in Germany. These
discrepancies can be attributed to several factors: the differences in the size-dependence of
chemical compositions, the effects of solutes on water activity under sub- and supersaturated
conditions particularly in the presence of organic compounds, and particle mixing state
[Roberts et al., 2010; Hersey et al., 2013; Hong et al., 2014]. In general, surface active organic
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compounds decrease the surface tension of particles and reduce the surface tension effect
(Kelvin effect) [Wex et al., 2008], which increases CCN activity [Sorjamaa et al., 2004; Wex
et al., 2008; Irwin et al., 2010; Dusek et al., 2011]. The effect of the surface tension becomes
more important for particles in the smaller size range (e.g., <~170 nm), because a certain
amount of surfactant is more concentrated in a droplet of solution formed on smaller particles
rather than larger ones [Sorjamaa et al., 2004; Wex et al., 2008; Irwin et al., 2010; Dusek et al.,
2011]. On the other hand, the partitioning from bulk to surface of a particle decreases the
concentration of the bulk solute with increasing the fraction of surfactants. This increases the
water activity (Raoult effect) of the droplet and can compensate the reduction of the surface
tension at the droplet-air interface, which reduces CCN activity [Li et al., 1998; Rood and
Williams, 2001; Sorjamaa et al., 2004; Wex et al., 2008; Frosch et al., 2011; Renbaum-Wolff
et al., 2016]. Therefore, changes in the surface tension and the presence of organics can largely
affect the particle hygroscopicity under supersaturated condition. In contrast, hygroscopic
growth under subsaturated condition is insensitive towards changes in the surface tension [Wex
et al., 2008]. Consequently, the above effects can contribute to the discrepancy between κCCN
and κGF.
With regard to the effect of the mixing state, for example, Hersey et al. [2013] suggested
that a transition from externally mixed to internally mixed aerosols, as the aerosols evolved
from west to east of the Los Angeles Basin, leads to an increased difference between κCCN and
κGF. Photochemical aging of particles results in the conversion of externally mixed to internally
mixed particles, which enhanced κCCN with increasing coating thickness on refractory black
carbon in their case. In contrast, the aging resulted in the suppressed subsaturated water uptake
(κGF) of the main hygroscopic mode, which is attributable to the formation of separate, organic
layers that inhibit the water uptake during humidification under the conditions of the κGF
measurement. These effects can also explain the increased discrepancy between κGF and κCCN
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for aged aerosols. In this study, the reduced difference between κCCN and κGF during P2 (Figure
2.5f) indicates the dominance of externally mixed aerosols compared with the sulfate-rich,
internally mixed aged aerosols observed during P1. Indeed, the GF distributions presented in
Figures 2.6a–2.6c demonstrate that the observed particles show bimodal distributions during
P2 and thus are indicative of the external mixture. On the other hand, the unimodal GF
distribution during P1 supports the idea that most of the particles were internally mixed during
this period.

2.3.3. Diurnal variations and size-dependence of particle hygroscopicity
Figure 2.8 shows diurnal profiles of the GF, NCCN/NCN ratio, and κCCN, in relation to the
chemical compositions for each period. The bulk GF values at night (1.30 ± 0.08 for P1 and
1.24 ± 0.05 for P2) were larger than those in the daytime (1.24 ± 0.09 for P1 and 1.18 ± 0.03
for P2). A similar difference was also observed for κCCN, particularly during P2, when the κCCN
in the daytime (0.14 ± 0.14) was substantially lower than that (0.31 ± 0.13) at night (Table 2.5).
The larger hygroscopicity at 0:00–6:00 LT can be attributed to the increased concentrations of
sulfate. Figure 2.9 displays diurnal changes of the NCCN/NCN efficiency spectra as a function
of Ddry at a SS of 0.1% and 0.3%, as representative profiles during each period. Indeed, the
typical CCN spectra during the nighttime of P1 were similar to that of AS (Figure 2.9a), which
is consistent with the chemical measurements exhibiting substantial mass fractions of sulfate
(62.0 ± 43.5%) in the submicron particles. Even during P2, the CCN spectra at 00:00–01:30
were similar to those of AS (Figure 2.9b). This result supports the idea that the greater
hygroscopicity at 0:00–6:00 LT can be attributed to the increased concentrations and mass
fractions of sulfate.

38

Figure 2.8 Diurnal profiles of (a) growth factors (GF) at RH of 85%, (b) NCCN/NCN ratios for particles
with dry mobility diameter of 146 nm, (c) κCCN under SS of 0.1%, 0.3% and 0.8%, the mass
concentrations of (d) sulfate and water-soluble organic carbon (WSOC), and (e) water-insoluble organic
carbon (WIOC) and elemental carbon (EC). Bars indicate ± 1 σ (standard deviation) of each average
value. Shaded area indicates the nighttime.

Particles with Ddry < 100 nm for 0.3% SS during P1 activated more readily than those
during P2 and P3 (Figure 2.9). The CCN efficiency curves exhibit a much larger difference in
the Dact between the ambient and AS particles during the daytime of P2 and P3. In general, the
broad sigmoid of the CCN spectra is closely related to the heterogeneity of the aerosol chemical
composition [Moore et al., 2010; Padró et al., 2012]. Combined with the bimodal GF
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distribution during the daytime of P2 (Figure 2.6), the result indicates a larger degree of
external mixture during these periods. This is particularly true for the particles at 0.3% SS,
which emphasizes the increase of less-CCN active particles during the daytime. This can be
explained by the increased concentrations of organics and EC during the day in P2 and P3 as
shown in Figures 2.8d and 2.8e. These observations indicate that increased organics and EC

Figure 2.9 Diurnal changes in the NCCN/NCN efficiency spectra at SS of 0.1% and 0.3% on (a) July 6,
(b) July 10, and (c) July 13, 2008, as representatives of periods P1, P2, and P3, respectively. The
efficiency spectra was fitted using a cumulative distribution function given by Rose et al. [2008]. Pie
chart shows the mass fractions of sulfate, WSOM, WIOM, and EC during each period.

concentrations suppressed the particle hygroscopicity during the day. The hygroscopicity of
particles that activated at SS = 0.1% in the accumulation mode (Figure 2.9) is probably less
affected by the diurnal changes in those emissions. This indicates that the suppression of κCCN
in the smaller size ranges was attributable to these organics and EC. Similarly,
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Crosbie et al. [2015] reported that the lowest hygroscopicity values correspond with the
maximum concentrations of EC and OC, which they found in the early morning in Central
Tucson. On the other hand, during nighttime, internally mixed aerosols dominated by sulfate
increased the hygroscopicity of particles during P1 in this study (Figure 2.8c).
Many of the previous studies showed diurnal cycles of particle hygroscopicity, with peaks
typically appearing in the afternoon in urban [Crosbie et al., 2015], rural [Cerully et al., 2015],
marine [Kalivitis et al., 2015], boreal forest, and grassland areas [Paramonov et al., 2015]. This
has been explained by atmospheric aging of aerosols through condensational growth of
photochemically oxidized organics and sulfate. The diurnal pattern obtained in this study is
rather similar to those reported for observational sites at higher altitudes in France, and in the
central Himalayas [Holmgren et al., 2014; Dumka et al., 2015]. Holmgren et al. [2014] and
Dumka et al. [2015] attributed the lower hygroscopicity during the daytime to the reduced
influence of anthropogenic emissions on the observed aerosols due to the lifting of the
planetary boundary layer.
To further investigate the GF mode, a distribution function was derived for each GF
obtained every 90 min for each particle size (Ddry = 24.1 nm, 49.6 nm, and 146 nm) between
July 6 and July 10. Figure 2.10 presents a typical example of the observed bimodal GF
distribution function for the particle size of 146 nm, measured during a specific time period
(18:00–19:30) on July 6. The figure shows two peaks in the GF distribution, where one peak
was observed at the GF of ~1.02 and the other one at the GF of ~1.40. The particle number
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Figure 2.10 Example of a bimodal GF distribution. For the definition of high GF (NHGF) and low GF
(NLGF) modes, see text. The GF distribution are calculated using a multiple Gaussian fit applied on the
normalized distribution function. Separation of the modes was made by cluster analysis using the
program IGOR Pro.

fractions of low and high GF modes are defined as NLGF and NHGF, respectively. The peaks for
each size-segregated bimodal GF distribution are calculated using a multiple Gaussian fit. As
introduced in Section 2.2.3, cluster analysis is applied to calculate the fraction of the particle
number concentration of low and high GF modes; the peaks of the low and high GF modes
were 1.02 and 1.35, respectively. Figure 2.11a shows the temporal variations of NLGF and NHGF,
for particles at Ddry = 49.6 nm, whereas the NLGF and NHGF for particles at Ddry = 24.1 nm and
146 nm are shown in Figures 2.12a and 2.12b, respectively. The temporal variation of NLGF at
Ddry = 49.6 nm followed that of the EC concentrations (Figure 2.11b). Although sizesegregated EC data in the submicron range were not available in this study, the similar temporal
trend indicates that the variation of the low GF in the small size particles is generally
attributable to the contribution of EC.
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Figure 2.11 Temporal variations in (a) the particle number fraction for high GF mode (NHGF) and low
GF mode (NLGF) particles at Ddry = 49.6 nm, and (b) the mass concentrations of EC, WSOM, and WIOM.

