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Abstract Black carbon (BC) aerosols become internally mixed with non-BC compounds (BC coatings) during
aging in the atmosphere. In this study, we measured the hygroscopicity parameter κ on a single-particle basis
for both BC-coatingmaterials (κBC-coat) and BC-free particles (κBC-free) in the urban atmosphere of Tokyo, using a
single-particle soot photometer (SP2). In our measurement system, dry ambient particles were first mass
selected by an aerosol particle mass analyzer, then humidified, and then passed to the SP2 for detection of their
refractory BC mass content and optical diameter. A quadrupole aerosol mass spectrometer was also employed
to interpret the hygroscopicity data. During the observation period, the measured κBC-coat generally agreed
with κBC-free to within ±25% and was usually in typical range for inorganic and organic aerosols. These results
indicate that BC-coating materials and BC-free particles in Tokyo usually had similar chemical compositions,
internal mixtures of inorganic and organic compounds, even in a source region. However, occasionally κBC-coat
was much higher than κBC-free values, when the mass concentrations of BC and organic aerosols were poorly
correlated. This indicates external mixing of BC-containing and BC-free particles from different sources. These
findings improve our understanding of the cloud condensation nuclei activity of BC-containing particles, which
strongly influences their wet removal, and optical properties in the ambient air.

1. Introduction

Black carbon (BC) aerosols are emitted by incomplete combustion of carbonaceous matter such as fossil fuels
and biomass. They absorb solar radiation and contribute to positive radiative forcing [Bond et al., 2013;
Intergovernmental Panel on Climate Change, 2013; Kondo, 2015]. BC aerosols are become increasingly internally
mixed with non-BC (inorganic, organic, or inorganic+ organic) compounds during aging after their initial emis-
sion [Schneider et al., 2005; Shiraiwa et al., 2007;Matsui et al., 2013]. Because BC itself is generally not water active,
the hygroscopic growth of BC-containing particles strongly depends on the amount and chemical composition
of thematerials internally mixed with BC in individual particles [McMeeking et al., 2011; Liu et al., 2013]. Improved
understanding of the hygroscopicity of BC-coating materials is important because it can largely influence both
the cloud condensation nuclei properties (or the wet removal) and the optical properties of BC-containing
particles in the atmosphere [e.g., Zhang et al., 2008; Oshima et al., 2009].

To directlymeasure the hygroscopicity of BC-coatingmaterials, one approach is to combine single-particle-based
detection of BC-containing particles with techniques for measuring the hygroscopicity of bulk aerosol. A single-
particle soot photometer (SP2, Droplet Measurement Technology, Boulder, CO, USA), which utilizes a laser-
induced incandescence technique, can optically distinguish individual BC-free and BC-containing particles
[Stephens et al., 2003; Schwarz et al., 2006; Moteki and Kondo, 2007, 2010]. McMeeking et al. [2011] combined
the SP2with the hygroscopic tandemdifferential mobility analyzer (HTDMA) [e.g.,Duplissy et al., 2009] to quantify
the mobility hygroscopic growth of BC-containing particles. Liu et al. [2013] applied the HTDMA-SP2 system to
field observations of aerosols and showed the importance of the effect of BC mixing state on the hygroscopic
properties of BC-containing particles. Schwarz et al. [2015] developed a humidified SP2 (h-SP2) by modifying
the standard (dry) SP2 and thereby quantified the BC mass content and optical diameter of individual aerosol
particles under a controlled relative humidity (RH). They combined the h-SP2with a standard (dry) SP2 to quantify
the hygroscopic growth of BC-containing particles and applied the measurement system in aircraft observations.
However, relatively few measurement data of the hygroscopic properties of ambient BC-containing par-
ticles currently exist. Of particular use are simultaneous measurement data of the hygropicity parameter κ
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[Petters and Kreidenweis, 2007] for ambient BC-free particles (κBC-free) and BC-coatingmaterials (κBC-coat). The dif-
ference between κBC-free and κBC-coat reflects the difference of chemical compositions between BC-free particles
and BC-coating materials. Therefore, simultaneous measurements of κBC-free and κBC-coat can provide informa-
tion onmixing states of BC and non-BC aerosols. This kind ofmeasurement enables evaluations of the validity of
representing the chemical composition of BC-coatingmaterials as that of aerosols measured by a bulk chemical
analysis, a commonly made assumption [Moteki et al., 2007; Shiraiwa et al., 2007, 2008]. Furthermore, in numer-
ical model calculations, it is generally assumed that condensable materials are partitioned to BC and BC-free
particles in concurrent condensation processes [e.g.,Matsui et al., 2013], another assumption that can be tested
via comparison of κBC-free and κBC-coat.

In this study, we characterized the hygroscopic growth of BC-free and BC-containing particles in the urban
atmosphere of Tokyo. Tomeasure the hygroscopic growth factor (GF) of individual BC-free and BC-containing
particles with a specific dry particle mass, we humidified an SP2 (to an h-SP2) and deployed it in conjunction
with an aerosol particle mass analyzer (APM, Model 3601, KANOMAX, Osaka, Japan). Thus, we measured
κBC-free and κBC-coat simultaneously.

In this paper, the characteristics of the standard and humidified SP2s are described first, followed by the
descriptions of the configuration of the measurement system and the data-processing procedure. We tested
the approach in the laboratory with well-characterized BC-free and BC-containing particles and then applied
the method to ambient aerosol observations in Tokyo.

Note that throughout this study, “black carbon” is identified by the SP2 with a laser-induced incandescence
technique and therefore corresponds to “refractory black carbon (rBC)” in the terminology recommended by
Petzold et al. [2013]. Particles that contain both BC and non-BC materials are termed BC-containing particles.
For convenience, BC and the non-BC fraction within a BC-containing particle are sometimes called the BC core
and the BC coating, respectively; here we do not intend to suggest knowledge of actual particle morphology
with the use of these terms. Furthermore, BC particles with little-enough coating materials (i.e., less than the
SP2 detection limit) are sometimes referred to as bare BC particles.

2. Methods
2.1. Single-Particle Soot Photometer

The standard SP2 measures both the BC mass content and the optical diameter of individual aerosol particles
under dry conditions (<20% RH) by detecting both the laser-induced incandescence emitted from and the laser
light scattered by each particle. Because the details of the SP2 can be seen elsewhere [Stephens et al., 2003;
Schwarz et al., 2006;Moteki and Kondo, 2007, 2010], the characteristics of the SP2 are only briefly described here.
In the SP2, sample air containing aerosol particles is introduced into a Nd:YAG laser beam (λ=1064nm). During
transit in the laser beam, a BC-free particle (a nonlight-absorbing particle) elastically scatters laser light. The
intensity of the light scattered from each BC-free particle is detected by an avalanche photodiode detector
(APD), and the optical diameters of the particles are determined by assuming their refractive indices and sphe-
rical shape. The BC core within a BC-containing particle, on the other hand, absorbs enough energy from the
laser to heat up to its vaporization temperature (about 4200 K) and at that temperature emits visible thermal
light (incandescence). The intensity of the incandescence emitted from each BC core is measured with photo-
multiplier tubes and is uniquely related to the mass of the BC core (mBC-core). The mass-equivalent diameter
of the BC core (DBC-core) is determined by assuming that the true (void-free) density of the BC component
(ρBC-core) is 1.8 g cm

�3, as discussed in Moteki et al. [2010]. The size range of DBC-core detected by the SP2 is
between 70 and 850nm. The detection range of optical diameters of BC-free particles is between 170 and
850nm. Note that throughout this paper the term “BC-free particles” is used for particles that do not emit
thermal light detectable by SP2, and therefore, it is possible that aerosol particles that contain BC cores with
diameters smaller than about 50 nm are counted as BC-free particles, if optical diameters are in the SP2 detec-
tion range. Some fractions of particles containing BC cores with diameters between 50 and 70nm are detected
but excluded in the data analysis.

In addition, the SP2 quantifies the dry diameter of BC-containing particles (DBC-shell). Just at the edge of the
laser beam, evaporation of the non-BC component can be ignored. Therefore, detection of the scattered light
at the edge of the Gaussian laser beam by the APD and a position-sensitive APD enables measurement of the
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differential scattering cross section of the whole, dry, unperturbed BC-containing particle integrated over the
solid angle of SP2 detectors [Gao et al., 2007]. Thus, the DBC-shell can be quantified, assuming refractive indices
of BC and non-BC components and a core-shell structure for BC-containing particles.

