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Abstract

1. Introduction
Black carbon (BC) aerosols are a type of carbonaceous aerosol emitted by incomplete combustion of
fossil fuels and biomass. They strongly absorb solar radiation in the troposphere and heat the
atmosphere. In addition, BC particles deposited onto snow-covered polar and mountainous regions
accelerate snowmelt in these regions. However, there are large uncertainties in the prediction of the
climate effects of BC because estimates of BC vertical distribution in the troposphere vary greatly
among global climate models. One of the largest sources of uncertainty in predicted BC mass
concentration and its vertical profile is in the global models’ simplified treatment of the wet removal
process. To improve the treatment of the BC wet removal process in the global models, a new
observational approach for specifying the key process and parameter controlling the wet removal
efficiency of BC is required.

This dissertation describes a new observational approach combining simultaneous
observational methods for measuring the size distributions of BC in air and rainwater with data
analysis methods to elucidate the key process and parameter controlling the wet removal efficiency of

BC for each rain event.

2. Method

First, a new method for measuring the number and mass size distributions of BC particles suspended
in rainwater was established. Second, theoretical and experimental evidence was provided to show
that the BC size distribution in water changed little during cloud-precipitation processes and sample
storage. Third, a data analysis method using a cloud parcel model was developed to infer the relative

contributions of three distinct BC scavenging mechanisms (below-cloud impaction, nucleation, and



in-cloud impaction) in a precipitating cloud based on the measured size-dependence of wet removal

efficiency.

2.1. Measurement methods

A standard single-particle soot photometer (SP2) measured the size-resolved number concentrations
of BC in the air and the shell/core ratio (SCr: the ratio of the shell diameter of BC-containing particles
to BC-core diameter). BC diameter is defined as a mass equivalent diameter (Dgc). A new
measurement system combined a pneumatic nebulizer (Marin-5) with the SP2 enabled accurate
measurement of the size-resolved number concentration of BC in rainwater. The extraction efficiency
of the nebulizer was as high as 50% on average within the 70 < Dgc < 2000 nm range, which is
consistent with theoretical estimates. This measurement system was applied to the simultaneous
measurement of size-resolved number concentrations in air and rainwater to observe Dgc-dependence
of wet removal efficiency (RE(Dgc)). It was defined as the ratio of size-resolved number concentration

in rainwater to that in air.

2.2. Data analysis method

The data analysis method focused on the air parcel ascending from the atmospheric planetary boundary
layer to the free troposphere via the moist convective process. BC particles within the air parcel are
scavenged by below-cloud impaction, nucleation, and in-cloud impaction mechanisms. To investigate
the relative contribution of the three scavenging mechanisms, three distinct scavenged number
fractions of BC were calculated, assuming the updraft velocity (w) of the air parcel and the residence
time (¢) in a precipitating cloud. The optimum combination (w, ¢) was selected under the constraints
of the measured Dgc-dependent wet removal efficiency and other observational data to explore the

key mechanism controlling the BC wet removal efficiency for each rain event.



3. Results and Discussions

The new observational approach was applied at two observation sites: Hongo-campus of University
of Tokyo and Cape Hedo in Okinawa, where fresh and aged pollutants are dominant, respectively. The
Dgc dependence of RE(Dgc) showed remarkable differences depending on the precipitation event: in
Tokyo, the RE(Dgc) often increased steeply with Dgc, but in Okinawa, such Dgc dependence was
seldom observed. Comparing the relationship between Dgc dependence of RE(Dsc) and Dsc
dependence of number fractions scavenged by nucleation and impaction mechanisms, the nucleation
scavenging mechanism was almost dominant for BC-containing particles with Dpc > 100 nm. For a
median SCr > 1.2 (Dgc =200 nm), BC-containing particles were efficiently removed by nucleation
scavenging mechanism, independent of the hygroscopicity for BC-coating materials (xpc-coat) and
maximum supersauration (SSmax) in air. For a median SCr < 1.1 (Dgc =200 nm), the Dgc dependence
of RE(Dgc) varied greatly, which was controlled by the change of cloud-condensation nuclei number
fraction depending on xBc-coat and SSmax. In other words, BC-containing particles with a median critical
supersaturation (Sc) < 0.1% were efficiently scavenged by nucleation mechanism, whereas for a
median Sc > 0.1%, the Dpc dependence of RE(Dgc) varied greatly, which is calculated by using a

median SCr =1.2 (for Dpc =200 nm) and average xpc-coat (= 0.3).

4. Conclusion

This dissertation revealed that nucleation scavenging was the dominant mechanism for BC-containing
particles with Dgc > 100 nm in precipitating clouds, and the key parameter controlling the nucleation
scavenging was SCr. The wet removal efficiency of BC was almost 1 for thickly coated BC particles
(median SCr > 1.2), whereas the efficiency for thinly coated BC particles (median SCr < 1.1) was
highly variable, depending on SCr, kBc-coat and SSmax.

To implement numerical simulation of BC wet removal in 3-D atmospheric acrosol models,



the resolution of SCr, xBc-coat, and SSmax should be improved for a median SCr<1.1, especially in urban
areas. Moreover, the development of a parameterization scheme classifying the removal and transport
of aerosol particles by the Sc (=0.1) value will improve estimates of spatial and temporal distributions

of not only BC but also other aerosol particles.
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1. General Introduction

1.1. Atmospheric Aerosols

Atmospheric aerosols consisting of inorganic compounds (i.e. sulfate and nitrate), organic
compounds, black carbon (BC), mineral dust, and sea salt, perturb radiation budget
through various mechanisms. Major compounds such as sea salt and sulfates, serve as
cloud-condensation nuclei (CCN) and effectively scatter sunlight. These aerosols reduce
net downward radiation at the top of the atmosphere (TOA) by directly backscattering
solar radiation and increasing cloud albedo via the Twomey effect [Twomey, 1974;
Lohmann and Feichter, 2005].

Despite of their minority in terms of globally-averaged mass loading, strongly-
light absorbing aerosol compounds such as BC and iron-oxide in mineral dust disturb the
regional and global climates via different mechanisms. Sunlight absorption by aerosols
in the troposphere and in snowpack increases net downward radiation at the TOA, and
aerosol-induced heating of the troposphere affects the hydrologic cycle and cloudiness,
depending on altitude and meteorological conditions [Ming and Persad, 2010;
Hondnebrog and Samset, 2014]. The light-absorbing aerosols deposited onto snow-
covered polar and mountainous regions accelerates snowmelt and reduce surface albedo
in these region [Warren and Wiscombe, 1980; Hadley and Kirchstetter, 2012].

This dissertation focuses on BC, especially on the wet removal process which

controls the global abundance and long-range transport of BC.

1.2 Climate Effects of BC

The BC is water-insoluble refractory compounds emitted from combustions of various



kind of fossil fuel and biomass, and is the most important light-absorbing compound in
atmospheric aerosols [Bond et al., 2013]. In terms of globally-averaged direct radiative
forcing at TOA, BC is estimated to be the third important contributor to positive forcing
(0.64+0.58Wm™?2), which is about 1/3 of total radiative forcing due to COa
[Intergovernmental Panel on Climate Change, 2013]. Global model’s predictions of
global-mean precipitation change associated with global-warming are sensitive to the BC
emission scenario [Pendergrass and Hartmann, 2012]. Several model and observational
studies suggest that monsoon precipitation patterns in and near Indian and Asian regions
are substantially altered by atmospheric heating by BC [Menon et at., 2002; D’Errico et
al., 2015]. In addition, BC is expected to be the most important agent of snow-darkening
in most of sub-arctic and polar regions [ Yasunari et al., 2015]. To understand the complex
mechanisms by which BC perturbs the climate system, we need 3D-atmospheric aerosol
models fully coupling dynamical, radiative, and chemical processes and their

observational verifications.

1.3. Current Issues

1.3.1 Global BC Mass Concentration

In the framework of Aerosol Comparisons between Observations and Models (AeroCom)
international project, the vertical concentration profiles of BC mass predicted by 13
different aerosol models were compared with observation data from four recent aircraft
observation campaigns [Samset et al., 2014]. Predicted BC mass concentration typically
differs greatly from observational data, and the disagreement of predicted BC
concentration among different models is about one or two orders of magnitude. The global

dataset of aerosol absorption optical depth (AAOD) provided by the ground-based remote



sensing network (Aerosol Robotic Network: AERONET, [Dubovik et al., 2002]) is also
used to test the model’s prediction of AAOD by BC. Bond et al. [2013] showed that the
AeroCom models underestimated global BC-AAOD by a factor of about 3. These
comparison results from the AeroCom project revealed large room for improvement in
the model’s ability to predict BC mass concentration.

One of the largest sources of uncertainty in predicted BC mass concentration is
derived from the model’s treatment of the wet removal process [Textor et al., 2006], as
revealed from the sensitivity of predicted BC vertical distribution to the model’s
assumptions related to wet removal [Park et al. 2005]. The wet removal of aerosols in
precipitating cloud systems is a multi-scale phenomenon wherein various chemical,
microphysical, fluid dynamic, and thermodynamic processes strongly interact
[Flossmann and Wobrock 2010]. An accurate first-principle numerical simulation from
the regional to global atmosphere might be impossible even in the future. Thus, any
atmospheric models used in climate studies need to adopt somewhat crude assumptions

for the wet removal process.

1.3.2. Treatment of Wet Removal Process in Aerosol Models

The majority of current models attribute BC to either hydrophilic or hydrophobic BC, and
assume that only hydrophilic BC is removed when precipitation occurs within each spatial
grid [Donner et al., 2011; Lamarque et al., 2012; Sato et al., 2016]. This parameterization
scheme is intended to simplify the simulation of the physical process by which the
particles with lower critical supersaturation are preferentially incorporated into cloud
droplets and removed by precipitation.

Recently, several attempts have been made to explicitly simulate changes in the



CCN activity of BC through aging processes in the atmosphere, by resolving the mixing
state of BC with other inorganic and organic aerosols [Riemer et al., 2009, 2010; Oshima
et al., 2009; Zaveri et al., 2010]. For example, Riemer et al. [2009] developed a particle-
resolved aerosol box model (PartMC-MOSAIC) to simulate the time evolution of the
particle mixing state in Lagrangian air parcel by explicitly calculating the condensation
and coagulation processes experienced by individual particles. Because of the huge
computational and memory costs, this type of particle-resolved model cannot be applied
to 3D atmospheric models for climate studies. Some recent 3D atmospheric aerosol
models also have attempted to resolve the BC mixing state in a less-detailed manner
[Jacobson.2000, 2001; Bauer et al., 2008]. Jacobson [2001] simulated the evolution of
the chemical composition of aerosols to treat the internal mixture of BC into the global
model. Matsui et al. [2013a; 2014] developed a size- and BC-mixing-state-resolved 2D-
bin aerosol module and applied it to the WRF-Chem atmospheric model.

Despite these efforts, little observational evidence has been collected to prove
what type of sophisticated adjustments in models actually improve the prediction

accuracy of BC wet removal process.

1.3.3. Observational Implications on the Wet Removal Process

Recent aircraft observations have showed that average BC particle size tends to be smaller
in air masses which have experienced wet removal process [Moteki et al., 2012, Taylor et
al. 2014; Kondo et al., 2016] during transport from the boundary layer to the free
troposphere. These results show that the larger BC particles are removed more efficiently
during precipitating moist convection, implying that the efficiency of wet removal of BC-

containing aerosols is strongly affected by some particle-size dependent mechanisms.



Thus, it is very likely that some microphysical properties (e.g., particle size) of individual
BC-containing particles actually affect wet removal efficiency through some physical

mechanisms.

1.4. Aim of this Dissertation

At this stage, new observational results that would help to uncover the key process and
parameter controlling BC wet removal efficiency are needed. Such observational results,
if available, greatly helps to decide the strategy of further sophistications in current
models. Such observational data would also be useful for testing various types of
numerical simulation of wet removal processes.

This dissertation presents a novel observational approach for exploring the key
process and parameter controlling the efficiency of BC wet removal. This approach can
infer the relative contributions of three different physical mechanisms responsible for
scavenging the BC-containing aerosols by water droplets, on the basis of the measured
size-resolved number concentration of BC in air (before removal) and in rainwater (after
removal). The contents of this dissertation are ordered as follows.

Chapter 2 presents the experimental and data analysis methods by which the
observational approach is realized. A novel experimental procedure for measuring the
size-resolved BC concentrations in rainwater, and other important experimental results
are described in Chapter 2.1. An original data analysis method by which the relative
contributions of BC scavenging mechanisms are inferred is described in Chapter 2.2.
Chapter 3 presents observation results from two sites, Tokyo and Okinawa, wherein fresh
and aged anthropogenic pollutants, respectively, can be sampled. Finally, Chapter 4

summarizes the important results and presents implications for future work.



2. Establishment of New Observational Methods

and Development of Data Analysis Methods

2.1 Measurement Method

2.1.1 Experimental Introduction
BC mass concentration in rainwater has been measured by filter-based methods in many
previous studies [Ogren et al., 1984; Dasch and Cadle, 1989; Ducret and Cachier, 1992;
Armalis, 1999; Chylek et al., 1999; Hadley et al., 2008; Cerqueira et al., 2010]. However,
the microphysical properties (e.g., BC size: Dgc) of BC in rainwater have been unknown.
Recently, the size distribution and mass concentrations of BC particles in liquid
water have been measured by a system consisting of an ultrasonic nebulizer (U5000AT:
Cetac Technologies Inc., Omaha, NE, USA) and a single-particle soot photometer (SP2)
in previous studies [McConnell et al., 2007; Ohata et al., 2011, 2013; Schwarz et al.,
2012; Mori et al., 2014]. The US000AT nebulizer converts the liquid water into small
droplets on the surface of a piezoelectric transducer and dries the droplets to release some
particles into the air. The extracted particles are transferred to the SP2, which measures
the masses of individual BC particles by the laser-induced incandescence technique
[Stephens et al., 2003; Moteki and Kondo, 2010]. The combined US000AT/SP2 system
can measure the size distribution and mass concentration of BC particles in rainwater and
snow, typically requiring only 5 mL of liquid water sample [Ohata et al., 2011]. Ohata et
al. [2011, 2013] and Mori et al. [2014] measured the size distributions of BC particles in
rainwater and snow in two urban areas (Tokyo, 35.7°N, 139.8°E, and Sapporo, 43.1°N,

141.4°E) and at a remote site (Cape Hedo, 26.9°N, 128.7°E) in Japan. The extraction



efficiency of the US000AT nebulizer is particle size dependent: Ohata et al. [2013]
obtained an extraction efficiency of about 10% within the 200 <Dgc< 500 nm range at
the liquid and air flow rates used in their experiments, but for particles with Dgc > 500
nm, the extraction efficiency decreased sharply, resulting in large uncertainties in the
measurement of BC size distributions.

Schwarz et al. [2012, 2013] observed a substantial fraction of BC particles within
the 0.6 <Dpc< 2.0 um range in snow samples by using a collision-type nebulizer,
suggesting the importance of measuring BC particles with Dgc > 600 nm and the necessity
of improving extraction efficiency for large particle sizes. The extraction efficiency of the
APEX-Q pneumatic nebulizer (Elemental Scientific Inc., Omaha, NE, USA) has been
shown to be largely size independent within the 100 <Dgc< 1000 nm range [ Wendl et al.,
2014]. Lim et al. [2014] measured the extraction efficiency of APEX-Q nebulizer to be
about 72% within the 150 < Dpc< 600 nm range at their flow rates. However, there are
no demonstrated methods for accurately measuring the size distribution of BC particles
with diameters up to a few micrometers in liquid water samples, for two main reasons.
First, the extraction efficiencies of nebulizers for particles with Dgc > 1.0 um have not
been reliably evaluated. Second, incandescence signals of the SP2 used in previous
studies were saturated for large BC particles (>1.0 pm) [Moteki and Kondo, 2010].

To overcome these difficulties, this Chapter 2.1 shows the expansion of the upper
limit of the size range of BC particles detectable by SP2 and the combination of the SP2
with a pneumatic nebulizer for accurate measurements of BC particles with Dpc <2.0 um.
Moreover, to better understand the wet deposition process of BC, possible changes in BC
particle size during the condensational growth and nebulizer extraction process were

experimentally and theoretically assessed. Finally, the simultaneous measurement of the



size-resolved BC mass concentrations in air and rainwater in Tokyo during summer 2014

was conducted to demonstrate reliability of the technique for field observation.
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Figure 2.1. Schematic diagram of the wet deposition processes of BC and its extraction
into air by a nebulizer: (I) growth of BC-containing particles into cloud droplets; (II)
collision of cloud droplets; (IIT) formation of raindrops by coalescence of cloud droplets;
(IV) extraction of BC from liquid water by the nebulizer. The size distributions and
chemical composition of non-BC particles extracted by process (IV) are different from

those in the air parcels.



2.1.2 Methods

Figure 2.1 illustrates the wet deposition processes of BC and its extraction from liquid
water by a nebulizer. There are four important processes through which the sizes of BC
particles might change: (I) Growth of BC-containing particles into cloud droplets, (I)
collisional growth of cloud droplets, (III) formation of raindrops by coalescence, and (IV)
extraction of BC particles from collected rainwater by the nebulizer. The effects of these
processes are examined quantitatively in this chapter. First, the improved system for

measuring the size distributions of BC particles in liquid water was described.

2.1.2.1 Nebulizer/Wide-Range SP2 Setup

Figure 2.2 shows the experimental setup for measuring the size distribution of BC
particles in liquid water. The structure of the Marin-5 pneumatic nebulizer (Cetac
Technologies Inc.) is shown in Figure 2.3. As shown in Figure 2.2, the water sample is
fed into the Marin-5 nebulizer by a peristaltic pump (REGRO Analog; ISMATEC SA,
Feldeggstrasse, Glattbrugg, Switzerland) at a constant flow rate (Vpump: 3.0 X 10°° Ls™).
A portion of the introduced water is converted into droplets by the concentric pneumatic
nebulizer, using dry air as the driving force at a constant flow rate (Fneb: 16 cm® s7! at
standard temperature and pressure [STP]), and the diameters of the droplets are estimated
(as described in section 2.1.5). Immediately after nebulization, the droplets are evaporated
in a heated spray chamber at 140 °C, generating a mixture of BC particles, non-BC
particles, and water vapor. A fraction of the non-aerosolized water sample is removed
through the first drain. The particles and water vapor are transferred to a condenser at 3
°C. The water vapor condenses and is removed through the second and third drains. The

extracted BC particles are introduced into a modified SP2 (a wide-range SP2; WR-SP2)



at a constant flow rate of 1.8 STP cm?® s~!. The WR-SP2 measures the masses of individual

BC particles with mass equivalent diameters between 70 and 4170 nm (Section 2.1.2.3).

