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In principle, mass concentrations of black carbon (BC) (MBC)
can be estimated by the measurement of the light absorption coef-
ficient of BC. Filter-based methods, which quantify the absorption
coefficient (babs) from the change in transmission through a filter
loaded with particles, have been widely used to measure MBC. How-
ever, reliable determination of MBC has been very difficult because
of the large variability in the mass absorption cross section (Cabs),
which is the conversion factor from babs to MBC. Coating of BC by
volatile compounds and the co-existence of light-scattering parti-
cles contribute to the variability of Cabs. In order to overcome this

Received 13 October 2008; accepted 10 March 2009.
The authors thank Y. Komazaki, Y. Zhao, D. Kodama, T. Miyakawa,

S. Deguchi, M. Fukuda, Y. Morino, M. Nogami, P. Lin, Z. Deng,
P. Prapat, and D. T. Canh for their support of the field experiments.
We are indebted to the staff of CESS for their cooperation and sup-
port in the semi-urban measurements. We thank A. Yamasaki and A.
Uchiyama for providing us with the PSAP and nephelometer data ob-
tained in Tokyo and Fukuoka. We also thank Daniel Lack for useful
comments. This work was supported by the Ministry of Education, Cul-
ture, Sports, Science, and Technology (MEXT), the global environment
research fund of the Japanese Ministry of the Environment (B-083),
and Asian Pacific Network (APN). This work was partially supported
by a KOSEF grant funded by MEST (No. R17-2008-042-01001-0),
and the joint research program of the Solar-Terrestrial Environment
Laboratory, Nagoya University. L. S. also thanks the Japan Society
for the Promotion of Science (JSPS) for a JSPS Research Fellowship
for foreign Young Scientists. This study was conducted as a part of
the Mega-Cities: Asia Task under the framework of the International
Global Atmospheric Chemistry (IGAC) project.

Address correspondence to Y. Kondo, Research Center for Ad-
vanced Science and Technology, University of Tokyo, 4-6-1 Komaba,
Meguro-ku, Tokyo 153-8904, Japan. E-mail: y.kondo@atmos.rcast.u-
tokyo.ac.jp

difficulty, volatile aerosol components were removed before collec-
tion of BC particles on filters by heating a section of the inlet to
400◦C. We made simultaneous measurements of babs by two types
of photometers (Particle Soot Absorption Photometer (PSAP) and
Continuous Soot Monitoring System (COSMOS)) together with
MBC by an EC-OC analyzer to determine Cabs at 6 locations in
Asia. Cabs was stable at 10.5 ± 0.7 m2 g−1 at a wavelength of
565 nm for BC strongly impacted by emissions from vehicles and
biomass burning. The stable Cabs value provides a firm basis for its
use in estimating MBC by COSMOS and PSAP with an accuracy
of about 10%. For the quantitative interpretation of the ratio of
the Cabs to the model-calculated C∗

abs, we measured Cabs for mono-
disperse nigrosin particles in the laboratory. The Cabs/C

∗
abs ratio

was 1.4–1.9 at the 100–200 nm diameters, explaining the ratio of
1.8 for ambient BC.

1. INTRODUCTION

1.1. Variability of the Mass Absorption Cross Section
Black carbon (BC), also referred to as elemental carbon

(EC), is produced by incomplete combustion of fossil fuels and
biomass. Throughout this article, we use the term BC, which is
derived by light absorption, except for cases in which we need to
clarify that BC was measured chemically as EC. BC strongly ab-
sorbs solar visible radiation and significantly contributes to the
radiative forcing of the atmosphere (e.g., Crutzen and Andreae
1990; Ramanathan et al. 2001; 2007; IPCC 2007). BC heats and
evaporates clouds, reducing the cloud albedo and thereby warm-
ing the surface (Hansen et al. 1997; Ackerman et al. 2000). It
can also contribute to climate forcing by changing snow and ice
albedos (Warren and Wiscombe 1980; Clarke and Noone 1985;
Hansen and Nazarenko 2004). Elevated BC concentrations in
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742 Y. KONDO ET AL.

source regions also have deleterious impacts on human health
(Lighty et al. 2000). The effects of BC on climate and human
health strongly depend on BC concentrations. The temporal and
spatial variations of BC are controlled by emissions and trans-
port. Long-term measurements of BC concentrations at various
locations close to and distant from sources are very useful for a
quantitative understanding of these processes.

Mass concentrations of BC (MBC) can be measured by EC-
organic carbon (OC) analyzer based on the thermal-optical-
transmittance (TOT) method (e.g., Birch and Carry 1996). More
recently, the size distribution and mixing state of BC have been
measured with single particle soot photometer (SP2), which is
based on laser-induced incandescence (Gao et al. 2007; Moteki
and Kondo 2007; 2008). However, it is often difficult to maintain
high-quality BC measurement on a long-term basis using these
methods, especially at remote sites. MBC can also be estimated
by filter based absorption measurement, which is more suit-
able for continuous observations. Filter-based methods, which
quantify the absorption coefficient (babs(λ)) at a wavelength
of λ from the change in transmission through a filter loaded
with particles, have been widely used to estimate MBC because
of ease of operation. Mass absorption cross sections Cabs(λ)
[m2 g–1] need to be determined to convert babs into MBC. Cabs(λ)
is the absorption cross section per unit BC mass and is also
known as the mass absorption coefficient or mass absorption
efficiency. Values of Cabs(λ), however, have been observed to
vary by a large factor even for the same wavelength. Enhanced
absorption due to internal mixing of BC particles is considered
to cause significant variability in Cabs(λ) (e.g., Liousse et al.
1993; Petzold et al. 1997; Martins et al. 1998; Reid et al. 1998;
Hitzenberger et al. 1999; Sharma et al. 2002; Sheridan et al.
2005; Chou et al. 2005; Bond and Bergstrom 2006 and refer-
ences therein; Zhang et al. 2008). The variability in Cabs(λ) still
remains the most important and difficult issue that needs to be
overcome in accurately deriving MBC from babs (Slowik et al.
2007; Taha et al. 2007; Cappa et al. 2008; Lack et al. 2008).