Figure 2.12 The number fractions of particles for high GF (NHGF) and low GF modes (NLGF) with the
dry particle diameters of (a) 24.1 nm and (b) 146 nm. Shaded areas indicate night time.

Figure 2.13 shows the hygroscopic GF as a function of the WSOM-to-sulfate ratio at
each Ddry. The hygroscopic GF values at Ddry = 146 nm tend to increase with decreasing
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WSOM-to-sulfate ratios (Figure 2.13a), suggesting that the hygroscopicity in the
accumulation size mode depends on the abundance of organic matter (OM) relative to sulfate.
This can explain the fact that the GF of smaller size particles does not depend on the
WSOM/sulfate ratios (Figures 2.13b and 2.13c).

Figure 2.13 Scatter-plot of hygroscopic GF versus ratio of the WSOM to sulfate at Ddry of (a) 146 nm,
(b) 49.6 nm, and (c) 24.1 nm. Data during P1 and P2 are indicated by solid circles and open squares,
respectively.

Overall, the above result suggests that the particle hygroscopicity was suppressed during P2
due to increased external mixture of less aged particles containing organics, possibly from
biogenic origins, and EC. In summary, the present study shows that the more-aged internallymixed aerosol particles during P1 are of anthropogenic origin, and that their higher hygroscopic
properties are due to the larger fraction of sulfate. On the other hand, less-aged, externally
mixed, less hygroscopic particles during P2 and P3 are dominated by organic carbon of local
biogenic origin. The results suggest that the abundance of OM relative to sulfate in the
accumulation mode, and the absolute abundance of EC in the Aitken mode, are important
factors controlling the hygroscopicity of submicron particles. This might be important for
predicting cloud properties under the similar atmospheric conditions.
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2.4 Conclusions
Continuous in situ measurements of size-segregated CCN spectra at four supersaturations
(0.1%, 0.3%, 0.5% and 0.8%), and hygroscopic GF at 85% RH, were simultaneously conducted
at a suburban site in northern Japan, in summer. Two distinct periods were observed in terms
of differences in GF, Dact, and chemical compositions. The κ values derived from the CCN
measurements were generally larger than those derived from the HTDMA measurements by
42%–56%. The GF (1.37 ± 0.04) with Ddry of 146 nm and bulk NCCN/NCN ratios (0.83 ± 0.12)
showed higher values during the first period (P1). The data suggest the dominance of internally
mixed sulfate aerosols in the accumulation size mode with relatively aged characterisitics.
On the other hand, the particles observed during the latter period (P2 and P3) showed
external mixing dominated by organics, which was linked to low hygroscopicity and CCN
activity. In particular, higher loading of WSOM, which accounted for ~60% of OM by mass,
and increased WSOM/sulfate ratios, corresponded to low GF and NCCN/NCN ratios with larger
Dact in the accumulation size range. This result suggests that WSOM, probably dominated by
the influence of biogenic sources, is responsible for suppressing hygroscopicity and CCN
activation in the accumulation size modes in this study.
Temporal variations in the number concentrations of low GF mode at Ddry = 49.6 nm were
similar to those in the EC concentrations, suggesting that EC contributed to the reduction of
the hygroscopicity in this smaller size range. These results suggest that the abundance of OM
relative to sulfate in the accumulation mode and the absolute abundance of EC in the Aitken
mode are important factors controlling hygroscopicity of submicron particles. The results
demonstrate that chemical composition and particle mixing state are important factors to
control hygroscopicity and CCN activation of the different size modes in the submicron
particles during the study period. This chapter highlights the importance of the abundance of
OM relative to sulfate in predicting cloud properties and their resultant climate effects in the
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future.
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Chapter 3. Evidence of a Reduction in Cloud
Condensation Nuclei Activity of Water-Soluble
Aerosols Caused by Biogenic Emissions in a CoolTemperate Forest

3.1 Introduction
In forested regions with strong influence of biogenic sources, organic matter (OM)
accounts for substantial fractions of the submicron particle mass. A majority of biogenic OM
in submicron particles consists of biogenic secondary organic aerosol (BSOA) derived from
biogenic volatile organic compounds (BVOCs) including isoprene and monoterpenes, whereas
primary biological aerosol particles (PBAPs) can also be a significant source of organic aerosol
(OA). Previous field studies conducted in areas dominated by biogenic OA, such as the
Amazon [Gunthe et al., 2009; Pöschl et al., 2010], boreal forests [Cerully et al., 2011; Sihto et
al., 2011; Paramonov et al., 2013] or mountainous forests [Levin et al., 2012, 2014], have
reported values of hygrosopicity parameter (κ) below 0.3. Some studies have reported higher
hygroscopicity for particles with larger diameters between 0.1 and 2.5 µm, which can be
explained by the enrichment of sulfate in those particle size ranges [Pöschl et al., 2010; Levin
et al., 2014; Whitehead et al., 2016]. Meanwhile, lower κ values for particles with diameters
between 10 and 100 nm have been attributed to a larger fraction of organic mass [Pöschl et al.,
2010; Levin et al., 2014; Whitehead et al., 2016]. Because most of the κ measurements were
made by intensive field campaigns for periods of a few weeks, it is worth investigating how κ
changes relative to changes in biogenic emissions throughout the year. Seasonal variability in
cloud condensation nuclei (CCN) concentrations and aerosol hygroscopicity has been
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previously investigated in forested areas [Fors et al., 2011; Sihto et al., 2011; Levin et al., 2012;
Paramonov et al., 2013; Holmgren et al., 2014], although limited chemical data is available to
fully interpret them. Several field studies have shown lower hygroscopicity for particles in the
accumulation mode in summer, which has been attributed to a large fraction of organic mass,
likely of biogenic origin [Levin et al., 2012; Paramonov et al., 2013].
The objective of this chapter is to elucidate the impact of seasonal changes in the types
and relative amounts of BSOA and PBAPs on the cloud forming potential of aerosols in forest
environments. Submicron aerosol samples were collected in the Tomakomai Experimental
Forest (TOEF) in northern Japan, which is a cool-temperate mixed forest. In this chapter, the
impact of seasonal changes in the water-soluble OM (WSOM) composition on the cloud
forming potential of submicron aerosols is discussed by using molecular tracers with positive
matrix factorization (PMF) analysis [Paatero and Tapper, 1994]. Moreover, this chapter
presents evidence for modification of the aerosol hygroscopicity by specific types of biogenic
emissions and discuss their implications for climate.

3.2 Methods
3.2.1 Location and submicron aerosol sampling
Ambient submicron aerosol samples were collected in Hokkaido University’s 2715 ha
Tomakomai Experimental Forest (TOEF) (42°43’N, 141°36’E) located in the southwestern
part of Hokkaido, northern Japan in the cool-temperate zone. The southern boundary of the
forest site faces Tomakomai city and its industrial port area towards the Pacific Ocean. The
mixed cool temperate forest consists of mature and secondary deciduous forest, and manmade
coniferous forest with various types of forest floor covers. Tree species include Mongolian oak
(Quercus crispula), mono maple (Acer mono), Korean mountain ash (Sorbus alnifolia),
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Japanese linden (Tilia japonica) and the planted species Japanese larch (Larix leptolepsis),
sakhalin fir (Abies sachalinensis), and sakhalin spruce (Picea glehnii) [Hiura, 2005]. The soil
consists of volcanogenic regosols, which are shallow and less weathered [Shibata et al., 1998].
The meteorological data for the sampling site was obtained from the Japan Meteorological
Agency (available at http://www.jma.go.jp/jma/index.html). The predominant local wind
direction in autumn and winter was from the north, corresponding to the forested area (Figure
3.1). In contrast, fractions of air transported from the south (coastal urban area) were dominant
in summer. The monthly averaged temperature ranged from −1.9 ± 2.9°C (winter) to
18.2 ± 3.1°C (summer) for the years 2013 and 2015.