As indicators of the relative coating amount of individual BC-containing particles, we define dry shell/core
diameter ratio (RD) and dry (shell + core)/core mass ratio (Rm) as

RD ¼ DBC -shell
DBC-core

; (1)

and

Rm ¼ md

mBC-core
¼ 1þ ρnon-BC

ρBC-core
R3D � 1
� �

; (2)

respectively, where md is dry particle mass of the BC-containing particle and ρnon-BC is void-free density of
BC-coating materials. The RD can be determined by measuring DBC-core and DBC-shell, as described above
(SP2-scattering method). Under the assumption of the densities, the Rm can be derived from RD by
equation (2). In addition to the SP2-scattering method, dry BC-coating amount can be also quantified by
an APM-SP2 measurement system, where the APM first selects dry particles with specific md and then the
SP2 measures mBC-core of individual particles (APM method; a schematic diagram shown in Figure A1). In the
APM method, the Rm (=md/mBC-core) is the measured variable, and RD can be derived from Rm by equation (2),
assuming ρBC-core, ρnon-BC, and core-shell geometry. These two methods are evaluated using laboratory-
generated BC-containing particles in section A1. To the best of the author’s knowledge, this is the first
application of the APM-SP2 system for quantifying BC-coating mass, although the system has been employed
for calibrating SP2 in previous studies [e.g., Moteki and Kondo, 2010; Laborde et al., 2012]. This technique is
further applied to the measurements of hygroscopicity of individual particles, as detailed in section 2.3. In this
study, we define “thinly coated BC particles” and “thickly coated BC particles” as particles that have coatings of
Rm=1.2–1.8 and Rm=6.4–9.7, respectively.

2.2. Humidified-SP2

We modified the SP2 (h-SP2) to quantify the BC mass content and optical diameter of individual aerosol
particles under a controlled RH. The technical details of the method to control RH in the h-SP2 are seen in
Schwarz et al. [2015]. Here we describe the systems for flow control of the h-SP2 used specifically for
this study.

In the detector chamber of the SP2, particle-free sheath air cylindrically surrounds the sample (aerosol-
containing) air to constrain the aerosol particles to the center one fourth of the laser beam with high stability.
To measure the optical size of the BC-containing particles under the specific RH condition, the RH of both the
sample air and the sheath air must be controlled. Figure 1 shows a schematic of the flow system of the h-SP2
used in this study. The sample air and sheath air are independently humidified by separate humidification
units, which each consist of two Nafion water-permeable tubes (TT-110; Perma Pure LLC, Toms River, NJ,
USA), an aluminumwater bath, and Peltier elements with fans, as detailed in Schwarz et al. [2015]. After humi-
dification, the sample air passes through a one-fourth-inch stainless steel (SS) tube with a length of about
180 cm with several bends, in order to achieve equilibrium between aerosol particles and water vapor. The
sample air is then split into the sample flow and a bypass flow. The sample flow is introduced into the detec-
tor chamber for particle measurement, whereas the bypass flow is introduced into an RH/temperature probe
assembly (Vaisala HMP60; Helsinki, Finland). By using the bypass flow for measurement of the RH of the sam-
ple air, particle loss in the assembly is minimized in our setup. The sheath flow is particle free, and the RH of
the sheath air is monitored by another RH/temperature probe assembly just before the sheath air enters the
detector chamber. The detector chamber, RH measurement units, and SS tube for equilibrium are contained
within a thermally isolated volume within an insulating blanket, thereby minimizing fluctuations of the tem-
perature and RH of the sample air and sheath air after passing through the humidification units. As this work
was conducted in laboratory conditions, temperature gradients and fluctuations were minimal.

The residence time of the sample air in the SS tube depends on the sample and bypass flow rates. In this
study, the sample, bypass, and sheath flow rates were set at 2.0, 4.7, and 16.7 cm3 s�1 at a room temperature
(~298 K) and pressure (~1013 hPa), respectively. Under these operating conditions, the residence time is
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estimated to be 3.4 s, which is generally sufficient for aerosol particles to achieve equilibrium before sizing in
the detector chamber. Chuang [2003] conducted a field study of the hygroscopic growth of aerosol particles
in Mexico City and reported that a limited number fraction (0–2.0%) of aerosol particles required a residence
time of longer than 2–3 s to reach equilibrium hygroscopic growth at ~90% RH. Sjogren et al. [2007] con-
firmed that equilibration of pure ammonium sulfate (AS) is fast (<1 s) and showed that even for aerosol par-
ticles that required longer than 40 s to reach equilibrium at 85% RH, a 4 s residence time was sufficient to
measure equilibrium GF with an uncertainty of 7%. Using a simple model of the time-dependent water
uptake by aerosol, Schwarz et al. [2015] found that the measured κBC-coat at 90% RH at a residence time of
4.9 s for BC-containing particles with DBC-core = 175 nm, RD = 2.14, and κBC-coat = 0.5 can be underestimated
by 35%. However, this underestimate quickly becomes negligible at lower RH, for smaller volume particles,
and for particles with lower κBC-coat. Therefore, although the hygroscopic growth of some particles can be
underestimated because of their slow water uptake, the measurement uncertainty due to this effect should
not be statistically significant in the current h-SP2 system and was not evaluated further in this study.

During a field campaign in Tokyo in July–August 2014 (section 3), the RH of the sample and sheath air were
85%with precision 0.3%. The RH/temperature probes were calibrated using a chilled mirror dew point hygro-
meter with the absolute accuracy of ±2% (DPH-203B, Tokyo Opto-Electronics Co., Ltd., Tokyo, Japan).

2.3. APM-h-SP2 Method
2.3.1. Experimental Setup
Combining the h-SP2 with an APM allows measurement of the hygroscopic growth of individual BC-free
and BC-containing particles with known dry mass. A schematic diagram of the APM-h-SP2 method is
shown in Figure 2. The sample air containing the aerosol particles is dried (<10% RH) by diffusion dryers
filled with silica gel and molecular sieve desiccant. The estimated residence time at dryers was 18.5 s for
laboratory experiments (section 2.3.3) and 12.3 s for ambient measurements, where the dry flow was
shared with the other instruments (section 3). The estimated residence time after drying and before
mass selection was 5.9 s and 2.0 s for laboratory and ambient measurements, respectively. Particles of
a given dry mass-to-charge ratio (at mass md) are selected by the APM prior to h-SP2 measurements.
The width of the transfer function of the APM under the operating conditions was theoretically
estimated to be less than about ±16% of the selected particle mass [Tajima et al., 2013]. The optical
diameter (D) of the selected particles under the controlled RH condition is then measured by the
h-SP2, using the data-processing algorithm described in the next section. Multiply charged particles
that passed through the APM were excluded in the data analysis.

The mass-equivalent dry diameter (Dd) of the BC-free particles is determined from md, assuming their density
(ρnon-BC) and spherical shape, as discussed in section 2.1. Dd (here Dd =DBC-shell) and the dry coating amount
(RD and Rm) of the BC-containing particles are determined frommd and the BC-core mass (mBC-core) measured
by SP2 incandescence signals, assuming the void-free density of the BC core (ρBC-core) and BC coating (ρnon-BC)
and core-shell geometry in equations (1) and (2). Note that in the APM-h-SP2 system, the dry BC-coating
amount must be estimated by the APMmethod (not by the SP2-scattering method) in section 2.1. For ambient
measurements, we assumed that ρBC-core = 1.8 g cm�3 and ρnon-BC = 1.5 g cm

�3, as discussed in section A2,
where the assumptions made in the current measurement system were evaluated. The GF values of individual
aerosol particles are determined from Dd and D for each particle:

GF ¼ D
Dd

: (3)

The values of hygroscopicity parameter κ of individual particles are determined by the κ-Köhler theory
[Köhler, 1936; Petters and Kreidenweis, 2007]:

κ ¼ GF3 � 1
� �

exp
4σMw

RTρwDdGF

� �
=
RH %ð Þ
100

� �
� 1

� 	
; (4)

where ρw is the density of water,Mw is the molecular weight of water, σ is the surface tension at the solution-air
interface, R is the universal gas constant, and T is the absolute temperature. The σ value is assumed to be equal
to the surface tension of pure water. For clarity, the hygroscopicity parameter for BC-free particles is denoted as
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κBC-free. For BC-containing particles, the hygroscopicity parameter of BC-coating materials (κBC-coat) can be
derived from the overall κ by the mixing rule:

κ ¼ εBC-coreκBC-core þ εBC-coatκBC-coat; (5)

where κBC-core is the hygroscopicity parameter of BC core, and εBC-core and εBC-coat are the volume fractions of
BC core and BC-coating materials within the dry particle, respectively. Since bare BC particles show no detect-
able water uptake [e.g., McMeeking et al., 2011; Schwarz et al., 2015], the κBC-core value is assumed to be 0.
Then the equation (5) is reduced to

κ ¼ εBC�coatκBC�coat: (6)

Combining equations (4) and (6), κBC-coat can be determined from the measured GF and εBC-coat.