1.2. Corrections Required for Filter-Based Absorption
Coefficient

The absorption coefficient of airborne BC particles is defined
from the Beer-Lambert law and is expressed as

b∗
abs(λ) =

∫
σ ∗

abs(DBC, λ)(dNBC/d log DBC) dlogDBC

=
∫

[σ ∗
abs(DBC, λ)/(ρBCπD3

BC/6)]

× (dMBC/dlogDBC) dlogDBC, [1]

where dNBC/dlogDBC and dMBC/dlogDBC are the number and
mass size distributions, respectively, as a function of BC core
diameter (DBC). σ ∗

abs(DBC, λ) is the absorption cross section

[m2] per particle. MBC is expressed as

MBC =
∫

ρBC
(
πD3

BC/6
)
(dNBC/dlogDBC)dlogDBC, [2]

where ρBC is the BC density.
The mass absorption cross section of airborne BC (C∗

abs(λ)) is
defined as

C∗
abs(λ) = b∗

abs(λ)/MBC. [3]

The absorption coefficients of BC deposited on filters
(babs(λ)) and the corresponding mass absorption cross section
(Cabs(λ)) are different from b∗

abs(λ) and C∗
abs(λ), as discussed in

detail below.
Operationally, the absorption coefficients are determined by

filter-based absorption photometers by the following equation:

b0(λ) = (A/V ) ln[It−�t (λ)/It (λ)] [4]

where A is the area of the sample spot, V is the air sample
volume during a given time period �t (between t-�t and t),
and It−�t and It are the average transmittances (Bond et al.
1999). It is well known that b0(λ) can be quite different from
the b∗

abs(λ) defined by Equation (1). Correction factors have been
introduced to convert b0(λ) to obtain babs(λ):

babs(λ) = ffilfamp b0(λ), [5]

where ffil represents the magnification of absorption by multiple
scattering in the filter media. ffil varies with the aerosol pene-
tration depth into the filter and therefore can depend on aerosol
size, face velocity, properties of the filter matrix, and the details
of the optical arrangement. famp represents the amplification of
light absorption of BC depending on its mixing state.

For ffil, the following equation has been used and evaluated
by laboratory and field experiments using a particle soot ab-
sorption photometer (PSAP, Radiance Research, Seattle, WA,
USA) for poly-disperse BC with diameters less than 1 µm (Bond
et al. 1999),

ffil = [1/(1.0796Tr + 0.71)]/1.22, [6]

where, Tr (= It /It=0) is the filter transmission. The ffil deter-
mined by different methods (e.g., Bond et al. 1999; Virkkula
et al. 2005) differ only by about 6%. We have used Equation
(6) throughout the present study. The uncertainty in using this
equation is discussed in section 6.

famp includes the effect of BC coating by non-absorbing
compounds and the co-existence of non-absorbing particles,
which are all embedded in the filter. There exists no analytical
formulation that represents famp for different mixing states of
BC embedded in filter media, although calculations of this effect
for airborne BC particles have been made (e.g., Horvath 1997;
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MASS ABSORPTION CROSS SECTION OF ELEMENTAL CARBON 743

Fuller et al. 1999; Schnaiter et al. 2005; Mikhailov et al. 2006;
Bond and Bergstrom 2006 and references therein). famp was
reported to vary by as much as a factor of 2–3, depending on the
coating thickness of BC. Throughout this study, famp was set to
1 for the analysis of the photometer data. This assumption does
not introduce any additional uncertainty in the conclusions.

In order to minimize the variability in Cabs(λ), we have devel-
oped a technique to remove volatile aerosol components using
an inlet heated to 400◦C, as discussed in detail in sections that
follow. First, the volatility of different chemical components
of aerosols and the transmission efficiency of BC through the
heated inlet were evaluated. Second, we compared the variabil-
ity in Cabs(λ) obtained using the heated inlet with that for an
unheated inlet. We derived Cabs(λ) using simultaneously mea-
sured babs(λ) and MBC,

Cabs(λ) = babs(λ)/MBC. [7]

We show that the variability in Cabs(λ) for the heated inlet mea-
sured at different locations in Asia was small enough to enable
accurate measurements of MBC from light absorption by BC in
the fine mode.

2. PHOTOMETERS
For the measurement of babs(λ), we used two types of pho-

tometers: single-wavelength PSAP (λ = 565 nm) and Contin-
uous Soot Monitoring System (COSMOS, Kanomax, Osaka,
Japan) (Miyazaki et al. 2008). The configurations of optics and
filter mounting parts of the PSAP and COSMOS are compared
in Figure 1.

Throughout the present study, we did not make any correc-
tion of the effect of scattering by aerosols collected on the filter
in deriving babs(λ) because of the lack of scattering data. The
correction is represented by the term s × bscat, where bscat and s

are the scattering coefficient of non-absorbing aerosol and scat-
tering correction factor (Bond et al. 1999; Virkkula et al. 2005).
The value of s has been estimated to be 0.016 (= 0.02/1.22)
± 0.016 (Bond et al. 1999). This may result in some overesti-
mation of babs(λ) for the data obtained using an unheated inlet.
The degree of overestimation is discussed in section 5.1. On
the other hand, by using a heated inlet, almost all the light-
scattering aerosols are evaporated, resulting in a smaller scat-
tering correction than for direct ambient measurement. Despite
the uncertainty of the correction for scattering, comparison of
babs(λ) obtained with unheated and heated inlets provides useful
information.

2.1. PSAP
For PSAP measurements, particles are collected on a glass-

fiber filter (Pallflex E70-2075W, Pall, USA) with typical sample
flow rates of 0.5–0.7 STP (@ 0◦C and 1013 hPa) liter min–1.
The transmission of light through the filter was measured at
a wavelength of 565 nm. The attenuation of light through the

FIG. 1. Optical and filter mounting parts of COSMOS and PSAP.

filter was converted to absorption coefficient, including the cor-
rections based on Equation (6). The temperatures of the filter
cartridges and photo detectors were maintained at 40◦C to pre-
vent possible moisture condensation in the sample air (Arnott
et al. 2003). The limit of detection (LOD) for S/N = 2 was mea-
sured to be 1 Mm–1 (about 0.1 µg m–3) for a 10-minute integra-
tion time (Miyazaki et al. 2008). A more-detailed analysis of the
noise characteristics of the PSAP has been made by Springston
and Sedlacek (2007). According to Bond et al. (1999), filter-
loading correction for the PSAP is not recommended when the
Tr value falls below 0.7. Therefore, the transmittance value
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744 Y. KONDO ET AL.

criterion for changing the filter was set at Tr = 0.7. The
sample flow (V in Equation [4]) and sample spot area (A) were
measured with accuracies of 1% and 2%, respectively.