Figure 3.1 Location of the sampling site (Tomakomai Experimental Forest, TOEF) and the observed
frequencies of local wind directions with wind speed >2 m s−1 for the year 2013. Map data ©2017
Google, ZENRIN; Imagery ©2017 Google, DigitalGlobe, TerraMetrics, Data SIO, NOAA, U.S. Navy,
NGA, GEBCO (https://maps.google.com/). Maps are modified with Microsoft PowerPoint 2013.
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Submicron aerosol samples were collected continuously using a high-volume air sampler
(HVAS; Model 120SL, Kimoto Electric, Osaka, Japan) at an altitude of ~18 m above the forest
floor at the research site. A cascade impactor (CI; Model TE-234, Tisch Environmental, Cleves,
OH, USA) attached to the HVAS was used to collect size-segregated particles [Miyazaki et al.,
2012] with a flow rate of 1130 L min−1. In this chapter, analytical results obtained from the
bottom stage of the impactor are only used, which collected particles with aerodynamic
diameter smaller than 0.95 μm. The sampling duration of each aerosol sample was
approximately 1 week. The samples were collected on quartz fiber filters (25 cm × 20 cm) from
January to December in 2013, and from February to December in 2015. Quartz fiber filters
were pre-combusted at 410°C for 6 hours to remove any contaminants. Collected filters were
individually stored in glass jars with a Teflon-lined screwed cap at −20°C to limit chemical
reactions on the filter and losses of volatile compounds. In total, 37 samples for 2013 and 15
samples for 2015 have been analyzed, with the focus on 2013 presented in this chapter.

3.2.2 Hygroscopicity measurement and determination of κCCN
To measure the hygroscopic parameters of submicron water-soluble aerosols, a filter cut
of 0.79 cm2 was extracted with 7 mL ultrapure water using an ultrasonic bath (5 min × 3 times).
The extracts were filtered through a 0.22 µm pore syringe filter (Millex-GV, 0.22 μm,
Millipore) to remove any insoluble particles with diameters larger than 0.22 µm. Polydisperse
aerosols were generated by first atomizing the filter extracts and then drying them with two
diffusion dryers (silica gel and molecular sieve) in series. After passing the impactor and
bipolar charger of the electrostatic classifier (TSI Model 3080), particles with a specific dry
mobility diameter (Ddry) were selected by a differential mobility analyzer (DMA, TSI Model
3081). The classified flow was then split into two parallel streams: one went into the
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condensation particle counter (CPC, TSI Model 3775) to measure the total concentration of
condensation nuclei (NCN), whereas the other stream was channeled into a continuous-flow
thermal-gradient diffusion chamber (CCN-100, Droplet Measurement Technologies) to
measure the number concentration of CCN (NCCN) [Roberts and Nenes, 2005]. The flow rate
into the CCN counter was 0.5 L min−1 with a sheath-to-sample flow ratio of 10.
In order to measure size-resolved CCN activity and growth kinetics, Scanning Mobility
CCN Analysis (SMCA) was performed [Moore et al., 2010]. In short, the method involves
scanning a dynamic mobility diameter ranging from 10.4 to 220.7 nm with the DMA over a
time period of 255 s. The specific supersaturation (SS, 0.25% to 1.0%) in the CCN counter was
kept constant during the scan. The CCN activity of the particles generated was characterized
by the activation diameter (Dact) at the corresponding SS, where the Dact of CCN is defined as
the Ddry at which NCCN reaches 50% of the total NCN at a certain SS [Rose et al., 2008]. Dact can
be determined by expressing the ratio of NCCN to NCN with respect to Ddry and fitting the data
to a sigmoid curve [Rose et al., 2008]. A multiple-charge correction was applied to the NCCN
and NCN using the algorithm provided in Moore et al. [2010]. The algorithm re-bins
misclassified multiply charged particles into their actual size bins based on an equilibrium
charge distribution.
The hygroscopicity parameter, κCCN, can be calculated for particles with Ddry at a certain
SS as follows [Petters and Kreidenweis, 2007]:

κ(SS, Ddry ) ≈

A=

4 A3
27 D3dry ln2 SSc

4 σs/a Mw
R T ρw

(3.1)

(3.2)
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where SSc represents the critical supersaturation for activation, ρW is the density of water, MW
is the molar mass of water, σs/a is the surface tension of the pure water–air interface
(σs/a = 0.072 J m−2), R is the universal gas constant, and T is the absolute temperature
(T = 298 K). Calibration was performed with ammonium sulfate before and after the
measurements.

3.2.3 Chemical analysis of water-soluble aerosols
The term water-soluble aerosols in the present study is technically defined as particles
sampled on the filter and extracted with ultrapure water followed by being filtered through the
syringe filter [Miyazaki et al., 2012, 2014]. To determine the WSOC concentration of the PM1.0
filter samples, another filter cut of 3.14 cm2 was extracted with 20 mL ultrapure water using
an ultrasonic bath for 15 min. The extracts were filtered through the same type of 0.22 µm pore
syringe filter as described above, before being injected into a total organic carbon analyzer
(Model TOC-LCHP, Shimadzu). The mass concentrations of WSOC were converted to those of
water-soluble organic matter (WSOM) using a conversion factor of 1.8 [Yttri et al., 2007;
Finessi et al., 2012].
Another portion of the filter (3.80 cm2) was extracted with dichloromethane/methanol to
measure biogenic molecular tracers: 2-methyltetrols (the sum of 2-methylerythritol and 2methylthreitol) [Claeys, 2004], pinic acid, 3-methyl-1,2,3-butanetricarboxylic acid (3MBTCA) [Yu et al., 1999; Claeys et al., 2007; Szmigielski et al., 2007], trehalose, arabitol,
mannitol, and sucrose [Simoneit et al., 2004; Elbert et al., 2007]. The –COOH and –OH
functional groups in the extracts were reacted with N,O-bis-(trimethylsilyl) trifluoroacetamide
(BSTFA) to form trimethylsilyl (TMS) esters and TMS ethers, respectively. The TMS
derivatives were then analyzed for the compounds listed above using a capillary gas
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chromatograph (GC7890, Agilent) coupled to a mass spectrometer (MSD5975C, Agilent).
Additionally, another cut of the filter (3.14 cm2) was extracted with 10 mL of ultrapure water
under ultrasonication to determine the concentration of major inorganic ions (NO3−, SO42−, Na+,
NH4+, K+). The same syringe filter type as described above was used, before the extract was
injected into the ion chromatograph (Model 761 compact IC; Metrohm) [Miyazaki et al., 2009].

3.2.4 Positive matrix factorization (PMF)
Positive matrix factorization (PMF) [Paatero and Tapper, 1994] is a multivariate factor
analysis technique used to resolve the identities and contributions of unknown mixtures to the
observed components. Observed species are expressed as the sum of contributions from a
number of time-invariant source profiles (factors) and residuals that cannot be modeled. By
minimizing the residual term, the solution that best reproduces the observations can be
determined. Further details of the PMF model and its application can be found elsewhere
[Paatero and Tapper, 1994; Norris et al., 2014].
Thirteen chemical components in thirty-seven sample sets were used as input data in the
PMF model for the year 2013 (Figure 3.2). The analytical measurement uncertainties of each
component were taken into account for the calculation. The calculation was performed with
100 runs. To maximize the amount of data, missing values were replaced with the median
values of the species [Reff et al., 2007]. The data from species with a signal-to-noise (S/N) ratio
equal to or less than 0.5 were excluded from the analysis. Moreover, the data of species with
an S/N ratio equal to or less than 1.0 were labeled as “weak”. Based on the scaled residual
analysis with ± 3 standard deviations, NO3− and NH4+ were additionally labeled as “weak”.
Uncertainties for these weak species are tripled [Paatero and Hopke, 2003]. To determine the
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best solution, three to seven factor solutions were calculated, which resulted in the selection of
five factors as the best solutions.

Figure 3.2 Five factor profiles derived from the PMF solution. The percentage of chemical species in
each factor is shown.

The uncertainty of the PMF solution is estimated by displacement (DISP) analysis and
bootstrapping (BS) analysis [Paatero et al., 2014]. With DISP, each fitted element of the factor
profile in the solution is “displaced” by predetermined error levels to determine changes, or
swaps, in the factor profiles. No swaps occurred at the lowest level. With BS, multiple PMF
solutions are generated by using a series of data sets that are resampled versions of the original
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data set. By comparing the factor contributions, each BS factor is mapped to a base factor of
the original PMF solution. The threshold of the minimum correlation for mapping was 0.6, and
100 bootstrapping runs were carried out. All BS factors could be mapped, and only BS Factor
4 showed mapping to the base Factor below 100% (94%) (Table 3.1). In this case, four of the
BS runs were mapped to F1 instead of F4, likely due to the fact that both factors contain
contributions of PBAP tracers.
Table 3.1. Results of the analysis for the uncertainty in the five-factor solution in the PMF
calculation. Q is a goodness-of-fit parameter, Qrobust indicates Q excluding points which did
not fit. Qexpected is the calculated Q, whereas %dQ indicates percent change in Q when swaps
occur.
Diagnostic
Qrobust/Qexpected
DISP %dQ:
Number of DISP swaps
Factors with BS (100 runs) < 100%
BS unmapped

5 Factors
4.56
<0.05%
0
Factor 4 (96%)
0

3.2.5 Estimation of the predicted κ values
The predicted hygroscopicity parameter (κmix) was calculated by applying a mixing rule
[Petters and Kreidenweis, 2007] to the aerosol chemical composition as follows:

κmix = εAS κAS + εorg κorg

(3.3)

where κAS and κorg are typical κ values for ammonium sulfate (~0.6) [Petters and Kreidenweis,
2007; Gunthe et al., 2009] and biogenic secondary organic aerosols (~0.1) [Gunthe et al., 2009;
Dusek et al., 2010], respectively. The εAS and εorg values are the volume fractions of ammonium
sulfate and organics, respectively, which were calculated from the mass concentrations using
the density of ammonium sulfate (ρAS = 1.77 g cm−3) and the assumed density of organics
(ρorg = 1.4 g cm−3) [Cerully et al., 2011].
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3.3 Results and Discussion
3.3.1 Seasonal variations in aerosol hygroscopicity
Figure 3.3 shows the seasonal variations in the monthly-averaged κCCN values of the
submicron water-soluble aerosols in 2013 and 2015. The κCCN values ranged between 0.26 and
0.56 with an overall average of 0.44 ± 0.07. These κCCN values are generally larger than those
for ambient particles obtained by in-situ measurements in other forest environments (typically
below 0.3) [Gunthe et al., 2009; Pöschl et al., 2010; Cerully et al., 2011; Fors et al., 2011;
Sihto et al., 2011; Levin et al., 2012, 2014; Paramonov et al., 2013; Whitehead et al., 2016].
This is expected, given that the aerosol from filter extracts is completely water-soluble, as well
as because the observed aerosols at this study site were not purely organics, as discussed below.

Figure 3.3 Time series of κCCN of the submicron water-soluble aerosol for the year 2013 (red circles)
and 2015 (blue squares). Each season is categorized by shaded areas.

The κCCN values exhibited maxima in summer (June–August) and minima in autumn
(September–November). This seasonal trend in κCCN was observed in both 2013 and 2015. The
κCCN values in summer (0.50–0.52) are close to typical values of hygroscopic sulfate aerosols
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(∼0.6). In contrast, the lower values observed in autumn (0.32–0.37) are similar to those for
particles dominated by organics in forest environments, which typically range from 0.1 to 0.4
[Gunthe et al., 2009; Pöschl et al., 2010; Cerully et al., 2011; Fors et al., 2011; Sihto et al.,
2011; Levin et al., 2012, 2014; Paramonov et al., 2013; Whitehead et al., 2016].
While the seasonal pattern of κ is highly dependent on the location, Sihto et al. [2011]
reported the lowest hygroscopicity in boreal forest in November, which they explained to be
the result of a change in the chemical composition of aerosols. Paramonov et al. [2013] showed
a seasonal variation in κCCN with a minimum (∼0.2) in July and a maximum (0.74) in February
with in-situ ambient measurements during a 29-month period in a boreal forest in southern
Finland. Levin et al. [2012] also observed minimum κCCN values of 0.16 in July and September,
and a maximum of 0.3 in April. Those previous studies suggested that the low hygroscopicity
in summer was due to a larger organic mass fraction, which is likely attributed to increased
emissions of BVOCs and subsequent formation of SOA. However, they have limited chemical
measurements available to confirm this, although they mentioned that a change in the chemical
composition of aerosols potentially affects κ. Because κCCN is closely linked to the chemical
characteristics of aerosol [Petters and Kreidenweis, 2007], the observations together with the
previous studies in the forested areas suggest that a seasonal difference in the chemical
composition could control the seasonal variation in κCCN.

3.3.2 Seasonal trends of water-soluble organics and sulfate in submicron
aerosols
In order to investigate the chemical composition of the observed submicron particles,
Figures 3.4a–b present seasonal changes in the mass fractions of water-extracted aerosols
together with the mass concentrations of water-soluble organic carbon (WSOC) and sulfate in
2013. On average, sulfate was the dominant component in summer, accounting for ~59% of
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Figure 3.4 Time series of (a) the mass fraction of the chemical components in water-soluble aerosols,
the mass concentrations of (b) WSOC and sulfate, (c) pinic acid and 3-methyl-1,2,3-butanetricarboxylic
acid (3-MBTCA), (d) 2-methyltetrols, (e) arabitol, trehalose, and mannitol, and (f) sucrose for the year
2013. Each season is categorized by shaded areas.

the submicron water-soluble aerosols. In contrast, the mass fractions (~35%) and
concentrations of WSOM (WSOC) showed maxima in autumn (Table 3.2). These seasonal
patterns were also observed in the year 2015 (Table 3.3). Figure 3.5 displays the relationship
between κCCN and the WSOM-to-sulfate ratios. Throughout the entire period of 2013, the κCCN
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value is negatively correlated with the WSOM/sulfate ratios (R2 = 0.60 and 0.66 for all the
individual data and monthly average data, respectively). The R2 values were also as large as
0.79 (all data) and 0.76 (monthly averages) for the data obtained in 2015. This suggests that
the fraction of organics relative to sulfate is an important factor that controls the CCN activity
of the submicron water-soluble aerosols at the study site.
Table 3.2. Average κCCN and mass concentrations of WSOM, inorganic species, and biogenic
molecular tracers, together with the ambient temperature in each season for the year 2013.
Individual seasonal category is defined as each three months period: Spring (March–May),
Summer (June–August), Autumn (September–November), and Winter (December–February).
κCCN

Spring
0.46±0.03

Summer
0.47±0.05

Autumn
0.40±0.06

Winter
0.45±0.03

WSOM (µg m−3)
NO3− (µg m−3)
SO42− (µg m−3)
Na+ (µg m−3)
NH4+ (µg m−3)
K+ (µg m−3)

0.82±0.26
0.07±0.03
1.65±0.41
0.03±0.02
0.57±0.12
0.04±0.01

0.66±0.27
0.03±0.01
1.89±0.68
0.01±0.00
0.56±0.20
0.02±0.01

1.07±0.64
0.05±0.02
1.35±0.57
0.02±0.00
0.45±0.19
0.04±0.02

0.76±0.30
0.07±0.03
1.19±0.51
0.02±0.01
0.36±0.10
0.04±0.01

2-methyltetrols (ng m−3)
Pinic acid (ng m−3)
3-MBTCA (ng m−3)
Sucrose (ng m−3)
Trehalose (ng m−3)
Arabitol (ng m−3)
Mannitol (ng m−3)

0.12±0.06
1.01±0.17
1.66±1.09
0.57±0.67
0.03±0.03
0.10±0.08
0.09±0.09

2.32±1.49
0.36±0.19
3.29±1.50
0.42±1.25
0.06±0.03
0.10±0.05
0.13±0.07

0.72±1.16
1.16±0.52
3.34±1.94
0.02±0.01
0.09±0.05
0.21±0.10
0.16±0.11

0.04±0.02
0.77±0.14
0.23±0.05
0.00±0.00
0.00±0.00
0.04±0.01
0.01±0.00

4.5±3.8

18.2±3.2

12.2±5.4

−3.1±3.2

Temperature (ºC)
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Table 3.3. Average κCCN and mass concentrations of WSOM and inorganic species, together
with the ambient temperature in each season in 2015. Individual seasonal category is defined
as each three months period: Spring (March–May), Summer (June–August), Autumn
(September–November), and Winter (December–February).
κCCN

Spring
0.40±0.06

Summer
0.51±0.02

Autumn
0.37±0.09

Winter
0.44±0.03

WSOM (µg m−3)
NO3− (µg m−3)
SO42− (µg m−3)
Na+ (µg m−3)
NH4+ (µg m−3)
K+ (µg m−3)

1.60±0.23
0.09±0.04
1.69±0.44
0.06±0.01
0.52±0.19
0.02±0.01

0.83±0.48
0.01±0.01
1.87±1.16
0.01±0.01
0.59±0.35
0.00±0.00

2.21±2.27
0.06±0.10
0.98±0.47
0.01±0.01
0.32±0.17
0.06±0.09

0.72±0.00
0.01±0.00
1.01±0.00
0.01±0.00
0.32±0.00
0.00±0.00

Temperature (ºC)

6.6±3.8

18.0±3.0

10.9±5.6

−0.8±2.0

Figure 3.5 Scatter plot of monthly average κCCN and the WSOM-to-sulfate ratios with their standard
deviations in spring (green triangles), summer (yellow squares), autumn (red circles), and winter (black
diamonds) for the year 2013. Individual data are also shown in grey solid circles obtained for each
sampling duration of approximately one week.

