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Symbols and abbreviations 

 

 

λ Wavelength 

σ Standard deviation 

AAE Absorption Ångström exponent 

APM Aerosol particle mass analyzer 

babs Absorption coefficients 

bsca Scattering coefficients 

BC Black carbon 

BrC Brown carbon 

CPC Condensation particle counter 

CVS Constant volume sampler 

DEP Diesel exhaust particles 

DMA Differential mobility analyzer 

DMS Dimethyl sulfide 

EC Elemental carbon 

GC Gas chromatography 

IPCC Intergovernmental panel on climate change 

IR Infrared 

LC-MS Liquid chromatography-mass spectrometry 

MEBC Mass concentrations of equivalent BC 

Morg Mass concentration of organics 

MACBC Mass absorption cross section for BC 

MEC Mass concentration of EC 

MTC Mass concentration of total carbon 

MOM Mass concentration of OM 

NFR Number fraction remaining 

NMVOC Non-methane volatile organic compounds 

OC Organic carbon 

OM Organic matter 

OSM Organic-soluble material 

PAS Photoacoustic spectrometer 

PASS-3 Three-wavelength photoacoustic soot spectrometer 

PSAP Particle soot absorption photometer 
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PTFE Polytetrafluoroethylene 

PTR-MS Proton-transfer reaction mass spectrometry 

PSL Polystyrene latex 

Q-AMS Aerodyne quadrupole-based aerosol mass spectrometer 

RF Radiative forcing 

RI Refractive index 

SMPS Scanning mobility particle sizers 

SOF Soluble organic fraction 

SSA Single scattering albedo 

TEM Transmission electron microscope 

THC Total hydrocarbons 

UV Ultra-violet 

VFR Volume fraction remaining 

VOCs Volatile organic compounds 

WSM Water-soluble material 
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Abstract 

 

Atmospheric particulate matter influences climate directly by scattering and 

absorbing incoming solar radiation. To identify and simulate the global warming 

problem, a detailed understanding of aerosol optical properties is required. Black carbon 

(BC) is an important component of global warming in terms of direct radiative forcing. 

Recently, a fraction of organic matter (OM) called brown carbon (BrC), was suggested 

to have the ability to absorb solar radiation at ultraviolet and shorter visible wavelengths. 

Additionally, enhancement of light absorption of BC due to coating with OM and 

inorganic materials, which is referred to as the lensing effect, is also reported. However, 

the contributions of BrC and the lensing effect are still not well understood. Diesel 

exhaust particles (DEP) are one of the main anthropogenic sources of BC and OM. 

Understanding the optical properties of DEP, including the enhancement of light 

absorption of BC due to coating and light absorption by OM, is important for evaluating 

the climate impact of DEP. In this study, a three-wavelength photoacoustic soot 

spectrometer (405, 532 and 781 nm) was used to investigate the wavelength-dependent 

optical properties of DEP emitted from a diesel engine vehicle running on a chassis 

dynamometer in transient driving mode (JE-05) and at a constant speed (either idling or 

driving at 70 km/h). Optical properties of the diluted exhaust were measured after it was 

passed through a heater, set at 20, 47 or 300°C (transient driving mode) or between 20 

and 400°C (constant driving mode). The OM accounted for, on average, ~40% and 

~35% of the total mass concentration of DEP during the transient and constant driving 

modes, respectively. In the transient driving mode, enhancements of scattering 

coefficients at 20 and 47°C, and of the mass concentration of organics, were observed 

during the high-speed driving period (~80 km/h) corresponding to driving on a highway. 

No difference was observed in the absorption coefficients between heated and unheated 

particles at 781 nm for either the transient (including the high-speed driving period) or 

constant driving modes. These results indicate a lack of enhancement due to the lensing 

effect, possibly because the BC was mainly mixed externally with the OM or because it 

was located at the edges of particles under these experimental conditions. Contributions 

to the total light absorption at 405 nm by the OM were estimated by comparing the 

wavelength dependence of the absorption coefficients with and without heating. A 

significant contribution by the light-absorbing OM (20% ± 7%) to the total light 

absorption at 405 nm was observed during the high-speed driving period of the JE-05 

mode, while the contributions were small during other periods in the JE-05 mode 
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(0% ± 8%) and the constant driving mode (idling: 4% ± 12%; driving at 70 km/h: 

0% ± 16%). 
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要旨 

 

 

大気中に浮遊する微小粒子であるエアロゾルは、二酸化炭素などの温室効果気体と

ともに、放射収支を通じて地球の気候に影響をあたえると考えられている。エアロゾル

による太陽光の散乱は大気の冷却化、光吸収は大気の温暖化の直接的な効果を与える。

地球温暖化の解明と将来予測を行う際には、エアロゾルの光学特性(消散・散乱・吸収)

の詳細な理解が重要である。しかし、IPCC においては、現状ではエアロゾルの放射収

支への影響の定量的な理解の不確定性が大きいと指摘されている。エアロゾルの光吸収

に関しては、光吸収性エアロゾルとして、ブラックカーボン(BC)粒子が考慮されてきた

が、近年、有機性炭素（OC）のうちの短波長可視から紫外領域に光吸収性を有する「ブ

ラウンカーボン」が、大気の放射収支や光化学過程に寄与を持つ可能性が指摘されてい

る。また、BC が有機物および無機塩類のような物質に被覆されると、被覆物が「レン

ズ」のような効果を果たして BC の光吸収性が増加されることも予測されている。有機

エアロゾルには、ディーゼル排ガスやバイオマス燃焼などから大気中に直接放出される

一次有機エアロゾル(POA)と、産業活動や植物などから大気中に放出された揮発性有機

化合物(VOC)が大気酸化反応を経て粒子化し、生成する二次有機エアロゾル(SOA)がある。

しかし、どのような有機エアロゾルが、どの程度の光吸収性を有するかについては、よ

くわかっていないのが現状である。本論文では、エアロゾルの光学特性を粒子が浮遊し

た状態で直接計測できる光音響分光(PAS)装置を用いた室内実験により、SOA やディー

ゼル排ガス粒子(DEP)中の有機炭素成分(OC)の光吸収特性について研究した。 

交通安全環境研究所のシャシーダイナモ施設でディーゼルトラックを走行させ、排

ガス粒子の光学特性を調べた。実験は、市街地での走行を想定した「過渡走行モード

(JE05)」及び、車両を一定の速度で走行させる「等速走行モード(アイドリング, 70 km/h)」

で行った。PAS装置の上流にヒーターを取り付け、様々な温度条件下で、3波長(405, 532, 

781 nm)における吸収(babs(λ))および散乱係数(bsca(λ))を測定した。実験の結果、過

渡走行モードでは、高速走行(80 km/h程度)前後の加減速時に、大きな散乱係数が観測

された。粒子を 300℃に加熱した上で測定した場合には、散乱係数の増加が見られなか

ったことから、300℃で揮発する OC成分がエンジンより排出されたと考えられる。加熱

および非加熱時に得られた吸収係数の波長依存性から、OC による光吸収の 405 および

532 nm の全光吸収に対する寄与(babs,OC(λ)/babs,total(λ))を推定したところ、405 nm に

おいては、過渡走行モードの高速走行時に 20%程度の寄与を有すること、532 nmにおい

ては 7%程度の寄与を見出した。ただし、レンズ効果による BCの光吸収の増加はほとん

どなかったと分かった。一方、等速走行モードの実験では、高速走行(70 km/h)した場

合においても、波長 405 nmでの OCによる光吸収の寄与は殆ど無いことを示した。これ
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らの結果により、ディーゼルエンジン排ガス中のエアロゾルが大気の放射収支に与える

影響を定量的に見積もるための重要な情報を提供した。 
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Chapter 1 

Introduction 

 

 

1.1. Radiative effect of aerosols  

 

Atmospheric particulate matter, also called aerosol, plays a very important role 

in determining the visibility, health effects, heterogeneous chemistry, and radiation 

balance of the atmosphere on the local and global scales. Several phenomena occur 

when an aerosol particle is irradiated by light (Figure 1). Light absorption by aerosol 

transfers the energy of incident light into the internal energy of aerosol. In diffraction, 

the incident light resonates inside the aerosol and irradiated again. In reflection, the 

aerosol particles work as a mirror to reflect the incident light directly. Aerosol can also 

refract the incident light due to the difference in refraction index (RI) between aerosol 

and air. The sum of light diffraction, reflection and refraction is called light scattering, 

and the sum of light absorption and light scattering is called light extinction. 