To quantify the hygroscopic growth of BC-containing particles, the h-SP2 can be coupled with a standard
(dry) SP2, instead of being coupled with the APM. Schwarz et al. [2015] developed a measurement system
where a standard SP2 and an h-SP2 measure sample air in parallel. For BC-containing particles with a specific
range of BC-core mass, water uptake is detected by comparing the optical sizing of this population between
the humid and dry conditions. This system enables high time-resolved measurement of the average hygro-
scopic growth of BC-containing particles, which is suitable especially for aircraft observation. However, this
system generally cannot measure the hygroscopic growth of BC-free particles and therefore does not provide
simultaneous measurement data of κBC-free and κBC-coat. Further, it is complicated by the need to relate mea-
surements from different SP2s to each other at high precision.
2.3.2. Data-Processing Procedure
SP2 systems measure the differential scattering cross section integrated over the solid angle of SP2 detectors
(ΔCsca) by detecting scattered light from the individual particles. To derive optical diameter D of the particles
from the measured ΔCsca based on Mie theory, the refractive indices of the particles are required. However,
due to particle water uptake in the h-SP2 system, the real part of the refractive indices of the original dry BC-
free particles and BC-coating materials approach that of water (1.32) [e.g., Schiebener et al., 1990], affecting
quantification of D from the measured ΔCsca. For pure AS particles with the real part of the refractive index
of 1.52, and with Dd of 200 nm, for instance, the volume-mixed refractive index of the particles decreases
to 1.39 at GF = 1.5.

A data-processing algorithm is used to determine GF values for BC-free and BC-containing particles, taking into
account the change in the refractive index due to particle water uptake. Figure 3 summarizes the data-

processing procedure. For a BC-free
particle, the diameter of the humidified
particle is initially guessed. At the first
iteration on the estimate of D, the value
of D is set as Dd+ 1 (nm). The refractive
index of the humidified particle is then

Figure 1. Flow system of the h-SP2. Components added to the original configuration of the standard SP2 are shown with
dashed boxes. Thermally insulated components are shown with shaded boxes. Particle-free dry airflow to purge the optical
detectors in the detector chamber (purge flow), which is employed in both the standard SP2 and the h-SP2, is not shown in
the diagram for clarity.

Figure 2. Schematic of the experimental setup for measurement of the
hygroscopic growth of individual BC-free and BC-containing particles of
a given mass (APM-h-SP2 method). SG, silica gel; MS, molecular sieves.
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estimated from the volume mixing of
the dry particle and water, assuming
that particulate matter is uniformly
dissolved in the humidified particles.
For ambient BC-free particles with
unknown composition, the refractive
index of the dry particles is assumed
to be that of AS. Using the estimated
refractive index of the humidified
particle, the diameter of the hu-
midified particle is calculated by Mie
theory from the ΔCsca of the particle.
The newly calculated diameter that
agrees best with the initially guessed
diameter should be the best estimate
for the diameter of the humidified
particle, and thus, the growth factor
of the particle is determined. The
criterion for the best agreement
between the newly calculated and
the initially guessed diameters is
defined as the agreement to within
±20nm. Iteration on the estimate of
D is carried out in 1nm steps. This
data-processing algorithm for BC-free
particles is a simplified version of that
developed by Sorooshian et al. [2008]
for themeasurement of aerosol hygro-
scopicity using a differential mobility
analyzer and RH-controlled optical
particle counters. The data-processing
procedure for a BC-containing particle
is similar to that for a BC-free particle,
except that a core-shell particle is
assumed. Based on Moteki et al.
[2010], the refractive indices of labora-
tory BC (fullerene soot (FS); Alpha
Aeser, Inc., Wardhill, MA, USA, Stock
Number 40971, Lot F12S011) and
ambient BC particles are assumed to
be 2.49+ 1.49i and 2.26+1.26i, respec-
tively. For measurement of ambient
BC-containing particles, the refractive
index of the dry coating materials is
assumed to be that of AS.

If dry BC-free particles or BC-coating materials in the ambient air have a lower refractive index than that of AS,
in the data-processing algorithm the measured ΔCsca of the humidified particle is interpreted as a ΔCsca of a
smaller (less hygroscopic) particle with a higher refractive index, resulting in underestimates of the hygro-
scopic growth. The measurement uncertainty due to the assumptions in the algorithm including refractive
indices is discussed in section A2.
2.3.3. Laboratory Experiments
The APM-h-SP2 measurement system was tested in the laboratory using both homogeneous AS and intern-
ally mixed particles of BC (FS) and AS. Homogeneous AS particles were produced by atomizing a pure AS

Figure 3. Data-processing procedure for the APM-h-SP2method for (a) BC-free
and (b) BC-containing particles. D, Dd, and DBC-core are the diameters of the
humidified particle, dry particle, and BC core, respectively. Dd is determined
from the dry particle mass selected by the APM, and the assumed densities of
the non-BC and BC materials. DBC-core is determined from the incandescence
signals detected by the h-SP2. ΔCsca is the scattering cross section of the
humidified particle measured by the h-SP2. nd_non-BC and nnon-BC are the
refractive indices of the non-BC materials under the dry and humidified con-
ditions, respectively. nBC-core is the refractive index of the BC core. GF is the
growth factor calculated byD/Dd. Iteration on the estimate ofD is carried out in
1 nm steps (ΔD= 1 nm).
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solution, and internally mixed particles of FS and
AS were generated by atomizing an AS solution
containing FS. These particles were then dried
with diffusion dryers, mass selected with the
APM at 7.4 ± 1.2 fg (Dd ~ 200 nm), and then
sampled over RH from 60% to 90%.

Figure 4 shows the measured hygroscopic growth
of the pure AS particles. The histogram of themea-
sured growth factor was bimodal. The fractions in
the second mode (~10% to total) were multiply
charged particles that passed through the APM
and therefore were not included in the analysis.
The measured growth factor generally agreed
with the growth factor predicted by κ-Köhler the-
ory (κAS = 0.53) [Petters and Kreidenweis, 2007],
confirming the overall accuracy of the measure-
ment system and the data-processing algorithm.
The κBC-free (here κAS) value measured at 85%
RH was 0.50 (0.45–0.55 for 25–75 percentile),
matching a priori knowledge of the κAS within
uncertainties of ±6%. Note that this measurement
uncertainty is valid for the well-characterized
BC-free particles with known density and refrac-

tive index. As discussed in section A2, there are increased uncertainties for ambient BC-free particles with
unknown composition. In Figure 4, for RH of the air in the detector chamber greater than 65%, all AS particles
appeared to have deliquesced. This indicates that even though the average RH of the sample air in the SP2
detector chamber was controlled to be lower than the deliquescence RH of pure AS (79.9%), particles in the
humidification unit likely experienced a higher RH than the deliquescence RH. During this experiment, to
control RH of the sample air in the detection chamber, the temperature of the water bath in the humidifica-
tion unit was controlled to be lower than the room temperature. Therefore, the temperature of the sample air
in the humidification unit was also lower than that in the detection chamber (approximately room tempera-
ture), resulting in the higher RH at the exhaust of the humidification unit. Particles passing through near the
wall of the Nafion tube may also experience higher RH because water vapor diffuses from there. The GF
measured under the assumption of a constant refractive index was much smaller than that predicted,
especially for higher RH conditions (Figure 4). This indicates that the reduction in the refractive index of
the particles due to their water uptake must be taken into account for the estimates of GF.