It should be noted that even during periods with similar WSOM-to-sulfate mass ratios of
0.62–0.64, κCCN differed between autumn (0.41–0.42) and winter (0.44–0.47) (Figure 3.5),
which indicates that the difference in the chemical composition of WSOM can modify κCCN.
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Specifically, it is suggested that WSOM in autumn contains less hygroscopic compounds than
during the winter period. To explore the possible sources of WSOM and the resulting chemical
compositions, Figures 3.4c– f present the seasonal variations in the concentrations of
representative tracers for BSOA and PBAPs. It is apparent that the concentrations of pinic acid,
which is a first-generation oxidation product of α-pinene and is typically used as a tracer for αpinene derived SOA [Yu et al., 1999; Claeys et al., 2007], reach a maximum in autumn (Figure
3.4c). Moreover, the concentrations of arabitol, trehalose, and mannitol also exhibited maxima
during the same season (Figure 3.4e), although the appearance of their peaks is slightly
different from that of pinic acid. These sugar compounds are used as tracers of biological
materials, including fungi and bacteria [Simoneit et al., 2004; Elbert et al., 2007]. In particular,
trehalose is known to be a fungal metabolite as well as a stress protectant for the soil microbial
community, and has been proposed as a molecular marker for fugitive dust from biologically
active surface soils [Rogge et al., 2007]. The seasonal profiles indicate that the increase of
WSOM during the autumn period can be associated with increased concentrations of both αpinene derived SOA and PBAPs.
Previous studies have suggested that α-pinene has been found to originate from roots, litter,
and soil microbial activity [Aaltonen et al., 2011; Faiola et al., 2014; Peñuelas et al., 2014] in
combination with high nitrification rates [Kirikae et al., 2001]. Local wind speeds were
relatively low of average 3.2 ± 0.5 m s−1 with a prevailing northerly wind (Figure 3.1) from
the forested area in autumn. This supports the hypothesis of a significant influence of local
emissions and subsequent vertical transport of α-pinene and its oxidation products within the
canopy. Moreover, the enhanced concentrations of pinic acid together with these sugar
compounds in autumn indicate that most of the observed pinic acid, and thus its precursor (αpinene), in this season originated from the forest floor rather than from the leaves. Indeed,
previous studies estimated that the emissions of monoterpene, dominated by α-pinene, from
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the forest floor (~300 µg m−2 h−1 at 30 °C), were larger than those from the canopy by ~35%
in the Idaho Experimental Forest, northwestern USA in autumn [Aaltonen et al., 2011, 2013;
Faiola et al., 2014].
The concentrations of 2-methyltetrols, which is used as a tracer for isoprene-derived SOA
[Claeys, 2004], showed a maximum in summer when the sulfate fraction dominated as
described above. The seasonal trend of 2-methyltetrols (Figure 3.4d) closely followed that of
the ambient temperature (Table 3.2). The increased sulfate concentration is likely due to the
higher influence of anthropogenic emissions originating from the industrial area of the
Tomakomai city located in the south of the forest site. This is supported by the predominant
southerly wind direction in summer (Figure 3.1).

3.3.3 Source apportionment of WSOC by positive matrix factorization (PMF)
analysis
A PMF analysis was performed to apportion sources of the measured WSOC, which is
closely linked to κCCN. The PMF resolved five interpretable factors, which were characterized
by the enrichment of each tracer compound (Figure 3.2). Factor 1 (F1) was dominated by the
contribution of sucrose (89%), which is a primary saccharide of pollen grains. Consequently,
it is referred to here as “pollen-rich”. Factor 2 (F2) is characterized by 2-methyltetrols (86%),
whereas Factor 3 (F3) was dominated by pinic acid (75%). On the basis of the characteristics
of each source profile, F2 and F3 are referred to here as “isoprene-SOA-rich” and “less oxidized
α-pinene-SOA-rich", respectively. Factor 4 (F4) is characterized by large contributions of
mannitol (75%), arabitol (74%), trehalose (60%), and 3-methyl-1,2,3-butanetricarboxylic acid
(3-MBTCA) (61%). It has been recognized that 3-MBTCA is a highly oxidized compound of
α-pinene [Szmigielski et al., 2007]. Although F4 was difficult to convincingly attribute to a
specific source, given the possibility that these tracers for PBAP are associated with re72

suspended soil and associated biota and that 3-MBTCA is a highly oxidized product of αpinene, F4 was labeled here as “mixtures of fungi, bacteria, and more oxidized α-pinene SOA”.
On the other hand, Factor 5 (F5) is dominated by sulfate (57%), sodium (54%), and ammonium
(51%). The observed sulfate is suggested to originate from anthropogenic activity rather than
from sea salt, because of the negligible fraction of sea-salt sulfate (< 2%) calculated from the
concentrations of sodium (Table 3.2). Consequently, F5 is referred to here as “anthropogenic
sulfate-rich” as a possible source category of WSOC.
Figure 3.6 displays seasonal differences in the contribution of each source factor to the
WSOC mass resolved by the PMF. The results show that 98% of the measured WSOC mass
concentration in 2013 was successfully reproduced by the PMF model. In autumn, 75% of the
WSOC mass was attributable to the sum of F3 and F4, both of which are dominated by the
contribution of α-pinene derived SOA and fungi/bacteria derived WSOC. The significant
contribution of α-pinene derived SOA was also apparent in spring, when the sum of F3 and F4
accounted for 57% of WSOC mass on average. The pollen-rich factor (F1) contributed only a

Figure 3.6 Contribution of each PMF-derived factor to the WSOC mass concentration and the average
κCCN in each season. Open circles indicate the average mass concentrations of the measured WSOC.
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minor fraction of the submicron WSOC, even in spring and summer (<7%). In summer, the
anthropogenic sulfate-rich factor (F5) contributed significantly to WSOC mass (~57%),
whereas the contribution of α-pinene derived SOA and fungi/bacteria derived organics to the
WSOC was smaller (~28%). The increased concentrations of sulfate can also facilitate the
formation of highly oxidized, hydrophilic OA, which implies that the formation of highly
oxidized organics could have been a major component of observed WSOC in summer. In
contrast, the WSOC in winter was attributed to less oxidized α-pinene SOA and anthropogenic
sulfate-rich factors, with the lowest average concentration through the year. The present result
indicates that the relative abundance and contributions of different sources to the WSOC mass
are important for controlling the variation of the CCN activity.