2.2. COSMOS
COSMOS is designed for fully automated, high-sensitivity,

and continuous measurement of babs(λ). The aerosol is col-
lected on a quartz-fiber filter at typical flow rates of 0.5–0.7 STP
liter min–1. The flow rate of the sample air is controlled by a
mass flow controller to ensure constancy and long-term repeata-
bility under varying conditions. The sample collecting spot area
of COSMOS is 18.1 mm2, which is similar to the 19.6 mm2 area
for PSAP. The material of the quartz-fiber filter used for COS-
MOS is the same as that used for PSAP (Pallflex E70-2075W,
Pall, USA). This enables the use of the same ffil for COSMOS
and PSAP. COSMOS uses a roll of 40 mm wide filter tape,
which is automatically advanced when the filter transmittance
decreases to a pre-set value, typically 0.7.

Light from the high-intensity light-emitting diode (LED) at
a wavelength of 565 nm is first focused by a double-convex
(DCX) lens (Edmund Optics, Barrington, NJ, USA) and is then
directed and split equally by optical fibers (Figure 1). The light
passing through the two optical bundle pipes is again focused
by DCX lenses before being directed toward the filter in or-
der to maximize the photon flux. The photon fluxes transmitted
through the filter are detected by silicon photodiodes (S2386-
45K, Hamamatsu Photonics, Hamamatsu, Japan) with an active
area of 3.9 × 4.6 mm2. The light signals are digitized at a fre-
quency of 1000 Hz with a resolution of 20 bits and are averaged
over 1 min.

PSAP is known to show erroneously high light absorption
associated with rapid humidity changes due to corresponding
changes in the physical characteristics of its filters (Arnot et al.
2003). The temperatures of the optical detector unit and filter
holding unit of COSMOS are actively maintained at 50◦C to
minimize any possible effects of changes in ambient relative
humidity. In addition, the sample air, after passing through the
filter from above, is then passed through the reference section
of the filter, resulting in the same air composition for the sample
and reference units. Aircraft measurements of 1 min averaged
absorption coefficients by COSMOS made over the East China
Sea in spring 2008 showed very stable values under varying
humidity.

The babs(λ) values were obtained by applying the same cor-
rection factor ffil as for PSAP. The LOD for the current version
of COSMOS for S/N = 2 was determined to be about 0.15
Mm–1 (about 0.015 µg m–3) for a 10 min integration time. The
high data acquisition frequency, reduction of noise, and the high
photon flux lead to the low LOD. The babs(λ) values obtained
measured by PSAP and COSMOS were highly correlated (r2 =
0.97), with a linear regression slope of 0.97 ± 0.01 during a
9 day intercomparison made in Tokyo (Miyazaki et al. 2008).
Within the 95% confidence interval, the linear regression fit sug-

FIG. 2. Instrumental setup for (a) measurement of volatility of (NH4)2SO4

in the laboratory using differential mobility analyzers (DMAs) and condensa-
tion particle counters (CPCs), (b) assessment of the effect of re-condensation
using ambient aerosol, (c) laboratory measurement of glassy carbon (GC) par-
ticle losses through a heated inlet, and (d) air sampling configuration for the
measurements of absorption coefficients by the PSAP/COSMOS and EC-OC
instruments.

gested no biases between the babs(λ) values measured by the two
instruments.

3. HEATED INLET

3.1. Design and Performance Tests
Relatively volatile aerosol components were removed by

heating the inlet. The overall configuration of measurements of
the performance of the heated inlet using the PSAP is shown in
Figures 2a–c. Stainless steel (SUS316) tubes with 3/8 inch outer
diameters and 0.049 inch thick were used as the air-sampling
inlet. A section of about 21 cm of the inlet line was heated to
a predefined temperature using an electric jacket heater (Type
PK, Tokyo Technological Laboratory, Japan). The inlet temper-
ature was regulated by a temperature controller (E5GN, Omron,
Japan) using a thermocouple mounted on the outer surface of
the central part of the heated stainless steel tube. The residence
time of the particles in the section heated at 400◦C is about
0.3 s for the sample flow rate of 0.7 STP liter min–1. The air
samples were then cooled down to ambient conditions by pass-
ing them through a 1 m long stainless steel (SUS316) tube before
measurement.
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The volatilization characteristics of the heater were measured
by both laboratory experiments and atmospheric observations.
(NH4)2SO4 particles were generated from aqueous solution of
the compounds using an atomizer (Model 3076, TSI, St. Paul,
MN, USA) in the laboratory (Figure 2a). The generated particles
were dried using two diffusion dryers (Model 3062, TSI) and
size-selected (30, 50, 100, and 200 nm) by a differential mo-
bility analyzer (DMA, Model 3081, TSI). (NH4)2SO4 started to
evaporate at 150◦C, irrespective of the particle size. Particles
with diameters smaller than 100 nm completely evaporated at
200◦C. At 200 nm, complete evaporation occurred at 225◦C.
The present result generally agrees well with previous studies
(Villani et al. 2007; Paulsen et al. 2006; Philippin et al. 2004;
Pinnick et al. 1987; Clarke et al. 1987).

The performance of the heated inlet was also measured for
ambient aerosols in Tokyo in June 2004. The heated inlet was
placed between the inlet sample manifold and an Aerodyne
quadrupole aerosol mass spectrometer (Q-AMS) (Aerodyne Re-
search, USA) (Jayne et al. 2000; Takegawa et al. 2005) with
a 2 min time resolution. The vaporizer of the Q-AMS was
heated to 600◦C. The inlet was heated up to ∼500◦C and pas-
sively cooled down to room temperature (25◦C). During this
experiment, the aerosol mass concentration was stable at 39 ±
3 µg m–3. The ambient concentrations of organics, SO2–

4 ,
NO–

3 , and NH+
4 were 14.4, 3.4, 5.7, and 6.1 µg m–3, respec-

tively. Figure 3 shows the relationships between the mass of
the volatile components and heater temperature (30◦–480◦C).
The 50% (90%) evaporation temperatures of organic aerosol
(OA), SO2–

4 , NO–
3 , and NH+

4 were approximately 120 (300)◦C,
200 (250)◦C, 80 (120)◦C, and 80 (120)◦C, respectively. The
50–90% volatilization temperatures for SO2–

4 (200◦–250◦C) are

FIG. 3. Mass concentrations of major inorganic (SO2–
4 , NO–

3 , and NH+
4 ) and

organic aerosol components as a function of inlet temperature measured by the
Q-AMS.

similar to those measured in the laboratory (200◦–225◦C). The
analysis of Q-AMS mass spectra indicates that the evaporative
NO–

3 at 250◦–400◦C originates from NaNO3. The volatile com-
ponents evaporated almost completely at 400◦C. The present
results are consistent with aerosol volatility measurements us-
ing a thermodenuder (Huffman et al. 2008). These results also
indicates little interference of re-condensation for the discussion
of aerosol mass concentrations.