Figure 5 shows the measured GF of the internally mixed particles of FS and AS. The thickly coated BC particles
(Rm=6.4–9.7; RD = 1.86–2.14) showed larger GFs than those of the thinly coated BC particles (Rm=1.2–1.8;
RD = 1.07–1.23). The measured GF for the thickly coated BC particles were consistent with those predicted
by κ-Köhler theory. The κBC-coat (here κAS) value measured at 85% RH was 0.48 (0.40–0.59 for 25–75 percen-
tile), consistent with a priori knowledge of the κAS within uncertainties of ±10%. The larger dispersion of the
data obtained for RH less than 70% is due to the fact that some particles deliquesced and others did not
during the humidification process. For RH greater than 75%, all BC-containing particles appeared to have
deliquesced. For BC particles with Rm< 1.2 (RD< 1.07), no detectable hygroscopic growth was observed at
any RH condition, confirming negligible water uptake by bare BC particles.

For the thinly coated BC particles (Rm=1.2–1.8; RD=1.07–1.23), the measured GFs were substantially smaller
than those predicted. This discrepancy is partly due to the assumption of a core-shell structure for the
BC-containing particles. As discussed in section A1, where tests were conducted without humidification, the
amount of coating on the thinly coated BC particles derived from the SP2-scattering and incandescence signals
can be underestimated by about 50%. Here this results in an underestimate of the coating amount under humi-
dified conditions, and a corresponding underestimate of the hygroscopicity of these particles. The accuracy of
the estimate of the hygroscopic growth of thinly coated BC particles may be improved by estimating scattering
cross sections of BC-containing particles assuming more realistic structures (that is, an aggregate of primary

Figure 4. Measured (markers) and predicted (solid line) growth
factors of AS as a function of RH. Closed circles show the
measured growth factors using the data-processing algorithm
described in section 2.3.2. Bars indicate the 25th–75th percen-
tile. The measured median κBC-free (here κAS) value at 85% RH
was 0.50. Open circles show themeasured growth factors for an
assumed constant dry refractive index of AS.
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carbon spherules and non-BC compounds).
In this study, however, the assumption of a
core-shell model has been used exclusively.

Changes in particle morphology during humidi-
fication in the h-SP2 (and during aging process
in the atmosphere for ambient BC particles)
may also affect measurements of GFs. Previous
studies have demonstrated that BC coatings of
organic and inorganic acids and water can
change BC-containing particles into less fractal,
more compacted forms [e.g., Pagels et al., 2009;
Miljevic et al., 2012]. In the APM-h-SP2 method,
measurements of mBC-core (and thus DBC-core)
are not affected by the change in particle
morphology because the incandescence signal
is proportional to mBC-core for the particle with
small size parameter [Moteki and Kondo, 2010].
However, the change in morphology can
affect measurements of the humidified dia-
meter D through the modification of scattering
cross sections ΔCsca of the particle. For both
thinly and thickly coated BC particles, restruc-
turing of BC-containing particle will make
their morphologies closer to that assumed by
the core-shell model. Nevertheless, for thinly
coated BC particles (Rm=1.2–1.8), the measured

D (and thus GF) was substantially smaller than that predicted, possibly due to smaller degrees of restructuring
for BC particles with thinner coatings.

Another possible cause for the underestimates of GF for thinly coated BC particles is due to the uncertainty of
the classification of dry particles by the APM. In this study, dry particles with mass of 7.4 fg were selected by the
APM. The mass resolution, that is, the width of the transfer function of the APM under our operational settings
was theoretically estimated to be about ±1.2 fg [Tajima et al., 2013]. In our data-processing procedure, the
amount of dry BC coating for individual BC-containing particles is determined from the difference between
APM-derivedmd (=7.4 fg) and SP2-incandescence-derivedmBC-core. To analyze GF for thinly coated BC particles
with Rm=1.2–1.8 (RD=1.07–1.23), we chose particles with mBC-core of 4.0–6.1 fg (DBC-core = 162–186nm) in the
data analysis. Therefore, if these particles havemd of about 6.2–7.4 fg (7.4–8.6 fg), then the hygroscopic growth
of these particles should be less than (larger than) the predicted growth for particles with md = 7.4 fg, due to
smaller (larger) amount of coating materials. In dry conditions, we found that 33% of BC particles withmBC-core

of 4.0–6.1 fg were measured as bare BC particles (RD< 1.03) by the SP2 scattering detection, and 20% of them
were measured as larger coated particles (RD> 1.23). Overall, this implies that a larger number of bare BC par-
ticles are counted as thinly coated BC particles, resulting in underestimates of hygroscopic growth of thinly
coated BC particles in this experiment. Increasing the rotation frequency of the electrodes of the APM should
improve the mass resolution and thus reduce measurement uncertainty due to the bare BC particles.
However, this reduces themaximum height of the transfer function of the APM (i.e., more particles with a target
md would be lost in the APM) and thus greatly reduced the number of particles detected by the h-SP2. For
instance, if the rotation frequency is increased from the current setting of 5000 rotations per minute (RPM)
to 10,000 RPM, the width of the transfer function of the APM would theoretically decrease from about
±1.2 fg to ±0.4 fg, while the maximum height of the transfer function decreases from 0.6 to 0.1.

The measurement uncertainty of the hygroscopic growth for thinly coated BC particles is larger than that for
thickly coated BC particles, as analyzed above. The κBC-coat (here κAS) value measured at 85% RH was 0.11
(0.0–0.34 for 25–75 percentile), showing 80% difference from a priori knowledge of the κAS (=0.53). The
difficulty in measuring κBC-coat for thinly coated BC particles has been discussed also in Schwarz et al. [2015],

Figure 5. Measured and predicted growth factors of internally
mixed particles of laboratory BC (FS) and AS as a function of RH.
Measurement data for BC-containing particles with Rm (RD) of
6.4–9.7 (1.86–2.14) and 1.2–1.8 (1.07–1.23) are shown by solid
and open circles, respectively. The growth factors predicted for
BC-containing particles are shown by dark and light shading,
respectively. The predictions for Rm (RD) of 7.8 (2.00) and 1.5
(1.15) are also shown by solid and dashed lines, respectively.
Bars indicate the 25th–75th percentile. The measured median
κBC-coat (here κAS) values at 85% RH for these thickly and thinly
coated BC particles are 0.48 and 0.11, respectively.
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who compared scattering signals of BC-containing particles (with a specific BC-coremass) in dry and humidified
conditions using SP2s.

3. Ambient Measurements
3.1. Observation Site

Our observation site was a temperature-controlled building in the Hongo campus of the University of Tokyo
(35.71°N, 139.76°E), approximately 20m above ground level. The observatory is located in the Tokyo
Metropolitan Area (TMA) and is about 10 km northwest of the Tokyo Bay coastline. The site is in the highest
carbon monoxide emission region within the TMA [Kondo et al., 2006, Figure 2]. Previous studies identified
diesel emissions as a major source of BC in Tokyo [Kondo et al., 2006] and found that thinly coated BC particles
(RD ~ 1.1) were dominant in August and September in 2009 [Kondo et al., 2011].

We deployed the APM-h-SP2 measurement system during the field campaign Black Carbon/Carbonaceous
Aerosol Removal Experiment in Tokyo (BC-CARE Tokyo) conducted for 20 days in July–August 2014. This cam-
paign focused on the wet removal of BC-containing particles in Tokyo, which will be discussed in separate
papers. In this paper, we present the measured hygroscopic growth of the BC-free and BC-containing parti-
cles with total dry mass of 7.4 fg (Dd ~ 200 nm) at 85% RH. The experimental setup of the APM-h-SP2 system
was the same as that described in section 2.3. In this study, the dependence of the hygroscopicity on dry dia-
meter (Dd) is not investigated, although chemical composition of nonrefractory aerosols may depend on dry
particle size [e.g., Zhang et al., 2005]. Because the scattering signals of the h-SP2 are available only for the par-
ticles with optical diameter larger than about 170 nm, measurements of κBC-free and κBC-coat for smaller par-
ticles are difficult for the current APM-h-SP2 system. For larger particles, κBC-free and κBC-coat can bemeasured,
but statistical significance is degraded due to greatly reduced number concentrations. Considering these
constraints, dry particle mass selected by the APMwas fixed at 7.4 fg (Dd ~ 200 nm) throughout the field cam-
paign. Note that in this experimental setup, themeasured coating thickness of BC decreases with the increase
in the BC-core diameter. To interpret the hygroscopicity data, we also present the data of the chemical com-
position of nonrefractory (vaporized at 600°C under high vacuum) submicron aerosols measured by a quad-
rupole aerosol mass spectrometer (AMS) [Jayne et al., 2000; Takami et al., 2007], and the data of the total mass
concentration of BC cores (DBC-core = 70–850 nm) and the mixing states of BC particles measured by a
standard SP2.