30x10° g™ 16STPem’s ' 1.8STPcm°s

(Sample flow rate) (Compressed air flow rate)

—_— — — -
Water _| Peristaltic .| Nebulizer Wide-range
sample | pump (Marin-5) SP2
v .
Drain Excess air

Figure 2.2. Experimental setup for measuring BC particles in rainwater and snow. Air
flow rates are given in units of standard temperature and pressure (STP; 273 K and 1013
hPa) cm® s!.
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Figure 2.3. Schematic diagram of the Marin-5 pneumatic nebulizer.
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2.1.2.2 Single-Particle Soot Photometer

2.1.2.21 Instrument Configuration

The SP2 is an instrument for measuring the size-resolved BC mass concentration by the
laser-induced incandescence technique [Stephens et al., 2003; Moteki and Kondo, 2010].
A schematic diagram of a standard SP2 is shown in Figure 2.4 [Moteki and Kondo, 2010].
In the standard SP2, an air aerosol jet containing aerosol particles intersects an intra-
cavity Nd:YAG laser beam (A =1064 nm). The laser is in a TEMO00 mode with a Gaussian
intensity distribution. Two of the four detection channels are utilized for detecting
incandescence in two different wavelength bands (a blue band at A = 300-550 nm, and a
red band at A = 580—710 nm). Incandescence in the 300-550 nm band is detected by an
H6779 photomultiplier tube (PMT; Hamamatsu Inc., Hamamatsu, Shizuoka, Japan)
equipped with a KG5 band-pass filter (Schott Inc., Elmsford, NY, USA). Incandescence
in the 580-710 nm band is detected by a H6779-02 PMT (Hamamatsu Inc.) equipped
with a narrow band-pass filter (PB0640-140, Asahi Spectra Inc., Tokyo, Japan). The other
detection channels are utilized for detecting scattered light at 1064 nm, which is detected
by a Si-avalanche photodiode (APD; C30916E, Perkin—Elmer Inc., Waltham, MA, USA)
and a position-sensitive Si-avalanche photodiode (PS-APD; C30927E-01, Perkin—Elmer
Inc.). Each detection channel has high-gain and low-gain detectors and the sensitivity of

the high-gain detectors is 10 times that of the low-gain detectors.
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Figure 2.4. Schematic diagram of the single-particle soot photometer (SP2)

2.1.2.2.2 Selective Detection of Black Carbon Particles

Figure 2.5 schematically shows how BC-free (a non-absorbing) and BC-containing
particles interact with the laser beam in the standard SP2. During transit of BC-free
particles in the standard SP2 laser beam, a BC-free particle scatters the laser light and the
scattering signal are detected by an APD (Figure 2.4). The standard SP2 is enabled to
measure the optical diameter of the BC-free particles (Dgc-free) by using the relationship
between the peak intensity of the scattering signal and the scattering cross section (Cs) of
particles. The Cs is calculated by Mie theory, assuming the refractive index of spherical
particles [Bohren and Huffman, 1983]. The detectable Dgc-free ranged from 200 to 920

nm.
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During transit of BC core particles in the standard SP2 laser beam, a BC core
absorbs the energy and is heated to the vaporization temperature (~4000K) to emit the
incandescence radiation. The intensity of the incandescence light signal is detected by a
H6779 PMT to measure the individual Dgc by using the relationship between the peak
intensity and the individual BC mass, assuming a true density of BC particles of 1.8 g
cm ™ [Moteki and Kondo, 2010]. These detail calibration is described in section 2.1.2.3.1.
The detectable Dgc ranged from 70 to 920 nm in the standard SP2.

BC-free particle BC-containing particle
r ¥
| SR B §i
n

evaporatio

t D BC-shell t

Sy s .

Scattered
light

[ DBC-free
' Incandescence

DEC DBC

€ e -

Particle position

Figure 2.5. Schematic diagram of transit of aerosol particles introduced into the SP2 laser

beam.

BC core
Dgc t Dgc shell
BC coating
Figure 2.6. Schematic diagram of shell-core model
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In addition, the standard SP2 measures the amount of coating on a BC-core
particle. For quantitative explanation of the mixing state of BC-containing particles, a

shell-core model is used in Figure 2.6. The dry shell/core ratio (SCr) is defined as follow:

SCr = Dgc-shell / Dgc, (2.1)

where Dgc-shenl 1S the whole optical diameter of BC-containing particle. The Dpc-shell 18
derived from the measurement of differential scattering cross section of particle integrated
over the solid angle of light collection (ACs) before the coating on a BC core starts to
evaporate [Gao et al., 2007; Moteki and Kondo, 2008; Labored et al., 2012].

During transit of BC-containing particles in the standard SP2 laser beam, a BC-
containing particle first emits the unperturbed scattering signal at the edge of laser beam.
Thereafter, due to the heating of BC core, the coating on a BC core gradually evaporates
until the particle enters the center of the laser beam. Thus, the measured scattering signal
is non-Gaussian and is smaller than the reconstructed Gaussian scattering function of the
unperturbed particle. To reconstruct the scattering amplitude of full Gaussian function,
Gao et al. [2007] suggested the leading-edge method which fits the unperturbed scattering
signal at the edge of laser beam (i.e. at the position of ACs = 0) to a Gaussian. This leading-
edge method enables the measurement of individual Dgcshen by using the relationship
between the reconstructed peak intensity and the Cs of BC-containing particles. The Cs of
BC-containing particles is calculated by Mie theory, assuming the refractive indices of

BC core and BC coating.
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2.1.2.3 Wide-Range SP2

To expand the upper limit of the Dpc detectable by the standard SP2, the PS-APD was
replaced with the H6779 PMT equipped with the KGS5 filter and then the sensitivity of
the PMT was lowered by a factor of about 140. Thus, WR-SP2 had three incandescence
detection channels and one scattering detection channel. As a result, the detection limit
was extended from 920 nm to 4170 nm, assuming a true density of BC particles of 1.8 g

cm > [Moteki and Kondo, 2010].

2.1.2.3.1 Calibration of BC

The relationship between the peak intensity of the incandescent light and the individual
BC mass is also crucial to quantify the individual Dgc. Fullerene soot samples (FS; Alpha
Aeser Inc., Wardhill, MA, USA) are used for the calibration as standard BC samples
[Moteki et al., 2010]. The experiment setup is shown in Figure 2.7. The laboratory BC
samples were aerosolized from a water suspension by an atomizer and dried by a diffusion
dryer with a silica gel. Thereafter, the individual BC masses were selected by an aerosol
particle mass analyzer (APM model 3601, [Ehara et al., 1996; Tajima et al., 2011]) with
a neutralizer and then introduced to the standard SP2. Due to the calibration, the
relationship between the selected BC mass and measured incandescence signal is

determined.

—Atomizer — Diffusion dryer —Neutralizer— APM — SP2 |—

Figure 2.7. Experiment setup for measuring the relationship between the peak intensity

of incandescence and the individual BC mass
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Figure 2.8a shows the relationship between the peak incandescence signal ()
and the BC particle mass (Mgc) up to 30.0 fg (Dsc = 317 nm) for FS samples. The data
for masses smaller than 10.0 fg (Dpc =220 nm) was linearly fitted to derive the equation

(2.2):

§=2.2x10%x Mpc (Mpc < 10.0 fg). (2.2)

The relationship was extrapolated to diameters up to 4170 nm, in the form of S = a(Mzc)’.
The values of a and b were determined by least-squares fitting of the experimental data

with Mpc < 30.0 fg:

S=2.7x 10° x (Mpc)* (10.0 fg < Mazc). (2.3)

The value of b derived in this study is similar to that derived in our previous study [Moteki
and Kondo, 2010].

For masses larger than 10.0 fg (Dsc = 220 nm), the calibration curve depends on
the shapes of the BC particles, as demonstrated by Moteki and Kondo [2010], who also
showed that the shapes can be represented by their effective densities (pefr). Here, BC
particles with pefr of about 0.30 are called as non-compact (highly-branched aggregates),
and those with perr of about 2.0 are called as compact (spherical). To estimate the
uncertainties arising from the different shapes of the BC particles, the calibration curves
were determined for BC particles with extremely non-compact (b = 1.0; equation (2.4))
and compact (b = 0.667; equation (2.5)) shapes for masses larger than 10.0 fg (Dpc = 220

nm) (Figure 2.8a):
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Snon-compact = 2.2 X 103 X (MBC)I'O (10.0 fg S MBC) (2.4)

Scompact = 4.8 X 103 X (MBC)O'667 (10.0 fg S MBC) . (2.5)

Shon-compact and Scompact are the peak incandescence signals derived from the Mpc of
particles with extremely non-compact and compact shapes, respectively. For BC particles
with extremely non-compact and compact shapes, the parameter b approaches 1.0 and 2/3
(= 0.667), respectively, because each volume element and the surface area of the BC
particles interact with the incident radiation [Moteki and Kondo, 2010]. Parameter a in
equation (2.5) was determined so that the Shon-compact Value would equal the Scompact value
at Mgc = 10.0 fg. As an example, Figure 2.8b shows the dependence of the mass size
distributions of BC particles derived from the SP2 data for ambient air in Tokyo on the
calibration curves (Figure 2.8a). The derived size distribution strongly depends on b in
the extrapolated BC size range. Adachi et al [2010] showed that most BC particles were
not completely compacted in high pollution area by using Transmission electron
microscopy (TEM). Therefore, this study assumed that there were very few BC particles

with extremely compact shapes in the air and rainwater.
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Figure 2.8. (a) Calibration curves of the WR-SP2 for fullerene soot and for extremely
non-compact and compact shapes of BC particles. (b) Mass size distributions of BC
particles in Tokyo air, determined by using the three different calibration curves. For the
size distribution of BC particles with extremely compact shapes, the dM/dlogDgc value

for Dpc = 4780 nm (8.74 ug m>) is not shown. Bars indicate 16 of a Poisson distribution.

2.1.2.3.2  Overall Performance of the WR-SP2

To evaluate the overall performance of the WR-SP2, the simultaneous measurements of
number and mass size distributions of BC in ambient Tokyo air by the standard SP2 and
the WR-SP2 were conducted (Figure 2.9). Figure 2.9a also showed the ratios of the
number concentrations of BC particles measured by the WR-SP2 to those measured by
the standard SP2 for Dgc < 300 nm. For Dpc > 300 nm, the ratios are not shown, because
BC particle counts were too low to be statistically meaningful. The number size
distributions agreed to within 20% in the 70 < Dgc < 300 nm range. The total BC mass
and number concentrations in the 70 < Dpc < 920 nm range agreed to within 5.3% and
1.4%, respectively.
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Figure 2.9. (a) Mean number size distributions of BC in Tokyo air measured by the
standard SP2 and the WR-SP2 (bottom). The ratio of the number concentration measured
by the WR-SP2 to that measured by the standard SP2 at different sizes is also shown (top).
(b) Mean mass size distributions of BC in Tokyo air measured by the standard SP2 and

the WR-SP2. Bars indicate 1o of a Poisson distribution.

2.1.3  Methods: Extraction Efficiency of Marin-5

To make an accurate measurement of the number and mass size distributions of BC in
rainwater, it is essential to determine how much BC particles are extracted from the water
sample and transported to the WR-SP2; extraction efficiency (¢). In this section, first, the
theoretically-calculated extraction efficiency (eca) was described. Then, the extraction
efficiency (eexp) was determined at the laboratory experiment, using the polystyrene latex
(PSL) suspensions and BC standard samples. Finally, the eexp values were compared with

the gcal values.
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2.1.3.1 Theoretically-Estimated Extraction Efficiency

Some number fraction of BC particles in water samples is lost together with generated
droplets during nebulization or lost by deposition on several walls during transport in the
Marin-5/WR-SP2 sampling line. Therefore, the eca was represented as the product of
volume fraction of particles aerosolized by nebulization (Faerosol) in the heated chamber
and transport efficiency (#uansport) Of aerosolized particles in the Marin-5/WR-SP2

sampling line after nebulization in equation (2.6);
Ecal (D) = Flaerosol X Htransport (D) (26)

The size-resolved #ansport(D) 1s derived from the number fraction of particles not
lost by the deposition mechanism during the transit of that flow element (#fiow element,
mechanism)- In this calculation, four-distinct deposition mechanisms (gravitational setting,
diffusional deposition, inertial deposition at a bend, and inertial deposition at flow
constrictions) were considered under the condition of laminar flow in the sampling line.
Equation (2.7) represents #uansport (D), which is the product of the transport efficiencies
for each mechanism in each flow element of the sampling transport system for that

particle size [Baron and Willeke, 2001].

77transport (D) = l_[ 1_[ Nflow element,mechanism (D) (2-7)

flow elements mechanisms

In this study, the Marin5/WR-SP2 sampling line was divided into 23 elements to
calculate the size-resolved #fiow element, mechanism, considering the density and shape of

particles. For spherical particles (PSL particles) and non-spherical particles (BC particles),
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Nuansport (D) were calculated. The true density of BC (psc) and PSL (ppst) was assumed to
be 1.8 (g/cc) and 1.05 (g/cc), respectively [Moteki and Kondo 2010]. The particle shape
is represented by effective density (pesr) for each particle (pesr for BC = 0.5, pesr for PSL=
1.0) [Moteki and Kondo 2010].

The theoretically-estimated #ansport Of aerosolized PSL and BC particles were
shown in Figure 2.10a. The size-dependent #uansport Of PSL was found to be identical to
that of BC, indicating that 7uansport Was largely independent of BC shape. The #transport for
Dgc <1000 nm was changed little, while the #ansport for Dec > 2000 nm largely decreased.
To understand the deposition mechanism for particles with Dgc > 2000 nm, the size-
resolved #uansport for each deposition mechanism was calculated. Figure 2.10b shows the
relative contribution of four deposition mechanisms for PSL particles. The result
indicated that the main deposition mechanisms for particles with D > 2000 nm were
gravitational setting and inertial deposition in flow constriction. The size-resolved #ransport
for each deposited place was also calculated. The particles with D > 2000 nm were mainly
deposited on the wall of the Marin-5, inside 1/4 tube transported from Marin-5 to SP2,
and inside the SP2 sampling line.

Next, the Faerosol Was experimentally determined by using the ammonium sulfate
solutions with known mass concentrations. The detail experiment is described in section
2.1.5. The experiment results showed that the Faerosol Was about 0.5. Using the equation

(2.6), the ecal for PSL and BC particles were calculated in Figure 2.11(b).
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Figure 2.10 (a) Theoretically-estimated transport efficiency in the Marin-5/WR-SP2
sampling line for aerosolized polystyrene latex (PSL) and BC particles. (b) Relative

contribution of four deposition mechanisms of PSL particles.
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2.1.3.2 Extraction Efficiency

2.1.3.2.1 Number Concentration of Polystyrene Latex Spheres in Water

To experimentally determine the extraction efficiency of the Marin-5 nebulizer, PSL
suspensions of known number concentration were prepared. The mean diameters of the
PSL spheres (Dpsr) were 202 £ 5.0, 254 + 8.0, 309 £ 9.0, 402 £ 6.0, 603 + 14, and 814 +
19 nm (JSR Inc., Kamitu, Ibaraki, Japan); 1025 + 30 and 1537 = 77 nm (Polyscience Inc.,
Warrington, PA, USA); and 2.0 + 0.02, 3.0 £ 0.03, 4.0 = 0.03, and 5.0 £ 0.04 pm (Duke
Scientific Corp., Palo Alto, CA, USA). The size-resolved number concentrations of the
PSL suspensions (N(DpsL)) were determined by measuring the attenuation of a solid-state
532 nm laser (GSHG-3020F; KTG Co. Ltd., Kochi, Japan) [Ohata et al., 2013]. The
values of N(Dpsp) ranged from 7.04 x 10* to 2.53 x 10° particles cm>. The PSL
suspensions were diluted further to determine the extraction efficiency of the Marin-5

nebulizer.

2.1.3.2.2 Extraction Efficiency with PSL Spheres and AquaBlack 162

The eexp of the Marin-5 were experimentally determined by measuring the number
concentrations of PSL suspensions with the 12 diameters. Here, the exp values of PSL
and BC were assumed to be identical [Ohata et al., 2013]. Figure 2.11a shows the gexp
values in the 200 < Dgc < 5000 nm range. The €exp values of the USO00AT in the 100 <
Dgc <1025 nm range [Ohata et al., 2013] are also plotted for comparison. The gexp values
of'the Marin-5 were 50.0 +4.4% on average in the 200 < Dgc <2000 nm, and they linearly

decreased at larger sizes, as fitted with linear equations (2.8) and (2.9):

gexp (200 nm < Dpsp < 2000 nm) = 50.0 (%) (2.8)
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gexp (2000 nm < Dpst. < 5000 nm) = — 0.017Dpst + 82.2 (%) (2.9)

These values may depend on the liquid and air flow rates. The ey values of the Marin-5
were much higher than those of the US000AT. The size-independent and high eexp values
greatly improved the measurement accuracy of the size distributions of BC in water in
the 200 < Dpc < 2000 nm range using a water sample of only a few milliliters. For Dgc >
2000 nm, the &exp values linearly decreased, owing to particle losses by impaction and
gravitational setting on the walls of various parts of the system (Figure 2.10b).

To determine the gexp value of the Marin-5 for Dc < 200 nm, a known mass
concentration (35 pg L) of AquaBlack 162 (AB-162; Tokai Carbon Co. Ltd., Tokyo,
Japan) was prepared, which is a laboratory standard of BC particles suspended in water
[Ohata et al. 2011, 2013]. The measured mass median diameter of the mass size
distribution was 90 nm, and the geometric standard deviation was 1.33. The mass fraction
of BC particles with Dgc < 70 nm undetectable by the SP2 was estimated to be 7.1%. The
gexp value for AB-162 was estimated to be 42 + 7.9%, indicating that the estimated gexp
value agreed to within 20% of the gexp value (50%) within the 200 < Dc <2000 nm range
determined with the PSL suspension (Figure 2.11a).

Figure 2.11(b) showed the comparison between the size dependence of eexp and
that of eca, indicating that eexp values were consistent with the eca values within the
systematic errors. Therefore, the equation (2.8) and (2.9) were used for calculating the

size-resolved number concentrations of BC in rainwater.
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Figure 2.11(a) Extraction efficiency of the Marin-5, measured by using polystyrene latex
(PSL) spheres and AquaBlack 162 in water. Error bars show the systematic errors. For
comparison, the extraction efficiency of an ultrasonic nebulizer (USO00AT) is also shown
[Ohata et al., 2013]. (b) Comparison between the measured and calculated extraction

efficiency of the Marin-5.

25



2.1.4 Reproducibility
The reproducibility of the measured BC size distributions in two rainwater samples
collected at Cape Hedo, Okinawa Island, Japan was assessed. The BC mass
concentrations in these samples were 50 and 106 pg L', respectively. The size
distributions of BC in the two rainwater samples were measured on two different days,
22 days apart (Day 1 and Day 23). Figure 2.12 shows the number and mass size
distributions of BC for one of the samples on Day 1 and Day 23, together with the Day
23:Day 1 ratios of the respective distributions up to 300 nm. For Dgc > 300 nm, the ratios
are not shown, because the BC particle concentrations were very low. These BC number
and mass size distributions agreed to within 12%. The count median diameter (CMD) and
geometric standard deviation (o) of the number size distributions of the two samples
were reproducible to within 1.0%. This result showed that the BC size distribution in
liquid water changed little during about 3 weeks, consistent with the previous study
[Ohata et al., 2013].