Aerosol particles come from a lot of sources, classified as direct emission and 

secondary formation. The emission sources of aerosol particles also emit gases (e.g. SO2, 

volatile organic compounds (VOCs), dimethyl sulphide (DMS)). Photochemical 

reactions of these gases possibly generate aerosol particles. This process is called 

secondary formation. Aerosol particles influence both global and regional climate 

directly by scattering and absorbing incoming solar radiation and indirectly by acting as 

cloud condensation nuclei (Figure 2). To quantify the direct influence of direct emission 

and secondary formation on the atmosphere, the radiation balance should be calculated. 

The Intergovernmental Panel on Climate Change (IPCC) reported that climate 
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models reproduce the observed 20th-century global mean surface warming only when 

both anthropogenic and natural forcings are included (Myhre et al. 2013). Compared to 

the pre-industrial levels, the concentrations of greenhouse gases such as CO2, CH4 and 

N2O have increased significantly. The total radiative forcing (RF) of greenhouse gases 

is +2.83 (+2.54 to +3.12) Wm
−2

. CO2 is the most important climate forcing agent. It 

contributed an RF of about +1.68 ± 0.35 Wm
−2

 by infrared (IR) absorption (Figure 3). 

Additionally, the RF of CH4 is +0.97 (+0.80 to +1.14) Wm
−2

. The emission of CH4 also 

leads to ozone production, stratospheric water vapour and generation of CO2 and 

importantly, affects its own lifetime. Emissions of CO and non-methane volatile organic 

compounds (NMVOC) have only indirect effects on RF. Emissions of nitrogen oxides 

(NOx) have indirect RF that lead to both of positive RF and negative RF (−0.15 (−0.34 

to +0.02) Wm
−2

). Although emissions of ammonia and sulphate have negative RF, black 

carbon (BC) has a positive RF due to aerosol–radiation interaction and BC on snow. 

Both BC and OM are emitted from various sources, such as biomass burning and fossil 

fuel. Although, aerosols have a very small net negative RF (~0.1 Wm
−2

) by directly 

scattering and absorbing the solar radiation, the sign of the RF can change depending on 

the composition and source of aerosols (Figure 3). BC is considered to have a positive 

RF because its concentrations have increased and it has a strong light absorption from 

the ultra-violet (UV) to the near IR wavelength regions (Figure 3).  
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Figure 1. Interaction between light and aerosol particle; Sum of light absorption and 

light scattering are light extinction.  
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Figure 2. Schematic diagram of sources and optical properties of aerosol particles 
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Figure 3. Radiative forcing of climate between 1750 and 2011 reported by IPCC AR5 

(Myhre et al. 2013). 
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1.2. Sources and optical properties of carbonaceous aerosols  

 

There are many emission sources and formation processes of carbonaceous 

aerosols involving BC and organic matter (OM). BC is considered to be generated from 

burning of fossil fuel or biomass, while OM can be generated from oxidation of VOCs 

in the atmosphere in addition to direct emission from fossil fuel such as propane and 

coal, as well as from burning of biomass such as wood, corn stem and rice straw (Figure 

4). 

BC is an important component of global warming in terms of direct RF (e.g. 

IPCC AR5). Control of atmospheric BC has been proposed as an important pathway to 

climate change mitigation. BC is defined operationally as carbonaceous material with a 

deep black appearance caused by a significant imaginary part of the RI. It roughly 

corresponds to elemental carbon (EC), which refers to non-volatile carbon below a 

certain temperature (typically 550°C) (Andreae and Gelencser 2006, Bond and 

Bergstrom 2006). Although the definitions of BC and EC are different, BC and EC are 

considered equivalent for the purpose of this work. 

Recently, a class of OM called ‘brown carbon’ (BrC), which is defined 

operationally as light-absorbing carbonaceous material with a wavelength-dependent 

imaginary part of the RI was suggested to have the ability to absorb solar radiation, 

particularly at UV and shorter visible wavelengths (Figure 5). For example, the OM 

generated during photo-oxidation of aromatic hydrocarbons in the presence of NOx has 

significant ^-values, typically at 300–500 nm (Zhong and Jang 2011, Liu et al. 2015). 

Nakayama et al. (2013) reported the RI-values at 405, 532 and 781nm for the secondary 

organic aerosols generated during photo-oxidation of toluene in the presence of NOx. 

They reported that the k-values at 405 nm were found to increase from 0.0018 to 0.0072 

with increasing initial NOx concentration. 

BrC has been considered to influence the radiation balance and photochemical 

reactions in the atmosphere (Andreae and Gelencser 2006, Moosmiiller et al. 2009, 

Nakayama et al. 2013, and references therein). It can be emitted from various sources 

(e.g. industry exhausts, diesel soot exhausts and biomass combustion), and BrCs from 

different sources undergo chemical processing and mix with each other. Different 

chemical processes influence chemical and optical properties of OM. However, only 
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~10% to 30% of the OM has been identified thus far. Most of the materials in 

atmospheric aerosols have not been characterized as individual compounds (Andreae 

2009). 

Aerosol can be classified in terms of thermochemical and optical properties 

(Figure 6). BC has the strongest light absorption and highest combustion temperature 

(lowest volatility). A fraction of OM has a characteristic absorption in the UV spectral 

range. These OMs have an important role in atmospheric photochemical processes, but 

they have almost no direct relevance to the RF determined by the absorption of visible 

radiation. BrC covers a broad range of moderately volatile organic compounds. It 

typically has a moderate amount of light absorption at short visible wavelengths 

(Andreae and Gelencser 2006). The difference in the wavelength dependence of BC and 

BrC has been used to quantify their contributions (e.g. Hadley et al. 2008). 

As described previously, BC and OM play key roles in warming the 

atmosphere and have different physical and chemical properties. Recently, the 

enhancement of light absorption by BC internally mixed with OM (or other species such 

as sulphates and nitrates), which is referred to as the ‘lensing effect’ (Figure 7), is 

reported. Comparisons of enhancements of light absorption by coated BC with that by 

bare BC have been studied in several in-situ measurements. Nakayama et al. (2014) 

reported that enhancement of light absorption due to the lensing effect is different 

during August (~10% enhancement) and January (no enhancement) based on direct 

measurement of a three-wavelength photoacoustic soot spectrometer (PASS-3) at an 

urban site in Nagoya, Japan. The variations in the fraction of light absorbed (including 

contributions of the lensing effect) by OM were proposed to be caused by biomass 

burning. In other studies, the ratio of light absorption between ambient particles and 

bare BC has been reported to be ~1.0–1.43 in Toronto (Canada) (Knox et al. 2009, Chan 

et al. 2011, Healy et al. 2015) and 1.38 in Boulder (USA) (Lack et al. 2012). 

Ueda et al. (2016) have reported that the average enhancement factor of BC 

light absorption due to coating was 1.22 at 781 nm, based on ambient observation using 

PASS-3 at an Asian outflow site in Noto Peninsula, Japan. They analysed samples using 

a transmission electron microscope (TEM) equipped with an energy dispersive X-ray 

analyser. The TEM results showed that coated BC particles with high enhancement 

ratios (>1.30 compared to uncoated BC) tended to be more spherical and thickly coated. 
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They suggested that the enhancement of light absorption is related to both the coating 

thickness (or amount of compound coated) and the spherical shape. The particle (mixing 

state) morphology can have the BC core either centrally or off-centrally located within 

the particle. The difference in morphology may contribute to the uncertainty of aerosol 

optical properties. To improve climate model performances, the knowledge of source 

and optical properties of BC and BrC are important.  
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Figure 4. Emission and formation processes of carbonaceous aerosols (Andreae 2009). 
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Figure 5. Schematic of wavelength dependence of light absorption of BC, coated BC, 

and brown carbon. 
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Figure 6. Thermochemical and optical classification of carbonaceous particles (Pöschl, 

2003). 
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Figure 7. Schematic of the lensing effect. Light absorption of BC is considered to be 

enhanced by coating with other materials such as organic compounds 

  

a) 

b) 
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1.3. Conventional technique to measure light absorption of aerosols  

 