3.2. Results and Discussion

Figure 6 shows time series of the median GFs of BC-free and BC-containing particles during the observation
period. The GFs of the BC-containing particles in Figure 6 were segregated by Rm (RD). Thinly coated BC par-
ticles with Rm=1.2–1.8 (RD = 1.08–1.26) showed little or no detectable hygroscopic growth, whereas BC par-
ticles with coatings of Rm=4.2–6.4 (RD = 1.69–1.95) showed hygroscopic growth with GFs of ~1.2. The
measured GFs of the thickly coated BC particles generally fell between those of thinly coated BC particles
and those of BC-free particles. This is the first measurement of the temporal variations of the hygroscopic
growth of particles in Tokyo, having been separated between BC-free and BC-containing particles.

The 1 h histograms of the measured GFs for the BC-free particles and those for the Rm-segregated BC-
containing particles were generally bimodal during the observation period. The ratio of the number of the
BC-free particles in the second mode to the total number of BC-free particles was 0.118. The ratios for BC-
containing particles with Rm=1.8–2.8, 2.8–4.2, 4.2–6.4, and 6.4–9.7 were 0.060, 0.089, 0.010, and 0.087,
respectively. The particles in the second mode are considered to be multiply charged particles that had
passed through the APM, and they were excluded from the present analysis, as detailed below. The ratio
of BC-containing particles in the second mode with Rm< 1.8 could not be determined with accuracy. In order
to excludemultiply charged particles, GF values greater than upper 10 percentile were first removed in deter-
mining the median GFs for the BC-free and the Rm-segregated BC-containing particles, although some of
them could be singly charged particles with highly water activity. Because of our setting of md at 7.4
± 1.2 fg, BC-containing particles with mBC-core larger than 9.2 fg were also regarded as multiply charged par-
ticles and removed in the data analysis.

Figure 7 shows the median GF distributions of BC-free and BC-containing particles during the observation
period. In this figure, the GF distribution of the whole BC-containing particles is shown, without segregating
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the particles by Rm. The number fraction of BC-containing particles was about 10% of the whole (BC free + BC
containing) particles of Dd ~ 200 nm. Particles with low GF (GF< 1.2) and with GF= 1.2–1.5 were dominant for
BC-containing particles and BC-free particles, respectively. Particles with the measured GF of less than 1
resulted from the uncertainties of the assumed refractive indices, densities, and morphology of BC and
non-BC materials. Throughout the observation period, the number fraction of the less-hygroscopic
BC-containing particles (GF< 1.2; corresponding to critical supersaturation (Sc)>~0.1%, based on κ-Köhler
theory) was greater than 0.7. This dominance of thinly coated, less-hygroscopic BC particles in Tokyo air is
characteristic of BC-containing particles in a megacity and consistent with the observation by McMeeking
et al. [2011], who employed the HTDMA-SP2 system for observations in Manchester.

Figure 8a shows the time series ofmass concentration of BCmeasured by the standard SP2 and that of each com-
position (organics and inorganics) measured by the AMS. The aerosol mass concentrations are given in the units
of mass per unit volume of air at standard temperature and pressure (273.15K and 1013.25hPa). The average
mass concentrations of BC, organics, SO4

2�, NO3
�, NH4

+, and Cl� during the observation period were 0.41,
6.6, 2.3, 0.61, 0.90, and 0.089μgm�3, respectively. Figure 8b shows the temporal variation of the median RD of
BC-containing particles with DBC-core = 186–214nmmeasured by the standard SP2 with leading-edge scattering
detection (SP2-scattering method (section 2.1)). In addition, the number fractions of BC-containing particles with
RD> 1.2 to the total number of the BC-containing particles (DBC-core 186–214nm) are also shown in Figure 8b.
The median RD and the number fraction of RD> 1.2 averaged over the observation period were 1.1 and
0.29, respectively.

Figure 8c shows the time variation of the distribution of the measured κBC-free. The median κBC-free values of
0.2–0.4 fell between the κ value for pure ammonium sulfate (0.53) and those for some typical secondary organic
aerosols (0.05–0.2) [e.g., Huff Hartz et al., 2005; VanReken et al., 2005; Petters and Kreidenweis, 2007; King et al.,
2009]. This result indicates that the majority of the BC-free particles was internally mixed with inorganic and
organic aerosols, which is consistent with the observation byMochida et al. [2006], who measured the hygrosco-
picity of aerosol particles by a HTDMA system in Tokyo. A few particles with κBC-free of larger than ~ 0.6 in
Figure 8c may be multiply charged particles. The APM-h-SP2 system measures κBC-free on a single-particle basis
and provides the κBC-free distributions and thus provides information on themixing states of the BC-free particles.
This information is not obtained by bulkmeasurement of the aerosol chemical composition by the standard AMS
method used in this study. In Figure 8d, the time series of themedian κBC-free measured by the h-SP2 is compared
with that of the mass fraction of each composition measured by the AMS. The median κBC-free reflected bulk
compositional changes, confirming that the APM-h-SP2 system has an excellent sensitivity to the changes in
chemical composition of the sampled aerosols.

Given the dry particle densities (ρorg, ρinorg) and hygroscopicity parameters (κorg, κinorg) of organics and
inorganics, the values of κBC-free can be estimated from the bulk chemical composition measured by the AMS,
because the majority of the BC-free particles was likely internally mixed with organic and inorganic aerosols.

Figure 6. Time series (1 h data) of GFs at 85% RH for BC-free and BC-containing (Rm= 1.2–1.8 and 4.2–6.4) particles.md was
set at 7.4 fg (Dd ~ 200 nm) by the APM. Solid lines showmedian GFs. Shading shows the range of the 25th–75th percentile.
Data were not obtained during instrument maintenance. Statistically reliable data were not available when the number of
particles detected in 1 h was less than 50.
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Representing inorganic materials by ammonium
sulfate (ρinorg = 1.77g cm

�3, κinorg = 0.53) and
assuming ρorg =1.2 g cm

�3 and κorg = 0.12 for
organic materials, the AMS-estimated κBC-free
agreed with the median κBC-free measured by
the h-SP2 to within ±20%, as shown in
Figure 8e. It may also be said that if the values
ρinorg, κinorg, and ρorg are fixed, the assumed κorg
value of 0.05–0.2 explained the average of the
h-SP2 median κBC-free values during the observa-
tion period to within ±20%.

Figure 9a shows the diurnal variations of the
median GFs of both BC-free and BC-containing
particles. The median and 25–75 percentile
values were calculated from the 1 h averaged
GF data obtained during the 20 day period.
The diurnal variations of aerosols in the TMA in
summer are strongly influenced by transport

processes, especially the development of the sea-land breeze circulation [Kondo et al., 2008, 2010]. In the
summer of 2014, large-scale air flow over Japan was strongly influenced by the North Pacific high, as usual.
During the period between 4 and 8 August, the anticyclone covered the TMA and a stable sea-land breeze
circulation developed. More detailed descriptions of the transport and its effect on photochemical processes
in the TMA are given in Kondo et al. [2008, 2010]. Under the influence of this circulation, chemical aging of
maritime air transported to the TMA proceeds after sunrise. BC concentrations were also observed to increase
caused by increased emissions in the early morning [Kondo et al., 2006].

Themedian GFs of BC-free particles were lowest at 1300–1800 local time (LT), generally corresponding to the high
mass fractions of organics aerosols, as shown in Figure 9c. These results are consistent with Takegawa et al. [2006],
who observed enhanced secondary organic aerosol (SOA) formation in the TMA during the daytime in summer.
The diurnal variation of the GFs of BC-free particles was clearer during the period between 4 and 8 August.
The GF values of BC-containing particles decreased in the early morning (0500–0900 LT), coinciding with
the decrease in the number fractions of coated BC particles (RD> 1.2; measured by the standard SP2 with
SP2-scattering method (section 2.1)), as shown in Figure 9d. The corresponding observed increase in the BC
mass concentration (Figure 9c) and decrease in the RD in the morning, in turn, are interpreted to be due to
the increased contributions of fresh BC from diesel vehicles in the TMA [Kondo et al., 2006]. Thus, the measured
GFs of BC-free and BC-containing particles generally showed different diurnal variations: relatively low GFs at
daytime and at early morning for BC-free and BC-containing particles, respectively, and the relatively high
GFs at night for both particles.