3.3.4 Factors controlling the hygroscopicity parameter at the forest site
The modification of κCCN associated with the increased contributions of α-pinene SOA is
supported by previous studies. Oxidation products of α-pinene are known to be surfactants and
as such, when mixed with inorganic salts, they have been found to affect the surface tension of
the solution [Sorjamaa et al., 2004; Padró et al., 2010; Frosch et al., 2011]. In general,
depression in the surface tension caused by surfactants lowers the Kelvin (surface tension)
effects [Wex et al., 2008], which leads to increasing CCN activity [Sorjamaa et al., 2004; Wex
et al., 2008; Dusek et al., 2011]. On the other hand, surfactants also affect the Raoult (water
activity) effects, which can compensate the Kelvin effects [Li et al., 1998; Sorjamaa et al.,
2004; Frosch et al., 2011] (Figure 1.3). In mixed particles, κ can be modelled as the volume
weighted average of the constituent’ κ values, which is estimated based on volume-mixing
rules [Petters and Kreidenweis, 2007]. The estimated κ (κmix) is defined as κmix = ∑ɛiκi, where
ɛi and κi are the volume fraction and the κ value of each constituent, respectively. When κmix is
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simply determined for two-component mixtures of WSOM and ammonium sulfate (Table 3.2
and also see the method section), the observed κCCN and predicted κmix values agreed to within
17%, which is consistent with previous studies [Gunthe et al., 2009, 2011; Padró et al., 2010;
Cerully et al., 2011]. It is noted that the κCCN shown here is the apparent κ, which is sensitive
to the assumption used in the calculations (equations (3.1) and (3.2)) and is different from
intrinsic κ [Sullivan et al., 2009]. Padró et al. [2010] evaluated κ for water-extracted aerosols
in Mexico City by assuming the surface tension of water and 15% suface tension from the
contributions of organics. They demonstrated that when κCCN is calculated allowing for a 15%
surface tension depression, surfactant characteristics of the water-soluble aerosol can result in
a reduction in organic hygroscopicity.
The reduction in hygroscopicity can be explained with an increased fraction of surface
active organic compounds [Li et al., 1998; Sorjamaa et al., 2004; Frosch et al., 2011]. While
surfactants generally reduce the surface tension effect (Kelvin effect) of the droplet, which
leads to increased CCN activity [Wex et al., 2008; Dusek et al., 2011], subsequent phase
partitioning and/or organic coating lead to an organic-rich phase on the surface of the droplet
and inner aqueous phase. This process can compensate for the surface tension effect if the
fraction of surfactants is large. The surfactants lower the Raoult (water activity) effects [Li et
al., 1998; Sorjamaa et al., 2004], which may result in a reduction in CCN activity [Li et al.,
1998; Sorjamaa et al., 2004; Frosch et al., 2011]. In recent laboratory experiments, RenbaumWolff et al. [2016] demonstrated that internally mixed sulfate and SOA, enriched with the
oxidation products of α-pinene, results in a particle with a liquid-liquid phase separation.
Furthermore, they showed that phase partitioning occurs with a phase enriched with α-pinene
secondary OM on the surface of the particle and the water-rich inner phase above 95% RH.
This surface organic-rich phase can prevent particles from activating as CCN.
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By laboratory experiments, Ma et al. [2013] showed that when the particle mass fraction
of organics exceeded 70%, coating by α-pinene derived SOA with 10–15 nm thickness on preexisting particles occurs within a reaction time of 30 min. They found that the coating thickness
is sufficient enough to lead to a noticeable change in the CCN activity of pre-exiting particles.
In the current study, the large mass fraction of α-pinene derived SOA (75%) was observed only
in autumn which was larger by 47% than that in summer. In general, α-pinene derived SOA
contain compounds with molecular weights higher than those in isoprene derived SOA
[Khalizov et al., 2013; Ma et al., 2013]. Oxidation products with high-molecular weight have
been found to be related to low hygroscopicity [Varutbangkul et al., 2006]. Consequently, the
possible coating in autumn can prevent or delay the water uptake and activation of the particles
to form cloud droplets. These mechanisms can partly explain the reduction of κCCN in autumn
when the mass fraction of WSOM, dominated by α-pinene derived SOA, was large relative to
that of sulfate.
It is interesting to note that F3 has a significant contribution of nitrate (53%; Figure 3.2).
In fact, the concentration of nitrate showed a positive correlation with that of pinic acid
(R2 = 0.26) in autumn, whereas there was an insignificant correlation with benzoic acid
(R2 = 0.04), which is measured as a tracer of anthropogenic origin. These results, together with
low local wind speeds and prevailing wind direction from the forest area (Figure 3.1), indicate
that a substantial fraction of the NOx originated from soil [Kirikae et al., 2001] in the forest
rather than from anthropogenic sources, to form aerosol nitrate. Nitrate radicals in the
atmosphere are known to have a high reactivity to α-pinene and can subsequently form αpinene nitrates [Ma et al., 2011]. Recently, chamber experimental and modelling studies have
shown that the addition of nitrate functional groups inhibit CCN activation by reducing its
miscibility with water [Suda et al., 2014; Petters et al., 2016], which also supports the observed
reduction in CCN activity for particles in the vicinity of a biogenic source area.
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3.3.5 Possible impact of α-pinene derived SOA on the CCN number
concentrations on the regional scale
In this subsection, to what extent these organic aerosols can affect the CCN number
concentrations on a regional scale, is roughly estimated. The spatial distributions of α-pinene
derived SOA is mainly controlled by the residence time in the atmosphere, which depends on
particle losses due to chemical reactions, coagulation, dry deposition, and impaction or
scavenging through clouds or precipitation. The chemical lifetime of α-pinene SOA ranges
from 10 hours to 4 days estimated by photochemical chamber experiments in a laboratory
[Wang et al., 2011]. On the other hand, the physical lifetime of submicron particles varies from
~1 to ~3 days depending on meteorological conditions in the boundary layer [Williams et al.,
2002]. Assuming an average local wind speed of 3 m s−1 obtained at the measurement site and
the maximum residence time of ~3 days, α-pinene SOA can impact the regional scale within
approximately 800 km.
This has important implications for the number concentrations of CCN. In autumn, 35%
of the total soluble mass (TSM, Figure 3.4a) is composed of WSOM, 75% of which is
attributable to α-pinene derived SOA (26% of TSM, Figure 3.6). In order to estimate the
reduction of the activated CCN number due to α-pinene SOA: (1) If α-pinene SOA is absent,
all particles are activated as CCN, and (2) the bulk mass fraction of TSM is proportional to the
mass and number fractions of particles. Two extreme cases are considered here: For the first
case, when α-pinene SOA coated 100% of the surface of each single particle, the reduction of
the CCN number was estimated to be ~26% which is reflected by the mass fraction of α-pinene
derived SOA to TSM. The second case assumes that activation of each single particle can be
suppressed even when the mass fraction of organics exceeds 70% [Ma et al., 2013] (Chapter
3.3.4). This estimate resulted in the reduction of activated CCN by ~37%. Overall, the
reduction of the CCN number was estimated to be ~32% as the average of the two cases.
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Considering the CCN number concentration of ~200 cm−3 in typical boreal forest atmospheres
[Spracklen et al., 2008; Tunved et al., 2008], coating of pre-existing hygroscopic particles with
α-pinene SOA leads to a reduction of the CCN number concentration to 136 cm−3. The reduced
number concentrations of CCN can reduce a negative radiative effect and precipitation, which
may also affect the biogeochemical cycles.

3.4 Conclusions
The two year-long measurements of water-soluble aerosols conducted at the cooltemperate forest site revealed a recurring seasonal trend of the hygroscopicity κCCN with a
maximum in summer and a 15% lower minimum in autumn. Chemical analysis showed that
the reduction of κCCN was linked to higher WSOM/sulfate ratios due to increased WSOM mass.
Positive matrix factorization analysis (PMF) indicated that α-pinene-derived secondary organic
aerosol (SOA) contributed with ~75% to the WSOM mass in autumn, which was larger by 47%
than in summer. The majority of these α-pinene-derived SOA was attributable to emissions
from litter/soil microbial activity near the forest floor. It is thus suggested that the formation of
α-pinene-derived SOA associated with soil/litter mostly found near the forest floor, can
significantly contribute to reducing the cloud forming potential of submicron particles.
The reduction of the hygroscopicity can be explained by organic coatings on pre-existing
hygroscopic particles, and/or phase partitioning of these organics in the droplets. Coating and
phase partitioning can prevent or delay the water uptake and therefore the CCN activation. It
is estimated that the coating of particles by α-pinene derived organics in autumn can reduce the
number of activated CCN particles by roughly ~32%. Considering the atmospheric lifetime of
these SOA of ~3 days at maximum, the result has important implications for the regional
climate as the corresponding particles can be distributed over the spatial scale of ~800 km. If
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sulfate-rich aerosols are coated with α-pinene derived organics, the negative effect of radiative
forcing can be reduced by the changes in the cloud properties particularly in the lower
troposphere.
Additional field studies are needed to investigate the mechanism for organics from the
forest floor reducing the CCN activity. Future work should include more sample sets from the
other forest environment and provide comprehensive in-situ measurements of size distribution,
chemical compositions, and CCN concentrations to evaluate the relationships of these
physicochemical characteristics. The present study demonstrates that the aerosol
hygroscopicity is controlled by different types of biogenic sources, which is important for
predicting regional climate effects of organic aerosols due to changes in types and amounts of
biogenic emissions particularly in cool-temperate/boreal forests in the future.
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Chapter 4. Impact of Biogenic Organic Aerosols on
Aerosol Optical Properties

4.1 Introduction
4.1.1 Biogenic aerosols and their direct effect on the climate
In addition to the impact on cloud formation as discussed in the previous chapter,
atmospheric aerosols with a size range from 10 nm to 1 µm in diameter play a key role in
regulating the direct radiative effect (DRE) as described in Chapter 1.1. The impact of aerosols
on the DRE depends on their abundance and distribution within the atmospheric column, their
hygroscopicity, and on their optical properties [Moise et al., 2015]. Because the incoming solar
radiation peaks at wavelength between 380 nm and 750 nm, biogenic organic aerosols
especially in that size range are important to constrain the impact on the DRE [Scott et al.,
2014]. Scott et al. [2014] estimated that the global annual mean DRE by biogenic secondary
organic aerosol (BSOA) ranged between −0.08 Wm−2 and −0.78 Wm−2, while Lihavainen et
al. [2009] estimated that a regional DRE over boreal forest in summer ranged between
−0.37 Wm−2 and −0.74 Wm−2. These studies emphasize that there still remains large
uncertainties in the impact of BSOA on the DRE.
The abundance and chemical composition of BSOA and their interaction with pre-existing
particles can affect the aerosol extinction characteristics. Furthermore, uncertainties in the
absorbing and scattering characteristics of those aerosols make it difficult to understand
whether the radiative forcing by biogenic aerosols is negative or positive on regional scales
[Andrews et al., 2017]. In this chapter, the effects of biogenic emissions of organics on the
aerosol optical properties are investigated.
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4.1.2 Objective
In Chapter 3, it was suggested that BSOA, formed via BVOCs most likely emitted from
the forest floor, can reduce the cloud forming potential of pre-existing sulfate particles [Müller
et al., 2017]. The interaction between organic emissions and pre-existing particles might not
be constrained to the canopy height and can also impact the DRE by affecting the scattering
and absorption characteristics. The objective of this chapter is to investigate the impact of
biogenic organic emissions from the forest on aerosol optical properties on a regional scale.
Ground-based remote sensing measurements were continuously made to obtain the extinction
as well as scattering/absorption characteristics of atmospheric aerosols. These retrievals are
compared with the chemical data obtained from the filter-based aerosol measurements as
shown in Chapter 3.