The overall uncertainty of the measurements of BC in water by the Marin-5/WR-
SP2 system was estimated to be about 16%. This value comprises the uncertainties of ¢
(+4.4%), the size-resolved BC mass concentration in air measured by the WR-SP2
(£15%), Freb (£5%), and Vpump (£5%). The deviation of the Day 23/Day 1 ratio from 1 is

within this estimated uncertainty of the BC size distribution measurement.
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Figure 2.12. (a) Number and (b) mass size distributions of BC in Cape Hedo rainwater
samples (bottom panels). The ratios of the number and mass concentrations of BC in

rainwater on two different days are also shown (top). Bars indicate 1c values.

2.1.5 Estimates of Aerosolized Volume Fraction in the Marin-5 and the Droplet
Distribution

Ammonium sulfate (AS) solutions of known mass concentration were used to estimate

the Flaerosol Of the Marin-5. In addition, the size distribution of the droplets generated by

the concentric pneumatic nebulizer was estimated. The data was used to estimate possible

changes in the size of BC particles during the extraction process by the Marin-5 (section

2.1.3).

2.1.5.1 Aerosolized Volume Fraction in the Marin-5

To estimate the Faerosol Of the Marin-5 and the droplet size distribution, AS solutions of
six different mass concentrations were first prepared (Table 2.1). These AS solutions were
fed to the Marin-5 by a peristaltic pump to generate droplets of AS solution, and then the

AS particles were extracted (Figure 2.13).
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The generated AS particles were further dried to a relative humidity (RH) of
about 12% by passing them through a Nafion tube to minimize the effect of hygroscopic
growth of the particles. The dried AS number size distributions (15-900 nm) were
measured with an accuracy of about 10% by a scanning mobility particle sizer
spectrometer (SMPS 3936; TSI Inc., Shoreview, MN, USA) consisting of a differential
mobility analyzer (Model 3081, TSI Inc.) and a condensation particle counter (Model
3010, TSI Inc.). The contribution of non-AS particles to the total volume of the extracted
particles was negligibly small.

The Faerosol Was determined as the ratio of the volume of AS particles extracted
per second (Vair (cm?)) to the volume of AS in the solution supplied per second (Vsoi (cm?)).
Figure 2.14 shows the correlation between Vair and Vsol. The Faerosol Value, derived as the
slope of the correlation line, was 48 + 6.3% (1o) within the range of 15-900 nm, which

is used to calculate the &cal.

Droplets AS particles
o o
® O o O
AS solution— Marin-5 Nafion tube SMPS
— e l

3.0 10‘6 L s‘1 16 STP cm3 s_1 Excess RH sensor

Figure 2.13. Experimental setup for estimating the extraction efficiency of the pneumatic
nebulizer (Marin-5) and the size distribution of the generated droplets of ammonium
sulfate (AS) solution. SMPS, scanning mobility particle sizer spectrometer; RH, relative
humidity.
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Table 2.1. Mass concentrations of ammonium sulfate (AS) solutions used to estimate the

extraction efficiency of the Marin-5 nebulizer and corresponding count median diameter

(CMD) and geometric standard deviation (ogc) values of the AS particles and droplets

generated by the nebulizer.

20 30
3
V, (cm™)

40  50x10°

Solution | Mass concentration of AS Estimated droplet | AS and estimated
AS in water (mg L") | CMD (nm) CMD (um) droplet oy
1 1.34 30 33 1.78
2 2.69 34 29 1.82
3 2.73 35 3.0 1.76
4 5.38 41 2.8 1.84
5 13.4 49 2.5 1.84
6 26.9 58 23 1.86
50x10™ ' ' '
——y =0.48x ’
40 - e L
11,7
> 30 L
E -
L
¥ 20 =
10 =
Ammonium sulfate
0 l l | I

Figure 2.14. Correlation between the volume of ammonium sulfate (AS) particles

extracted by the Marin-5 per second (Vair) and the volume of AS solution fed to the

concentric pneumatic nebulizer per second (Vsor). The solid line is the least-squares fitted

line.
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2.1.5.2 Droplet Size Distribution

The size distribution of droplets generated from the nebulizer was also estimated, so that
possible changes in the size of BC particles occurring during evaporation of droplets
could be estimated (section 2.1.6). The known mass concentration of AS in solution (X)

is expressed as the ratio of the mass of solute (AS) to that of the solution (deionized water

+ AS):

n 3
_ gPaDa

=
wPdDq

(2.10)

D, and Dy are the diameters of AS particles and droplets, respectively, and p. and pq are
the densities of the AS particles (1.77 g cm™) and droplets, respectively. pa is
approximately regarded as water density (pi: 1.00 g cm ™), because the mass mixing ratios
of AS were less than 30 parts per million (ppm). Therefore, using pi, Dq is derived by

equation (2.11):
3/pa 1
=D, X [B2x= (2.
Dq =D, o X (2.11)

Figure 2.15 shows the measured size distribution of AS particles generated using
solution 4 (Table 2.1). The AS mass concentration of 5.38 mg L' is similar to the typical
value for rainwater in East Asia [Fujita et al., 2000]. Figure 2.15 also shows the droplet
size distribution estimated from the AS size distribution (equation (2.11)). The CMD and
ogc values of the AS and droplet number size distributions of each sample are summarized

in Table 2.1. The average CMD of the droplet number size distribution was 2.8 + 0.4 pum,
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and the average oy was 1.82 £ 0.04.
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Figure 2.15. Size distribution of ammonium sulfate (AS) particles for an AS mass
concentration of 5.38 mg L™!. The droplet size distribution estimated from the AS size

distribution is also shown. The dashed lines show the lognormal fitted size distributions.

2.1.6 Changes in BC Size in the Nebulizer

2.1.6.1 Experimental Evaluation

BC particle size can change because of coagulation of BC particles during the extraction
process. First, to evaluate this effect by laboratory experiments, two kinds of BC samples
with known mass concentrations were prepared: AB-162 and FS. The mass median
diameter and average geometric standard deviation of FS were 174 nm and 1.54,
respectively. The number concentrations of AB-162 particles were about 10 times higher
than those of FS particles with the same mass concentrations because of the smaller

diameters of AB-162.
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The mass concentrations of BC particles in the AB-162 and FS samples were 70
and 137 ug L', respectively. The samples were diluted with deionized water and prepared
six different BC mass concentrations in water. The ranges of the mass concentrations of
BC in the AB-162 and FS samples were 7.3-70 and 6.9—-137 ug L ™!, respectively. These
BC mass concentrations are typical for rainwater collected in Tokyo and at Cape Hedo
[Ohata et al., 2011; Mori et al., 2014].

The number size distributions of BC particles in the AB-162 and FS samples
with the Marin-5/WR-SP2 system were measured. The measured number concentrations
of BC particles in the AB-162 and FS samples ranged from 20 x 10° to 166 x 10° particles
L' and from 1.2 x 10° to 19 x 10 particles L™!, respectively, indicating that the number
concentrations of BC particles in the AB-162 samples were about 10 times those in the
FS samples. Figure 2.16 shows the normalized number size distributions of BC particles
in the AB-162 and FS samples for different BC mass concentrations. This figure shows
only the data for BC concentrations sufficiently high for reliable statistical analysis. To
evaluate the effect of coagulation of BC particles during the extraction process, AB-162
and FS samples with BC mass concentrations of 8.0 and 18 pug L™! were used as reference
samples. Figure 2.16 also shows ratios of the normalized number concentrations of BC
particles in the AB-162 and FS samples (dNsamp) to those of the references (dNrer) at
different sizes. The AB-162 and FS ratios were normalized by Dpc=76 nm and
Dpc=115nm, respectively. These results show that the effect of coagulation of BC
particles during the extraction process was negligibly small for BC mass concentrations
of less than about 70 pug L™! for the FS samples and less than about 30 ug L™! for the AB-
162 samples.

The BC number size distributions shifted to larger sizes for BC mass
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concentrations substantially higher than these threshold mass concentrations (Figure

2.16b and d). The shift is attributed to the coagulation of BC particles during the

extraction process. The threshold mass concentration of AB-162 was lower than that of

FS, reflecting the higher number concentration for a given mass concentration, as

discussed above.
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Figure 2.16. (a, b) Normalized number size distributions of BC particles in AquaBlack

162 (AB-162) samples. (c, d) Same as (a) and (b) but for fullerene soot (FS) samples.

Ratios of normalized number concentrations of BC particles in AB-162 and FS samples

to reference concentrations at different sizes are also shown, which were normalized by

76 and 115 nm for AB-162 and FS, respectively. The mass concentrations of the reference

samples of AB-162 and FS were 8.0 and 18 pg L',
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2.1.6.2 Theoretical Evaluation

The effect of coagulation of BC particles during the extraction process was theoretically
calculated and the result was compared with the experimental results. By using the
theoretical model developed by Moteki and Mori [2015], the number size distribution of
BC particles extracted by the nebulizer can be predicted from the droplet number size
distribution and the BC number size distribution in the water sample. The calculated
probability of the number of BC particles in an individual droplet is a measure of the
effect of coagulation of BC particles. This probability is described by a Poisson
distribution because the number of BC particles and droplets produced by a nebulizer is
a discrete random variable. More details of the model are given by Moteki and Mori
[2015].

The effect of coagulation is represented by the change of the calculated size
distribution relative to the BC mass concentration in water. The calculated CMD of the
extracted FS size distribution changed from 118 to 120 nm when the mass concentration
in water changed from 6.9 to 64 ug L™!. The predicted change in the standard deviation
was about 1%. Similar changes in these parameters were predicted for AB-162. These
small changes in the predicted size distributions provide a mathematical basis for the

interpretation of the results of the laboratory experiments.

2.1.7 Changes in BC Particle Size in Cloud Droplets

The BC particle size might change during the condensation, coalescence, and
precipitation processes shown in Figure 2.1. To investigate possible changes of the BC
size distribution through these processes, an experiment that included all of these

processes was carried out, although the conditions were different from those in the natural
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atmosphere. In this experiment, the size distributions of BC particles in ambient Tokyo
air by the standard SP2 were measured to compare them with those of BC particles
collected in water by a particle-into-liquid sampler (PILS) (Figure 2.17). The PILS
consists of a particle growth chamber and an impactor component [Weber et al. 2001;
Orsini et al. 2003; Miyazaki et al. 2006]. Orsini et al. [2003] showed that almost all olive
oil particles in the diameter range 0.03—6.0 um were captured in the growth chamber

under a high supersaturation of water vapor.

(a) Vacuum pump
Ambient ai t | Deionized water
mpilent air ,4
—— 1 s —— (& —= *s
L~
sP2| Skem, ~ PILS ' .
Peristaltic
pump
(b) @& — ;s 3
M Marin-5 SP2 Water sample
s 2

Water sample

Figure 2.17. Experimental setup for measuring changes in the size distribution of BC

particles during their collection by a particle-into-liquid sampler (PILS).
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Table 2.2 Mass concentration, count median diameter (CMD) and geometric standard
deviation (og) values of BC particles in Tokyo ambient air and the collected water

samples on the first and second days.

Ambient air Collected water samples
Average BC CMD Ogc BC mass CMD Ogc
mass (nm) concentration (nm)
concentration (ugL™h
(ug m™)
First day 0.21 +£0.04 113 1.59 0.76 121 1.49
Second day 0.55+0.02 118 1.52 2.27 124 1.45

In this particle growth chamber, ambient particles containing BC are mixed with
supersaturated water vapor to produce droplets through condensational growth. The
droplets formed are collected by a polycarbonate impaction plate. The collected liquid
sample is continually transported with a stream of ultrapure deionized water to a glass
bottle by a peristaltic pump (IPC/IPC-N; ISMATEC, Wertheim, Germany) at a constant
flow rate of 3.0 x 10°% L s™' (Figure 2.17a). The air sample flow rate for the PILS was
maintained at 266 cm® s, The water sample was transferred to the Marin-5 and converted
into aerosols (Figure 2.17b), and the BC particle size distributions were measured by the
standard SP2.

Measurements were made on 25 December 2014 and 26 January 2015, and BC
particles were collected for half an hour; Table 2.2 summarizes relevant values for the BC
particles in air and the collected water samples. Average mass concentrations of BC in air
on the first and second days were 0.21 + 0.04 and 0.55 + 0.02 pg m>, respectively. Mass
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concentrations of BC in the collected water samples on the first and second days were
0.76 and 2.27 pg L', respectively. The effect of coagulation of BC particles during the
extraction process was negligibly small (section 2.1.6). Figure 2.18 shows the normalized
number size distributions of BC in air and the collected water samples for the 100 < Dgc
<400 nm range on the second day. This figure also shows the ratios of the normalized
number concentration of BC in the collected water sample (NpiLs) to that in air (Mair) for
the same Dgc range. The average NpiLs/Nair ratio was 0.95 + 0.09 (1o), and the CMD and
ogc values for air and the collected water sample agreed within 5.1% and 4.7%,
respectively. The ratio was 1.0 + 0.2 (1o) for the 100< Dgc < 350 nm range. The large
errors of the ratios (Figure 2.18) were caused by low BC particle counts. For lower BC
mass concentrations on the first day, the average NpiLs/Nair ratio was very similar (0.94 +
0.18 (15)). The CMD value for air and the collected water sample agreed within 7.1%,
and the oy value for air and the collected water sample also agreed within 6.3%,
respectively.

In this experiment, all ambient BC particles detectable by the SP2 should be
captured in the particle growth chamber under high supersaturation, considering the
results of Orsini et al. [2003]. The experimental results showed that the size distribution
of BC particles activated as CCN was the same as the size distribution of BC in water
condensed from water vapor. More specifically, the result indicates that the sizes of BC

particles do not change during condensational growth.
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Figure 2.18. Normalized number size distributions of BC particles in ambient air and
those collected by a particle-into-liquid sampler (PILS) in the 100 < Dgc <400 nm range
(bottom). The ratio of the normalized number concentration in water (NpiLs) to that in air

(Mair) at different sizes is also shown (top). Bars indicate 1o values.

2.1.8 Size Distribution of BC Particles in Rainwater

The overall tests of the Marin-5/WR-SP2 system were conducted by measuring the size
distributions of BC in air and rainwater simultaneously in Tokyo during summer of 2014.
An automated rain sampling system was developed, which enabled the rain samples to be
analyzed within about 3 min after the start of rainfall. First, the rainwater was collected
with a plastic funnel (30 cm maximum diameter) and transferred to a glass bottle through
a Tygon tube. Then, the rainwater was directly introduced into the Marin-5/WR-SP2
system by a peristaltic pump (Figure 2.2). To estimate the losses of BC particles due to

adhesion to the plastic funnel and the Tygon tube, the size-resolved mass concentration
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of BC in rain samples collected at Cape Hedo with and without transferring them through
the plastic funnel and Tygon tube was compared. The BC mass losses during the transfer
were less than 7%, with negligible changes in the shape of the size distribution. In addition,
the effect of dry deposition of BC particles on the funnel was estimated. The BC mass
concentration deposited on the funnel was measured by pouring deionized water into the
funnel. The effect of dry deposition of BC particles on the funnel was estimated to be
negligibly small for measurement of BC in rainwater in Tokyo.

Figure 2.19 shows the normalized mass and number size distributions of BC in
air 1 h before a precipitation event, which lasted for about 2 h, on 10 August 2014.
Rainwater was collected about 50 min after the initiation of the precipitation. The average
mass concentration of BC in air was 0.07 + 0.02 pg m>, and the average mass
concentration of BC in rainwater was 5.5 = 1.3 pg L', Figure 2.19b also shows the ratio
of the normalized number concentration in rainwater (Nrin) to that in air (Mair) for different
particle sizes. The ratios (i.e. wet removal efficiency RE(Dgc)= Nrin(DBc)/Nair(Dpc)) are
normalized to Dgc = 130 nm. The size of BC in rainwater was larger than that in air,
indicating that large BC particles were more efficiently removed by precipitation. The
difference between the size distribution in air and that in rainwater was much larger than
that caused through processes [-1V (Figure 2.1). Because of the thin coating thickness of
BC particles in Tokyo air [Kondo et al., 2011b], larger BC particles are possibly more
active as CCN. The detail understandings of scavenging mechanisms controlling the Dgc-
dependence of RE(Dgc) are described in Chapter 3.

Figure 2.19 also show the existence of BC particles with Dgc > 1 um, indicating

that further studies of wet deposition of BC will require the use of the WR-SP2.
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Figure 2.19. (a) Normalized mass size distributions of BC in air and rainwater collected
in Tokyo on 10 August, 2014. (b) Same as (a) but for normalized number size distributions.
Ratios of the normalized size distribution in rainwater to that in air are also shown. The

ratios are normalized by Dgc= 130 nm. Bars indicate 1o of a Poisson distribution
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2.1.9 Experimental Setup for Observation

This section describes the experiment setup for measuring the wet removal efficiency of
BC during BC-CARE field observation campaign in Tokyo and in Okinawa (Black
Carbon/Carbonaceous Aerosol Removal Experiment in Tokyo and Okinawa). The
instruments and measurement parameters are summarized in Table 2.3. The standard SP2
measured the Nair(Dsc) and SCr. The humidified-SP2 (hSP2) measured the BC mass and
the optical diameter of individual aerosol particles under a controlled RH. Selecting the
dry BC-containing particles with a specific mass (Dgc-shell ~ 200 nm), the hygroscopicity
parameter (xBc-coat) 0f non-BC aerosol compounds coating on a BC particle was measured
[Ohata et al., 2016a]. The quadrupole aerosol mass spectrometer (AMS) analyzed the
chemical composition of PM; ¢ (i.e., about 50% transmittance at 1 pm particle), using a
quadrupole mass spectrometer [Jayne et al., 2000]. The size-resolved aerosol number
concentrations are measured by the scanning mobility particle sizer (SMPS) within the
15.7-900 nm range or the wide-range particle spectrometer (WPS) within the 10.4—10000
nm range.

During precipitation, the Nrin(Dsc) was measured by an automated rain sampling
system in Tokyo, described in section 2.1.8 [Mori et al., 2016]. In Okinawa, rainwater
samples were collected on a daily basis, using a glass funnel inserted into the lid of glass
bottle (150mL), and analyzed at the laboratory of University of Tokyo. The number size

distribution of precipitation particles was measured by a laser precipitation monitor.
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Table 2.3. Principle instruments employed to the simultaneous measurements of BC

particles in air and rainwater in Tokyo and Okinawa.

Instrument Measurement parameters
Atmospheric Standard SP2 Size-resolved number concentration of BC
measurement (70 < Dpc< 920 nm)
Shell/core ratio (200 < Dpc< 400 nm)
Humidified-SP2 | Growth factor at 85% RH and hygroscopicity parameter
(APM-hSP2) x of BC-free and BC-containing particles
AMS Chemical composition (excluding BC) of PM1 aerosols

Precipitation Automated rain Precipitation rate,
measurement | sampling system System that enabled the rain samples to be analyzed

within about 3 min after the start of rainfall

Laser precipitation

monitor

Size-resolved number concentration of a precipitation

particle

Wide-range SP2

Size-resolved number and mass concentration of BC

(70 < Dpc< 4170 nm)

2.1.10 Experimental Summary

Chapter 2.1 described the improved technique for measuring the size distribution of BC

in rainwater by combining a pneumatic nebulizer (Marin-5) with a modified SP2 (WR-

SP2). First, the upper limit of the size of BC detectable by the SP2 from 0.9 um to about

4.0 um was expanded by modifying the photo-detector for measuring the laser-induced
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incandescence signal. Second, using PSL suspensions and AB-162 samples, the extraction
efficiency of the Marin-5 was experimentally determined about 50.0 % and was size
independent in the 70 < Dpc < 2000 nm range, consistent with theoretically-estimated
extraction efficiency. These results indicate that the combined Marin-5/WR-SP2 system
enabled accurate measurement of the size distribution of BC particles in liquid water up
to Dec = 4170 nm. The reproducibility of the measured mass size distribution of BC in
rainwater was about 12% in the 70 < Dgpc < 300 nm range.