Filter-based photometers such as Particle Soot Absorption Photometer (PSAP, 

Radiance Research) have been widely used to measure absorption coefficients. However, 

it is not easy to determine the contributions of the lensing effects and BrC on the basis 

of measurements using filter-based photometers. PSAP determines absorption 

coefficients from the temporal variation of light transmittance during the collection of 

aerosols on a filter (Figure 8). This method may lead to uncertainties owing to multiple 

scattering by the filter medium and coexisting particles and change in the physical 

shapes or chemical properties of aerosols on the filter. Lack et al. (2008) compared the 

absorption coefficients measured by PSAP and a photoacoustic spectrometer (PAS). A 

PAS can directly measure the absorption coefficients of aerosol particles suspended in 

air. They reported that PSAP overestimated absorption coefficients under high organic 

aerosol conditions (Figure 9). Nakayama et al. (2010) also reported that PSAP 

overestimated absorption coefficients for small particles due to the difference in the 

depth of particles trapped by the filter (Figure 10). 
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Figure 8. Schematic view and photograph of PSAP 
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Figure 9. Dependence of ratio of absorption coefficients measured by PSAP to those 

measured by PAS on mass concentration of organic aerosols (Lack et al., 2008). 
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Figure 10. Dependence of ratio of absorption coefficients measured by PSAP to those 

calculated using Mie theory on mobility diameter of nigrosine particles (Nakayama et 

al., 2010).   
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1.4. BC and OM in diesel exhaust particles  

 

Exhaust from motor vehicles such as diesel vehicles is one of the most 

important anthropogenic sources of carbonaceous particles in the atmosphere (e.g. Bond 

et al. 2013). Diesel exhaust particles (DEP) consist mostly of EC, OM and 

sulphur-containing compounds. EC is formed during combustion, and the relative 

contributions of EC in DEP vary from 5% to 90% depending on the engine type, 

after-treatment method and operating conditions (e.g. Moosmiiller et al. 2001, Maricq et 

al. 2007, Ronkko et al. 2007, Fushimi et al. 2011). A small fraction of the fuel and 

motor/lubricating oil is also exhausted directly without oxidation, depending on the 

different engine design or combustion conditions (Figure 11). The fraction associated 

with unburned fuel and lubricating oil is suggested to range from <10% to >90% 

(Sakurai et al. 2003). The OM in diesel exhaust contains chemicals such as aliphatic 

alkanes, cyclic alkanes, aromatic hydrocarbons and polycyclic aromatic hydrocarbons 

(PAHs) (Tobiias et al. 2001, Schauer et al. 1999, Zielinska et al. 2004, Huang et al. 

2015). On the basis of gas chromatography analysis, Alam et al. (2016) have reported 

high carbon number (>C15) n-alkanes, branched alkanes, alkyl cycloalkanes, alkyl 

benzenes, PAHs and other cyclic aromatics in diesel exhaust. 

Because of the complex composition of primary vehicle exhaust particles, a full 

understanding of the optical properties of DEP is necessary. If a significant amount of 

OM exists internally mixed with BC in DEP, light absorption by BC may be enhanced. 

In addition, light-absorbing OM may be present in the DEP. 

Recently, Adler et al. (2010) measured the optical properties of water-soluble 

material (WSM) and organic-soluble material (OSM) extracted from DEP collected on a 

filter and reported the imaginary part of the RI as 0.05 ± 0.02 (OSM) and 0.044 ± 0.001 

(WSM) at 532 nm, and 0.11 ± 0.02 (OSM) and 0.07 ± 0.01 (WSM) at 355 nm. Using 

the RI values obtained, the influence of OM coating on the light absorption properties of 

BC was determined using the Rayleigh–Debye–Gans theory and the T-matrix method. 

The contributions of light-absorbing OM and the lensing effect on the light absorption 

properties of DEP depend on the mass ratio of BC to OM, size distribution and mixing 

state of DEP, and the RI of BC and OM, i.e. on the driving conditions. However, no 

experimental studies that focus on light-absorbing OM and the lensing effect using 
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real-time direct measurements of the wavelength dependence of optical properties have 

been reported. 
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Figure 11. Carbonaceous particles containing in diesel exhaust  
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1.5. Purpose of this study  

 

In this study, we measured wavelength-dependent absorption and scattering 

coefficients of DEP with and without passing the particles through a heater to 

investigate the contributions of light-absorbing OM and the lensing effect to the light 

absorption properties of DEP under a variety of driving conditions. To measure the 

optical properties of particles suspended in air directly in real time, we used a 

three-wavelength photoacoustic spectrometer (PASS-3, Droplet Measurement 

Technology). 
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Chapter 2 

Experimental 

 

 

2.1 Experimental setup  

 

The test diesel engine vehicle used in the present study was the same as that 

used by Yamada et al. (2011), Yamamoto et al (2012), and Inomata et al. (2013), and 

was a light duty truck with a gross vehicle weight of 4485 kg and a 4.8 L engine 

equipped with a common rail injection system and diesel oxidation catalyst that 

complied with the emission regulations of Japan, 2003.  Vehicle test runs were 

performed using a chassis dynamometer (Meidensha) in transient cycle (JE-05) or 

constant-speed (idling or driving at 70 km/h) driving modes (Figure. 12). The JE-05 

mode, which is the Japanese approval test cycle for heavy-duty vehicles, is employed in 

the Japanese 2005 emission standards. For the JE-05 mode, the vehicle was warmed 

using a preconditioning cycle before the measurements were taken. 

A schematic of the experimental setup is shown in Figure 13. The exhaust was 

diluted with air filtered using high efficiency particulate air and charcoal filters with a 

full flow constant volume sampler (CVS, Horiba, DLT-1860) at a flow rate of 40 m
3
 

min
-1

. The exhaust gases and particles, which were sampled from the CVS, were 

additionally diluted with filtered air 6.4 and 3.3 times during the JE-05 and 

constant-speed modes, respectively. The diluted samples were passed through a heater 

and then introduced into the PASS-3. The heating system was used to separate BC and 

OM based on the difference in their thermal stabilities. The design of the heater was 

similar to that reported by Kondo et al. (2009) and consisted of a stainless steel tube and 

electronic jacket heaters. Most of the OM components should evaporate from particles 

in the heater maintained at 300-400C (Kondo et al. 2009), while the BC components in 

the particle do not evaporate at these temperatures. Detailed characteristics of the heater 

are described in the Section 2.2. The temperature of the heated tube was maintained at 

20, 47, or 300C during the transient cycle mode and controlled between 20 and 400C 

during the constant-speed mode, as listed in Table 1. Flow rate through the heater was 
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1.0 or 1.3 liter per minute (lpm) during the transient cycle and constant-speed modes, 

respectively, which correspond to a plug flow residence time of 2.9 and 2.3 sec 

(calculated at 20C), respectively, in the heater. The heated tube temperature was 

monitored using a thermocouple. Particle transmission efficiency of the heater was 

tested in the laboratory using propane soot particles and found to be 0.80-0.98 

depending on the heater temperature as described in the Section 2.2 and taken into 

account in the determinations of the optical properties and size distributions. 

Re-condensation of evaporated materials on the remaining particles after passing 

through the heater was negligible because of the smaller surface of those particles 

compared to that of the wall of the sampling line. 

A PASS-3 instrument (Figure 14) was used to measure the absorption [babs(λ)] 

and  scattering [bsca(λ)] coefficients at 405, 532, and 781 nm. Information on the 

calibration procedures for the PASS-3 instrument is described in the Section 2.3. The 

bsca(532 nm) data obtained using the PASS-3 were not used in this study because of the 

strong dependence of the calibration factors on particle size. Uncertainties associated 

with the calibration were estimated to be 4, 9, 11, 7, and 11% for babs(405 nm), babs(532 

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

interpolation, measurements of filtered air were conducted using a particulate filter 

(Balston), typically for 2 min before and after running the JE-05 cycle during the 

transient cycle mode experiments, and every 6 min during the constant-speed mode 

experiments. Typical detection limits for the 2-sec (6 min) average data for babs(405 nm), 

babs(532 nm), babs(781 nm), bsca(405 nm), and bsca(781 nm) were estimated to be 

11.2(3.5), 11.8(3.0), 6.4(1.4), 1.5(0.4), and 2.4(1.1) Mm
-1

, respectively, by taking into 

account the standard deviation (2σ and drift of each signal during the filtered air 

measurements. Overall uncertainties for the PASS-3 data were estimated by accounting 

for uncertainties in the calibration factors and the background interpolations, and the 

detection limit values. Typical sampling flow rate of the PASS-3 was 1.0 lpm. The 

residence times from exhaust pipe to the PASS-3 were estimated to be 21 and 18 sec 

during the JE-05 and constant-speed modes, respectively. During constant-speed mode, 

size distributions of the DEP between 10-487 nm before and after heating were 

measured simultaneously every 3 min using two scanning mobility particle sizers 
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(SMPS, TSI, models 3936 and 3034, respectively), as shown in the upper chart of 

Figure 15. The particle size distribution during the JE-05 mode could not be determined 

because of the fast engine speed change compared to the scanning time intervals of the 

SMPS. Noted that the dilution ratio in the diluter was not taken into account in the 

reported babs(λ)and bsca(λ) values and size distributions. 