4.2 Methods
One of the important parameters to represent the optical properties of aerosols can be
measured by sun photometry using sun-photometers. A sun-photometer measures atmospheric
extinction or optical depth in the total atmospheric column of the direct radiation from the sun.
With the total extinction, the spectral extinction of the solar irradiance at each wavelength by
aerosols can be derived. This parameter is generally defined as aerosol optical depth (AOD),
which provides information about the aerosol loading in the atmospheric column. The AOD
values below 0.2 typically indicate a clear atmosphere, whereas the values > 0.4 are associated
with high aerosol loadings such as those from polluted sources [e.g., Salinas et al., 2013].
According to the Beer–Lambert–Bourger law [Bouguer, 1729; Beer, 1852], the solar irradiance
at a wavelength λ (I (λ)), which reaches the instrument, is defined as:
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I λ = I0 (λ) × e

τt (λ) m(ξ)

(4.1)

where I0 is the irradiance at the top of the atmosphere; τt corresponds to the total atmospheric
optical depth. m (ξ) is the optical air mass, which is defined as a path length of the radiation
passing through the atmosphere to the sea level and depends on the solar zenith angle ξ. The τt
is composed of the optical depth due to molecular scattering (Rayleigh scattering), molecular
absorption, and AOD. Applying the Ångström formula [Ångström, 1929], the AOD τa can be
expressed as:

τa λ = τa0 λ × λ

(4.2)

where α is the Ångström exponent (AE), and τa0 is the AOD at a reference wavelength (usually
around 1 µm). The Ångström exponent describes the dependency of AOD on the wavelength.
It is a measure for the aerosol size, which typically classifies the particle size into coarse mode
(with radii r > 0.5 µm for AE < 1) and fine mode (with r < 0.5 µm for AE > 1) [Salinas et al.,
2009]. Based on the relationship between AOD and AE, the retrieved aerosols can be classified
according to their characteristics of extinction and size of particles [Toledano et al., 2007;
Salinas et al., 2009; Tan et al., 2015].
Another important parameter derived from solar almucantar retrievals of the sunphotometer measurements is the single scattering albedo ω (SSA) which is the ratio of
scattering to extinction (absorption + scattering):

ω=

σsca
σabs + σsca

(4.3)

where σabs and σsca represent the optical absorption and scattering cross sections, respectively
[Moise et al., 2015]. The SSA primarily shows whether aerosol particles have a warming or
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cooling radiative effect [e.g., Hansen et al., 1997]. SSA > 0.95 generally indicates
scattering/reflective aerosols, whereas SSA < 0.90 represents more absorbing aerosols. The
mixture of absorbing and scattering aerosols have SSA values typically between 0.90 and 0.95.
For the measurements of these parameters, a sky radiometer (POM-01; Prede Co., Ltd.,
Tokyo, Japan) was deployed by the University of Toyama for the Skynet project
(http://skyrad.sci.u-toyama.ac.jp/skyrad_web/index.html) at the Tomakomai experimental
forest (42.676 N, 141.600 E) at 30 m height. The sky radiometer measures the direct solar
irradiance and diffuse solar radiance at five wavelengths (0.4, 0.5, 0.675, 0.87, 1.02 µm).
Measurements were made every ~10 minutes. Quality-assured data for AOD, AE and SSA
were computed using the SKYRAD.pack Version 4.2. [Nakajima et al., 1996]. The chemical
data for the submicron particles obtained within the canopy is the same as that shown and
discussed in Chapter 3.

4.3 Results and Discussion
4.3.1 Seasonal variations in aerosol optical depth
Figure 4.1a shows the temporal variation of AOD at a wavelength of 500 nm from June
to December 2015 in comparison with the total soluble mass (TSM) in the submicron particles
measured within the forest canopy. The AOD values ranged from 0.03 to 0.72 with an average
of 0.17 ± 0.13. Eck et al. [2009] reported that monthly averaged AOD at the wavelength of
500 nm was less than 0.1 for background aerosol levels in the boreal region in Central Alaska.
During periods with large influence of biomass burning, they observed AOD values above 0.4.
In this study, the observed AOD values less than 0.1 correspond to the atmospheric condition
with small numbers of particles, whereas the values larger than 0.4 can be interpreted to
conditions with larger particle number concentrations.
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Figure 4.1 Time series of (a) the total soluble mass (TSM) in the submicron particles collected on the
filters and the aerosol optical depth (AOD) at a wavelength of 500 nm, (b) local wind direction and
wind speeds, and (c) the Angström Exponent (AE) from June to December, 2015. AE > 1 represents
fine mode aerosols with radii < 0.5 µm; AE < 1 coarse mode aerosols with radii > 0.5 µm. Shaded areas
divide three periods summer (SM), transition period (TP), and autumn (AT).

Based on the characteristics of the optical properties (Figure 4.1a) and the local wind
direction and speeds (Figure 4.1b), three periods can be defined in terms of the increased AOD
during the measurement period. During the period from the end of July to the middle of August,
defined here as the summer period (SM), the wind direction was mainly southerly. The AOD
values were generally larger than 0.40 during SM. During the period from October to
November, defined as autumn period (AT), the dominant wind direction was northerly, when
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the AOD values were 0.17 ± 0.12 with a peak > 0.4. The period of September corresponded to
the transition period (defined as TP), when the average AOD was 0.25 ± 0.06. The average
values of the data in each period are given in Table 1.
Table 1. Average optical properties and chemical data for the three periods summer (SM),
transition period (TP), and autumn (AT). Aerosol optical depth (AOD) at 500 nm, Angström
Exponent (AE), single scattering albedo (SSA) at 500 nm, sulfate (SO42−), water-soluble
organic matter (WSOM), and total soluble mass (TSM).
Summer (SM)

Transition (TP)

Autumn (AT)

AOD (500 nm)

0.40 ± 0.18

0.25 ± 0.06

0.17 ± 0.12

AE

1.36 ± 0.18

1.22 ± 0.11

1.27 ± 0.28

SSA (500 nm)

0.98 ± 0.01

0.95 ± 0.02

0.93 ± 0.04

SO42− (µg m−3)

2.78 ± 0.63

1.67 ± 0.00

1.04 ± 0.50

WSOM (µg m−3)

0.98 ± 0.39

0.74 ± 0.00

4.02 ± 2.51

TSM (µg m−3)

4.67 ± 1.22

2.93 ± 0.00

5.79 ± 3.50

4.3.2 Comparison of the aerosol optical depth with the chemical
measurement
To understand the impact of the aerosol mass on the aerosol extinction properties,
Figure 4.1a also shows the temporal variations of TSM, which ranged from 0.31 µg m−3 to
10.65 µg m−3 with an average of 4.46 µg m−3 ± 2.31 µg m−3. The temporal trend of TSM was
similar to that of AOD in SM, TP, and AT. Previously, the dependence of satellite-derived
AOD on particulate matter (PM) has been studied in rural background and metropolitan sites
around Helsinki, and urban and rural sites in the United States [Natunen et al., 2010; Toth et
al., 2014]. Moreover, ground- and satellite-based AOD were investigated at urban and
suburban sites in Singapore [Chew et al., 2016]. In those studies, increased AOD values
correlated with increased PM2.5 in the presence of an aerosol layer near the surface or a wellmixed planetary boundary layer [Natunen et al., 2010; Toth et al., 2014; Chew et al., 2016]. In
this study, the low local horizontal wind speeds (3.0 ± 1.2 m s−1) (Figure 4.1b) indicate that
92

the increase of the AOD was largely influenced by the increased TSM by the vertical transport
from the forest canopy.
Figure 4.1c shows the temporal variation of the AE. The average AE value was
1.19 ± 0.28, whereas it often exceeded 1.00 during the period SM, TP, and AT (Table 1). This
temporal trend of AE indicates that aerosols residing in the fine mode fraction are responsible
for the increased AOD. Although the TSM represents the water-soluble fraction of the
submicron particle mass, the significant correlation between TSM and AOD (R2 = 0.60) with
the dominance of fine-mode size for AOD suggests that the most of the increase in AOD was
likely associated with the increase in TSM. This allows the comparison of the chemical
properties measured in the canopy with the optical properties of the total atmospheric column.
In order to investigate the relation between the increased AOD and chemical properties of the
TSM, Figure 4.2a shows the temporal variation of the chemical mass fraction of the TSM in
the submicron particles obtained from the filter sampling. As already discussed in Chapter 3,
sulfate was the major mass fraction (~60%) of the TSM during SM and TP. On the other hand,
the mass fraction was dominated by the water-soluble organic matter (WSOM) (~70%) in AT
(Table 1). The result indicates that the AOD is mainly controlled by sulfate-dominated
particles in SM and TP. In contrast, the increased WSOM can be responsible for the increased
AOD values in AT.
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Figure 4.2 Time series of (a) the chemical mass fraction of submicron water-soluble aerosols from the
filter-based measurement, and (b) the single scattering albedo (SSA) at 500 nm from June to December,
2015. SSA > 0.95 represents scattering aerosols; SSA < 0.90 absorbing aerosols, and 0.90 < SSA < 0.95
those of a mixture of absorbing and scattering characteristics. Shaded areas divide three periods summer
(SM), transition period (TP), and autumn (AT).