Figure 9b shows the diurnal variations of the median κBC-free and the AMS-estimated κBC-free. They agreed
with each other to within ±20%, except at 1800–2100 LT. At 1800–2100 LT, the median κBC-free increased
while the AMS-estimated κBC-free decreased due to the increase in the organic mass fraction (Figure 9c).
This difference suggests a formation of more hygroscopic (or higher density) organic aerosol during this per-
iod than assumed here (κorg = 0.12, ρorg = 1.2 g cm�3). Takegawa et al. [2006] introduced two possible
mechanisms for the nighttime peaks in the mass concentrations of organic aerosols in Tokyo: a formation
of SOA via reactions of volatile organic compounds (VOCs) with ozone and nitrogen oxides after sunset,
and/or a shift in the gas/particle equilibrium of SOA compounds after sunset.

Themeasured κBC-free values were comparedwith themeasured κBC-coat to investigate differences in their water
activities. The κBC-coat values were derived from thickly coated BC-containing particles with Rm=6.4–9.7
(RD=1.95–2.25), because the uncertainty in the measured hygroscopic growth of thickly coated BC particles is
relatively low (sections 2.3 and A2). Figure 8e shows the time variation of themedian κBC-free andmedian κBC-coat.
The diurnal variation of the median κBC-coat is not shown in Figure 9b, because the median κBC-coat values
were statistically unreliable during some periods, when the number of particles with Rm= 6.4–9.7 detected
in 1 h was less than 50. Figure 10 shows a scatterplot of these values obtained during the observation period.

Figure 7. Medians of the normalized GF distributions (1 h data)
of BC-free and BC-containing particles during the observation
period. Ntotal is the total (BC free + BC containing) number
concentration of the particles with Dd ~ 200 nm. Multiply
charged particles were removed from the data set. Shading
shows the range of the 25th–75th percentile.
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Figure 8. (a) Temporal variation (10min data) of mass concentrations of BC, organics, SO4
2�, NO3

�, NH4
+, and Cl�.

(b) Temporal variation (1 h data) of the median RD of BC-containing particles with DBC-core = 186–214 nm. The lowest value
of the measured RD was set as 1.01 in the data analysis of the standard SP2. Shading shows the range of the 25th–75th
percentile. The number fractions of the BC-containing particles with RD> 1.2 to the total are also shown. (c) Temporal variation
(1 h data) of the distribution of the hygroscopicity parameter κBC-free. The black line shows the median value. (d) Temporal
variation (10min data) of median κBC-free andmass fractions of organics, SO4

2�, NO3
�, NH4

+, and Cl� versus the total mass of
aerosols with diameters of less than about 1μm. (e) Temporal variation (1 h data) of median κBC-free and median κBC-coat.
The κBC-coat values were derived from the thickly coated BC particles with Rm=6.4–9.7 (RD= 1.95–2.25). One hour average
data are not shown when the number of particles detected in 1 h was less than 50. The κBC-free estimated from the bulk
chemical composition is also shown.
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The median κBC-free and κBC-coat values were well correlated (R2 =0.68), except for the period during 29–30 July
2014, and agreed to within ±25% during most of the observation period (~81%). Figure 11 shows correlation
plots of the median κBC-free and κBC-coat against mass fractions of organics and SO4

2� measured by the AMS.
The AMS-estimated κBC-free is also shown in Figure 11a as a function of the organic mass fraction. The median
κBC-free and κBC-coat values correlated negatively with the AMS organic and positively with SO4

2� mass fractions,
although the R2 values for the κBC-coat were much lower than those for κBC-free. The median κBC-free and κBC-coat
also correlated positively with NH4

+ mass fractions with R2 =0.49 and R2 =0.11, respectively, while they did not
correlate with NO3� and Cl� mass fractions (not shown). The similarity between the median κBC-free and κBC-coat
values (Figure 10) and the correlations between these values and AMS data (Figure 11) suggest that the BC-free
particles and BC-coating materials generally had similar chemical compositions (i.e., internal mixture of inorganic
and organic compounds) and hence were formed in the atmosphere via similar physicochemical processes.

The similarity between κBC-free and κBC-coat observed in this study was limited to thickly coated BC particles
(Rm=6.4–9.7; RD = 1.95–2.25). These BC particles constituted only about 6.5% on average of the whole
BC-containing particles with md = 7.4 fg (Dd ~ 200 nm) during the observation period. Another method of
direct quantification of chemical compositions of BC-free and BC-containing particles is the use of a soot par-
ticle aerosol mass spectrometer (SP-AMS) [Onasch et al., 2012]. Lee et al. [2015] recently utilized an SP-AMS

Figure 9. Diurnal variations (1 h data) of (a) the median GFs of BC-free and BC-coating particles (Dd ~ 200 nm) at 85%
RH, (b) the median κBC-free and κBC-free estimated from the bulk chemical composition, (c) the BC mass concentration
(DBC-core = 70–850 nm) and mass fractions of organics versus the total mass of aerosols with diameters of less than about
1μm, and (d) number fractions of BC-containing particles with RD> 1.2 to the total number of the BC-containing particles
(DBC-core = 186–214 nm). The solid line shows the median data during the observation period. Shading shows the range
of the 25th–75th percentile. The dashed lines show the median data during the period between 4 and 8 August, when the
Tokyo Metropolitan Area was covered by the North Pacific high and a stable sea-land breeze circulation prevailed.
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equipped with a light scattering module and measured aerosol chemical composition in an urban environ-
ment both on a single-particle basis and on an ensemble (bulk) basis.

The APM-h-SP2 system has been shown to provide information on the composition and mixing states of
BC-containing and BC-free particles, in terms of their hygroscopicity. These results indicate that on average,
the chemical composition of BC-coating materials is represented by that of BC-free aerosols measured by
an AMS as a first approximation. Thus, the hygroscopicity of BC-containing particles can be estimated by
approximating κBC-coat as κBC-free in equation (6), if the volume fractions of BC-coating materials within the
particle (εBC-coat) are properly taken into account. This is a common assumption, and the present observations
prove its general validity. This will hold if the precursors of non-BCmaterials (e.g., VOCs and sulfur dioxide (SO2))
are coemitted with BC within time scales of their aging to enable simultaneous condensation of their oxidation
products onto BC and BC-free particles, although primary coatings upon emissions from diesel vehicles or
biomass burning may contribute to the difference between κBC-free and κBC-coat. Collisions of BC-containing
and BC-free particles should not alter the similarity between κBC-free and κBC-coat.

However, this similarity was not universally observed during the field campaign. The median κBC-coat was much
higher than that of κBC-free during the period of 29–30 July, when the correlation between the mass concentra-
tions of BC and organic aerosols was lowest. Figure 10a shows color-coded daily correlation coefficient (R)
between the total mass concentrations of BC and organic aerosols, which were derived from 10min data of
the standard SP2 and AMS. It is likely that during this poor-correlation period, the sources of BC and organic aero-
sols were quite different, and the coatingmaterials of BChad relatively high inorganic/organic ratios compared to
that of BC-free particles. In fact, during this period the mass concentrations of BC were better correlated with
those of sulfate (R~0.5) than those of organics (R~±0.2), as shown in Figure 10c. In addition, the highest organic
aerosol/BC mass concentration ratio was observed during this period as well (Figure 10b), also supporting the
difference in the origins between BC and organic aerosols. The opposite behavior was observed during the

Figure 10. Scatterplot of the median κBC-free and κBC-coat (1 h data) during the observation period. The κBC-coat values
were derived from the thickly coated BC particles with Rm= 6.4–9.7 (RD = 1.95–2.25). Shading shows the range of ±25%.
(a) Squares show the data obtained during 29–30 July 2014, and circles show the rest of the data. Colors show the daily
correlation coefficient between mass concentrations of BC and organic aerosols. (b) As in Figure 10a, but colors show the
1 h data of the organic aerosols/BCmass concentration ratio. (c) Squares show the data obtained during 8–9 and 12 August
2014, and circles show the rest of the data. Colors show the daily correlation coefficient betweenmass concentrations of BC
and sulfate ion. (d) As in Figure 10c, but colors show the 1 h data of the sulfate ion/BC mass concentration ratio.
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period of 8–9 and 12 August, when the
correlation between the mass concen-
trations of BC and sulfate was relatively
low (Figure 10c). It is likely that during this
period, the inorganic fractions of the coat-
ing materials of BC were considerably
lower than those of BC-free particles.
Accordingly, lower κBC-coat values were also
observed when the sulfate/BC mass con-
centration ratio reached ~30 (Figure 10d).