 The concentrations of gas phase nitrogen oxides (NOx = NO + NO2) and total 

hydrocarbons (THC) were also monitored using a conventional chemiluminescence 

instrument (Horiba, CLA-155) and a flame ionization detector (Horiba, FMA-125), 

respectively (Figure 13, gas analyzer). For the measurement of mass concentration, the 

DEP was also collected on a polytetrafluoroethylene (PTFE)-coated borosilicate glass 

fiber filter (Pallflex, TX40, 47 mm dia.) maintained at 52C (Figure 13, filter sampler). 

The total sampling volumes during the JE-05 and constant-speed modes were 

approximately 1480 and 780 m
3
, respectively. The mass concentration of total carbon 

(MTC) was determined by weighing the filter samples before and after loading with 

particulates using a precision balance placed in a climate chamber at constant 

temperature and relative humidity (25C and 40, respectively). In addition, the mass 

concentration of OM (MOM) was determined by re-weighing the filter samples after 

extracting the soluble organic fraction (SOF) via pressurized fluid extraction using an 

accelerated solvent extraction system (Dionex, ASE200), assuming that the 

contributions of inorganic compounds were negligible. This assumption is supported by 

the results of chemical composition measurements using an Aerodyne quadrupole-based 

aerosol mass spectrometer (Q-AMS). The mass concentration of EC (MEC) was 

determined from the difference between the MTC and MOM. The MEC, MOM, and 

MEC/MTC ratio values for each experimental run are listed in Table 1. Comparisons of 

the mass concentrations obtained by this solubility-based analysis with those obtained 

by the real-time measurement using the PASS-3 and Q-AMS are described in the 

section 2.4. 

 Five additional experimental runs to measure the chemical properties of the 

DEP emitted from the same vehicle running in the JE-05 mode were performed using an 

Aerodyne quadrupole-based aerosol mass spectrometer. Exhaust was introduced to the 

Q-AMS after dilution using the CVS. In the Q-AMS, particles collected through an 
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aerodynamic lens were heated at 600 K to evaporate the non-refractory materials, and 

the vaporized materials were then ionized via electron ionization and analyzed using a 

quadrupole mass spectrometer. Mass spectra were obtained every 6 sec and numerically 

analyzed using the AMS Analysis Toolkit ver. 1.41. 
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Figure 12.  (a) A photograph of the light duty track running on the chassis 

dynamometer, (b) JE-05 mode (dash zone is high speed driving period), (c) Constant 

mode (driving in idling and 70km/h pattern) 

 

 

 

(a) 

(b) 

(c) 
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Figure 13. Schematic diagram of the experimental configuration. CVS: constant 

volume sampler; SMPS: scanning mobility particle sizer; PASS-3: three wavelength 

photoacoustic soot spectrometer; Q-AMS: quadrupole-based aerosol mass spectrometer. 

The SMPS was used only during the constant-speed modes. 
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Table 1. Experimental conditions, EC and OM mass concentrations, and EC/TC mass 

fraction ratio. 

 

No. Driving mode 
a)
 Heater 

Temp. (C) 

MEC 
b) 

(mg/m
3
) 

MOM 
b) 

(mg/m
3
) 

MEC/ MTC 
b) 

 

1 

2 

3 

4 

 

5 

JE-05 mode 

JE-05 mode 

JE-05 mode 

Constant-speed 

mode (Idling)  

Constant-speed 

mode (70 km/h)  

20 

47 

300 

20-400 

 

20-400 

 

0.28 

0.27 

0.26 

0.10  0.02 

 

0.31  0.03 

 

0.19 

0.18 

0.17 

0.06  0.01 

 

0.15  0.02 

 

0.60 

0.61 

0.61 

0.63  0.09 

 

0.67  0.05 

 

 

a) All experiments were conducted under hot-start driving condition. 

b) Average mass concentrations of EC and OM, and EC/TC mass fraction. Particles 

were collected on a filter, maintained at 52C. Mass concentrations were measured 

after diluting with CVS (Figure. 13). 
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Figure 14.  a) Schematic (modified from Lewise et al. 2008) and b) photograph 

(PASS-3 operator manual, Droplet Measurement Technology, 2011) of the PASS-3 

 

  

a) 
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Scattering 
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2.2 Characteristics of the heater 

 

The heater (Figure 15) consisted of a stainless steel tube (outer and inner 

diameters: 12.7 and 10.2 mm, respectively; length: 600 mm) and electronic jacket 

heaters (Heater Engineer, P-series) and was used to determine the temperature 

dependence of the optical properties of diesel exhaust particles. Temperature of the 

heated tube was maintained at 20, 47, or 300C during the transient cycle mode and 

controlled between 20 and 400C during the constant-speed modes using a home-made 

temperature controller. Flow rate through the heater was 1.0 or 1.3 lpm for experiments 

using the transient cycle and constant-speed modes, respectively, which correspond to 

plug flow residence times of 2.9 and 2.3 sec (calculated at 20C), respectively, in the 

heater. Temperature of the heated tube was monitored using thermocouple “A” (type K) 

placed 45 cm from the inlet of the heated tube, as shown in Figure 16. Temperature 

profiles inside the heated tube were measured by sliding a second thermocouple “B” 

(type K) from the outlet side when the tube temperature was 47 and 300C; also shown 

in Figure 16. The centerline temperatures were nearly constant near the middle of the 

tube. The temperature monitored using thermocouple “A” was referred to as the “heater 

temperature” throughout the study. 

Particle loss in the heater was examined by simultaneously measuring the size 

distribution of propane soot particles before and after they passed through the heater 

using two different scanning mobility particle sizers (SMPS, TSI, model 3936). The 

propane soot particles were passed through another heater maintained at 400C before 

obtaining the measurements to avoid any possible contributions from volatile 

components. The sample and sheath flows for the SMPS were maintained at 0.3 and 3.0 

lpm, respectively, and size distributions between 14 and 750 nm were measured every 5 

min. The slight difference in the sensitivity of the two SMPS (typically <5) was taken 

into account by simultaneously measuring the size distribution of propane soot particles 

without passing through the heater before and after the experiments. Figure 17 shows 

mobility size dependence of the soot particle transmission efficiencies through the 

heater at temperatures of 20, 100, 200, and 300C and a flow rate of 1.3 lpm. 

Transmission efficiencies were nearly constant for mobility diameters greater than 60 
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nm. Temperature and flow rate dependence of the transmission efficiencies for each 

experimental condition in the present study were then calculated from the average of the 

transmission efficiencies greater than 60 nm, and are shown in Figure 18. Transmission 

efficiency at 200C, 0.87  0.03, was consistent with that for a heater (0.88) reported by 

Cappa et al. (2012, supplemental material) and was slightly greater than those for 

thermodenuders with charcoal denuders reported by Cappa et al. (2012, supplemental 

material) and Huffman et al. (2008). 
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Figure 15. Photographs of the heaters used in this experiment 

SMPS 2 
SMPS 1 

Heater 
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Figure 16. Schematic of the heater along with temperature profiles along the centerline 

of the heated tube measured using thermocouple “B” when tube temperature was 

controlled at 47 and 300C using thermocouple “A” at sample gas flow rates of 1.0 and 

1.3 lpm.  
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Figure 17. Mobility size dependence of soot particle transmission efficiency through 

the heater at the temperatures of 20, 100, 200, and 300C and a flow rate of 1.3 lpm. 
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Figure 18. Temperature dependence of average transmission efficiency of soot particles 

with a diameter >60 nm from 20-400C at flow rates of 1.0 and 1.3 lpm. 
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2.3 Calibration of the PASS-3 

 

 The PASS-3 measurements of light absorption and scattering of particles are 

based on photoacoustic spectroscopy and reciprocal nephelometry. Detailed analyses of 

performance of the PASS-3 are described elsewhere (Nakayama et al. 2015), and only a 

brief description of the calibration procedures used for the present study is provided 

here. 