4.3.3 Possible impact of the biogenic organic species on light
scattering/absorbing characteristics of aerosols
In Chapter 3, it was discussed that the increased fraction and concentration of sulfate in
summer were mainly due to the inflow of anthropogenic aerosols near the forest. The large
concentration of hygroscopic sulfate particles have been related to increased AOD [e.g.,
Nguyen et al., 2016]. The current study suggests that the increased AOD in summer is likely
related to the increased influence of sulfate particles. On the other hand, recent studies also
reported that increased solar extinction in summer was associated with increased BVOC
emissions [Goldstein et al., 2009] and/or large aerosol water content [Nguyen et al., 2016] in
southeastern USA. In order to investigate the effect of the chemical composition on the
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scattering and absorption characteristics of particles, Figure 4.2b shows the temporal variation
of the single scattering albedo (SSA) at a wavelength of 500 nm. In general, the values of SSA
in SM were larger than 0.95 (0.98 ± 0.01), indicating that the observed aerosols had mainly
scattering characteristics. In contrast, most of the SSA values in AT were in the range of 0.90–
0.95 (0.93 ± 0.04) which were generally lower than those in SM and TP by 5% and 2%,
respectively (Table 1). This suggests that contributions of aerosols with more absorbing
characteristics were more important in AT.
In general, with regard to absorbing characteristics of aerosol particles, black carbon (BC)
containing particles like soot are highly absorptive [Eck et al., 2009; Russell et al., 2010; Giles
et al., 2012]. Humic substance from soils, plant debris, and biogenic aerosols may be a source
of light absorbing organic particulate matter, which is referred to as brown carbon (BrC) [Moise
et al., 2015]. Some portion of BrC can be produced as light-absorbing secondary organic
aerosol (SOA) in the atmosphere, which is often linked to water-soluble organic carbon
(WSOC) [Moise et al., 2015]. Changes of relative humidity is suggested to promote BrC
production under conditions like in agricultural and forested areas. The produced BrC can
become a dominant contributor to aerosol absorption [Moise et al., 2015], which leads to
lowering SSA. The study in Chapter 3 indicated that the pre-existing hygroscopic particles such
as sulfate were possibly coated with biogenic organics, namely oxidation products of α-pinene,
at the same forest site in AT. Indeed, the absorbing characteristics of α-pinene SOA have been
reported by laboratory experiments [Zhong and Jang, 2011; Lambe et al., 2013]. The current
study indicates that organic coatings of particles reduced the SSA. This reduction was estimated
to be about 5% from SM to AT (Table 1).
To summarize, the comparative study in this chapter indicates that biogenic organic
aerosols observed in the canopy at the forest site can affect the optical characteristics of preexisting particles on a regional scale. Specifically, it was indicated that hygroscopic sulfate
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particles coated by biogenic organics, as discussed in Chapter 3, can reduce the SSA by ~5%
and consequently, increase the light absorption by aerosol particles. This might have important
implications for the prediction of the radiative effect of aerosols on a regional scale in future.

4.4 Conclusions
The filter-based aerosol measurements were compared with aerosol optical properties
retrieved from a sky radiometer at the Tomakomai forest site. The data of these ground-based
remote

sensing

measurements

contain

aerosol

characteristics

of

extinction

and

scattering/absorption from June to December 2015. The comparison showed that the temporal
trend of the mass concentrations of total soluble mass (TSM) were generally similar to aerosol
optical depth (AOD), which was typically greater than 0.2 in summer and autumn. The result
indicates that the increase in AOD was likely linked to the increased TSM. In summer, the mass
of TSM is dominated by sulfate which was linked to aerosols with a single scattering albedo
(SSA) generally larger than 0.95, indicating that most of the observed aerosols had scattering
characteristics in that season. In contrast, the increased mass fraction of water-soluble organic
matter (WSOM) in autumn was likely associated with more absorbing aerosols with SSA
mostly ranging between 0.90 and 0.95. The result indicates that the coating of pre-existing
hygroscopic particles with biogenic organics can reduce the scattering efficiency of sulfate
particles in autumn. Specifically, the observations indicate that biogenic organic aerosols at the
forest site can reduce the SSA by ~5% which leads to an increase in the aerosol absorption.
This result has important implications for the prediction of the effect of biogenic organic
aerosols on the regional radiative forcing in future. Additional comprehensive field and
laboratory studies are required to confirm the results and to investigate the mechanism of how
biogenic secondary organic aerosol (BSOA) affect the optical properties.
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Chapter 5. General Conclusions

In order to elucidate the effects of terrestrial biogenic emissions of organics on the cloud
forming potential of atmospheric aerosols, two field experiments were conducted at a suburban
site in Sapporo and a cool-temperate forest site in Tomakomai. At both observational sites, the
chemical composition, the particle hygroscopicity, and the cloud condensation nuclei (CCN)
activity of submicron particles were simultaneously measured by using on-line and off-line
techniques.
The time-resolved online measurements of submicron aerosols at the suburban site in
summer suggest that chemical composition and mixing state of particles are important factors
to control hygroscopicity (κ) and CCN activity of aerosols. Specifically, the observed particles
with external mixing dominated by organics were linked to low hygroscopicity and CCN
activity. On average, water-soluble organic matter (WSOM) accounted for ~60% of organic
matter (OM) by mass. The increase in the WSOM mass with increased WSOM/sulfate ratios
corresponded to a low hygroscopicity. The result suggests that WSOM at the observational site,
likely dominated by the influence of biogenic sources, can suppress the hygrosocopicity and
activation of particles as CCN.
To investigate the effects of types and amounts of terrestrial biogenic emissions of
organics on the CCN activity, two year-long offline measurements of water-soluble aerosols
were conducted at the cool-temperate forest in Tomakomai. The measurement showed that κ
derived from CCN measurements (κCCN) exhibited a distinct seasonal trend with a maximum
in summer and a minimum in autumn. The chemical analysis revealed that the reduction of the
hygroscopicity from summer to autumn by 15% was linked to an increase in the WSOM/sulfate
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ratios due to the increase in the WSOM mass, which supports the result of the time-resolved
online measurements. Positive matrix factorization analysis (PMF) indicated that α-pinene
derived secondary organic aerosols (SOA) contributed to ~75% of the WSOM mass in autumn,
which was larger by 47% than in summer. The majority of these α-pinene derived SOA in
autumn was attributable to emissions from litter/soil microbial activity near the forest floor.
These findings suggest that WSOM, most likely α-pinene SOA originated from the forest floor,
can significantly suppress the aerosol CCN activity in cool-temperate forests, which was
suggested for the first time.
The reduction of the hygroscopicity can be explained by organic coatings on pre-existing
hygroscopic particles such as sulfate, and/or phase partitioning of these organics in the droplets.
It was estimated that particles coated with α-pinene derived SOA can reduce the number of
activated CCN particles by roughly~32% in autumn. Considering the lifetime of α-pinene SOA
(~10 hours to ~3 days) with the observed local wind speeds, the SOA can affect the distribution
of CCN within ~800 km. This estimate implies that hygroscopic particles coated with α-pinene
SOA can reduce the cloud forming potential of aerosols, which leads to modification of the
negative indirect effect of radiative forcing on a regional scale.
Comparison of the filter-based aerosol measurements with aerosol optical properties
retrieved from a sky radiometer at the Tomakomai forest site showed that the increased aerosol
mass in the forest canopy corresponded to increase in the aerosol optical depth of submicron
particles in autumn. The increased mass fraction of sulfate in summer (60%) was linked to the
enhanced properties of aerosol scattering (single scattering albedo, SSA > 0.95). On the other
hand, the increase in the mass fraction of WSOM in autumn (70%) was found to be mainly
associated with more absorbing characteristics of aerosols (SSA 0.90–0.95). This suggests that
the biogenic organic aerosols at the forest site can modify the aerosol optical properties on a
regional scale.
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This study provides important implications for reducing the large uncertainties of the
aerosol radiative effect in cool-temperate and boreal forest environments. The study suggests
the importance of the forest floor as a source of biogenic secondary organic aerosol (BSOA)
and the subsequent impact on reducing CCN and the scattering characteristics of aerosols.
Specifically, the negative aerosol radiative effect is expected to be reduced on a regional scale.
The effects of BSOA on radiative forcing suggested by this study should be taken into account
in aerosol-climate models for predicting the impact of aerosols on the climate in future,
especially when possible changes in the emissions of BSOA due to land-use changes are
considered. Additional field studies at other forest sites and comprehensive in-situ
measurements are needed to elucidate the mechanism of the reduction of the CCN activity by
biogenic organic aerosols and their impact on optical properties on both regional and global
scale.
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