For further confirmation, the effect of re-condensation of
the volatilized species was assessed by using the experimental
setup shown in Figure 2b. Ambient particles with diameters of
50, 100, 200, and 300 nm were passed through the inlet section
heated at 400◦C to extract non-volatile cores, which were size-
selected by DMA1. Then, these non-volatile cores were reheated
to 400◦C in a thermodenuder (Model 3065, TSI), followed by
size measurement by DMA2. No detectable changes in particle
size due to re-heating were observed, suggesting no significant
effect of re-condensation.

The transmission efficiency of BC through the heated in-
let can be influenced by particle diffusion and thermophoretic
losses depending on size and temperature (Philippin et al. 2004).
The transmission efficiency of the BC particles through our
heated inlet was measured by the system shown in Figure 2c.
Glassy carbon (GC) (Tokai Carbon, Japan) particles in an aque-
ous suspension were generated by an atomizer, dried with a
diffusion drier, and heated to 400◦C to remove the volatile com-
pounds. The babs(λ) values for GC were monitored by the PSAPs
with and without a heated inlet. The mono-modal GC particles
(with mobility diameters of 30, 45, 60, 75, 100, and 150 nm)
were size-selected using the DMA. The diameters of the gen-
erated GC (DBC), measured with the DMA + CPC system,
ranged from 10 to 800 nm, with a peak around 100 nm. The lin-
ear regression of the babs(λ) values measured by the two PSAPs
exhibited a high correlation (r2 = 0.94), with a slope of 1.0. No
detectable loss of GC was observed for DBC = 100–150 nm,
although 2–5% loss was observed at DBC = 30–75 nm. We also
measured the transmission of sodium chloride (NaCl) particles
with diameters of 20–300 nm, which are also non-volatile at
400◦C. The transmittance of NaCl through the heated inlet was
0.98 ± 0.01.

3.2. Non-Volatile Aerosol Component
The total mass concentrations of non-volatile cores of

aerosols extracted by the same heated inlet were compared with
the simultaneously measured MBC by a semi-continuous EC-
OC analyzer (Sunset Laboratory, Tigard, OR) in Tokyo (Kondo
et al. 2006). For the MBC measurements, the air sample was
introduced into a cyclone with a 50 % effective cut-off diameter
of 2.5 µm to reject coarse particles at 16.7 liter min–1. Ambient
aerosol was collected on a quartz-fiber filter (2500QAT, Pall) for
45 min at a sample flow rate of 8 liter min–1. A parallel-plate
carbon filter denuder was installed to remove volatile species.
Then during the next 15 min, the samples were analyzed for
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MBC. EC was converted to CO2 and determined using a non-
dispersive infrared (NDIR) detector. The protocols prescribed
by the National Institute for Occupational Safety and Health
(NIOSH) (Birch and Cary 1996) were applied to the EC mea-
surements. The LOD for these measurements was estimated to
be 0.4 µg m–3 from the variability of the zero level (2σ ). In
addition to this error, uncertainties of the EC-to-OC split, which
may depend on temperature protocol, can lead to an overall
accuracy of 22% (Kondo et al. 2006).

The mass concentrations of non-volatile cores and MBC

agreed to within 10% with a slope of 0.96 in Tokyo (Kondo
et al. 2006). This means that we can directly relate BC mass con-
centration with babs(λ) measured by a photometer with a heated
inlet. Charring of organic compounds occurs primarily for polar
organics and becomes significant at temperatures above 430◦C
(Yu et al. 2002). The present measurement shows that charring
has insignificant effects in extracting BC mass using the heated
inlet with a residence time of 0.3 s.

Light-absorbing dust particles or the oxidation catalysts of
alkaline metals and sea salts are the potential causes of inter-
ferences (Novakov and Corrigan 1995; Yu et al. 2002). These
particles are distributed mainly in the coarse mode. We applied
the heating technique to the measurement of BC in fine par-
ticles to minimize the effect of light-absorbing particles other
than BC.

4. CALCULATED MASS ABSORPTION CROSS SECTION
By using the heated inlet, σ ∗

abs(DBC, λ) should not depend on
the mixing state of BC. However, C∗

abs(λ) may vary depending
on the refractive index, shape of particles, and size distribu-
tion of BC, according to Equation (1). The size dependent mass
absorption cross section, σ ∗

abs(DBC, λ)/(ρBCπD3
BC/6), was calcu-

lated for complex refractive indices of n = 1.75 – 0.63i and 1.95
– 0.79i at 565 nm. It reached a maximum value of 6–7 m2 g–1

at DBC of about 170 nm, similarly to that shown by Bond and
Bergstrom (2006). Here we assumed that BC particles are spher-
ical and ρBC = 1.8 g cm–3. C∗

abs(λ) was calculated using σ ∗
abs

(DBC, λ)/(ρBCπD3
BC/6) and assuming lognormal BC size distri-

butions with mass median diameters of 100–300 nm and σ =
1.6. C∗

abs(λ) gradually decreased from about 5.7 ± 0.3 m2 g–1at
DBC = 100–150 nm to 4.4 ± 0.2 m2 g–1 at 300 nm.

The major mass fraction of BC in urban plumes in Japan
and the United States was in the range of 100 to 500 nm peak-
ing at around 180 nm (Kondo et al. 2006; Moteki et al. 2007;
Schwarz et al. 2008). In addition, measurements of the size dis-
tributions were made by a SP2 (Shiraiwa et al. 2008) at Fukue
Island (32.8◦N, 128.7◦E) in Japan in spring 2007. The mass size
distributions of BC strongly impacted by emissions from north-
eastern China, Korea, and Japan were more or less similar with
mass median diameters of 200–220 nm. The size of BC from
biomass burning was observed to be somewhat larger than that
emitted in urban areas (mainly vehicular emissions) (Schwarz
et al. 2008). The calculations based on Mie theory suggest that

the change in the BC size distributions will not change C∗
abs(λ)

more than 10% for these size distributions.
In general, fresh BC particles emitted into the atmosphere are

not spherical but are agglomerates of primary spherules (Bond
and Bergstrom 2006). Refractive indices of atmospheric BC
are not fully understood. In addition, Cabs(λ) for BC particles
collected on filters can be different from those for airborne
particles due to multiple reflections, as represented by ffil. These
factors introduce uncertainties in the absolute values of Cabs(λ)
even for the heated inlet. Therefore we need to measure Cabs(λ)
and its variability by atmospheric measurements, as described
in the next section.