In the laboratory, the possible changes in the size distribution of BC particles
were investigated during the extraction process by the nebulizer and condensational
growth of BC. First, the effect of coagulation of BC particles during the extraction process
by the Marin-5 was negligibly small for BC mass concentrations in liquid water of less
than 70 ug L', consistent with theoretical calculations. Second, BC diameter did not
change during condensational growth in the particle growth chamber of a PILS.

To evaluate the overall performance of the Marin-5/WR-SP2 system, the size
distribution of BC in air and rainwater was made simultaneously in Tokyo during summer
2014. The size distribution of BC in rainwater was larger than that in air, indicating that
larger BC particles were removed more efficiently by precipitation.

These results, based on laboratory experiments, theoretical calculations, and
field observations, strongly support the application of the Marin-5/WR-SP2 system to

quantitative studies of wet deposition of BC.
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2.2 Data Analysis Method

In precipitating clouds, BC-containing particles are mainly incorporated into a water
droplet by impaction (below-cloud and in-cloud) and nucleation scavenging mechanisms.
Former mechanism is that BC-containing particles are captured with falling droplets
(raindrops and cloud droplets) and latter is that they are active as CCN. To explore the
key mechanism and parameters controlling the wet removal efficiency of BC, I developed
anew data analysis method using a parcel model, based on the measured Dgc dependence
of wet removal efficiency and other observation data. Chapter 2.2 describes how to
calculate the number fraction of BC particles scavenged by three scavenging mechanisms
and the relative contribution of three scavenging mechanisms. The physical parameters
used in the data analysis method are summarized in Table 2.4. The detail data-processing

procedure for each scavenging mechanism is described in Appendix Al.

2.2.1 Methods

Data analysis method focuses on an air parcel ascending from the atmospheric planetary
boundary layer (PBL) to the free troposphere (FT) via the moist convective process in
Figure 2.20. Some number fractions of BC particles are scavenged by below-cloud
impaction (Foe-imp(DBc)), nucleation (Feen(Dgc)), and in-cloud impaction (Fic-imp(DBc))
mechanisms before the ascending air parcel reaches to cloud top. Three-distinct
scavenged number fractions are calculated by assuming the updraft velocity (w, units of
m s!) of the air parcel and the residence time (¢, units of s) within the precipitating cloud.
To investigate the relative contributions of three scavenging mechanisms, the best fitted
w and ¢ are explored by comparing the calculated Dgc dependence of total number fraction

of BC particles (Fiowal(Dpc)) and the measured Dec dependence of RE(Dgc). Using the
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estimates of w and ¢, the relative contributions of three scavenging mechanisms are
determined.

Due to the estimate of w, the best estimated maximum supersaturation in air
(SSmax) is determined by an adiabatic parcel model (section 2.2.2.1). It is important to
note that w, 7, and SSmax are an effective updraft velocity, residence time, and maximum
supersaturation: weighted average of w, ¢, and SSmax experienced by removed BC-
containing particles in many different ascending air parcels.

According to an aircraft observation, actual updraft velocity in the atmosphere
had a standard deviation [Fountoukis et al., 2007]. The data analysis method considered
the distribution of w as Gaussian distribution with the relationship between average w and
updraft standard deviation, obtained by the aircraft measurement [Fountoukis et al., 2007].
Selecting the median values of updraft velocity distribution (wmed) and residence time
distribution (zmed), the number fractions of BC particles scavenged by below-cloud
impaction (ﬁbc—imp(DBC))a nucleation (Fzcp(Dsc)), and in-cloud impaction (Fic—imp(DBC))
mechanisms and the total number fraction of BC particles (Fioa(Dsc)) are calculated.
Selecting the Wmed, the best estimated median value of maximum supersaturation

distribution (SSmed) 1s determined.
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Figure 2.20. Schematic diagram of the parcel model. BC (or BC-containing) particles in

the ascending air parcel are scavenged by the below-cloud impaction, nucleation, and in-

cloud impaction mechanisms, continuously.
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Table 2.4 List of symbols used in the data analysis method. Uncertainties in some

parameters are also shown.

(@) Nucleation scavenging mechanism

Symbols Descriptions Uncertainty
Dgc BC mass equivalent diameter
KBC-coat | Hygroscopicity parameter for BC-coating materials
(DBc-shel = ~200nm)
Observation SCr Shell/core ratio (200 < Dpc <400 nm)
Nair BC number concentration in air
Naerosol | Total number concentration of aerosol particles
(D <900nm)
Chemical composition of PM1 aerosols
Estimate SCr Shell/core ratio ~4.0 %
(70< Dpc <200 nm and 400< Dgc <2000 nm) (Section 3.2.9)
Assumed w Updraft velocity
parameter
Ow Surface tension of pure water (= 0.072 J/m?)
My, Molecular weight of water (= 18.02 g/mol)
Known R Universal gas constant (= 8.315 J/mol K)
values T Temperature at ground (= 298 K) 2.0%
DPw Density of water (= 1.0 g/cm?)
RH Relative humidity at ground (= 80%) 5.0%
Pair Atmospheric pressure (=1013 hPa)
KBC Hygroscopicity parameter for BC core (= 0.0)
aw Activity of water in solution
K Hygroscopicity parameter for BC-containing particles
Ncen Activated BC number concentration in air
Calculation Sc Critical supersaturation for BC-containing particles
SSmax Maximum supersaturation in air
Feen Number fraction of BC-containing particles scavenged ~9.0 %

by nucleation mechanism

(Section 3.2.9)
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(b) Impaction scavenging mechanism

Symbols Descriptions Uncertainty
Observation Nair Size-resolved BC number concentration in air
N4_rain Size-resolved raindrop number concentration
Assumed Train Time when an air parcel ascends from the ground to
parameter cloud base
Leloud Time when an air parcel ascends from cloud base to
cloud top in a precipitating cloud
K Collection kernel for various attachment processes 4.2 % (Appendix A1)
between a BC particle and a water droplet
4 Scavenging ratio 4.2 %
Calculation | Ny cioud Size-resolved cloud droplet number concentration,
calculated by using parcel model
Focimp Number fraction of BC particles scavenged by below-
cloud impaction mechanism 4.2 %
Ficimp | Number fraction of BC particles scavenged by in-cloud (Section 3.2.9)

impaction mechanism

2.2.2 Nucleation Scavenging of BC Particles

This section derives how to calculate Fcon(Dgc). Figure 2.21 shows the diagram of data-

processing procedure for calculating the Fcen(Dsc), which depends on the critical

supersaturaion (Sc) of BC-containing particle and the SSmax 1n air. To investigate the Sc

of dry particle, Petters and Kreidenweis [2009] derived the relationship between dry

particle diameter (Ddry) and CCN activity using a hygroscopicity parameter x, which was

called as “x-Kohler theory”. For a BC-containing particle, the equation is represented as

4o, M, ) 211)

S(Dy) = (—
( W) o = &P RprDwet
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3 3
Dwet - Ddry

- D\?vet - Dgry(1 - K),

K= Zeiki (2.13)

i

A (2.12)

where ay is the activity of water in solution, S is the saturation vapor pressure over the
surface of droplet of diameter Dyet, Dary 1s the dry diameter (Dpc-shell = Dpc % SCr) of a
BC-containing particle with a hygroscopicity parameter x, ow is the surface tension of
pure water, My, is the molecular weight of water, R is the universal gas constant, 7' is the
temperature, and pv is the density of water. The x for a BC-containing particle is given by
the single mixing rule, which is represented by the individual component volume fraction
&i and the individual component hygroscopicity parameter x; in equation (2.13). Thus, the
x for BC-containing particles is calculated by using hygroscopicity parameter (kBc-coat)
for non-BC aerosol compounds coating on a BC particle and the hygroscopicity parameter
(xBc = 0) of BC core. These parameters are summarized in Table 2.4 (a).

The aw of a droplet depends on the solute in equation (2.12) and decreases the
equilibrium vapor pressure (Solute effect). On the other hand, the exponential term of
equation (2.11) increases the equilibrium vapor pressure as the Dye: decreases (Kelvin
effect). Due to comparison of both equilibrium vapor pressures, S has a maximum value
for a BC-containing particle with Dary and x. The maximum value is called as critical
supersaturation S, which is a key parameter to determine the CCN activation of the dry
particles. The SSmax is calculated by using an adiabatic cloud parcel model in section

2.2.2.1, depending on the observed total number concentrations of aerosol particles
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(Naerosol), chemical compositions of PM1 aerosols, and estimated w in Figure 2.21
[Feingold and Heymsfield, 1992; Feingold et al., 2003]. If the SSmax exceeds Sc, a BC-
containing particle starts growing and becomes a cloud droplet. Comparing the SSmax and
Sc, the activated number fraction of BC-containing particles (Fcen(Dgc)) is calculated as

the ratio of activated BC number concentration (Ncen(Dgc)) to Nai(Dgc).

2.2.2.1 Determination of Maximum Supersaturation in Air

SSmax in an ascending air parcel is determined by using an adiabatic cloud parcel model
[Feingold and Heymsfield, 1992; Feingold et al., 2003], which assumes 1) no collision-
coalescence process, 2) no entrainment, 3) no horizontal advection of liquid water into an
air parcel, 4) a constant cloud water content, and 5) a constant droplet mixing ratio after
SSmax reaches.

The supersaturation changes by the vapor budget in ascending air parcel,
depending on the supply of vapor by saturated air that is cooled in ascent and the loss of
vapor by condensation. In other words, the rate of change of the supersaturation depends
on the w and the condensation rate of vapor. By comparing the increase of supersaturation
due to supply of vapor and the decrease of supersaturation due to the condensation of
vapor on droplets, maximum supersaturation (SSmax) 1s calculated in the model.

The condensation rate depends on the Naerosol and the chemical compositions of
ambient non-refractory submicron aerosol. This study determined the SSmax for a constant
w by using the observation data (Naerosol and chemical compositions of ambient non-
refractory submicron aerosols within 1-h period before the onset of precipitation) and
meteorological data (7, RH, and atmospheric pressure). To calculate the Fic-imp(Dgc), the

number size distribution of cloud droplets (Mg cloud(Dd)) was also calculated in the model.
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Figure 2.21. Diagram of data-processing procedure for calculating the number fraction of

BC-containing particles scavenged by nucleation mechanism.

2.2.2.2. Theoretically-Estimated Dry Shell/Core Ratio

Due to the detection limit of SP2, the SCr was measured within 200 < Dgc <400nm range.

To calculate the Feen(Dpc) within 70 < Dpc < 2000 nm range, this section theoretically

estimates the SCr within 70 < Dpc < 200 nm and 400 < Dpc <2000 nm range on the basis

of the observed SCr. This calculation assumes that the sufficient sulfate in the air

uniformly and continuously condenses on a BC particle. The physical parameters and the

uncertainties used in estimate of SCr are summarized in Table 2.5. The uncertainties are

discussed in section 3.2.9.
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According to the condensation theory [Seinfeld and Pandis, 2006], the
condensation growth rate of a BC-containing particle with Dpc-shent is represented as the
rate of volume change of the particle. The rate of diameter change of the particle is

represented as

dDpc-shen _ 4DiM;

= L= (Dgc— X , 2.14
dt RTpBC [pl peq,l( BC shell)] DBC—shell ( )
4‘O'iMi
Deq,i (DBc—shell) = Pfiat,i X €Xp [m] (2.15)

where D; is the diffusion coefficient for sulfate in air, M is its molecular weight, o; is the
surface tension at certain temperature, p;j is the density of sulfate [Seinfeld and Pandis,
2006], and pgc is a true density of BC particle. p; is the vapor pressure of sulfate
surrounding the BC particle, peq;i is the equivalent vapor pressure of a BC-containing
particle, and pnat; 1s vapor pressure of sulfate over a flat surface [Seinfeld and Pandis,
2006]. The SCr is estimated by condensation theory considering the Kelvin effect in
equation 2.14 because the sulfate on BC particles easily evaporates for Dpc-shen < 100 nm
in equation 2.15.

To estimate the SCr for Dpc < 200 nm, the time (Zgrow) growing from the volume
of a BC particle with Dgc = 200nm to that of a BC-containing particle with Dgc-shen by
condensation is calculated in equation. 2.14. Assuming that the volume of a BC particle
with Dgc < 200 nm grows to that of a BC-containing particle with Dpc-shen at fgrow, the
SCr for Dpc < 200 nm is estimated. The SCr for Dgc > 400 nm is also estimated on the

basis of the observed Dpc-shel for Dac = 400 nm.
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Table 2.5 List of symbols used in estimates of SCr. The uncertainties are also shown.

Symbols Description Uncertainty Reference
D; Diffusion coefficient of SO 14% Tang et al.
(=0.123 [cm?/s]) [2014]
M; Molecular weight of HySO4
(=98.1 [g/mol])
i Surface tension of H>SO4 (1) at RH = 1.0%
80% (= 0.074 [kg/s?])
Given pi Density of H>SO4 (1) at RH = 80% 5.0%
parameter (=1.11 [g/ee)) Seinfeld and
Di Vapor pressure of sulfate surrounding 5.0% Pandis [2006]
over BC particle (= 1.0 x 1077 [Pa])
Phlat,i Vapor pressure of sulfate over a flat 5.0%
surface (= 1.33 x 1078 [Pa])
PBC Density of BC (=1.80 g/cc) 5.0% Moteki et
al.[2010]
R Universal gas constant
(= 8.32 J/mol K)
T Temperature (= 298 K) 2.0 %
Calculation | gDp._g, Condensation growth rate for a BC- ~16%
dt containing particle with Dpc-shelt

2.2.3 Impaction Scavenging of BC Particles

This section describes how to calculate the Fyc-imp(Dgc)) and Fic-imp(Dsc). The diagram of

data-processing procedure is shown in Figure 2.22. Fic(ic)-imp(Dnc) are derived from the

following equations [Flossmann et al., 1985; Seinfeld and Pandis, 2006],

_ aIvair' (DBCJ t)

Jt
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= Ngir(Dgc, t)J K(Dgc, Dg)Ny(Dg, t)dDy, (2.16)
0




where MNai(Dgc, t) is the time-dependent BC number concentrations in air during
precipitation at time ¢, Dq is an droplet (raindrop or cloud droplet) diameter, and Na(Da, ?)
is the size-resolved number concentration of droplets at time z. Na(Dq, ?) for raindrop and
cloud droplet is written as N rain(Dd, frain) and N4 cloud(Dd, feloud), respectively. K(Dgc, Dq)
is the collection kernel for various attachment processes between a BC particle and a
water droplet. The calculation of K(Dgpc, Dq) is described in Appendix Al. In the
calculation, the most important collection mechanisms for impaction are considered,
which are Brownian diffusion, interception, and inertial impaction [Wang et al. 2010]. If

the Na(Dq,f) does not vary with time, the Nair (Dgc,?) is simply described as

Nair(Dpc, t) = Nair(Dgc, 0) X exp[—A(Dgc)t],  (2.17)

A(Dgc) = ;" K(Dpc, Da)Ng(Dg)dDg,  (2.18)

where 4A(Dsgc) is a deposition rate of the BC number concentration by scavenging, called

as scavenging ratio. Using the equation (2.17), Foc(ic)-imp(Dec) at time t is represented as:

Nair(DBC: 0) - Nair(DBC' t)
Nair(DBC' O)

Fbc(ic)—imp(DBC) = (2'19)

Using the equation (2.17), (2.18), and (2.19), Fuc(ic)-imp(Dgc) is determined by
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Fyc(ic)—imp(Dpc) = 1 — exp [—tf K(Dgc, Dg)Ng(Dg)dDg|. (2.20)
0

The ¢ means the time (#win) during which BC particles has collided with raindrops
below cloud for the calculation of Fucimp(Dec) and the time (zioud) during which BC
particles has collided with cloud droplets within precipitating cloud for the calculation of
Fic-imp(Dsc). Thus, the frain and zcioud mean the time during which the air parcel ascends
from the ground to cloud base and from cloud base to cloud top, respectively. By using ¢

and observational data, Fuc(ic)-imp(Dsc) is calculated in the equation (2.20).

(a)
BC: Dgc, Ny;
Observed data - BC alr
Rain: Dy, Ny rain
—_ A — Fbc—imp
Calculation K(Dgc, D)
Assuming -
parameter ramn
(b)
Observed data BC: Dgc, Nair
Calculation Cloud: Ny cloud — A — Fic—imp
K(DBCr Dd)
Assuming teloud
parameter

Figure 2.22. Diagram of data-processing procedure for calculating the number fraction of
BC particles scavenged by (a) below-cloud impaction and (b) in-cloud impaction

mechanisms.
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2.2.4 Summary

A new data analysis method for exploring the relative contribution of the three-distinct
(below-cloud impaction, nucleation, and in-cloud impaction) scavenging mechanisms of
BC in a precipitating cloud was developed in Chapter 2.2, based on the Dgc-dependence
of wet removal efficiency and other observation data (e.g., Hygroscopic parameter for
BC-coated materials, BC-mixing state, size-distribution of raindrop). Assuming the
updraft velocity (w) and time residence (¢) in the precipitating cloud, these scavenged
number fractions of BC are theoretically calculated. The best estimated w and ¢ are
explored by comparing the measured Dgc dependence of RE(Dgc) with the calculated
Dgc dependence of Fiwta(Dec) to determine the relative contribution of three-distinct
scavenging mechanisms of BC.

In the data analysis method, the original calculation method was incorporated
into the calculation of Fecn(Dpc) and Ficwe)-imp(DBc). First, to calculate the Feen(Dpc) in the
70 < Dgc < 2000 nm range, the SCr for Dpc < 200 nm and 400 nm < Dgc was estimated
by using the condensation theory. Second, to calculate the Ficc)-imp for non-spherical BC
particle, this dissertation calculates K(Dgc, D4) depending on the shape and size of BC
(Appendix Al). This method enables the accurate calculation of the number fractions of
BC particles scavenged by below-cloud impaction, nucleation, and in-cloud impaction

mechanisms.
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3. Field Observation on Wet Removal Mechanism

of Black Carbon in Tokyo and Okinawa

3.1 Observation Site

Ground-based observations in Tokyo were conducted from 27 July through 15 August
2014 and from 2 July through 15 July 2015 at Hongo campus of the University of Tokyo
(35.71°N, 139.76°E). BC particles emitted from Tokyo were thinly coated [Kondo et al.,
2011b] and became internally mixed on a time scale of ~12 hours in urban plumes [Moteki
etal., 2007].