These results indicate that BC-coating
materials and BC-free particles were, on this
occasion, formed by different processes at
different stages during transport of air
parcels before reaching the observation
site. Because simultaneous measurements
of κBC-coat and κBC-free have not been
broadly explored, further measurements
under different environmental conditions
are needed to further elucidate their
behaviors. Such measurements will con-
tribute to improved understanding of the
sources (anthropogenic and natural) of
organic or inorganic aerosols externally
mixed with BC, if the types of the BC
sources are known, and may also be
relevant to improved understanding of
secondary aerosol production.

The observed difference between κBC-coat
and κBC-free also indicates that estimating
CCN activity of BC-containing particles from
the AMS-derived, bulk κBC-free values
should be associated with increased uncer-
tainties. The median κBC-coat measured on
30 July, for instance, was ~0.26, whereas
the AMS-estimated κBC-free was ~ 0.16.
For a BC-containing particle with
DBC-core = 100nm and RD=1.1 (a typical
value of RD in Tokyo), the estimated critical
supersaturations (Sc) were 0.39% and
0.49% for coating κ of 0.26 and 0.16,

respectively, based on κ-Köhler theory. The difference between the estimated Sc can thus be significant, which
motivates further measurements of κBC-coat and κBC-free under a wider range of environmental conditions to
improve understanding of CCN activity and removal of BC-containing particles in the atmosphere.

Measurements of κBC-coat as a function of Rm (RD) are not presented in this study because of the relatively large
uncertainty in themeasurement of the hygroscopic growth for thinly coated BC particles. BC particles can be thinly
coated by organic aerosols upon emissions from diesel vehicles [Toner et al., 2006; Shields et al., 2007]. However, in
this study it is difficult to estimate water activity (κBC-coat) of the thin coatings with the current APM-h-SP2 system.

4. Summary and Conclusion

Wemeasured the hygroscopicity parameter κ of BC-coating materials (κBC-coat) and BC-free particles (κBC-free)
in the urban atmosphere of Tokyo using a humidified SP2 (h-SP2) sampling mass-selected aerosol.

Figure 11. Scatterplots of the median κBC-free and κBC-coat (1 h data)
against mass fractions of (a) organics and (b) SO4

2� to the total mass of
aerosols with diameters of less than about 1μm. In Figure 11a, the κBC-free
estimated from the organic mass fractions is also shown (dashed lines).
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In the measurement system, an APM selected dry aerosol particles with specific mass, and then, at controlled
RH, the h-SP2 quantified the BCmass content and optical diameter of each aerosol particle by detecting laser-
induced incandescence and the scattered light. Laboratory tests with homogeneous ammonium sulfate (AS)
particles and BC particles internally mixed with AS showed that the measured growth factors (GFs) of the
pure AS and thickly coated BC particles were consistent with those predicted by κ-Köhler theory. The κBC-free
and κBC-coat values were derived from the measured GFs at 85% RH, and matched a priori knowledge of the κ
of AS within uncertainties of ±10% and ±80% for thickly and thinly coated BC particles and ±6% for BC-free
particles. For ambient particles with unknown compositions, the measurement uncertainties of κ for thickly
coated BC particles and BC-free particles were estimated to be ±45% and ±42%, respectively, by changing
the assumed densities. It was difficult to measure the κ of thin coatings for ambient BC-containing particles
with the current measurement system.

Throughout the observation period, the number fraction of BC-containing particles with low hygroscopicity
(GF< 1.2 at 85% RH, or critical supersaturation (Sc)>~0.1%) was greater than 70% of the total BC-containing
particles with a dry diameter of about 200 nm. The measured κBC-free and κBC-coat were mostly between the
hygroscopicities of typical inorganic and organic aerosols, suggesting that individual BC-free particles and
BC-coating materials were internally mixed with inorganic and organic compounds.

The measured median κBC-free and κBC-coat values were well correlated (R2 = 0.68) and agreed to within
±25%, indicating that the chemical compositions of BC-free particles and BC-coating materials were similar
on average. This holds if the precursors of non-BC materials (e.g., VOCs and SO2) are coemitted with
BC within time scales of their aging, followed by condensation of their oxidation products onto BC and
BC-free particles.

We also found that the difference between the κBC-free and κBC-coat was occasionally significant, when the
mass concentrations of BC and the other aerosols were poorly correlated, and/or the mass concentration
of the other aerosols is considerably higher than that of BC. This indicates the formation of BC-coating mate-
rials and BC-free particles by different processes and at different stages during the transport of air parcels
before reaching the observation site. These measurements will be useful for investigating the types of
sources of aerosols.

The measured κBC-coat values are useful for the studies of CCN activation and wet removal of BC-containing
particles observed during the field campaign, which will be discussed in separate papers.

Appendix A

A1. Measurements of the Dry BC-Coating Amounts Using an SP2

To evaluate the validity of the SP2 measurements of the BC-coating amount, the dry shell/core diameter ratio
(RD) of the laboratory BC particles was measured using the experimental setup shown in Figure A1.
Ammonium sulfate (AS) was added to a water suspension of fullerene soot (FS) and then atomized to gener-
ate internally mixed BC particles. The total dry mass of the individual BC-containing particles (md) was set to
be 7.4 ± 1.2 fg by the APM. Masses of the BC cores (mBC-core) are measured from each incandescence signal;
therefore, in addition to the measurements of RD via SP2 leading-edge scattering signals (SP2-scattering
method), the amount of coating materials (here AS) is determined from the difference between the md

and the mBC-core for each particle (APM method), as described in section 2.1.

In Figure A2, the RD measured by the APM method is compared with the RD measured by the SP2-scattering
method, where assumptions of core-shell structure, refractive indices of BC and AS, and void-free densities of
BC and AS are made. The coating thicknesses (= (DBC-shell�DBC-core)/2) for BC-containing particles with a
relatively thick coating (RD greater than about 1.3) agreed to within 12%. However, for thinly coated

BC particles with RD of about 1.19,
the coating thickness via the SP2-
scattering method was smaller by 44%
than that via the APM method. This
shows larger relative uncertainty for
thin coatings by the SP2 scattering

Figure A1. Schematic of the experimental setup for the laboratory mea-
surement of the dry shell/core ratio of BC-containing particles of a given
mass. SG, silica gel; MS, molecular sieves.
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detection and is qualitatively consistent with underestimates of hygroscopic growth for thinly coated BC par-
ticles in laboratory experiments (section 2.3.3). For thinly coated BC particles, scattering cross sections can be
more affected by their nonspherical shape.

For the analysis of the laboratory experiments using fullerene soot described in this section and in
section 2.3.3, we assumed the values of ρBC-core = 1.8 g cm�3 and nBC-core = 2.49 + 1.49i, based on Moteki
et al. [2010]. Moteki et al. [2010] determined the nBC-core values of fullerene soot and the other BC samples
assuming this ρBC-core and a spherical shape of BC particles. Figure 6 of Schwarz et al. [2015] also showed a
good agreement between the measured scattering cross sections ΔCsca of fullerene soot and those predicted
by Mie theory under the assumptions of ρBC-core = 1.8 g cm�3 and nBC-core = 2.49 + 1.49i. In other words, there
was a good agreement between DBC-core derived from the measuredmBC-core assuming ρBC-core = 1.8 g cm�3

and DBC-core derived from the measured ΔCsca assuming nBC-core = 2.49 + 1.49i. Therefore, estimating RD by
the SP2 scattering method assuming these ρBC-core and nBC-core values based on the core-shell model should
be reasonable, although the uncertainties of the ρBC-core and nBC-core values are not quantified. In the APM
method, on the other hand, RD is derived from the measured md and mBC-core assuming only the value of
ρBC-core. The assumed ρBC-core of 1.8 g cm

�3 is well within the reported range of ρBC-core for graphitic and non-
graphitic carbons [Moteki et al., 2010, and references therein]. The consistency between the RD measured by
the SP2-scattering method and the RD measured by the APM method in Figure A2 also supports the validity
of the assumed ρBC-core for fullerene soot. For ambient BC particles in Tokyo, Moteki et al. [2010] reported
nBC-core = 2.26 + 1.26i under the assumption of ρBC-core = 1.8 g cm�3. These values were used for the analysis
of the field observation described in section 3.