5. MEASUREMENTS OF THE MASS ABSORPTION
CROSS SECTION

5.1. Ambient Measurements of babs and MBC

We made measurements of babs(λ) by using PSAP or COS-
MOS simultaneously with in situ measurements of MBC to
determine Cabs(λ) using the set up shown in Figure 2d. The
measurements were made at two sites in the Tokyo Metropoli-
tan Area (TMA) in Japan, on Jeju Island in Korea, at rural
sites near Guangzhou and Beijing in China, and in Bangkok in
Thailand in different seasons as shown in Figure 4 and sum-
marized in Table 1. Hereafter, the sample volumes in deriv-
ing babs(λ) (Equation [4]) and MBC were normalized to those
at 25◦C and 1013 hPa. The air sample was introduced into
a cyclone with a 50% effective cut-off diameter of 2.5 µm
(PM2.5) or 1 µm (PM1) to exclude coarse particles. Figure 5
shows the time series of babs(λ) and MBC in Tokyo. Gener-
ally, babs(λ) and MBC showed large ranges of variations, with
well-correlated temporal trends at all sites. Below, we discuss
important sources and the typical mixing state of BC at each site.
The ratios of OOA/SO2–

4 , OOA/MBC, SO2–
4 /MBC, and Dp/DBC

FIG. 4. Map of the site of the measurements of the absorption coefficients
and BC mass concentrations. Distributions of anthropogenic emissions of BC
for the year 2000 at 0.5◦ × 0.5◦ resolution (Streets et al. 2003) are also shown.
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TABLE 1
Locations and periods of measurements of absorption coefficients and BC mass concentrations. The types of photometers and EC

concentrations are also shown

Location Period Instrument/Method MBC (µg m−3)

Urban Tokyo, RCAST
in Komaba, Japan
35.7◦N, 139.7◦E

July–August 2004 Heated-PSAP
Unheated-PSAP
Sunset
semi-continuous

Median Mean S. D. Max. Min. (n)
(July–August)

1.43 1.68 1.02 7.13 0.21 (559)
(November–December)

2.6 23.34 2.40 15.30 0.30 (609)
Suburban Saitama

CESS in Kisai, Japan
36.1◦N, 139.6◦E

July–August 2004 Heated-PSAP
Filter Sampling/
TOT

(July–August)
2.07 2.27 1.22 6.43 0.14 (78)

Remote Jeju Island
Gosan, Korea
33.2◦N, 126.1◦E

March–April 2005 Heated-PSAP
Unheated-PSAP
Sunset
semi-continuous

(March–April)
0.86 1.17 0.88 4.15 0.05 (421)

Rural Guangzhou,
China 23.5◦ N,
113.0◦E

July 2006 Heated-PSAP
Unheated-PSAP
Sunset
semi-continuous

(July)
2.83 4.30 5.35 56.1 0.38 (483)

Rural Beijing, China
39.52◦N, 116.30◦E

August 2006 Heated-PSAP
Unheated-PSAP
Sunset-semi
continuous

(August)
3.70 3.90 2.20 10.4 0.6 (60)

Suburban Bangkok,
Thailand 14.1◦N,
100.6◦E

July–August
November–December
2007

Heated-
COSMOS
Sunset
semi-continuous

(July–August)
2.26 2.97 2.6 48.0 0.05 (480)

(November–December)
4.04 4.84 2.92 21.3 1.08 (300)

in the TMA and at Gosan estimated by combining the measure-
ments at these sites (Kondo et al. 2007; Shiraiwa et al. 2007;
Miyazaki et al. 2007; Kuwata et al. 2007; Kuwata and Kondo
2008; Miyakawa et al. 2008; Sahu et al. 2009) are summa-
rized in Table 2. Here OOA (nearly equivalent to SOA) and
Dp represent oxygenated organic aerosol and particle diameter,
respectively.

Measurements at the Research Center for Advanced Sci-
ence and Technology (RCAST) of the University of Tokyo were
conducted in the summer of 2004 (Kondo et al. 2008). Major
sources of BC in Tokyo have been estimated to be dominated by
emissions from diesel vehicles (Kondo et al. 2006). The repre-
sentative data of the fresh and aged air masses at this location are
shown in Table 2. Measurements were also made at the Center

FIG. 5. Time series of the light absorption coefficients and BC mass concentrations at RCAST in Tokyo, Japan.
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TABLE 2
Average aerosol chemical composition in Tokyo, Kisai

(Saitama), and Gosan

Tokyo Tokyo Kisai
fresh aged very-aged Gosan

OOA/SO2−
4 1.2 1.5 2.0 1.0

OOA/MBC 2.6 4.2 6.4 2.8
SO2−

4 /MBC 2.2 2.9 2.9 2.8
Dp/DBC 1.05 1.3 N/A 1.6∗

*The value was obtained with a volatility tandem differential
mobility analyzer in spring 2005.

for Environmental Science (CESS) in Kisai city, Saitama pre-
fecture in the TMA, located about 50 km north of Tokyo. Kisai
is downwind of Tokyo during the daytime in summer because
of sea breezes. The aged and very aged air masses in Table 2
were measured at this location.

The measurements at Gosan on Jeju Island, Korea, were
made in the spring of 2005. This site is located in the East
China Sea ∼100 km south of the Korean mainland, ∼250 km
west of Kyushu, Japan, ∼500 km east-northeast of Shanghai,
China, and was often impacted by the outflow from China and
Korea. The babs(λ) and MBC were high in the outflow from
China and Korea, while they were much lower in maritime air.
The Dp/DBC ratios at Gosan were much higher than fresh and
aged air in Tokyo.

We made measurements at Backgarden, a small village in
a rural farming environment on the outskirts of the densely
populated center of the Pearl River Delta (PRD), China in the
summer of 2006. The Backgarden site is located about 60 km
northwest of Guangzhou city (Garland et al. 2008). At this site,
the range of variations in MBC was largest (0.4–56 µg m–3).
The sources of BC at this site are not well understood, although
transport from Guangzhou is likely important. MBC reached its
highest values during the nighttime under calm wind conditions,
when local burning was the major source.