Calibration for scattering measurements was conducted using monodisperse 

polystyrene latex (PSL) particles with diameters of 203, 299, or 400 nm (Duke 

Scientific), generated by an atomizer. The particles were dried using a diffusion dryer 

with silica gel and then were passed through a differential mobility analyzer (DMA) 

(TSI, model 3081) and an aerosol particle mass analyzer (APM) (Kanomax, model 

3601). The calibration factors for scattering measurements were determined by 

comparing observed scattering coefficients using the PASS-3 with those calculated 

based on Mie theory using particle diameter, particle number density measured by a 

condensation particle counter (CPC) (TSI, model 3772), and reported refractive index 

values (Matheson and Saundersson 1952, Nikolov and Ivanov 2000, Pettersson et al. 

2004, Baynard et al. 2007, AboRiziq et al. 2007, Lang-Yona et al. 2009, and 

Washenfelder et al. 2013). Truncation angles estimated from the particle size 

dependence of the calibration factor (Nakayama et al. 2015), and uncertainty in the 

determination of the calibration factors were used to estimate the overall uncertainty of 

the correction factors for scattering as 7, 27, and 11%, at  = 405, 532, and 781 nm, 

respectively, when measuring strongly light-absorbing particles with volume-based 

geometric mean diameter of less than 500 nm. The large uncertainty at 532 nm was due 

mainly to the strong particle size dependence of the calibration factors. 

 Calibration for absorption measurements was conducted using high 

concentrations of poly-dispersed propane soot particles. The soot particles were 

introduced into the PASS-3 after passing through diffusion dryers with silica gel and 

through a heater maintained at 300C to remove volatile materials such as organic 

compounds. Calibration factors for absorption measurements were determined by 

comparing the observed absorption coefficients with those obtained from subtraction of 

the corrected bsca() from the bext() using the Beer-Lambert law based on change in 
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light intensity passing through the acoustic cell in the presence and absence of particles. 

Overall uncertainties in the correction factors for absorption were estimated to be 4, 9, 

and 11% at  = 405, 532, and 781 nm, respectively, by considering uncertainties in the 

comparison, in determination of bext(), and in the correction factors for scattering 

measurements. The AAE values between 405-781, 405-532, and 532-781 nm for the 

propane soot particles, which were calculated by taking the calibration factors into 

account, on averaged 1.02, 1.26, and 0.86, respectively. Calibration factors at 405, 532 

and 781 nm varied 4, 9, and 11%, respectively, resulting in an expectation that the 

average AAE values between 405-781, 405-532, and 532-781 nm would vary between 

0.87-1.21, 0.94-1.61, and 0.59-1.17, respectively. Observed differences in the AAE 

values for the three selected wavelength pairs were smaller than variations of those 

values expected from the estimated errors in the calibration factors. Results of observed 

AAE values close to 1.0 and smaller variations in AAE compared to those expected 

from the estimated errors in the calibration factors suggest that the calibration factors 

and their uncertainties are reasonable. 

 To check the temporal variation in the sensitivity (calibration factors) of 

scattering and absorption measurements at 405 and 532 nm, Rayleigh scattering of CO2 

and light absorption of high concentration of NO2 (up to 201 ppm in air) were used. No 

significant change in the sensitivity of scattering and absorption measurements at 405 

and 532 nm was found for any of the experiments. 

 The ratio of the absorption coefficients measured for different heater 

temperatures were used for estimating the lensing effects and contributions of light 

absorption by OM in the present study. The absolute values of the calibration factors do 

not change the conclusions, although unexpected systematic uncertainties in the 

calibration factors cannot be ruled out. 
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2.4 Comparison of filter based analysis with real-time measurements 

 

 The MEC and MOM values based on a solubility-based analysis of filter samples 

were compared with the average mass concentrations of optically equivalent BC (MEBC) 

and organics (Morg) calculated from real-time measurement data obtained using PASS-3 

and Q-AMS. 

 The MEBC values in the CVS were estimated from the average babs(532 nm) 

data measured at a heater temperature at 300C using the mass absorption cross section 

(MACBC) of 7.75  1.24 m
2
g

-1
 calculated from the value at 550 nm for fresh soot 

particles reported by Bond and Bergstrom (2006) assuming an AAE of 1.0 and taking 

the dilution ratio into account. The MEBC values obtained during JE-05 mode, idling, 

and constant-speed driving at 70 km/h were estimated to be 0.17  0.05, 0.09  0.02, 

and 0.19  0.03 mg/m
3
, respectively, where the uncertainties were related to the 

measurement of babs(532 nm) and the MACBC. The MEBC values during JE-05 mode and 

constant-speed driving at 70 km/h were 35 and 39 less than MEC, while those during 

idling agreed well with MEC (Table 1). The dependence of the MACBC value on the 

particle size, as well as the uncertainties in dilution ratio, may contribute to these 

differences. 

 Because the real-time measurements of organics using Q-AMS were conducted 

as separate experiments, the average of the Morg values for the JE-05 mode measured 

using Q-AMS for five experimental runs were used for the comparison. The average 

Morg value was calculated to be 0.082  0.014 mg/m
3

. This small Morg value compared to 

the MOM (0.18 mg/m
3
) may be due partly to uncertainties in collection efficiency (CE) 

of the Q-AMS. Although a CE of 0.5, commonly used for atmospheric aerosol studies, 

was used in the present study, smaller CE values also have been reported, especially 

under dry conditions (Middlebrook et al. 2012). Recent laboratory studies reported CE 

values ranging from less than 0.15 to unity for secondary organic aerosols generated in 

a chamber (Docherty et al. 2013). Because no validation of the CE value was conducted 

in the present study, the absolute values of Morg were not used for the discussion. 

 



44 

 

Chapter 3 

Results and Discussion 

 

 

3.1 Aerosol optical properties in transient cycle mode (JE-05) 

3.1.1 Absorption and scattering coefficients 

 

 For the transient cycle mode, three experimental runs were conducted using 

different heater temperatures (20, 47, and 300C). Figure 19 shows temporal variation 

in the babs() and bsca() values measured using the PASS-3 at a heater temperature of 

20C during the JE-05 driving cycle. Temporal variations in vehicle speed and mixing 

ratio of THC ([THC]) and NOx ([NOx]) are also shown in Figure 19. The time delay 

between emission from the exhaust pipe to measurement in each instrument was taken 

into consideration in the analyses. The values for babs and bsca, as well as those for 

[THC] and [NOx], increased during acceleration and were greatest during the 

high-speed driving period between 1480 and 1650 sec, corresponding to driving on a 

highway. In particular, a large enhancement of bsca was observed just after completing a 

hard acceleration to high-speed (~1500 sec) and just after initiating deceleration from 

high-speed (~1630 sec). Enhancement should actually occur within a shorter timescale 

than that observed because of the smoothing effect upon passage through the dilution 

tunnel and secondary dilution system. Average values for babs() and bsca() during the 

high-speed driving period and other periods are listed in Table 2. Ratios of the average 

of babs at 405, 532, and 781 nm during the high-speed driving period to corresponding 

values during the other periods were 2.2, 1.8, and 1.7, respectively, while similar ratios 

of the average values of bsca at 405 and 781 nm were 7.4 and 3.3, respectively. The 

greater enhancement of bsca compared to that of babs during the high speed driving 

period suggests a larger increase in the emission of OM with less (or no) light-absorbing 

ability compared to that of strongly light-absorbing BC during this period, although a 

possible contributions of the change in particle size cannot be ruled out. Temporal 

variation in the organics, shown in Figure 19 (e), supported the large enhancement of 
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OM emissions during the high-speed driving period, particularly when a large 

enhancement of bsca was observed (~1500 and ~1630 sec). The change in combustion 

conditions may enhance OM emission. The mass concentrations of sulfate, nitrate, 

ammonium, and chloride measured using the Q-AMS remained less than 10 μg/m
3
 

throughout the JE-05 mode. 