Ground-based observations in Okinawa were also conducted from 9 March through
26 March 2016 at the Cape Hedo Aerosol and Atmosphere Monitoring Station (26.87°N,
128.26°E). During every spring, Cape Hedo is often strongly influenced by East Asian
pollutions mainly emitted from China [Verma et al., 2011]. BC particles observed in Cape
Hedo are thickly-coated with sulfate and organic by several days aging during the
transport from China to the observation site. In addition, the column BC mass
concentrations were rather uniform near Hedo in Figure A3.1, suggesting that the

measurement of BC at Cape Hedo was representative of that region [Mori et al., 2014].

3.2 Results and Discussions

3.2.1 Meteorological Conditions
Typical meteorological conditions during observation periods in Tokyo and Okinawa
were described in this section. Figure 3.1 shows surface weather maps at

0900JST(0000UTC) for 3 days in Tokyo and 1 day in Okinawa, which are the typical
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weather conditions. 31 rainfall events were observed in Tokyo and 11 rainfall events were

observed in Okinawa, respectively.
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Figure 3.1. Surface weather maps of East Asia on (a) 27 July 2014, (b) 10 August 2014,

(c) 3 July 2015, and (d) 19 March 2016 at 0900 local time.

In Tokyo, approximately 30% of precipitation during the observation period
occurred when migratory cyclones and a cold front associated with migratory cyclones
passed through the observation site (Figure 3.1a). Approximately 62% of the precipitation

during the observation period occurred when a stationary front passed through the
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observation site (Figure 3.1c¢). Precipitation due to typhoon also occurred in several rain
events (Figure 3.1b). The precipitation intensity during observation period was 7.41 +
5.91 mm/h on average.

In Okinawa, approximately 64% of precipitation during the observation period
occurred when migratory cyclones and a cold front associated with a cyclone passed
through the observation site (Figure 3.1d). Precipitation due to a stationary front also
occurred in a few rain events. The precipitation intensity during observation period was

4.48 + 4.21mm/h on average.

3.2.2 Vertical and Horizontal Aerosol Distributions
The vertical and horizontal aerosol distributions during observation period were
investigated. The monitoring extinction coefficient of vertical aerosol distribution by a
light detection and ranging (LIDER) near both observation sites revealed that aerosols
were uniformly concentrated below the cloud base altitude (< ~1km).

The horizontal BC distribution was investigated by measuring the variation of
time-dependent number size distribution of BC (MVair (Dc)). The normalized Nair (Dgc) in
air within 3-h period before precipitation began and within 1-h period before precipitation
began were compared to be largely invariable within 10% in the 70 < Dpc <400 nm range,
indicating that distribution of BC particles transported to observation site was time-
independent within the range of 3-h before the onset of precipitation. Thus, the average
BC distribution was horizontally uniform during the 3-h period before the onset of
precipitation. For these reasons, this study assumes that the BC-containing particles
observed within 1-h period before the onset of precipitation represent the initial condition

of BC particles suspended in rainwater.
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3.2.3 Dry Shell/Core Ratio and Chemical Compositions
Figure 3.2 shows average size-resolved median shell/core ratio (SCr) for all rain events
in Tokyo and Okinawa within the 70 < Dpc < 2000 nm range (Observed Dgc range: 200
< Dgc <400 nm, Estimated Dgc range: 70 < Dpc < 200 nm and 400 nm < Dgc <2000 nm).
The average SCr with Dpc= 200nm in Tokyo and Okinawa were 1.06 = 0.05 and 1.25 +
0.07, respectively. The result in Tokyo was consistent with the previous study in Tokyo
during Aug—Sep 2009 (SCr = 1.1 with Dgc= 200nm) [Kondo et al., 2011]. The median
SCr with smaller Dgc increased because the condensation growth rate of BC-containing

particles with smaller Dgc was much faster than that of particles with larger Dgc.
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Figure 3.2. The average size dependence of median shell/core ratio for all rain events in
Tokyo and Okinawa. The observed SCr range is 200<Dpc<400nm (line) and the estimated
SCr range 1s 70<Dpc<200nm and 400<Dpc<2000nm (dotted line). Bars indicate the

standard deviations for all rain events.
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The chemical composition of ambient non-refractory submicron aerosol during
observation periods was observed. Organics were dominant component in Tokyo,
consistent with a previous study [Takegawa et al., 2006] and the volume fraction of
organics was approximately 65%. In Okinawa, sulfate was dominant component,
consistent with a previous study [Takami et al., 2007], and the volume fraction of sulfate

was approximately 54%. The volume fraction of BC particles was less than 4%.

3.2.4 Observed Wet Removal Efficiency

Figure 3.3 shows the normalized N.i:(Dpc) within the last 1-h period before the onset of
precipitation, the normalized number size distribution in rainwater (Nmin(Dsc)), and
relative wet removal efficiency (RE(DBc) = Nrnin(Dsc)/ Nair(Dpc)) for 31 rain events in
Tokyo and for 11 rain events in Okinawa (thin lines). Each RE(Dgc) is scaled to 1.0 at
Dgc =200 nm for illustrative convenience. Bold lines show the average result for all rain
events. In Tokyo, the size of BC in rainwater was larger than that of BC in air and RE(Dgc)
strongly depended on the size for each rain event, indicating that large BC particles were
more efficiently removed by precipitation. On average, RE(100nm) and RE(794nm) were
0.47 and 3.70, respectively. The Dgc dependence of RE(Dgc) during summer 2014 was
similar to that of RE(Dgc) during summer 2015 on average. In Okinawa, on the other
hands, the size of BC in rainwater was similar to that of BC in air and RE(Dgc) was largely
independent of the size in the 70 < Dpc <457 nm range, indicating the BC particles were
uniformly removed by precipitation in the 70 < Dpc <457 nm range. On average,
RE(100nm) and RE(457nm) were 1.07 and 1.08, respectively.

Based on the observed Dgc dependence of RE(Dgc) and other observation data,

the key process and parameter controlling the Dgc dependence of wet removal efficiency
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were explored in the section 3.2.5 and section 3.2.6.
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Figure 3.3. (a) Normalized number size distributions of BC in air and rainwater for 31
rain events in Tokyo, and (b) normalized number size distributions of BC in air and
rainwater for 11 rain events in Okinawa (thin lines). Ratios of the normalized number size
distributions in rainwater to that in air are also shown (thin lines). The ratios are scaled to
1.0 at Dpc = 200nm. Bold lines show the average results for all rain events in Tokyo and

Okinawa.

3.2.5 Relative Contribution of Scavenging Mechanisms of BC
This section explores the relative contribution of three-distinct (below-cloud impaction,
nucleation, in-cloud impaction) scavenging mechanisms by using the data analysis
method, based on the observation data and measured Dgc dependence of RE(Dgc). For
the typical size distributions of BC in air and rainwater, the examples of the observed

relative RE(Dgc) and the calculated Fyc_imp(DBc), Feen(DBc), and Fic_imp(Dsc) are
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shown in Figure 3.4. The parameters and values related with the derivation of Wimeqd and
SSmed Were summarized in Table 3.1. The rain events in Figure 3.4(al), (a2), (bl), and
(b2) are called as the Event al, Event a2, Event b1, and Event b2, respectively.

In Tokyo, the wmed values in Event al and Event a2 were estimated to be 0.10
m/s and 0.15 m/s, respectively. Both SSmed values were estimated to be 0.09 % and 0.17 %,
respectively. The estimate of SSmed in Event a2 was higher than that of SSmeq in Event al
because of the lower aerosol number concentrations and the faster updraft velocity in
Event a2. ﬁbc—imp(DBC) in both events were nearly 0, indicating that the majority of BC
particles were not scavenged by below-cloud impaction mechanism. For smaller Dgc,
Fic—imp(DBC) increased because BC particles were captured with falling cloud droplets
by Brownian diffusion (Appendix Al). Fic—imp(DBC) in Event a2 was larger than that in
Event al because the meq in precipitating cloud in Event a2 was longer than that in Event
al.

In Okinawa, it was very difficult to estimate wmea because measured Dgc-
independence of RE(Dgpc) can consist of the multiple combinations of the Dgc-
dependence of Fyc_imp(DBc), Feen(Dse), and Fic_ijmp(Dsc). To investigate the relative
contribution of three-distinct scavenging mechanism of BC, this dissertation assumed that
the range of Wmed in Tokyo was the same as that of wieq in Okinawa (i.e. 0.05 <wmea< 0.5
m/s). Figure 3.4 (b) shows the average and standard deviations of
F‘bc—imp(DBC)a F..n(Dgc), and Fic—imp(DBC) within the 0.05 < Wmed < 0.5 m/s range. The
SSmed range in Event bl and Event b2 were estimated to be 0.09—0.25 % and 0.10—0.25%,

respectively.
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Table 3.1. Precipitation type, the observed precipitation intensity (P), aerosol number

concentrations (Na.), shell/core ratio (SCr) with Dgc = 200nm, hygroscopicity parameter

of BC-containing particles (xBc-coat), and the estimated wimed and SSmed for each rain event

in Tokyo and Okinawa in Figure 3.4.

Tokyo Okinawa
Event Event al Event a2 Event bl Event b2
Day Aug 12, Jul 6, 2015 Mar 9, 2016 Mar 10, 2016
2014
Cloud type acold front | a stationary front a cold front a cold front
Observed P 2.8 24 5.8 0.6
[mm/h]
Observed N, 5833 3700 613 1238
[#/cc]
Observed SCr 1.06 1.05 1.28 1.24
Observed xBc-coat 0.21 0.26 0.37 0.39
Wmed [m/s] 0.10 0.15 0.05-0.5 0.05-0.5
SSmed [%0] 0.09 0.17 0.09-0.25 0.10—0.25
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Figure 3.4. (a) The size-resolved wet removal efficiency (RE(Dgc)) and the number
fractions of BC particles scavenged by nucleation (F..,(Dsc)), below-cloud impaction
(Fbc—imp(DBC)), and in-cloud impaction (F'ic—imp(DBC)) mechanism in Tokyo, which is
observed on Aug 12, 2014 and on Jul 6, 2015, respectively. Bars of RE(Dgc) indicate 1o
of a Poisson distribution. (b) The average RE(Dsc), Fecn(Dse), Fbc_imp (Dgc), and
Fic—imp(DBC) within the 0.05 < wmed < 0.5 m/s range in Okinawa, which is observed on
Mar 9, 2016 and on Mar 10, 2016. Bars indicate the standard deviations of the scavenged

number fraction of BC within the 0.05 < wmeq < 0.5 m/s range.
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Figure 3.5. (a) Relative contribution of three-distinct scavenging mechanisms of BC in
Tokyo in Figure 3.4. (b) Average relative contribution of three scavenging mechanisms

within the 0.05 <wmea< 0.5 m/s range in Okinawa.
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Figure 3.6. Average relative contribution of three-distinct scavenging mechanisms of BC

(a) for 31 rain events in Tokyo and (b) for 11 rain events in Okinawa
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For observed 31 rain events in Tokyo, the median value (25th percentile, 75th
percentile) of wmed was estimated to be 0.10 (0.05, 0.23) m/s, which was reasonable value,
compared with the value of average updraft velocity (0.12+0.13 m/s) at cloud base by
aircraft observation in the vicinity of Cleveland and Detroit [Fountoukis et al., 2007]. To
make the accurate evaluation of the Wmedq, it 1S necessary to compare the wmed with the
observed updraft velocity in Tokyo.

The median value of SSmed for 31 rain events in Tokyo was estimated to be 0.11
(0.07, 0.18) %, which was also reasonable value because the typical maximum
supersaturation in convective updrafts is the order of 1-2 %. The average SSmeq values for
each precipitation type of cold front (0.14+0.05%), stationary front (0.134+0.09%), and
typhoon (0.11+£0.02%) were similar. Moreover, the SSmeda Was poorly correlated with
precipitation intensity (r*=0.1). The poor correlation was possibly attributed to the small
variation of SSmed Within the range 0.05—0.20%. For observed 11 rain events in Okinawa,
the median value of SSmeq for all rain events was ranged from 0.09 % to 0.22% within the
0.05 <wmea< 0.5 m/s range. The other observed and estimated parameter’s values are
summarized in Appendix 2A.

The relative contribution of three scavenging mechanisms of BC for each rain
event in Figure 3.5(a). Figure 3.5(b) shows the average relative contribution of three
scavenging mechanisms of BC within the 0.05 <wmeq< 0.5 m/s range. Figure 3.6 shows
the average relative contribution of three scavenging mechanisms of BC (a) in Tokyo for
31 rain events and (b) in Okinawa for 11 rain events. The nucleation scavenging
mechanism was dominant for BC-containing particles with Dgc> 100 nm, consistent with
the result of Ohata et al. [2016b]. For Dpc < 100 nm, the relative contribution of impaction

scavenging mechanisms increased because Brownian diffusion mechanism was dominant
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in the cloud (Appendix Al). Fbc—imp(DBC) for all rain events were negligibly small.

3.2.6 Key Parameter Controlling Nucleation Scavenging of BC

To specify the key parameter controlling the BC nucleation scavenging mechanism, this
section focuses on the variation of the slope of RE(Dgc) within the 200 < Dpc < 400nm
range in Figure 3.3 and Figure 3.4. The slope of RE(Dgc) within the range is represented
as an indicator of the degree of wet removal efficiency of BC-containing particles
scavenged by the nucleation mechanism. Figure 3.7 shows the relationship between the
slope and the median SCr with Dgc =200 nm. The slopes for SCr > 1.2 were nearly 0 in
Tokyo and Okinawa, indicating that such thickly-coated BC particles were uniformly
scavenged by nucleation mechanism. On the other hands, the slopes for SCr < 1.1 were
largely variable within 1.22x1073-12.1x107% range, independent of observation site.

To understand the variation of slope for SCr, the relationship between the slope
and SCr with Dgc = 200 nm was theoretically estimated by using data analysis method,
assuming SCr distribution, xBc-coat, and SSmax. The SCr distribution was assumed to be
Gaussian distribution, which was similar to the observed size-resolved SCr distribution
in Tokyo. The black shade in Figure 3.7 means the change of slope for SSmax =0.1% when
KBC-coat 1S changed from 0.2 to 0.4. The red shade means the same but for SSmax =0.2%.
For SCr > 1.2, theoretically-estimated slopes were scarcely variable and independent of
KBC-coat and SSmax, indicating that SCr was found to be the key parameter controlling the
wet removal efficiency of BC. For SCr < 1.1, the variation of theoretically-estimated
slopes was greatly large because the changes of CCN number fraction depending on SCr,

KBC-coat, and SSmax caused the large variation of the wet removal efficiency of BC.
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Figure 3.7. Relationship between the observed slope of removal efficiency in 200 < Dgc
<400 nm range and the median shell/core ratio (SCr) with Dgc = 200 nm (marker). The
relationship between the theoretically-estimated slopes and the median SCr with Dpc =

200 nm was also plotted (shade).

3.2.7 Estimated Transport Efficiency of BC
BC particles not scavenged by precipitation are transported to free troposphere (FT). To
estimate how much BC particles are transported to the FT, the transport efficiency (7TEcar:
the fraction of BC particles not scavenged by three-distinct mechanisms) within the 70 <
Dgc <2000 nm range at Tokyo and Okinawa were calculated by using a parcel model in

a precipitating cloud, based on the observation data. 7Eca for BC number concentration
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is represented as the ratio of size-resolved number concentration of BC particles
transported to FT (Nrr(Dgc)) to Nair(Dsc). The Nrr(Dgsc) was calculated by the product of
the MNair(Dpc) and Fiya(Dse). Figure 3.8 shows (a) the SCr dependence of TEca for BC
number concentration and (b) that of TE.a for BC mass concentration. The estimate of
TE.a for median SCr <1.1 was about 3-4 times higher than that of 7FEca for median SCr
> 1.2 on average, indicating that the median SCr controls not only BC wet removal

efficiency but also TEcal.

(a)

Figure 3.8. (a) Correlation between the transport efficiency (7Eca) for BC number

concentrations and median shell/core ratio (SCr) with Dgc = 200nm in Tokyo and
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Okinawa, and (b) the same but for 7E.a for BC mass concentrations
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Table 3.2. Average (+1oc) transport efficiency (7Eca) for BC number and mass

concentrations in Tokyo and Okinawa.

TEca Tokyo Okinawa
BC number concentration 0.76+0.11 0.19+0.07
BC mass concentration 0.54+0.13 0.15+0.12

Figure 3.9 shows the average Dpc dependence of TEc for all rain events in
Tokyo, and the average Dgc dependence of TEca within the 0.05 <wme4<0.50 m/s range
in Okinawa. Smaller BC particles tended to be efficiently transported to FT in both sites.
For Dpc <400 nm in Okinawa, there was size-independent 7TEca and the TEca value was
about 4 times smaller than in Tokyo (Table 3.2), indicating that thickly coated BC
particles with Dgc < 400 nm were efficiently scavenged by precipitation. On the other
hand, BC particles in Tokyo were efficiently transported to FT because the coating
thickness of BC particles was very thin.

To verify the estimated Dpc dependence of TEca, it was compared with Dgc
dependence of transport efficiency (7Eqbs) obtained by direct measurement of an aircraft
over East Asia [Moteki et al., 2012], which was the horizontally-averaged transport
efficiency. The Dgc dependence of the TEqps was similar to that of the 7Eca in Tokyo,

indicating that Dgc dependence of the TEobs arose from that of the Fcen of BC.
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Figure 3.9. Size-dependent transport efficiency (7Eca) in Tokyo and Okinawa (open and

closed circle), calculated by the parcel model.

3.2.8 Understandings of BC Vertical Transport Using Aircraft Observation Data
To investigate that the relationship between directly observed mass median diameter of
BC particle (MMD) at FT and transport efficiency (7E) is interpreted by the vertical
transport of BC particles not scavenged by nucleation mechanism, the relationship
between MMD and transport efficiency (7Ecn) of BC particles not scavenged by
nucleation mechanism is theoretically estimated by a parcel model. Figure 3.10 shows the
observed correlation between the MMD and TEobs over East Asia [Moteki et al., 2012].
The PBL-outflow air means the polluted outflow from China close to sea surface without
wet deposition process, and the FT-clean air means the clean free tropospheric air. The
median values for MMD in PBL-outflow and in FT-clean are also plotted with dotted

lines in Figure 3.10. This observational result indicates that BC size shifted to lower size
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by wet removal process. Figure 3.10 also shows the theoretically-estimated correlation
between MMD and TEcc, assuming the initial BC number size distribution (CMD =
117.4nm, ogn = 1.54), the size-resolved SCr distribution, xBc-coat, and the distribution with
SSmed. Red plot means the relationship for the thickly-coated BC particles and the blue
plot means for thinly-coated BC particles. The SCr distribution was assumed to be
Gaussian distributions with the median SCr = 1.30 and SCr = 1.06 for Dsc = 200 nm,
respectively, which were close to the observation results in Okinawa and Tokyo.
Theoretically, as the BC particles within the ascending air parcel experiences the moist
convective process and high SSmed, the BC size at FT shifted to lower size because large
BC particles are scavenged by nucleation mechanism. This trend is similar to the
observational result, indicating that the observed relationship between MMD and TE is
possibly interpreted by the vertical transport of BC particles not scavenged by nucleation
mechanism. This results are very crucial to understand the mass concentration of BC
particles transported to FT via moist convection process.