Measurements were also conducted at Yufa in August 2006.
The site is located in a rural area about 50 km south of Beijing
(Takegawa et al. 2008). A major highway is located ∼1.2 km east
of this site. BC often increased during the nighttime, similarly to
the urban center of Beijing, where the BC concentrations were
strongly influenced by exhaust from diesel vehicles (Han et al.
2008). It is likely that BC at Yufa was also strongly influenced
by fresh emissions from diesel vehicles.

The measurements of babs(λ) at the Asian Institute of Tech-
nology (AIT) were made by an automated COSMOS in-
strument in 2007–2008. AIT is located about 40 km north
from the main city center of Bangkok, Thailand. The cam-
pus of AIT is along the west side of the Phahonyothin road,
which is a major pathway connecting the north-northeastern
sector to the center of Bangkok (Kim Oanh et al. 2000).

FIG. 6. Diurnal variations of median BC concentrations measured at AIT in
Bangkok, Thailand, in summer and winter.

The heavy traffic is composed of gasoline- and diesel-fueled
vehicles.

The BC sources in Bangkok varied depending on season. In
the rainy season (May–October), the BC at AIT was dominantly
influenced by vehicular emissions. Generally in Thailand, par-
ticularly in the dry season (November–April), the open burning
of biomass and agricultural waste are important sources of car-
bonaceous aerosols (BC and organic aerosol). At AIT, MBC

and OC concentrations and OC/MBC ratios were considerably
higher in the dry season than those in the rainy season. The me-
dian diurnal-seasonal variations of MBC clearly show the effect
of biomass burning on BC in December–February as compared
with June–August, as shown in Figure 6.

In addition to the above measurements, babs(λ) and bscat

were measured simultaneously using a PSAP with an unheated
inlet and a nephelometer (Model 3563, TSI) in Tokyo be-
tween August and September in 2007 and in Fukuoka (33.6◦N,
130.4◦E) in Kyushu, Japan, between March and May in 2008 (A.
Yamasaki, A. Uchiyama, T. Nakayama, and Y. Matsumi, unpub-
lished data). Aerosol samplings were made without size segre-
gation. PSAP filters were routinely replaced three times per day
and more frequently at higher aerosol loadings. Fukuoka is lo-
cated about 360 km east of Gosan and was also influenced by
the Asian outflow in spring. The average babs(λ) in Fukuoka was
similar to that at Gosan. The average (median) ± 1σ corrections
of scattering (s × bscat) to babs(λ) were 14.1(14.1) ± 4.9% and
15.7(13.3) ± 9.3% for Tokyo and Fukuoka, respectively, sug-
gesting that babs(λ) measured using an unheated inlet in Tokyo
and at Gosan were overestimated by about 15%.

5.2. Estimates of the Mass Absorption Cross Section
Figure 7 shows correlations between babs(λ) and MBC mea-

sured in Tokyo, corresponding to the time series shown in sec-
tion 5.1. We used bivariate regression analysis incorporating
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FIG. 7. Correlation plots of the light absorption coefficient versus the BC
mass concentration at RCAST in Tokyo, Japan.

the errors in both variables. Table 3 summarizes the statistics,
including the regression slope and correlation coefficients, ob-
tained from the relationships between babs(λ) and MBC at all
sites. Overall, babs(λ) and MBC were correlated well for heated
(r2 = 0.87–0.98) and unheated inlets (r2 = 0.80–0.96). Because
of the high correlations between babs(λ) and MBC, the slope of
the correlation gives Cabs(λ) for unheated (unheated-Cabs(λ))
and heated inlets (heated-Cabs(λ)).

The unheated-Cabs(λ) showed a larger variability (about
40%) than heated-Cabs(λ) (about 10%). The unheated-
Cabs(λ)/heated-Cabs(λ) ratios ranged between 1.2 and 1.6. Re-
cent laboratory and field measurements have shown that the
presence of secondary organic aerosol (SOA), in an external
mixture can cause an increase in the light absorption measured
by filter-based photometers (Cappa et al. 2008; Lack et al. 2008).
For the analysis of the relationship of the unheated-Cabs(λ) with
OA, the unheated-babs(λ)/heated-babs(λ) ratios are plotted versus
the OC/MBC ratio in Figure 8.

It is seen that in Tokyo, the unheated-babs(λ)/heated-babs(λ)
ratios showed a significant increase with the increase in the
OC/MBC ratio. The ratios were even higher in Kisai than those
in Tokyo (not shown). A significant fraction of the unheated-
babs(λ)/heated-babs(λ) ratio at low OC/MBC ratio (0.5 or less)
may be explained by the absence of the scattering correction
(15%). At Gosan, the unheated-babs(λ)/heated-babs(λ) ratios was
much lower than those in Tokyo even in the high OC/MBC

regime. The high OC/MBC air was strongly influenced by the
transport from Northeastern China.

If we assume famp increases with the increase in Dp/DBC, the
unheated-babs(λ)/heated-babs(λ) ratio should actually be higher
at Gosan than in Tokyo (Table 2). Interestingly, the present
observations suggest that light absorption by BC did not increase

with the increase in Dp/DBC. The cause of this point is discussed
more quantitatively in section 6.2.

In rural Guangzhou, the unheated-babs(λ)/heated-babs(λ) ratio
was more or less similar to that at Gosan. BC mixing state there
was not fully understood.

By contrast, heated-Cabs(λ) was stable between 9.7 and
11.6 m2 g−1, with an average value of 10.5 ± 0.7 m2 g−1. It is
very likely that BC in Tokyo, Yufa, and Bangkok in the rainy
season was strongly influenced by diesel emissions. The size dis-
tribution and σ ∗

abs(DBC, λ) of BC emitted from diesel vehicles
may vary depending on the types of vehicles and their operating
conditions. However, the maximum difference in heated-Cabs(λ)
was within 15%.

The AIT site in Bangkok was occasionally influenced by
biomass burning during the dry season, as discussed in section
5.1. We have conducted more detailed analysis of the possible
difference of heated-Cabs(λ) for BC emitted by biomass burn-
ing. The largest effect on BC is vehicular emissions, which
results in the regular peaks of EC at 0600–0800 LT that can
be seen in Figure 6. The effect of biomass burning is most
pronounced in winter (December and February) and at 2200-
0400 LT. The babs(λ)-MBC correlations in different seasons for
the whole day, 0600-0800 LT, and 2200-0400 LT are summa-
rized in Table 4, together with the OC/MBC ratios. The aver-
age heated-Cabs(λ) values obtained at different periods given
in Table 4 are also plotted versus the average OC/MBC ratio in
Figure 9. The largest effect of traffic at 0600-0800 LT in summer
is seen by the lowest OC/MBC ratio of 0.9. The largest effect of
biomass burning at 2200-0400 LT in winter is reflected in the
highest OC/MBC ratio of 3.3. The heated-Cabs(λ) for OC/MBC

ratio close to 1 (fresh BC) was about 9 m2 g−1 and increased
to 10–10.7 m2 g−1 at OC/MBC ratios greater than 2 (aged BC),
although the heated-Cabs(λ) did not show a monotonic increase
with the OC/MBC ratio. It should be noted that the 10% changes
in the heated-Cabs(λ) can also be influenced by the uncertainty
of the measurements of MBC, associated with the uncertainty of
the EC-OC split depending on the OC/MBC ratio.