Figure 20 shows temporal variation in babs() and bsca() measured at inlet 

heater temperatures of 47 and 300C, which were conducted as separated experimental 

runs with that conducted at inlet heater temperatures of 20C. Because the mass loading 

of DEP varied slightly in each experimental run, the values for babs() and bsca() at 47 

and 300C were corrected to those at 20C by multiplying MTC(20C)/MTC(47 or 

300C), where MTC(T) is mass concentration of total carbon during the measurement 

with inlet heater temperatures of T. A portion of OM should evaporate during filter 

sampling because the sampler was maintained at 52C. However, the uncertainties in 

the correction to babs and bsca should be small (<5) even if half of the OM is assumed 

to evaporate during filter sampling, because no significant difference in MEC/MTC ratios 

was observed for the three experiments (Table 1) and the run-to-run variations in 

average mass concentrations of organics in the JE-05 mode measured by the Q-AMS 

were relatively small (16, 1σ value for five experimental runs). 

The average values for bsca at 405 and 781 nm decreased dramatically to 15 and 

51, respectively, of the bsca values obtained at 20C upon heating the DEP to 300C 

during the high-speed driving period (Table 2).  In contrast, these values decreased to 

84 and 75, respectively, of the bsca values at 20C, during the other periods. These 

results suggest that the emission of OM, which evaporated at temperatures lower than 

300C, increased during the high-speed driving period. In addition, the values for bsca at 

405 and 781 nm during the high-speed driving period decreased on average to 66 and 

83 of the bsca value at 20C upon heating to 47C. A portion of the OM was thought to 

evaporate at temperatures lower than 47C. Furthermore, babs values at 405 and 532 nm 

decreased upon heating to 300C during the high-speed driving period, but did not 

decrease significantly during the other periods, and no significant decrease in the value 

of babs at 781 nm was observed for either period. 
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Figure 19. Temporal variations in (a) vehicle speed, (b) absorption, and (c) scattering 

coefficients, and (d) mixing ratios of THC and NOx measured during JE-05 mode with a 

heater temperature of 20C. Panel (e) shows the temporal variation in mass 

concentrations of the organics measured using Q-AMS during a separate experimental 

run (collection efficiency is assumed to be 0.5). The time delay between emission and 

measurement for each instrument was corrected. The babs() and bsca() values were 

measured after diluting with CVS and the other diluter, while the [THC], [NOx], and 

AMS (organics) values were measured after diluting with the CVS (see Figure. 13). The 

dilution factors were not taken into accounts for these values. The period between 1480 

and 1650 sec was defined as the high-speed driving period.  
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Figure 20. Temporal variations in (a and b) absorption and (c and d) scattering 

coefficients measured in JE-05 mode with heater temperatures of 47 and 300C. 
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Table 2. Average ( 1σ) for absorption (babs) and scattering (bsca) coefficients, single scattering albedo (SSA), and absorption Ångström 

exponent (AAE) during the high-speed driving period and other periods in JE-05 mode. 

 

 

 

 

 

 

 

 

 

 

 

 

a) High-speed driving period; 1480-1650 sec, other periods; 0-1480 and 1650-1830 sec. 

b) Heater temperature 

c) Only babs and bsca data greater than the detection limits were used for calculating SSA and AAE. 

  

 High speed driving period 
a)

 Other periods 
a)

 

 20C 
b)

 47C
 b)

 300C 
b) 

 20C 
b)

 47C 
b)

 300C 
b)

 

babs(405 nm) (Mm
-1

) 

babs(532 nm) (Mm
-1

) 

babs(781 nm) (Mm
-1

) 

bsca(405 nm) (Mm
-1

) 

bsca(781 nm) (Mm
-1

) 

SSA(405 nm) 
c)

 

SSA(781 nm) 
c)

 

AAE(405 nm/532 nm) 
c) 

AAE(532 nm/781 nm)
 c) 

596  117 

362  77 

238  53 

325  134 

41  11 

0.34  0.08 

0.15  0.04 

1.84  0.32 

1.09  0.12 

572  121 

369  90 

246  61 

216  82 

34  8 

0.27  0.06 

0.12  0.02 

1.64  0.30 

1.06  0.12 

476  97 

333  72 

236  52 

49  14 

21  4 

0.09  0.01 

0.08  0.01 

1.33  0.15 

0.89  0.12 

274  120 

202  93 

142  71 

44  27 

12  12 

0.13  0.04 

0.08  0.04 

1.16  0.27 

0.97  0.22 

274  117 

201  91 

140  67 

41  22 

8  8 

0.13  0.03 

0.06  0.03 

1.16  0.24 

0.93  0.19 

271  115 

198  89 

139  66 

37  20 

9  7 

0.12  0.02 

0.07  0.03 

1.16  0.28 

0.91  0.21 
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3.1.2 Single scattering albedo and absorption Ångström exponent 

 

 Figure 21 shows the temporal variation in the single scattering albedo (SSA) 

calculated using the obtained babs() and bsca() values and the following equation: 

SSA() = bsca() / [babs() + bsca()].    (1) 

The average SSA values during the high-speed driving period and the other periods are 

listed in Table 2. An increase in the value of SSA was observed during high-speed 

driving at heater temperatures of 20 and 47C. The average 1σ SSA values at 405 

and 781 nm measured at 20C during the high-speed driving period were 0.34  0.08 

and 0.15  0.04, respectively. In contrast, relatively small and constant SSA values 

(0.09-0.13 and 0.06-0.08 at 405 and 781 nm, respectively) were observed during the 

other periods at 20 and 47C, and for all of the periods at 300C. These results suggest 

that the OM was emitted mainly during the high speed driving period, and that most of 

the OM evaporated at 300C. The smaller SSA value at 781 nm compared to that at 405 

nm may be explained by the greater wavelength dependence of the scattering 

coefficients compared to that of absorption coefficients for sufficiently small particles. 

Figure 22 shows the temporal variation in absorption Ångström exponent 

(AAE) calculated using the babs() and bsca() values and the following equation: 

AAE(1/2) = -ln(babs(1)/babs(2))/ln(1/2).  (2) 

The average AAE values during the high-speed driving period and other periods are 

listed in Table 2. The AAE(532 nm/781 nm) values remained fairly constant and close 

to unity (on average 0.89-1.09) during all of the periods for all temperatures. In addition, 

the AAE(405 nm/532 nm) values also were close to unity (on average 1.16) during the 

other periods for all temperatures studied. These values were consistent with the 

literature values for BC particles without a coating (Bond and Bergstrom, 2006). In 

contrast, a significant increase in the AAE(405 nm/532 nm) value was observed at 20 

and 47C during the high-speed driving period, particularly when a large enhancement 

in bsca was observed (~1500 and ~1630 sec). Interestingly, the average AAE(405 

nm/532 nm) value during the high-speed driving period at 20C (1.84  0.32) was 

slightly larger than that at 47C (1.64  0.30). Recently, Lack and Cappa (2010) 

reported that the AAE value for BC typically does not exceed 1.6, even when coated 
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with non-light-absorbing materials. Therefore, the present results suggest that the 

light-absorbing OM contributes significantly to the observed aerosol absorption at 405 

nm during the high-speed driving period at 20 and 47C. 
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Figure 21. Temporal variations in SSA during JE-05 mode with heater temperatures of 

(a) 20, (b) 47, and (c) 300C, calculated using eq. (1). 
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Figure 22. Temporal variations in AAE during JE-05 mode with heater temperatures of 

(a) 20, (b) 47, and (c) 300C, calculated using eq. (2). 

 

  



53 

 

3.1.3 Contributions of the lensing effect and light-absorbing OM 

 

Contributions of the lensing effect and the light-absorbing OM were 

determined by calculating the absorption enhancement factors (Eabs(, T), T = 300C) 

using the following equation: 

 Eabs(,T) = babs(, 20C) / babs(,T)  (3) 

Averages of the values during the high-speed driving period and other periods are listed 

in Table 3. 