The transport efficiency (7Eca) of BC particles not scavenged by three-distinct
mechanisms was also estimated. Even if an ascending air parcel passed through a
precipitating cloud during 2 hours, TEca was similar to 7Eccn, indicating that the 7E was

controlled by the nucleation scavenging mechanism.
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Figure 3.10. The correlation between MMD and TEos for 227 FT-outflow air parcels
[Moteki et al., 2012] and the theoretically-estimated correlation between MMD and TEccn

for thinly-coated (red marker) and thickly-coated (blue marker) BC particles.

3.2.9 Uncertainty in Estimates Using the Data Analysis Method

3.2.9.1 Uncertainty in Estimate of Fccn, Foe(ic)-imp, and TEca
This section describes the uncertainty in Fcen, Focgic)-imp, and TEca calculated by some
physical parameters with uncertainty. Table 2.5 showed the uncertainties in physical
parameters used in estimate of SCr. Due to these uncertainties, the changing rate of the
volume of a BC-containing particle with Dpcshet Was within uncertainty of +16%,
corresponding to within the uncertainty of 4.0% for the SCr for Dpc=100nm. For

Dpc>400nm, the uncertainty in the estimate of SCr was also negligibly small. Due to the
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uncertainties in physical parameters used in calculation of Fcen in Table 2.4(a), the
uncertainty of Fcen was estimated to be ~9.0 % within 100< Dpc< 2000 nm range.

Table 2.4 (b) showed the uncertainties in some physical parameters for
calculating Fc(ic)-imp. Due to the uncertainty in BC density and the variation of
temperature in air, the K(Dgc, Dq4) was within uncertainty of 4.2% in Table A1.1. Fic(ic)-
imp(DBc) was also estimated to be within the uncertainty of 4.2%, indicating that the
uncertainty in estimate of Foe(ic)-imp(Dnc) for the same w and ¢ was negligibly small.

Due to the above factors, the uncertainty in estimate of TEca was ~10% within
70<Dpc<2000 nm range. The uncertainty in relative contribution of three-distinct

scavenging mechanisms was also estimated to be ~10%.

3.2.9.2 Uncertainty in Estimate of TE.a due to Distribution of Updraft Velocity
The dissertation assumed that the distribution width of updraft velocity was the width of
Gaussian distribution with the relationship between average w and standard deviation by
the aircraft observation [Fountoukis et al., 2007]. To investigate if the distribution width
1s insensitive to the estimate of TFEcal, this section estimates the uncertainty in 7Eca due to
the distribution of updraft velocity. During observation period, the width of Gaussian
distribution with wmeq was estimated to be within 0.1—0.3 m/s range. When the width of
Gaussian distribution with typical wmed (=0.1m/s) was variable within the 0.1—0.3 m/s
range, the uncertainties in estimate of 7Eca were ~10%, indicating that assumption of the

width of the distribution had little effect on our results.

3.2.9.3 Uncertainty in Estimate of Fccn for BC-containing Particles with Organic

Compounds
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This dissertation estimated the SCr for 70<Dpc<200nm and 400<Dpc<2000nm range,
assuming that the sulfate in the atmosphere condensed on a BC particle. However, the
dominant chemical composition in Tokyo was not sulfate but organic, so that it is
necessary to evaluate the uncertainty in the estimate of SCr in Tokyo when the volatile
organic compounds (VOC) condense on a BC particle. The SCr was estimated by using
toluene, which was the one of the highest concentrations in VOCs in Tokyo during 2003-
2004 [Hoshi et al., 2007]. Compared with the SCr estimated by using the sulfate in Figure
3.2, the estimates of SCr for BC-containing particles with the organic compounds
changed little. The uncertainty in Fcen for BC-containing particles with organic

compounds was estimated to be ~9.0%.

3.3 Summary

For exploring the detailed physical mechanisms by which the efficiency of BC wet
removal is actually controlled in precipitating clouds, a novel ground-based observation
was conducted at different observation sites; the University of Tokyo and Cape Hedo in
Okinawa. For each rain event, the relative contribution of three-district (below-cloud
impaction, nucleation, and in-cloud impaction) scavenging mechanism was investigated
by using the cloud parcel model, based on the observation data and the measured Dgc
dependence of wet removal efficiency.

Dgc dependences of RE(Dgc) was observed in Tokyo and Okinawa, where fresh
and aged pollutions are dominant. The majority of BC-containing particles in Tokyo were
thinly coated (SCr < ~1.1 for Dsc = 200 nm), while those of BC-containing particles in
Okinawa were thickly coated (SCr > ~1.2 for Dpc = 200 nm). The observed Dgc

dependences of RE(Dgc) were clearly different in Tokyo and Okinawa. The large BC
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particles were more efficiently removed by precipitation in Tokyo, while BC particles
were uniformly removed by precipitation in the 70< Dgc<457 nm range.

The relative contribution of three-district scavenging mechanisms was
investigated by using the data analysis method. The dissertation revealed that for Dpc >
100 nm, nucleation scavenging mechanism was the key mechanism by which the
efficiency of BC wet removal was actually controlled in precipitating clouds. For Dpc <
100 nm, the contribution of impaction scavenging mechanism (mainly due to Brownian
diffusion) was similar to that of nucleation scavenging mechanism. These results were
independent of the observation site. The data analysis method also provides the estimates
of updraft velocity and maximum supersaturation. The median values (25th percentile,
75th percentile) of updraft velocity and maximum supersaturation in Tokyo were
estimated to be 0.10 (0.05, 0.23) m/s and 0.11 (0.07, 0.18) %, which were reasonable
values. In Okinawa, the median value of maximum supersaturation was ranged from
0.09 % to 0.22 % within the updraft velocity 0.05-0.5 m/s range.

This dissertation also revealed that the SCr was a key parameter controlling the
nucleation scavenging mechanism and transport efficiency of BC by using the data
analysis method. For the SCr > 1.2, the wet removal efficiency of BC was nearly unity,
independent of hygroscopicty and maximum supersaturation, while for the SCr < 1.1, the
wet removal efficiency of BC strongly depended on the SCr, hygroscopicty, and
maximum supersaturation. Thus, BC-containing particles with SCr > 1.2 were efficiently
scavenged by nucleation mechanism, while BC-containing particles with SCr < 1.1 were
efficiently transported to free troposphere. Moreover, SCr also controlled Dgc
dependence of transport efficiency because the Dpc dependence of wet removal efficiency

(: slope) strongly depended on SCr. By comparing the aircraft observation data, this

7



dissertation revealed that the vertical transport of BC particles not scavenged by
nucleation mechanism was very crucial to understand the BC mass concentration in free

troposphere.
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4. General Conclusions

In this dissertation, a novel ground-based observational approach was used to explore the
detailed physical mechanisms by which the efficiency of BC wet removal is controlled in
precipitating clouds. In each precipitation event, the relative contributions of three distinct
BC scavenging mechanisms were inferred, on the basis of the measured particle-size
dependence of wet removal efficiency.

The observational approach was realized on the basis of several newly developed
methodologies. First, an accurate experimental method was developed for measuring the
size-resolved number concentration of BC suspended in water for a particle-size range of
70—2000 nm (Chapter 2.1). This method enabled the determination of the size-dependent
wet removal efficiency of BC-containing aerosols by comparing the measured size
distributions of BC in rainwater (after removal) and in ambient air (before removal).
Second, this work provides experimental evidences that the size distribution of BC
particles suspended in water is invariant during cloud-precipitation processes and during
storage of rainwater samples (Chapter 2.1). Third, a new data-analysis method was
developed to infer the relative contributions of three distinct BC scavenging mechanisms
in a precipitating cloud, under constraints from the measured size-dependent BC wet
removal efficiency and other observational data (e.g., BC mixing state, size-distribution
of rain droplets and so on) (Chapter 2.2).

The developed observational approach was applied to two ground-observation
campaigns conducted one in Tokyo and the other in Okinawa, where fresh and aged
pollutants, respectively, are dominant. Reflecting the difference in aging, the majority of

BC-containing particles in Tokyo were found to have only a small amount of coating (SCr
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< ~1.1 for Dpc = 200 nm), whereas those in Okinawa had much larger amount (SCr >
~1.2 for Dpc =200 nm).

The measured size-dependent BC wet removal efficiency RE(Dgc) varied
remarkably among precipitation events. The RE(Dgc) often increased steeply with Dgc in
Tokyo, but it seldom showed such Dgc dependence in Okinawa (see Figure 3.3). From
data of 42 rain events (31 events in Tokyo and 11 events in Okinawa), we found that the
remarkable size-dependence of RE(Dgc) (e.g., slope > 2e %) appeared only in rain events
when BC-containing particles in air had a small amount of coating materials (see Figure
3.7).

In each rain event, the relative contributions of three distinct BC-scavenging
mechanisms (nucleation, cloud-droplet impaction, and rain-droplet impaction) were
inferred using the data analysis method described in Chapter 2.2. From the results, I
concluded that nucleation scavenging is almost always dominant for BC-containing
particles with Dgc > 100 nm, whereas the contribution of cloud-droplet impaction (mainly
due to Brownian coagulation) can be dominant for particles with Dgc < 100 nm. The data
analysis method also provides an estimate of the updraft velocity and maximum
supersaturation experienced by the removed BC-containing particles. The median (25th
percentile, 75th percentile) values of updraft velocity and maximum supersaturation in
Tokyo were estimated to be 0.10 (0.05, 0.23) m/s and 0.11 (0.07, 0.18) %, respectively.
In Okinawa, the median values of maximum supersaturation in air ranged from 0.09% to
0.22% within the updraft velocity range of 0.05-0.5m/s. These estimates are reasonably
similar to reported values for cumulus clouds.

The results confirm that nucleation scavenging is almost always the dominant

scavenging mechanism responsible for removal of BC mass concentrations in air because
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BC mass concentration in ambient air is mainly in 100 nm < Dpc < 1000 nm, wherein the
relative contribution of nucleation scavenging is substantially greater than that of other
scavenging mechanisms (Figures 3.5, 3.6). This finding is qualitatively consistent with
assumptions adopted in current 3D atmospheric aerosol models.

The results have detailed implications that are useful for further model
improvements as follows. The slope of RE(Dgc) (Figure 3.7) and the estimated transport
efficiency (Figure 3.8) abruptly decreased when the amount of coating materials on BC
exceeded a threshold value. Results showed that the threshold coating amount
corresponded to a median SCr =~1.2 (Dgc =200 nm). For rain events with a median SCr
<1.1, the slope of RE(Dgc) showed a larger variation, which was explained by the change
in the CCN number fraction, depending on the maximum supersaturation and the
hygroscopicity of the coating materials. For all rain events with a median SCr > 1.2, the
slope of RE(Dgc) was almost always zero, which implies that BC-containing particles are
efficiently removed for any Dgc, and are therefore almost insensitive to the maximum
supersaturation and the hygroscopicity of coating materials.

Thus, for moderately aged plumes wherein the median SCr > 1.2 (for Dgc = 200
nm), even if all BC-containing particles in an air parcel are assumed to be unconditionally
removed when the parcel experiences precipitating moist convection, the approximation
will be good. By contrast, for relatively fresh plumes wherein the median SCr < 1.1 (for
Dgc = 200 nm), the wet removal efficiency of BC-containing particles in an air parcel
changes by depending on the coating amount, hygroscopicity of coating, and maximum
supersaturation.

For future numerical simulations of BC wet removal by 3D atmospheric aerosol

models, our results suggest that higher computational resolutions of chemical
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composition and amount of coating materials are important for fresh plumes that
correspond to a median SCr < 1.1 (for Dpc = 200nm). For example, it may be a good idea
to concentrate computational efforts for aerosol microphysics only within several hundred
km of urban areas.

For future numerical simulation of wet removal of aerosol particles by 3D
atmospheric aerosol models, the wet removal parameterization scheme considering a
critical supersaturation (Sc) of aerosol particles is very useful to make the accurate
estimate of spatial and temporal distributions of aerosol particles. The Sc of BC-
containing particles with SCr =1.2 (for Dsc = 200nm) and average hygroscopicity of
coating materials (= 0.3) was about 0.1 in this dissertation. The result indicates that BC-
containing particles with Sc < 0.1 % are unconditionally removed, whereas the wet
removal of BC-containing particles with Sc > 0.1 % depends on the chemical composition
of coating materials, amount of coating materials, and maximum supersaturation in air.
To make the accurate estimate of spatial and temporal distributions of aerosol mass
concentrations, our results suggest that it is important to improve the resolution of Sc >
0.1% and the maximum supersaturation > 0.1% in 3D atmospheric aerosol models. By
improving the treatment of the aerosol wet removal in the 3D models, uncertainties in
estimate of radiative forcing of aerosols will decrease.

Finally, the observational future work arising from this study is discussed. The
results presented in this dissertation reveal that, in precipitating clouds at mid-latitudes,
BC-containing particles with Dgc > 100 nm were scavenged by nucleation mechanism
and the wet removal efficiency of BC was strongly sensitive to the amount of coating
material. To investigate whether the results are representative of precipitating clouds in

general, the simultaneous measurements of BC size-resolved number concentrations in
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air and rainwater at low and high latitudes, such as tropical and polar regions, are crucial.
Expanding the findings will improve our quantitative understanding of wet removal of
BC in precipitating clouds. Quantitative understanding of wet removal of BC in snow
clouds was poor in this dissertation. To understand the wet removal of BC in the clouds,
it is necessary to make a simultaneous measurement of BC size-resolved number
concentrations in air and snow in a snowfall region. The new observational approach
presented here should also improve the quantitative understanding of the key mechanism
and parameter controlling the wet removal efficiency of BC in the snow clouds. These
observational approaches enable the accurate estimate of BC spatial and temporal
distributions and the decrease of uncertainties in the estimate of BC radiative forcing.
The measurement method consisting of Marin-5 nebulizer and SP2 is available
for not only BC particles suspended in rain and snow but also BC particles in ice-core
and sedimentation. The analysis of BC in ice-core and sedimentation samples improves
the quantitative understanding of the variation of BC mass concentration over a few
hundred years and that of the effect on the climate change. Measurements of BC wet
deposition fluxes are also important to evaluate the global model’s performance.
Smaller BC particles were estimated to be efficiently transported to the free
troposphere by a parcel model in this study. To verify the Dpc-dependence of transport
efficiency, direct measurement of transport efficiency of BC is important. For example,
the measurement of size-resolved number concentrations of BC in air at the top (: free
troposphere) and foot (: ground) of a high mountain, such as Mt. Fuji in Japan, would be
very useful. The direct measurement of transport efficiency of BC particles would
improve our quantitative understanding of the spatial and temporal distributions of BC in

local moist convection.
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Appendix

Appendix Al. Data-Processing Procedure for Calculating the

Scavenged Number Fractions of BC

Appendix Al describes the detail data-processing procedure for calculating the number
fractions of BC particles scavenged by below-cloud impaction (Foc-imp(DBc)), nucleation
(Feen(DBe)), and in-cloud impaction (Fic-imp(Dsc)) mechanisms. These data-processing

procedures are shown in Figure Al.1.

Al.1. Detailed calculation method of Focimp and Fic-imp
Before an air parcel ascends to cloud base, a number fraction of BC particles is mainly
scavenged by Brownian diffusion, interception, and inertial impaction mechanisms
[Wang et al., 2010]. To calculate the Fic(ic)-imp(DBc), it is important to calculate a size-
dependent collection efficiency for each attachment process. In the calculation, a BC size
is defined as an aerodynamic diameter (Da), which is the diameter of a spherical particle
with a density of 1.0 g/cc, because BC particle moves along an air streamline.

The collection efficiency (CEF(Da, Dq)) depends on the BC size and droplet size

(Da), which was proportional to collection kernel (K(Da, Dq));

CEF(Da, Dg) = ——[1 + 0.4Re'/2 + Sc'/3 + 0.16Re/2 + Sc'/2]
ReSc

+ 4%[%_'_(1_'_2}361/2)5_3]_'_(%)3/2(%)1/2 . (AD)
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All symbols and uncertainties are shown in Table Al.1. The first term of equation (Al)
represents Brownian diffusion, the second term represents interception, and the third term
represents inertial impaction. Interception mechanism is similar to inertial impaction
mechanism, but the interception strongly depends on the size and shape [Seinfeld and
Pandis, 2006]. Therefore, the K(Da, Dq) for interception mechanism was calculated by
using D, derived from the relationship between the maximum length of BC particles
measured with transmission electron microscopy (TEM) and the mobility diameter of BC
particles [Park et al., 2004]. On the other hand, inertial impaction mechanism depends on
the mass. The K(Da, Dq) for Brownian diffusion and inertial impaction mechanism was
calculated by using the relationship between D, and Dgc, defined by DeCarol et al [2004].

Figure A1.2 shows the CEF of a spherical and non-spherical (BC) particle for a
raindrop with Dq= 1.0 mm. The Dgc dependences of CEF for a spherical particle and a
non-spherical particle were largely different, and CEF for a non-spherical particle at Dgc
= 1.0 um was about 10 times larger than that for a spherical particle, indicating that the

shape of the BC particle strongly controlled the CEF. Using the Dgc-dependence of CEF
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for the non-spherical particle and droplet (rain drop or cloud droplet) number
concentration Ng(Dg), scavenging ratio A(Da.) was calculated in equation (2.18).
Thereafter, Foc-imp(Da) is calculated by using the 4(D.) and the time (¢) at which the air
parcel reaches to cloud base in equation (2.20). Finally, Fpc-imp(DBc) is obtained by
changing from D, to Dgc.

For in-cloud impaction scavenging mechanism, the CEF of the Brownian
diffusion mechanism is dominant and the contribution of other mechanisms is negligibly
small. Thereafter, Fic-imp(Da) is calculated by using A(D,) and the residence time () in the
precipitating cloud. Finally, Ficimp(Dgc) for each ¢ is calculated by changing from D, to
Dgc.

Due to the uncertainty in BC density and the variation of temperature, the

uncertainty in CEF of BC particles was within 4.2%
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Table A1.1. All symbols used in calculation of collection efficiency. Uncertainties and

references are also shown.