Heating of the sample air to 400◦C has little effect on the BC
mass collected on filters, as discussed in section 3.2. Charring
of organic aerosol compounds should also have an insignifi-
cant effect on babs(λ) because charred mass was estimated to be
insignificant. In fact, we have shown that heated-Cabs(λ) mea-
sured in Tokyo agreed with that measured in Kisai and Gosan
to within 11%, despite the significant differences in the Dp/DBC

and OOA/MBC ratios. This confirms the limited effects of char-
ring on babs(λ), if it ever occurs for the present heated inlet.
Evaporation of volatile aerosol components excludes the ne-
cessity of the scattering correction. The effect of SOA is also
removed by this technique. All these contribute to the stability
of the heated-Cabs(λ).

The stable heated-Cabs(λ) value under largely different BC
sources, mixing states, and co-existing light-scattering particle
concentrations demonstrates the great advantage of using the
heated inlet in deriving MBC from babs(λ). The experimentally
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TABLE 3
Statistics of the correlation between the absorption coefficient (babs) and BC mass concentration for heated and unheated inlets at

different sites. babs was measured by either PSAP or COSMOS

Regression Unheated Heated
Site and period parameters babs vs. MBC babs vs. MBC Unheated/Heated

RCAST in Tokyo, Summer 2004 Slope (m2 g–1) 14.97 9.69 1.54
Intercept (Mm–1) −4.17 1.40
r2 0.89 0.92
n 445 450

CESS in Saitama, Summer 2004 Slope 17.51 10.50 1.67
Intercept −1.25 −2.70
r2 0.83 0.87
n 24 60

Gosan on Jeju Island, Spring 2005 Slope 12.32 10.56 1.17
Intercept 0.54 0.51
r2 0.94 0.94
n 366 391

Rural Guangzhou, Summer 2006 Slope 12.03 9.87 1.22
Intercept 2.09 4.17
r2 0.96 0.96
n 484 485

Rural Beijing, Summer 2006 Slope 15.71 11.64 1.35
Intercept −1.50 −0.94
r2 0.80 0.94
n 60 60

AIT in Bangkok, July–August 2007 Slope NA 9.6 NA
Intercept 0.3
r2 0.98
n 183

AIT in Bangkok, November–December 2007 Slope NA 10.6 NA
Intercept 3.0
r2 0.93
n 1783

Mean Slope 14.51 10.35 1.39
Median 14.97 10.50 1.35
S.D. 2.32 0.71 —-

derived heated-Cabs(λ) value of 10.5 ± 0.7 m2 g−1 can be applied
to estimate MBC from COSMOS and PSAP observations in
urban and remote areas in the fine mode.

5.3. Uncertainty of MBC Derived by the EC-OC
Instrument

It is suggested that significant errors of MBC derived from
the EC-OC analyzer arise from errors in separating EC and
OC (e.g., Boparai et al. 2008), although measurements of total
organic carbon (TOC = EC + OC) are sufficiently accurate.
Round-robin tests of the EC analysis using different thermal
and optical methods showed 1σ differences of 14–24% after se-
lecting reliable measurements (Schmid et al. 2001). The present

measurement method is one of the methods used in the above
intercomparison. The 22% uncertainty of the present EC mea-
surements was derived from the difference of the EC values ob-
tained by using different protocols. This uncertainty is similar
to the variability of EC observed by the above intercomparison.
In addition, our recent measurements of MBC by the SP2 in fall
2008 in Tokyo agreed with that by the COSMOS instrument to
within about 10% (unpublished data). This, in turn, indicates
that the MBC by the EC-OC instrument agrees well with the
SP2 measurements, because the heated-Cabs(λ) value used for
the COSMOS is based on the EC measurements, as discussed
above. Assuming an uncertainty of MBC of 22%, the absolute un-
certainty of the heated-Cabs(λ) is estimated to be ±2.4 m2 g−1.
It should be noted that this uncertainty is different from the
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TABLE 4
Statistics of the correlation between the absorption coefficient and BC mass concentration for heated inlets and mean OC/MBC

ratios at Bangkok in different seasons

Site and period Regression parameters Heated babs vs. MBC Heated babs vs. MBC Heated babs vs. MBC

Local Time 0000-2300 2200-0400 0600-0800
July–August 2007 Slope (m2 g–1) 9.6 10.0 9.02

Intercept (Mm–1) 0.3 –1.2 0.8
r2 0.98 0.98 0.98
OC/MBC 1.7 ± 1.0 2.9 ± 1.5 0.9 ± 0.3
n 183 55 23

September–November 2007 Slope 9.3 9.8 9.1
Intercept 0.18 –1.0 0.6
r2 0.98 0.98 0.98
OC/MBC 2.0 ± 1.0 1.8 ± 0.8 1.3 ± 0.6
n 1461 404 173

December–February 2007–08 Slope 10.6 10.6 10.7
Intercept 3.0 1.7 0
r2 0.93 0.93 0.94
OC/MBC 3.2 ± 1.4 2.8 ± 1.3 2.3 ± 0.9
n 1783 509 205

March–May 2008 Slope 10.0 10.0 10.3
Intercept –3.9 –1.7 6.5
r2 0.85 0.95 0.80
OC/MBC 3.4 ± 1.7 3.3 ± 1.5 2.2 ± 0.9
n 827 160 102

Annual 2007–08 Slope 10.8 10.85 11.2
Intercept –2.1 –2.3 –7.9
r2 0.92 0.95 0.93
OC/MBC 2.6 ± 1.1 2.5 ± 1.3 1.8 ± 0.9
n 4210 1130 503

FIG. 8. Median unheated-babs(λ)/heated-babs(λ) ratios versus the OC/MBC

ratio in Tokyo, in rural Guangzhou, and at Gosan. The bars represent 1-σ ranges.
FIG. 9. Heated-Cabs(λ) plotted versus the mean OC/MBC ratio at different
local times and seasons in Bangkok given in Table 4.
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 Nigrosin/Aqua-Black 

Atomizer 

Diffusion 

Dryer 
241Am DMA1 

DMA2 
Coating 

apparatus 

APM 

CPC 

PSAP 

COSMOS Uncoated 

Coated 

FIG. 10. Instrumental setup for the measurement of Cabs(λ) of mono-disperse
nigrosin particles by COSMOS and PSAP using a tandem differential mobility
analyzer (DMA) and aerosol particle mass analyzer (APM). Particle numbers
collected by COSMOS and PSAP were measured by a condensation particle
counter (CPC). This setup was also used for the measurement of Cabs(λ) for
mono-disperse aqua-black particles coated by oleic acid.

variability of the heated-Cabs(λ) (±0.7 m2 g−1) we discussed
thus far.