The coating thickness and light absorption of the OM that evaporated at 

temperatures below 300C, as well as the shape of the BC core, contributed to value of 

Eabs(, 300C). When light absorption by the OM is negligible and the shape of the BC 

core does not change with heating up to 300C, Eabs(, 300C) represents the 

enhancement of the light absorption due to coating formation. At 781 nm, light 

absorption by the OM is negligible. Although the mass concentration of the organics 

was enhanced during the high-speed driving period, the Eabs(781nm, 300C) values 

during this period (1.06  0.10) were consistent with those during the other periods 

(1.04  0.24). This result implies that the enhancement of light absorption by coating 

BC with OM (lensing effect) was minimal for exhaust particles during the high-speed 

driving period. It is likely that the OM components externally mix with the BC, or that 

the BC components are located at the edges of particles, even if the OM and BC 

components are internally mixed in the same particles. 

In contrast, Eabs(, 300C) values at 405 and 532 nm (1.34  0.15 and 1.14  

0.10, respectively) were greater during the high-speed driving period, while the Eabs(, 

300C) values at 405 and 532 nm (1.05  0.23, 1.05  0.22, respectively) during the 

other periods were similar to those at 781 nm. These results, along with the AAE values 

near unity during the other periods, can be explained by assuming that the contribution 

to light absorption by the OM at 405 and 532 nm is insignificant during the other 

periods, due to the small fraction of OM (Figure 19(e)). 

 The approximate ratios of the effective absorption coefficients for OM 

[babs,OM()] to the observed absorption coefficient [babs()] at  = 405 and 532 nm were 

then calculated using procedure similar to that described in Cappa et al. (2012): 
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babs,OM() / babs() = [Eabs(, 300C) - Eabs(781 nm, 300C)] / Eabs(, 300C) (4) 

 

where it is assumed that value of Eabs(781 nm, 300C) represents enhancement of light 

absorption of BC due to coating and that this factor is the same as that at 405 and 532 

nm. Temporal variation in the babs,OM()/babs() values at 405 and 532 nm is shown in 

Figure 23, and the average values during the high-speed driving period and other 

periods are listed in Table 3. Using these results, the contributions of light absorption by 

the OM, which evaporated at temperatures below 300C, to the total aerosol light 

absorption at 405 and 532 nm, were estimated to be 20  7 and 7  6 during the 

high-speed driving period, and 0  8 and 1  9 during the other periods, respectively. 

Changes in the mixing state and particle shape during heating may also have influenced 

these estimates. 

 Recently, nitro-aromatic compounds, such as nitrophenols, in organic aerosols 

have been proposed as a source of light absorption at UV and shorter visible 

wavelengths (Jacobson 1999, Nakayama et al. 2010, 2013, Zhong and Jang 2011, Zhang 

et al. 2011, 2013 Zhong et al. 2012, Mohr et al. 2013). Inomata et al. (2013) measured 

gas-phase volatile organic compounds emitted from the same vehicle used in the present 

study during the JE-05 mode using a proton-transfer mass spectrometer (PTR-MS) and 

detected nitro-aromatics, including nitrophenols. They also detected nitrophenols in 

particles via liquid chromatography-mass spectrometry (LC-MS) analyses of the DEP 

collected on a filter (Inomata et al. 2013). Therefore, nitro-aromatics are plausible 

candidates as the source of light absorption observed during the high-speed driving 

period, although the contributions of other compounds cannot be ruled out. 
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Table 3. Average ( 1σ) of absorption enhancement factors and ratio of effective 

absorption coefficient for OM to observed absorption coefficient during the high-speed 

driving period and other periods in JE-05 mode.  

 

 High-speed 

driving period 
a)

 

Other periods 
a)

 

Eabs(405 nm, 300C) 
b)

 

Eabs(532 nm, 300C)
 b)

 

Eabs(781 nm, 300C)
 b)

 

babs,OM(405 nm)/ babs(405 nm)
 b)

 

babs,OM(532 nm)/ babs(532 nm)
 b) 

1.34  0.15 

1.14  0.10 

1.06  0.10 

0.20  0.08 

0.07  0.06 

1.05  0.23 

1.05  0.22 

1.04  0.24 

0.00  0.08 

0.01  0.09 

 

a) High-speed driving period; 1480-1650 sec, other periods; 0-1480 and 1650-1830 sec. 

b) Only babs and bsca data greater than the detection limits were used for the calculations. 
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Figure 23.  Temporal variations in ratios of effective absorption coefficient for OM to 

observed absorption coefficient at 405 and 532 nm during the JE-05 mode. Solid lines 

show the 5-point moving average. 
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3.2 Aerosol optical properties constant-speed driving mode 

3.2.1 Absorption and scattering coefficients 

 

 For the constant-speed driving mode, temperature dependence of the optical 

properties and the size distributions of the DEP were measured under two different 

driving conditions: idling and driving at 70 km/h. The temperature of the heater was 

varied stepwise from 20 to 400C, and the optical properties and size distributions were 

measured for 12 - 24 min at each temperature. Because mass loading of the DEP varied 

slightly during the temperature-dependence measurements, babs() and bsca() values 

measured at temperatures greater than 47 C were corrected to those at 20C using the 

change in total particle volume, which was calculated from the size distribution 

determined using other SMPS without heating. The corrected average babs() and bsca() 

values obtained at inlet heater temperatures of 20, 47, and 300C are listed in Table 4. 

The babs values at 405, 532, and 781 nm measured at a heater temperature of 

20C while idling were approximately 50 of those obtained while driving at 70 km/h. 

However, the bsca() values at 405 and 781 nm were greater while idling than those 

obtained while driving at 70 km/h (Table 4). These results can be explained by the 

emission of larger particles during idling, as indicated in the particle size distributions 

presented in Figure 24, and by the greater particle size dependence of the scattering 

efficiency compared to that of the absorption efficiency when the particle size is 

sufficiently smaller than the wavelength (Bohren and Hoffman 1983). 

Taking into account the difference in the dilution ratio, babs values at 405, 532, 

and 781 nm at 20C during the constant-speed driving at 70 km/h were 53-68 of those 

for the high-speed driving period in JE-05 mode, while the bsca values at 405 and 781 

nm were 11-15 of those for the high-speed driving period in JE-05 mode. The large 

difference in the bsca values for the constant-speed driving and JE-05 modes may be due 

to the lower emission of OM during constant-speed driving, because the mass 

concentration of OM during high-speed driving (80 km/h) in JE-05 mode should be 

several times greater than the average values during the JE-05 mode (Table 1) and 

greater than those during constant-speed driving mode (70 km/h). This difference in OM 

emissions is likely caused by the difference in acceleration pattern rather than the 



58 

 

difference in driving speed. 

As shown in Table 4, bsca(405 nm) values decreased on average to 72 and 79 

of the bsca values at 20C during idling and driving at 70 km/h, respectively, upon 

heating the DEP to 300C. The small decrease in bsca(405 nm) values compared to those 

during the high-speed driving period in JE-05 mode can be explained by the smaller 

emission of OM during constant-speed driving. Furthermore, no significant decrease in 

babs was observed at any wavelength upon heating to 300C during both idling and 

driving at 70 km/h. 
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Table 4.  Average (1σ) for absorption (babs) and scattering (bsca) coefficients at inlet 

heater temperatures of 20, 47 and 300C during the constant-speed driving modes. 

 

 Idling Driving at 70 km/h 

 20C 
a)

 47C 
a)

 300C 
a) 

 20C 
a)

 47C 
a)

 300C 
a)

 

babs(405 nm) (Mm
-1

) 

babs(532 nm) (Mm
-1

) 

babs(781 nm) (Mm
-1

) 

bsca(405 nm) (Mm
-1

) 

bsca(781 nm) (Mm
-1

)
 

284  8 

212  6 

152  4 

84  2 

16  1 

292  8 

218  6 

157  4 

87  2 

16  2 

291  9 

225  8 

162  5 

61  2 

12  1 

612  18 

438  12 

314  8 

69  3 

12  1 

617  17 

444  13 

319  9 

66  2 

12  1 

597  16 

434  13 

313  8 

55  2 

11  2 

 

a) Heater temperature 
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Figure 24. (a) Number- and (b) volume-weighted size distributions of DEP measured at 

heater temperatures of 20, 100, 200, 300, and 400C, during constant-speed driving 

modes: (upper panels) idling and (lower panels) driving at 70 km/h. Because the mass 

loading of DEP varied slightly during the temperature-dependence measurements, size 

distributions were corrected using the change in the total particle number and volume 

concentrations, measured using other SMPS without heating the DEP. The SMPS 

measurements were performed after diluting with CVS and other diluter (Fig. 13). 