A2. Uncertainty of the Hygroscopicity Measurement
Several assumptions are made in determining the growth factors for ambient (unknown) BC-free and BC-
containing particles by the APM-h-SP2 method. The dry particle densities ρBC-core and ρnon-BC are assumed
in order to derive Dd from the APM-selected md. In addition, the dry refractive indices nBC-core and nd_non-BC
at λ=1064nm are assumed in the data-processing procedure (section 2.3.2). It is also assumed that non-BC
materials are completely dissolved in the humidified particles. Determination ofD for BC-free and BC-containing
particles is based on Mie theory assuming spherical shapes.

Figure A2. Dry shell/core diameter ratios (RD) of laboratory BC particles (FS) internally mixed with AS measured via the dry
particle mass selected by the APM (APMmethod) versus those measured via the leading edge of the SP2-scattering signals
(SP2-scattering method) are shown by solid circles. Bars indicate the 25th–75th percentile. The solid line shows the 1:1 line.
For both methods, masses of the BC cores were derived from the incandescence signals of the SP2. For data analysis of the
SP2-scattering method, we assumed a core-shell structure, a refractive index of FS of 2.49 + 1.49i at λ = 1064 nm [Moteki
et al., 2010], and a refractive index of AS of 1.52 + 0i, a void-free density of BC of 1.8 g cm�3, and a void-free density of AS of
1.77 g cm�3. For particles with a RD of 1 (i.e., bare FS), the measured RD should not have any bias for both methods, since
the refractive index of bare FS particles was measured assuming the density of BC of 1.8 g cm�3 and spherical particles by
Moteki et al. [2010]. The (SP2-scattering/APM method) coating thickness ratios were shown by open circles, except for
particles with RD of ~1. The dashed line shows the coating thickness ratio of 1.
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The uncertainties due to the assumed densities and refractive indices are estimated by changing their values
within their possible ranges and reanalyzing the raw data obtained by the APM-h-SP2 system. This study is
summarized in Table A1. The particle densities of AS aerosol and ammonium nitrate aerosol, which are typical
inorganic aerosols in the atmosphere, are 1.77 and 1.72 g cm�3, respectively. Although atmospheric organic
aerosols include numerous kinds of species, literature values suggest that 1.2 g cm�3 is a reasonable estimate
for the organic aerosol density [Turpin and Lim, 2001, and references therein].McMurry et al. [2002] measured
the densities of urban aerosol particles of size ~100 and ~300 nm to be 1.54–1.77 g cm�3, depending on the
abundance of organic and inorganic aerosols during the observation period. Considering these previous
studies, ρnon-BC = 1.5 g cm�3 was used as a reference value in analyzing the ambient data obtained by the
APM-h-SP2 system with a range of 1.2–1.8 g cm�3. A value of ρBC-core = 1.8 g cm�3 was used for BC cores,
as described in section A1.

The real part of the refractive index of AS near infrared is 1.50–1.53 [Toon et al., 1976]. According to Hess et al.
[1998], the real part of the refractive index of water-soluble and water-insoluble aerosols (excluding BC and
dust) at λ=1000 nm is 1.52. On the basis of the reported values of refractive indices at various wavelengths
[e.g., Stelson, 1990; Ebert et al., 2002], the real part of the refractive index of BC-free particles is likely within the
range 1.43–1.58. Taking these reported values into consideration, nd_nonBC = 1.52 + 0i was used in analyzing
ambient APM-h-SP2 data. A value of nBC-core = 2.26 + 1.26i was used for BC core, as described in section A1.
Because this nBC-core value was determined assuming ρBC-core = 1.8 g cm�3 [Moteki et al., 2010], these nBC-core
and ρBC-core values are related with each other. Here we examine the sensitivity of the measured GF to the
assumed value of nBC-core, not to that of ρBC-core.

Table A1 shows the hygroscopicity of ambient BC-free and BC-containing particles measured by the
APM-h-SP2 method under the various assumptions. Data were collected on 8 August 2014 in Tokyo dur-
ing a field campaign (section 3). For BC-free particles, the sensitivities of the derived hygroscopic growth
to the assumed density and refractive index were tested by changing the density by ±20% from the
reference value or by setting a low refractive index of 1.45 + 0i. The measured GF and κBC-free were
1.34 ± 0.12 and 0.26 ± 0.11 (±42%), respectively, corresponding to the changes in ρnon-BC. The effects of
the assumed nd_BC-free on measurements were relatively small. For BC-containing particles, the uncer-
tainty associated with the refractive index of the BC core (nBC-core = 2 + 1i) were also evaluated, in addi-
tion to the effects of changing the assumed density and refractive index of the BC coating on GF
measurements. For BC-containing particles with Rm= 6.4–9.7 (RD = 1.95–2.25), the measured GF and
κBC-coat were 1.27 ± 0.10 and 0.22 ± 0.10 (±45%), respectively, when changing the ρnon-BC by ±20%. The
effects of the assumed density were greater than those of the assumed refractive indices of the BC core

Table A1. The Hygroscopicity of Ambient BC-Free and BC-Containing Particles (Dd ~ 200 nm) Measured by the APM-h-SP2 Method Under Various Assumptionsa

Particle Type Assumption Type Assumed Values

Measured Median Values

GF at 85% RH κBC-free or κBC-coat

BC-free particles

Standard ρnon-BC = 1.5 g cm�3, nd_non-BC = 1.52 + 0i 1.34 0.26
High density ρ non-BC = 1.8 g cm�3 1.44 0.37
Low density ρ non-BC = 1.2 g cm�3 1.22 0.15

Low refractive index nd_non-BC = 1.45 + 0i 1.38 0.30

BC-containing particles
(Rm= 6.4–9.7; RD = 1.95–2.25)

Standard
ρBC-core = 1.8 g cm�3, ρnon-BC = 1.5 g cm�3,

1.27 0.22nBC-core = 2.26 + 1.26i, nd_non-BC = 1.52 + 0i

High density ρnon-BC = 1.8 g cm�3 1.35 0.32
Low density ρnon-BC = 1.2 g cm�3 1.17 0.12

Low core refractive index nBC-core = 2 + 1i 1.29 0.24
Low coating refractive index nd_non-BC = 1.45 + 0i 1.30 0.26

BC-containing particles
(Rm= 1.8–2.8; RD = 1.26–1.46)

Standard
ρBC-core = 1.8 g cm�3, ρnon-BC = 1.5 g cm�3,

1.06 NAnBC-core = 2.26 + 1.26i, nd_non-BC = 1.52 + 0i
High density ρnon-BC = 1.8 g cm�3 1.10 NA
Low density ρnon-BC = 1.2 g cm�3 1.02 NA

Low core refractive index nBC-core = 2 + 1i 1.13 NA
Low coating refractive index nd_non-BC = 1.45 + 0i 1.08 NA

aTime series of median GF and κ (1 h data) measured on 8 August 2014 in Tokyo were averaged. NA: not available.
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and BC coating. For BC-containing particles with Rm= 1.8–2.8 (RD = 1.26–1.46), the measured GF was
more sensitive to the value of nBC-core (or ρBC-core) than to the ρnon-BC and nd_non-BC values.

The assumption of the shape of the BC-containing particles (that is, the core–shell model) and the resolution
of particle-mass selection by the APM also cause uncertainty, as discussed in sections 2.3 and A1. For thinly
coated BC particles with Rm = 1.2–1.8 (RD = 1.07–1.23), the measurement uncertainty of κBC-coat even for well-
characterized BC-containing particles was estimated to be ±80% by laboratory experiments in section 2.3.
The κBC-coat values for ambient BC-containing particles with thin coatings were thus highly uncertain and
not shown in Table A1.
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