Symbols Descriptions Uncertainty and Reference
Uair Air viscosity [Seingeld and Pandis. 2006]
(=1.81x103 kg m!s™")
Uw Water viscosity [Seingeld and Pandis. 2006]
(=0.90 x103 kg m~!s7!)
Known PBC BC density (= 1.8 gcm™) 5.0% [Moteki et al.2010]
values Pair Air density (= 1.21 kg/m3)
Pw Water density (= 1.0 g/cc)
kv Boltzmann constant (=1.38x10723 J K™")
Tair Air temperature (= 298K) 2.0%
A Mean free path of air molecule at 298 K [Seingeld and Pandis. 2006]
(= 65.1x107° m)
Re Raindrop Reynolds number
Sc Particle Schmidt number
Diisr Particle Brownian diffusivity coefficient
St Particle Stokes number
Calculation St* Critical Stokes number of particle
T Relaxation time of particle
Cc Cunningham correction factor
14 Raindrop terminal velocity
v Particle terminal velocity
CEF

Droplet-particle collection efficiency

4.2%
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A1.2. Detailed calculation method of Fecn
Critical supersaturation (Sc) is calculated by using a SCr and a hygroscopicity of BC-
containing particles (k) within 1h before precipitation began for each rain event. Figure
Al.3(a) shows the boxplot of the SCr distributions for the 70 < Dgc < 2000nm range
(Observed SCr range; 200-400nm, Estimated SCr range; 70-200 nm and 400-2000 nm)
in Tokyo on Aug 12, 2014 and in Okinawa on Mar 9, 2016. Figure A1.3(b) also shows
the boxplot of Sc distributions calculated by using the SCr distribution and x for BC-
containing particle. These boxplots show the 10%, 25® 50% 75% and 90™. The median
value of Sc distribution in Okinawa was smaller than that of Sc distribution in Tokyo,
indicating that BC-containing particles in Okinawa are more active as CCN even if SSmax
is relatively small. By comparing the Sc distribution and SSmax distribution, the activated
number concentrations of BC particles (Ncen(Drc)) were calculated by using the x-Kohler
theory. Feen(Dgc) is represented as the ratio of Neen(Dgc) to the total number concentration
of BC (Nen(Dgc)). Nen means the number concentrations of BC particles not scavenged by
below-cloud impaction mechanism. This calculation assumes that the observed xgc-coat is
independent of Dgc because the hygroscopic growth factor, which is a function of «, is

largely independent of the dry mobility diameter larger than 100nm [Mochida et al., 2010].
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Figure Al.1 (a) Data-processing procedure for determining the updraft velocity (w) and
residence time (t). (b), (c) Data-processing procedure for calculating the number fractions
of BC-containing particles scavenged by below-cloud impaction (Foe-imp(DBc)),
nucleation (Fcen(Dge)), and in-cloud impaction (Fic-imp(DBc)) mechanisms. It notes that
w and t are assuming parameters. Parameter o is a constant value to fit the observed Dgc

of RE(Dsgc) to the calculated size dependence of Fiowai(Dgc).
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Figure A1.3. (a) Size-resolved shell/core ratio (SCr) distribution and (b) size-resolved

range, estimated range: 70 < Dpc < 200 nm and 400 < Dgc < 2090 nm). The boxplot

critical supersaturation distribution on Aug 12, 2014 in Tokyo and on Mar 9, 2016 in
Okinawa within the 70 < Dgc < 2090 nm range (observed range: 200 < Dpc < 400 nm

shows the 10%, 25t 50t 751 and 90™.



Appendix A2. Observed and Estimated values in Tokyo and Okinawa

Table A2. The median values (25th percentile, 75th percentile) of observed average

precipitation intensity (P), aerosol number concentrations (Na.), raindrop number

concentrations (N4 min), median shell/core ratio (SCr) with Dgc

200 nm, and

hygroscopicity of BC-containing particles in Tokyo and Okinawa. The median values of

Wmed, SSmed, cloud droplet number concentrations (Mg cloud), the residence time in PBL

(Tmed), and residence time in a precipitating cloud (#fmed) are also shown in Tokyo. In

Okinawa, these average values within 0.05 <wmea< 0.5 m/s range are shown.

Parameter Tokyo Okinawa
Observation P [mm/h] 5.62 (2.81, 8.76) 3.07 (1.1, 6.27)
Na [#/cc] 3203 (2423, 5638) 1213 (1029, 1354)
N rain [107#/cc] 4.34 (2.93,7.41) 2.82 (2.04, 4.40)
SCr (Dpc=200nm) 1.05 (1.03, 1.07) 1.26 (1.22, 1.28)
KBC-coat 0.26 (0.22, 0.26) 0.38 (0.36, 0.43)
Estimates Wmed [M/S] 0.10 (0.05, 0.23) 0.05-0.5
SSmed [%0] 0.11 (0.07, 0.18) 0.09-0.22
Nd_cloud [#/cc] 382 (274, 446) 240-438
Tmed (Rain) [s] 10000 (4583, 20000) 2000—20000

tmed (Cloud) [s]

4000 (2000, 4000)

12000—-50000
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Appendix A3. Wet Deposition of Black Carbon at a Remote Site in the

East China Sea

This section is the content of Mori et al. [2014]. This purpose is to understand the temporal
and spatial variations of BC mass concentrations at a remote site downstream from China
by measuring BC mass concentrations in air and rainwater, and wet deposition fluxes of

BC for 3 years at Cape Hedo on Okinawa Island.

A3.1 Introduction

BC mass concentrations in air (Mgc) and in rainwater (Cgc), and BC wet deposition
flux (Fsc) have often been obtained at several locations in the United States and Europe,
using the TOT technique [Ogren et al., 1984; Dasch and Cadle, 1989; Ducret and Cachier,
1992; Armalis, 1999; Chylek et al., 1999; Hadley et al., 2008; Cerqueira et al., 2010].
Ogren et al. [1984] measured Mgc, Cic, and Fsc for 7 weeks in Seattle and for 5 months
in Sweden. Ducret and Cachier [1992] measured Mgc and Cgc in Paris for 2 years and at
a rural site in Ireland for about 2 months. They found that BC was removed more
efficiently in Ireland than in Paris by comparing the Csc/Mgc ratios measured at both sites.
It was speculated that the difference in the Csc/Mpc ratios might have been caused by the
possible difference in hygroscopicity of BC at the two sites. Armails et al. [1999]
measured Fpc at eight sites in rural Lithuania for 1-3 years. They found a maximum Fgc
in winter in association with maxima in Msc and Cgc. Cerqueira et al. [2010] obtained
Fgc at five sampling sites in western and eastern Europe for a few years. However, these
Cgc and Fc observations were not analyzed with consideration of transport of BC from

major sources (e.g., East Asia).
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To improve understanding of the temporal and spatial variations of Cgc and Fgc, the
measurements of BC in rainwater at a remote site downstream from China were made.
For this purpose, a single-particle soot photometer (SP2) was used, which is a recently
established technique for accurate Csc measurement that requires much smaller amounts
of rainwater than the TOT technique. Simultaneous observations of Mgc, Cgc, and Fic
for 3 years were conducted at Cape Hedo on Okinawa Island, Japan, in the East China
Sea, an optimal site for estimating deposition flux of BC transported from the Asian
continent. This Appendix A3 provides technical descriptions of the measurements
followed by the observational results and their interpretation. Finally, causal relationships
between Crc, Mpc, and meteorological parameters from the results of a thermodynamic

model were also reported.
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A3.2 Measurements
A3.2.1 Characteristic of Observation Site

The measurements of Mpc and collections of rainwater were conducted from
April 2010 to March 2013 at Cape Hedo on Okinawa Island (26.87°N, 128.26°E) in the
East China Sea. A part of this site was described in Chapter 3. Figure A3.1 shows the
maps of BC emission rate, column BC mass concentration, precipitation rate, and BC wet
deposition flux in East Asia averaged from March to May 2010, as calculated by the
Community Multiscale Air Quality (CMAQ) model with the Process, Age, and Source
Region Chasing Algorithm (PASCAL) regional scale model [Matsui and Koike, 2012;
Matsui et al., 2013]. During this period, BC emissions were highest in North China (33—
50°N, 100—130°E) and were reflected in the high BC column mass concentrations in that
region (Figure A3.1b). However, wet deposition flux of BC over the Asian continent was
highest in South China (20-33°N, 100-123°E) (Figure A3.1d) due to the much higher
precipitation there (Figure A3.1c). As discussed in section A3.3.4 in detail, the majority
of BC emitted in North China was removed downstream rather than locally. The figure
also shows that column BC mass concentrations and wet deposition fluxes were rather
uniform near Hedo, suggesting that the measurements of BC wet deposition at Hedo are

representative Of that region.
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Figure A3.1. Maps of (a) anthropogenic BC emissions, (b) column BC in the air, (c)
precipitation, and (d) BC wet deposition flux over East Asia for March-May 2010, as

calculated with the CMAQ-PASCAL model [Matsui et al., 2013].

A3.2.2. BC in Air

BC mass concentrations in the fine mode (particles with aerodynamic diameters
smaller than 1 [Jm) were measured with an integration time of 1 min using a filter-based
absorption photometer, the continuous soot monitoring system (COSMOS), with an inlet
heated to 400 °C [Miyazaki et al., 2008; Kondo et al., 2009, 2011b]. The instrument

monitor changes in transmittance across an automatically advancing quartz fiber filter
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tape at a wavelength of 565 nm. The changes in transmittance are converted to BC mass
concentrations using the mass absorption cross section determined by comparison with
measurements by the SP2 instrument and TOT technique [Kondo et al., 2009, 2011b].
The BC mass concentrations are given in the units of mass and volume per unit volume
of air at standard temperature and pressure (273.15 K and 1013 hPa). The accuracy of the
COSMOS has been estimated to be about 10% with a detection limit of 0.015 ug m for
a 10 min integration time [Kondo et al., 2009; 2011b]. The 1 h average BC data for the

present analysis was used.

A3.2.3. BC in Rainwater

Rainwater sampling at Hedo was performed with an automated wet-only sampler
(US-420, Ogasawara Keiki Seisakusho Co., Ltd.; schematic diagram in Figure A3.2a and
detailed descriptions of this sampler are given in Appendix A4.1, which is abbreviated as
automated sampler from now. In brief, rainwater collected during A34 h period starting
at 0900 Japan Standard Time (JST) was passed through a Teflon tube into a polypropylene
bottle (1 L). After collection, each bottle was automatically stored in a refrigerator at 5 °C
for up to 2 weeks. A portion of the water in each bottle was transferred into small glass
bottles, which were shipped to the University of Tokyo and refrigerated at 5 °C until BC

analysis.
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Figure A3.2. Schematic diagram of rainwater samplers. (a) In the automated wet-only
sampler, rain from the rainwater collector (C) is poured into a 1 L polypropylene bottle
(P) through a Teflon tube and stored in the refrigerator at 5°C. The collector lid is opened
when the rain sensor (S) detects precipitation. The funnel is routinely washed to remove
dry deposition.

(b) In the manual sampler, a glass funnel is inserted into the lid of a glass bottle.

-1 B . B
Cgrc (ug L ) was measured in each collected rainwater sample with a system based

on an ultrasonic nebulizer (U-5000AT, Cetac Technologies Inc., Omaha, Nebraska, USA)
and a measurement technique described in detail by Ohata et al. [2011, 2013]. In this
technique, the size-resolved number concentration of BC was measured by the SP2 after
extraction of BC particles dispersed into the air from rainwater sample by the nebulizer.

The size-resolved number concentration of BC in rainwater was estimated on the basis of
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a size-dependent extraction efficiency &, measured by using an aqueous suspension of
monodisperse polystyrene latex spheres with known concentrations [Ohata et al., 2013].
The mass equivalent diameter of BC detectable by our SP2 [Moteki and Kondo, 2010]
ranged from about 70 to 920 nm. An example of the number and mass size distribution of

BC observed for rainwater collected at Hedo is shown in Figure A3.3.
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Figure A3.3. Number and mass size distribution of BC in rainwater at Cape Hedo on 7

March 2012. The values and vertical bars represent means and lc values of BC,

respectively.
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To quantify the possible loss of BC due to adhesion on the inner wall of the
polystyrene bottle during storage in the refrigerator of the automated sampler (Figure
A3.2a), the Cgc values and size distribution of BC in rainwater samples stored in the
bottle before and after ultrasonic agitation for 15 min were compared. For 25 samples,
Cpc was found to be 1.31 + 0.31 times greater after ultrasonic agitation, and the BC
number and mass size distribution did not change by agitation: namely, the count median
diameter (CMD) and mass median diameter (MMD) differed by only about 1% on
average. Rainwater samples collected between April 2010 and July 2012 were not
agitated before the transfer from the polypropylene bottles to the glass bottles, and
samples collected between August 2012 and March 2013 were agitated before transfer.
Therefore, Csc values were multiplied by a factor of 1.31 independent of BC size for the
rainwater samples collected before July 2012.

In addition, possible sampling artifacts of the automated sampler were evaluated by
comparing samples collected with a manual rain sampler (Figure A3.2b) positioned on
the ground 15 m from the automated sampler. The manual rain sampler used a funnel and
100 mL bottle made of glass to minimize possible loss of BC on the inner wall. Rainwater
was collected on a daily basis by both samplers on 13 days between August 2012 and
March 2013.

Figure A3.4 shows the correlation of Cgc for the 13 rainwater samples collected by
both the automated (Cauo) and manual samplers (Cmanu). The mass concentrations were
strongly correlated (2 = 0.88), and the slope of the correlation was 0.99. The average
Cauto/Crmanu ratio was 1.1 + 0.3 (10), indicating that the Cgc for rainwater collected by the
two samplers agreed to within 10%. The CMD and MMD for the 13 samples agreed to

within 6%. These results indicate that the automated sampler can be used for BC analysis
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without substantial artifacts. The overall accuracy of the Csc data was estimated to be

about 25% [Ohata et al., 2013].
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Figure A3.4. Correlation between mass concentrations of BC in rainwater as measured

by the automated (Cauto) and manual samplers (Cmanu). The line is the least squares fitted
line.

A3.2.4. Calculation of BC Wet deposition

-2 -1
The BC wet deposition flux for the ith sampling event Fgc; (mgm d ) was defined

Fsci = Cpeai X P; (A3.1)
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. S -1,
where Cgc; IS the mass concentration in rainwater and P; (mm d ) is the amount of

precipitation in this sampling event. To derive monthly BC wet deposition flux, it is
necessary to take into account all the precipitation events, including rain events from

which rainwater was not sampled. Considering this factor, monthly BC wet deposition

. . -2 -1
flux Fgc in the units of mg m month was defined as

1
Fac = —%; Fpci (A3.2)

Here the R value is the ratio of precipitation summed over all rain sampling events to total

monthly precipitation Pponn, independently measured at the sampling site:

R = 1

i P (A3.3)

Pmonth

The average seasonal value of R was higher than about 0.6 (Table A3.1). The R value was

less than 0.4 in April 2010, July 2010, June 2011, September 2011, and January 2012.

A3.3. Results
A3.3.1. Meteorological Conditions

This section shows a review of typical meteorological conditions in East Asia and
their relationship to transport of BC and precipitation in this region. Figure A3.5 shows
surface weather maps at 0900 JST (0000 UTC) for 4 days that serve as typical examples

of the respective seasons from spring to winter. Rainwater samples were collected on
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these days. Plate 1 shows the corresponding infrared images obtained by Multifunctional

Transport Satellite (http://weather.is.kochi-u.ac.jp/).

In spring, frequent occurrence of migratory cyclones and a stationary Bai-u (Meiyu)
front cause persistent and occasionally enhanced precipitation over the East China Sea
(Figure A3.5a and Plate 1a). The front plays an important role for the meridional transition
of airflow between continental air from north and oceanic air from south. Linho and Wang.
[2002] and Linho et al. [2008] have discussed the effect of the water vapor transport from
the south on the South China Spring Rain in relation to the large-scale meteorological
setting. During summer, the dominant subtropical anticyclone over the central North
Pacific transports clean oceanic air masses from south (Figure A3.5b and Plate 1b).
Previous studies have analyzed the variability in the timing of the onset of the summer
monsoon in East Asia [Wang and Linho, 2001; LinHo and Wang, 2002; Yihui and Chan,
2005]. According to back trajectory analysis at Cape Hedo [Verma et al., 2011], maritime
air masses constituted about 80% of the air masses sampled at Cape Hedo. Summer
precipitation over Okinawa Island is mainly associated with cloud systems developed by
thermal convection [Mikami et al., 2011]. In summer and fall, typhoons and tropical
cyclones frequently pass over the East China Sea (Figure A3.5¢ and Plate 1c¢), causing
heavy precipitation [Ueda et al., 1995]. During winter, the Siberian high dominates over
the Asian continent, and continental air is frequently transported to the East China Sea in
the winter monsoon (Figure A3.5d and Plate 1d). According to back trajectory analysis at

Cape Hedo [Verma et al., 2011], about 50% of the air masses are transported from China.
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Figure A3.5. Surface weather maps of East Asia on (a) 15 April 2010, (b) 18 June 2012,

(c) 18 September 2011, and (d) 7 January 2012 at 0900 local time.
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Plate 1. Infrared images from the geo stationary satellite Himawari for (a) 15 April 2010,

(b) 18 June 2012, (c¢) 18 September 2011, and (d) 7 January 2012 around 0900 JST.
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A3.3.2. Seasonal Variation of Precipitation

Figure A3.6 (bottom) shows the daily precipitation amount measured by a weather
station (Vaisala WXT520) on the days that the rainwater samples were collected at Hedo.
Figure A3.7 (bottom) shows the monthly precipitation amounts for 3 years. Precipitation
was measured by a sensor that detects the impaction of individual raindrops. Averaged
seasonal precipitation (Table A3.1) was largest in spring due to the presence of migratory
cyclones and the Bai-u front over East Asia. During summer and fall, precipitation was
caused mainly by typhoons and convective activities. During winter, precipitation was

smallest because of the winter monsoon, which transported cold dry air masses.
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Figure A3.6. (top and bottom) Average daily BC mass concentrations in air (Msc) and
BC mass concentration in rainwater (Cgc) for each sample, daily precipitation, and daily

BC wet deposition flux (Fac) from April 2010 to March 2013. One Cgc value of 474 pg

L_1 in March 2013 is not shown.
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Figure A3.7. (top and bottom) Average monthly BC mass concentration in air (Mgc) and
rainwater (Cgc), monthly precipitation, and monthly BC wet deposition flux (Fsc) from
April 2010 to March 2013. Uncertainties (+1c) are shown for each 3 month season. The
Frc was calculated by using equation (A3.2). A Cgc value of 270 g L and a Fpc value

of 50 mg m72 monthf1 for March 2013 are not shown.

106



Table A3.1. Average seasonal (£1 Standard Deviation) values and ranges of Mpc and Cgc,

total precipitation (P), the ratio (R) of all precipitation for sampling events to total

monthly precipitation, and BC wet deposition flux (Fpc) measured at Cape Hedo from

April 2010 to March 2013. Their annual values are also given.

Terms Spring Summer Fall Winter Year
2010-2013 | 2010-2013 | 2010-2013 | 2010-2013 | 2010-2013
Msc (ugm ) 0.32£0.13 | 0.06+£0.03 | 0.12£0.05 | 0.20%0.06 | 0.18=0.26
(Range) (0.0-4.0) (0.0-24) | (0.0-1.8) | (0.0-2.6) | (0.0-4.0)
Cc (ug L ) 92 + 76 80+41 | 7.0£50 | 24%13 33453
(Range) (4.1-474) | (0.55-56) | (0.61-50) | (1.1-182) | (0.55-474)
P (mm month ) 232 231 152 94 177
R 0.73£0.18 | 0.57+£0.22 | 0.80£0.23 | 0.63+0.27 | 0.65=0.24
(Range) (0.36-0.96) | (0.31-0.91) | (0.22-0.98) | (0.02-0.95) | (0.02-0.98)
Fac 16867 | 1.9+0.88 | 0.91£027 | 22+056 | 55+9.9

(mg m_2 month_l)

A3.3.3. BC Mass Concentrations in Air and Rainwater

Figure A3.6 shows the time series of average daily Mgc, Csc, Pi, and Fgc, and Figure

A3.7 shows the corresponding monthly values. Monthly Csc was derived by averaging

daily Cgc values that were weighted by the daily P; values. Monthly average Frc was

calculated by using equation (A3.2). Table A3.1 summarizes the monthly average values
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of Mgc, Cgc, P, R, and Fsc for each season and their annual averages.