Dilution factors were not taken into account in the concentration values. 
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3.2.2 Single scattering albedo and absorption Ångström exponent 

 

 The dependence of SSA and AAE on the inlet heater temperature when idling 

and driving at 70 km/h is shown in Figure 25. Larger SSA values were observed while 

idling than while driving at 70 km/h, and the SSA values at 405 nm were greater than 

those at 781 nm. These results may be due to the differences in particle size and the 

wavelength dependence of absorption and scattering efficiency (i.e., the scattering 

efficiency is greater at shorter wavelengths and for larger particles emitted during 

idling). The ranges of SSA values obtained during the constant-speed mode and other 

periods in JE-05 mode, 0.08 - 0.22 at 405 nm and 0.03 - 0.11 at 781 nm, are consistent 

with the literature values of 0.18, 0.16, and 0.13 at 450, 550, and 700 nm, respectively, 

for fresh diesel soot particles (Schnaiter et al. 2005). 

 While both idling and while driving at 70 km/h, no significant temperature 

dependence of AAE(405 nm/532 nm) and AAE(532 nm/781 nm) values was observed 

between 20 and 400C within the uncertainties, as shown in Figure 25. The 

temperature-independence of the AAE(405 nm/532 nm) that are close to unity during 

the constant-driving mode implies that the contribution of light absorption by the OM, 

which evaporated below 400C, was small. 
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Figure 25. Heater temperature dependence of (upper panels) SSA and (lower panels) 

AAE during constant-speed driving modes: (a) idling and (b) driving at 70 km/h. 
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3.2.3 Contributions of lensing effect and light-absorbing OM 

 

 The dependence of enhancement factor Eabs(, T) values on heater temperature 

while idling and while driving at 70 km/h, calculated using eq. (3), is shown in Figure 

26 (upper panels). The Eabs values at 405, 532, and 781 nm were consistent within the 

uncertainties, and no heater temperature dependence of Eabs was observed when either 

idling or driving at 70 km/h. 

The number and volume fraction remaining (NFR and VFR) for the DEP after 

heating were calculated using the temperature dependence of the size distributions and 

are shown in Figure 26 (lower panels). The VFR for particles emitted during idling and 

driving at 70 km/h when heated to 400C were 0.75  0.05 and 0.71  0.06, respectively. 

These values are consistent with the MEC/MTC ratios (0.63  0.09 and 0.67  0.05, 

respectively (Table 1)), although differences in the density and shape of the BC (or EC) 

and OM-containing particles as well as evaporation of OM during filter sampling also 

contribute to the difference. 

Assuming internally mixing of all of the OM with BC, the potential for 

enhancement of light absorption by BC coated with co-emitted OM was estimated using 

the core-shell Mie theory (Bohren and Huffman, 1983). The absorption enhancement 

factor (Eabs,cal) at each heater temperature (T) was calculated using the following 

equation: 

Eabs,cal(, T) = babs,core-shell(, 20C) / babs,core-shell(, T), (5) 

where babs,core-shell(, 20C) and babs,core-shell(, T) are the absorption coefficients at a 

wavelength  for heater temperatures of 20C and T, respectively, calculated using the 

core-shell Mie theory. In this calculation, the size distribution of the DEP measured at a 

heater temperature of 400C was used as the size distribution for the BC core. The 

coating thickness was estimated from the difference in total particle volume between 

each temperature (20-350C) and 400C, assuming that all of the non-refractory 

materials evaporated between each temperature and 400C coated the BC and that the 

core-shell ratio did not depend on particle size. The complex refractive index of the BC 

and OM were assumed to be 1.95 – 0.79i (Bond and Bergstrom, 2006) and 1.43 – 0i 

(Schmid et al. 2009), respectively.   
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The calculated Eabs values increased with temperature and reached 1.10 and 

1.12 at 400C when idling and driving at 70 km/h, respectively, as indicated by the solid 

lines in Figure 26. The differences in the estimated and observed Eabs values do not 

necessarily mean that the OM is externally mixed with the BC, because the core-shell 

Mie theory overestimates Eabs values when particles are non-spherical and/or the core is 

located at the edges of the particles (e.g. Adachi et al. 2010). The possible contributions 

of change in particle shape during heating also cannot be ruled out. However, the 

decrease in NFR as the heater temperature increased suggests that at least a part of the 

OM is externally mixed with the BC, because the total number of particles should not 

decrease with heating if all of the OM is internally mixed with the BC. In addition, the 

bimodal size distributions observed at temperatures greater than 200C when idling 

(Figure 24, upper panel) suggest that at least two different types of particles existed. 

Nanoparticles with diameters less than 20 nm, which increased after heating to 400C, 

may be refractory cores of oil-derived elements, such as Ca, K, Fe, and Zn (e.g. Miller 

et al. 2007, Rönkkö et al. 2007, Fushimi et al. 2011). 

Using the same procedure that used for the JE-05 mode [eq. (4)], the 

contribution of light absorption by OM, which evaporated below 300C, to total aerosol 

light absorption at 405 nm was estimated to be 4  12 and 0  16 when idling and 

driving at 70 km/h, respectively. These results, as well as the observed temperature 

dependence of the AAE values, suggest that the contribution of light absorption by OM 

during constant-driving mode was minimal. The smaller contribution of light absorption 

by OM during the constant-driving compared to that during the high-speed driving 

period in JE-05 mode may be due to the lower emission of OM during constant-speed 

driving, although the influence of differences in the chemical compositions of OM on 

light absorption cannot be ruled out.  
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Figure 26. Heater temperature dependence of the (upper panels) absorption 

enhancement factor (Eabs) at 405, 532, and 781 nm and (lower panels) number and 

volume fraction remaining during constant-speed driving mode: (a) idling and (b) 

driving at 70 km/h. Solid lines in the upper panel show absorption enhancement factor 

(Eabs,cal) at 405 (blue), 532 (green), and 781 (red) nm calculated using the core-shell Mie 

theory [eq. (5)], assuming that all non-refractory materials evaporated between each 

temperature and 400C coated the BC. 
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Chapter 4 

Conclusions 

 

The optical properties of the DEP emitted from a diesel engine vehicle running 

on a chassis dynamometer in transient driving mode (JE-05) and constant-speed modes 

(idling and at 70 km/h) were examined using PASS-3. By measuring the change in 

optical properties after passing the DEP through a heater at temperatures up to 300C 

(transient driving mode) or 400C (constant-speed modes), enhancement of light 

absorption due to the coating of OM on the BC and the contribution of light-absorbing 

OM were determined. 

Solubility-based analysis showed that the OM accounted for an average of 40 

and 35 of the total mass concentration of DEP during the JE-05 and constant driving 

modes, respectively. For the JE-05 mode, most of the organics were emitted during the 

high-speed driving period between 1480 and 1650 sec (especially, just after completing 

hard acceleration to high-speed at ~80 km/h and just after initiating deceleration from 

high-speed) based on analyses of chemical compositions using Q-AMS. However, no 

enhancement of light absorption due to OM coating on the BC was observed for either 

JE-05 (including the high-speed driving period) or the constant-speed modes. These 

results suggest that the lensing effect for fresh DEP is small, even if OM was emitted 

with BC simultaneously, possibly because the BC was mainly externally mixed with the 

OM or was located at the edges of particles, even if the OM and BC components were 

internally mixed in the same particles. 

The AAE(405 nm/532 nm) values at heater temperatures of 20 and 47C also 

increased from 1.16  0.27 and 1.16  0.24 during the other periods to 1.84  0.32 and 

1.64  0.30, respectively, during the high-speed driving period of the JE-05 mode, when 

greater amount of OM was emitted. The contribution of light absorption by the OM to 

the total light absorption at 405 nm during the high-speed driving period was estimated 

to be 20  7.  Although the OM was emitted in substantial amounts under certain 

conditions, a large amount of OM was emitted; therefore, even emissions during short 

bursts could contribute to the radiation balance at wavelengths less than 400 nm. 
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Further studies on the lensing effect and light-absorbing properties of OM for various 

types of diesel vehicles are required for a full understanding of the optical properties of 

DEP. Experimental studies at shorter wavelengths are needed to evaluate the influence 

of particle light absorption on the photochemistry of the atmosphere. 
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