The monthly Mgc and Cgc values showed distinct seasonal variations, being highest

-3 -1
in spring (0.32 £ 0.13 ugm and 92 + 76 pg L , respectively) and lowest in summer

(0.06 + 0.03 pgm _and 8.0 + 4.1 ug L, respectively). The high Msc values in winter

and spring reflected frequent transport of Asian air masses with high Mgc with winter
monsoon [Verma et al., 2011; Kondo et al., 2011a]. In spring, BC emissions from biomass
burning contributed to the spring maximum of Mac [Liu et al., 2013; Matsui et al., 2013].
During summer and fall, Mgc was lowest because of frequent transport of maritime air.
High Csc values were associated with high Mgc in winter and spring. As shown in

Figure A3.8, monthly Cgc values are well correlated with monthly Mgc (2 = 0.58). The

monthly Cgc values for March of 2012 and 2013 were exceptionally high (158 pg L ' and

-1
270 ug L , respectively), and these two data were excluded in calculating the slope and

* value of the correlation. The reasonably good correlation between Cgc and Mac
suggests that major sources of BC in rainwater typically were ambient BC in the planetary
boundary layer (PBL). Higher Mpc would increase the absolute BC mass incorporated in
rainwater during cloud precipitation processes, resulting in higher Csc. However, Csc can
be influenced by BC distribution in areas beyond the vicinity of the measurement site. In
fact, daily Cgc values for individual precipitation events were poorly correlated with the
hourly Mgc values measured at 0 h (2 = 0.15), 3 h (+* = 0.14), and 6 h (+* = 0.12) before
the beginning of precipitation. The absence of correlation on a daily time scale implies
that the observed Cgc for individual rain events is not necessarily influenced by the local

Mgpc in the PBL.
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Figure A3.8. Correlation between the average monthly BC mass concentration in

rainwater (Cgc) and air (Mpc) from April 2010 to March 2013. The line is the least squares

fitted line. Two outliers for March 2012 and March 2013 (red squares) were not used for

least squares fitting.

Table A3.2. Average (1 Standard deviation) BC emission flux, wet deposition flux, and

net flux over North China (33—50°N, 100-130°E) and South China (20-33°N, 100—

123°E) during March—May 2010

Place Emission Flux Deposition Flux Net Flux
-2 -1 -2 -1 -2 -1
(mgm month ) (mgm month ) | (mgm month )
North China 23 +£32 6.6 5.7 16 + 33
South China 36+ 32 28 +£19 7.8+ 37
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A3.3.4. BC Wet Deposition Flux

Fsc values also showed marked seasonal variations, as shown in Figure A3.6 (bottom)
and Table A3.1. Figc was highest in spring as a result of high Cgc; and P;. The total BC
mass deposited per unit area in 1 year, denoted as DEPgc (annual), was 66 mg m (=55
mg m_2 month ' x 12) and that for spring (DEPgc (spring)) was 50 mg m_2 (= 16.8 mg

-2 -1 )
m month x 3) on average. From this,

DEP&gc (spring)/DEPgc (annual) = 0.76 (A3.4)

meaning that about 76% of the annual BC deposition occurred in spring on average. Fsc
values in fall were very low because Cgc values were much lower than in winter and
spring. Fc in winter was comparable to values in summer, although the Cgc was higher
by a factor of 3, because the Pponn Value was lower by nearly the same factor.

Estimated BC emission fluxes over the Asian continent were compared with those
observed at Hedo in spring. Table A3.2 summarizes the average BC emission flux, wet
deposition flux, and net flux over North China (33°-50°N, 100°-130°E) and South China
(20°-33°N, 100°-123°E) for March—May 2010, calculated by CMAQ-PASCAL based on
the emission data of Zhang et al. [2009]. The estimated monthly average BC emission
flux was 23 + 32 mg m_2 mon‘[h_l in North China and 36 + 32 mg m_2 month_] in South
China. The wet deposition flux over South China was larger by a factor of 4 than that over

North China because of the greater precipitation rate (Figure A3.1c). It is noted that the

.. . . -2 LN
net flux (emission—deposition) over North China (16 +£ 33 mg m month ) is similar to

Fgc observed at Hedo (16.8 = 6.7 mg rnf2 monthfl) during spring. The BC wet deposition

flux in the region surrounding Hedo is estimated to be rather uniform according to the
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model calculation (Figure A3.1d). Considering this, the present observation demonstrates
the importance of precipitation over the East China Sea as a large sink of BC transported
from China during spring.

Considering the dominance of BC wet deposition during spring, a more detailed
analysis of the meteorological conditions was made in this season. Our analysis was
similar to that of Oshima et al. [2013] for spring of 2009, using the National Centers for
Environmental Prediction (NCEP) Final (FNL) Operational Global Analysis data during
March-May 2010. Figure A3.9 shows the mean values of sea level pressure and
horizontal winds at the 850 hPa level, convective available potential energy (CAPE),
equivalent potential temperature and southern moisture transport at the 850 hPa level, and
precipitable water. CAPE is well known as an indicator of vertical instability [Chen and
Lin, 2005].

The low-level circulation (850 hPa level) over North China was characterized by the
monsoonal northwesterly flow or westerly flow, whereas South China was under the
influence of persistent southerlies (Figure A3.9a), which advected warm moist air into a
frontal zone that extended zonally around 30°N. The frontal zone was marked by sharp
meridional gradients in equivalent potential temperature (Figure A3.9c). The distinct
latitudinal variations in water vapor content (Figure A3.9d) and CAPE values (Figure
A3.9b) around the frontal zone contribute to a large amount of precipitation that extended
toward the northeast along Japanese archipelago (Figure A3.1c). Thus, the springtime
meteorological regime leads to transport of high-BC air masses from North China to
latitudes of about 30°N over the East China Sea, where BC is removed efficiently from

the atmosphere by precipitation associated with the frontal activities.
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Figure A3.9. Mean meteorological fields over East Asia for March—-May 2010 based on
NCEP FNL data. (a) Mean sea level pressure (hPa, contours) and mean horizontal winds
(m s_l, vectors) at the 850 hPa level. (b) Mean convective available potential energy
(CAPE) (J kg_l). (c) Mean equivalent potential temperature 6, (K) and southern
moisture transport at the 850 hPa level (gv values, in m - g Kg_l, shown as vectors with

values less than 10 not shown). (d) Mean precipitable water (kg m_z). Regions without

data correspond to regions with high altitude mountains.
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A3.3.5. Size Distribution of BC in Rainwater

The size distributions of BC in rainwater were measured by using our SP2.
Evaporation of water droplets produced in the nebulizer can cause BC particles in the
droplet to coagulate, whereby BC size increases as the BC concentrations in water
increase [Ohata et al., 2011]. The correction for this effect in determining the BC size
distributions was made by using the results of Ohata et al. [2011]. Table A3.3 summarizes
the average seasonal CMD, geometric standard deviations for number size distributions
(0gn), MMD, and geometric standard deviations for mass size distributions (Ggm) for rain
samples collected at Hedo from April 2010 to March 2013. The average seasonal MMD
was lowest in spring (163 £ 11 nm) and highest in winter (179 + 18 nm). The size
distributions of BC in rainwater sampled at Hedo were stable to within about 15 nm. The
difference in MMD between spring and winter may result from higher supersaturation in
cloud-forming processes during spring or from higher CCN activity of BC during spring;
however, there is no observational evidence to support these hypotheses.

The CMD of BC in rainwater observed at Hedo (Table A3.3) was similar to that
observed in Tokyo in December 2010 (CMD = 98 nm and g, = 1.60) [Ohata et al., 2011].
The MMD observed at Hedo was lower than that in Tokyo (MMD = 191 nm and cgm =
1.59). The thickness of the coating on BC particles over the East China Sea [Shiraiwa et
al., 2008] was much greater than that in Tokyo [Kondo et al., 2011b], such that BC at
Hedo had a higher CCN activity for a given supersaturation. This may explain the

difference in MMD at the two locations.
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Table A3.3. Average seasonal (+1 Standard deviation) values and ranges of CMD,
geometric standard deviations (ogn) for number size distributions, MMD, and geometric
standard deviations (ogm) for mass size distributions for rain samples collected at Cape

Hedo from April 2010 to March 2013

Season CMD (nm) Cen MMD (nm) Ggm
Spring 101 £10 1.51+0.10 163 £11 1.48 +0.04
(78-144) (1.33-1.71) (132-191) (1.40-1.62)
Summer 109+ 17 1.46 +£0.07 170 + 17 1.53+0.07
(80-147) (1.34-1.64) (146-224) (1.44-1.80)
Fall 100 £ 11 1.50 £ 0.08 169+ 13 1.53+0.06
(77-118) (1.36-1.73) (147-197) (1.45-1.67)
Winter 106 + 14 1.52 £0.07 179 + 18 1.50 £ 0.04
(85-135) (1.40-1.67) (132-210) (1.43-1.57)

A3.4. Processes Controlling BC in Rainwater

A3.4.1. Local Convection

The Crc and Mgc values in precipitation were poorly correlated on a day-to-day basis,
possibly because Cgc was influenced by nonlocalized Mgc, as discussed above. This
section examines the relationship of these quantities for precipitation associated with
local convection using a one-dimensional theoretical model to estimate Cgc from the

observed Mgc, water vapor content (m,), and the vertical thermodynamic structure of the
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atmosphere.

Summertime precipitation often comes from cloud systems developed by thermal
convection [Mikami et al, 2011]. Therefore, the data from summer were selected. Cgc
was poorly correlated with Mpc measured 1 h before the start of rain (2 = 0.12) in the
total data set from summer months of 2010-2013. Further, the selection of precipitation
events in which CAPE was positive several hours before rain began was conducted.

The vertical structure of the atmosphere over Hedo was analyzed with 6 h resolution
by using the NCEP FNL data. For the selected events, the NCEP water vapor mixing ratio
(wv) values were strongly correlated with those observed at the surface site (with a slope
of 0.99 and »* = 0.86). The pressures at equilibrium level (EL) and CAPE (defined as the
hatched area on the Skew-T diagram shown in Figure A3.10) were estimated, using the
environmental temperature and air mass temperature as a function of water vapor pressure
at the surface. Table A3.4 summarizes the pressures at EL and CAPE values for
convective events, defined as those with positive CAPE. The average value of CAPE in
the summer data set was 1093 + 755 J kg_l, satisfying the necessary condition for strong
convection.

Figure A3.11 shows the correlation between Cgc and Mzc in the full summer data set.
For the summer data with positive CAPE, the correlation was much stronger (+*>= 0.47)
than that for all summer data (+* = 0.12) and that for all data from all seasons (+*= 0.08).
The improvement in 72 is qualitatively consistent with our hypothesis that Cgc strongly

depends on Mgc for localized convection in summer.
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Table A3.4 Pressure at equilibrium level (EL) and CAPE during summer months of

20102013 during convective events

Date Pressure at EL (hPa) CAPE (J kgfl)
5/6/2010 326.5 36.8
9/6/2010 728.5 17.2
11/6/2010 231.4 355.0
1/7/2010 149.4 2386.5
10/6/2012 192.7 513.9
18/6/2012 167.6 793.7
19/6/2012 180.7 797.5
1/8/2012 146.2 1881.9
4/8/2012 140.3 1429.6
6/8/2012 145.6 1385.7
15/8/2012 146.6 1522.2
25/8/2012 142.7 2003.3
Average 225 + 160 1093 + 755
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A3.4.2. Estimates of Csc by Thermodynamic Model

A simplified theoretical model was used to predict Csc (Estimated Cgc) from values
of surface Mpc and m, just before the start of precipitation. This model used four
assumptions: (1) the mass mixing ratios of BC and water in an air parcel were conserved
during its adiabatic lifting from surface level to the EL (Figure A3.10), (2) all of the BC-
containing particles in the air parcel acted as CCN and were incorporated into liquid water
above the lifting condensation level (LCL), (3) the mass of rainwater produced in the air
parcel was derived by subtracting equilibrium water vapor at the EL from the total water
content of the air parcel, and (4) the mass of rainwater determined at the EL was not
reduced by evaporation during the falling process before sampling at the surface. Given

these assumptions, Cgc is estimated in our model as

Mgpc
My XWCR

Estimated Cgc = (A3.5)

-3 -3
where Mpc (ugm ) and m, (gm ) are hourly averages just before precipitation and water

condensation ratio WCR is the mass fraction of water vapor converted to rainwater in the
air parcel (the calculation method is presented in section A4.2). The product of m, and

WCR equals the rainwater mass concentration m; in the air parcel.

m, = m, X WCR (A3.6)

To test our model for estimating Csc by equation (A3.5), the estimated Csc was
compared with the observed Cgc (Figure A3.12). The correlation between the estimated

and observed Cgc is stronger (r?= 0.68) than the observed Cpc-Mac correlation (r? = 0.47).
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This improvement in correlation suggests that the rainwater mass, as well as Mgc, is also
an important controlling factor of Cgc in each rain event.

For the CAPE-selected data set, the average values of m,, WCR, and m; were 21 = 1.7
g m73, 098 +0.033,and 21 + 14 g m73, respectively. The low variance of m; led to the
high Csc -Mgc correlation for this data set. The estimated Cgc values were smaller than
observed Cgc values by about a factor 3 (Figure A3.12). This discrepancy may arise, for
example, from precipitation occurring at altitudes lower than EL. A more quantitative

analysis will require more sophisticated numerical simulations of the wet removal process

of BC.
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Figure A3.12. Correlation between calculated and observed BC mass concentrations in

rainwater for the summers of 2010-2013 with least squares fitted line. The rainwater mass

concentration m; calculated with NCEP data is also depicted.
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This model to the CAPE-selected data set for the spring season was also applied. As

the average value of CAPE was 275 £ 215 ] kgfl, the atmosphere was marginally unstable.
The average values of m,, WCR, and m; were 25+ 3.0 g m_3, 0.76 £0.24,and 19+ 6.5 g

m , respectively. The estimated Cgc value was not correlated with the observed Cgc

value (7> = 0.04). The variance of m; for spring is about 34%, much higher than that for
summer of about 7%, leading to poorer correlation. The larger variance also suggests that
the assumption of local convection may not apply for spring. In fall and winter, there were

few positive CAPE events, reflecting much weaker solar heating of the surface.

A3.5. Summary
BC mass concentrations in surface air (Mgc) and rainwater (Csc) simultaneously were
made at Cape Hedo in Okinawa Island for 3 years (April 2010 to March 2013) with

accuracies of about 10% and 25%, respectively. The monthly Mgc and Cgc values showed

marked seasonal variations, being highest in spring (0.32 £ 0.13 pg m " and 92 + 76 ug

Lfl, respectively) and lowest in summer (0.06 £ 0.03 pg m and 8.0 + 4.1 ng Lfl,

respectively). The average Mpc and Cgc were Well correlated (2 = 0.58).

The high value of Cgc in spring was caused by Mpc transported from the Asian
continent by monsoonal northwesterly winds. The wet deposition flux of BC (Fgc),
calculated as the product of Cgc and precipitation, also showed distinct seasonal
variations. The monthly average Fgsc during the four spring seasons (16.8 + 6.7 mg m
monthfl) was about 3 times higher than the annual average Fsc (5.5 £ 9.9 mg m

month ') owing to the high Csc and precipitation amount (about 230 mm month ) in

spring, which is comparable to the value for summer. As a result, about 76% of the annual

BC deposition occurred in spring on average.

120



The observed Fgc value at Hedo was close to the net emission flux of BC in North
China (33—50°N). The regional model predicts very low Fsc in North China as a result of
low precipitation in spring. It is likely that a substantial fraction of BC emitted in this
region is transported to latitudes south of 33°N, where precipitation is much higher. This
analysis points out the importance of precipitation along the Bai-u frontal system as an
efficient removal mechanism for BC transported from North China.

The correlation of Cgc and Mgc was poor for individual precipitation events. The
correlation greatly improved for summertime local convective events with positive CAPE
values. A one-dimensional model was developed to predict Csc from Mac, water vapor
content at the surface, and vertical thermodynamic structure of the atmosphere. For
CAPE-selected summer events, the calculated Csc was highly correlated (+* = 0.68) with

observed values, suggesting that Mgc in the PBL strongly influenced Cgc.
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Appendix A4
A4.1. Automated Wet-Only Sampler

The automated wet-only sampler consists of a stainless steel shelter (H180 x W90 x
D65 cm), a rain collector, and a rain sensor. The rainwater collector funnel (20 cm
maximum diameter) was made of stainless steel coated with Teflon. The lid of the sampler
opened automatically when the rain sensor detected raindrops larger than approximately
0.5 mm in diameter. Rainwater collected during A34 h period starting at 0900 JST was
fed through a Teflon tube into a polypropylene bottle. After collection, each bottle was
stored in a refrigerator at 5°C for up to 2 weeks as shown in Figure A3.2a. The lid was
closed while rain was not falling to keep out dry deposition of gases and particles. In
addition, the funnel and the Teflon tube were washed automatically with pure water at

0900 JST every day.

A4.2. Method to Calculate WCR

We explain the procedure for calculating the mass fraction of water vapor transformed
to rain water (WCR) in an air parcel, an important parameter in our model to estimate Cgc
(equation (A3.5) in the text). The total water mixing ratio (w::) and BC mixing ratio (wsc)

in the air parcel are defined as
Weor = 2 Wpe = —BC (A4.1)

where m,, Mpc, and my are mass concentrations of water vapor, BC, and dry air,
respectively. AS wy, is assumed to be conserved from the surface to the equilibrium level

(EL), it is expressed as
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Weor = Wy + W (A4.2)

where w, and w; are mixing ratios of water vapor and liquid water, respectively; wr IS
equal to w, below the lifting condensation level (LCL) because wy is zero. WCR is defined

at the EL as

wi(EL)

Wtot

WCR = (A4.3)

To determine EL, we calculated temperature versus pressure for the moist air parcel
over a trajectory between the surface and the upper troposphere (~200 hPa), assuming
adiabatic change. The calculated temperature profile was compared with the ambient
temperature profile given by the NCEP data, as illustrated in Figure A3.10. For internal
consistency, we also used NCEP data for ws; and the initial temperature and pressure of
the air parcel at the surface. First, we calculated the LCL, the pressure level at which the
saturation water vapor mixing ratio agrees with w;,. EL was calculated as the level where
moist adiabat (starting from the LCL) intersects the ambient profile according to the

NCEP data (Figure A3.10). We calculated liquid water mixing ratio at the EL as

w;(EL) = wio; — w,, (EL) (A4.4)

where the water vapor mixing ratio at the EL, w, (EL), is defined as the saturation water

vapor mixing ratio at the temperature and pressure Of the EL. WCR is determined by
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substituting equation (A4.4) into equation (A4.3).
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i S H Observational studies on wet deposition mechanism of black carbon particles

(7T > 7 A= R KA OIMERRE A T = X L OBLRIFIHIIE)
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\ZRBUWT BCIBMERREZN R Z R D D ER2 R 0M TH 2 00, B S BARFICERAE L TR
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PIEERER B D TE BRI S ATRE & 72 0 | #1160 T BC DR EZNRORIBRIKAF 2B TE 2
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