6. LABORATORY MEASUREMENTS OF Cabs(�)

6.1. Size Dependence of Cabs(�) for Nigrosin
The ratio of the heated-Cabs(λ) = 10.5 ± 0.7 m2 g−1 to the

calculated C∗
abs(λ) = 5.7 ± 0.3 m2 g–1 is about 1.8. A ratio

significantly higher than 1 can be due to the uncertainty in the
absolute accuracies of MBC and/or babs(λ). It is unlikely that the
errors in MBC explain the high heated-Cabs(λ)/C∗

abs(λ) ratio, as
discussed in section 5.3. It is very likely that the absolute value
of babs(λ) was overestimated. The major uncertainty in babs(λ)
is caused by the uncertainties in ffil, because b0(λ) is generally
accurate to within about 5% for sufficiently high MBC. We con-
sider that the major error in ffil is due to its size dependence,
which has not been taken into account. We investigated this
effect by laboratory experiments using size selected nigrosin
(C48N9H51) particles, as detailed below.

Thus far, we used Equation (6) for ffil as a factor to correct for
the effect of multiple scattering. Bond et al. (1999) derived ffil

using poly-disperse particles in the fine mode generated using
a solution of nigrosin dye. Precise size distributions were not
given in their pioneering work, although nigrosin particles were
observed in the size range of 100–500 nm by transmission elec-
tron microscopy. However, ffil can change with BC diameter,
because smaller BC particles penetrate deeper in filter fibers,
causing greater light absorption.

In order to assess this effect, we measured Cabs(λ) as a func-
tion of the diameter of nigrosin particles (Dnigrosin) by generat-
ing mono-disperse nigrosin particles. We used nigrosin (Sigma-
Aldrich Co.) particles because they are spherical and their re-
fractive index is relatively well known. The configuration of
the experiments is shown in Figure 10. Nigrosin particles gen-
erated by an atomizer were passed through the tandem DMA
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FIG. 11. Cabs(λ) of nigrosin particles measured by COSMOS and PSAP with
an unheated inlet and the calculated C∗

abs(λ) for n = 1.70 – 0.30i and n = 1.67
– 0.26i at λ = 565 nm.

and aerosol particle mass analyzer (APM) system to supply
nearly mono-disperse particles to COSMOS and PSAP. This
system, including the width of the DMA-APM mass filter, is
described in detail by Moteki and Kondo (2007). b0(λ) was
measured by the photometers operated at a flow rate of about
0.3 STP liter min–1. Then b0(λ) was converted to babs(λ) us-
ing Equation (6). The number concentration of nigrosin parti-
cles (N ) was determined from the particle numbers measured
by the CPC. The average mass (mnigrosin) of individual parti-
cles was measured by the APM. Mnigrosin = N × mnigrosin

was used to derive Cabs(λ). Cabs(λ) is identical to heated-
Cabs(λ), because the nigrosin particles were uncoated for this
experiment.

The measured Cabs(λ) at each mobility diameter are shown in
Figure 11 for Dnigrosin between 100 and 600 nm. In this case, the
mobility diameter and mass equivalent diameter are identical,
because nigrosin particles are spherical. C∗

abs(λ) was calculated
using Mie theory for n = 1.70 – 0.30i (Lack et al. 2006) and
n = 1.67 – 0.26i (Garvey and Pinnick 1983) at λ = 565 nm and
is shown in Figure 11 for comparison. Cabs(λ) was much larger
than C∗

abs(λ), especially at Dnigrosin smaller than 300 nm.
The Cabs(λ)/C∗

abs(λ) ratios are shown in Figure 12 for more
quantitative analysis. The ratio was close to unity and increased
with decreasing Dnigrosin. It was as high as 1.4–1.9 at Dnigrosin =
100–200 nm. It should be noted that the median mass diameter
of BC mass is about 150–200 nm in ambient air, as discussed in
section 4. These results indicate that Equation (6) largely under-
estimates ffil at Dnigrosin < 500 nm. If this is taken into account,
the heated-Cabs(λ)/C∗

abs(λ) ratio will become much closer to
unity. For a more quantitative estimate, the BC size distribution
has to be considered.

It is likely that the increase in ffil values at smaller BC is
due to its deeper penetration into the filter fibers. BC located
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FIG. 12. Cabs(λ)/C∗
abs(λ) ratios for nigrosin particles. Cabs(λ) was measured

by COSMOS and PSAP. C∗
abs(λ) was calculated by Mie theory assuming n =

1.67 – 0.24i and n = 1.70 – 0.30i.

deeper in the filter cause higher absorption due to a stronger
effect of multiple scattering. ffil may increase with the increase
in the flow rate of the photometers, because BC particles may
be deposited at locations deeper in the filter at higher flow rates.
However, this point was not examined in the present work.

6.2. Amplification of Light Absorption by BC Coating
We showed that the unheated-babs(λ)/heated-babs(λ) ratios at

Gosan were lower than those in Tokyo and Kisai despite the
larger Dp/DBC ratios. For further quantification, we conducted
laboratory experiments to measure the amplification of light
absorption by coating carbon black (Aqua-Black 162, Tokai
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FIG. 13. Amplification factors of Cabs(λ) of Aqua-Black 162 by organic coat-
ing measured by COSMOS and PSAP. The amplification factors of C∗

abs(λ)
calculated by using shell-core and Maxwell-Garnet models are also shown.

Carbon Co., Ltd., Tokyo, Japan) particles at DBC = 154 nm
with oleic acid using the set-up shown in Figure 10. Aqua-
Black 162, suspended in water, is composed of aggregates of
primary particles with diameters smaller than 20 nm. Oleic acid
is liquid at room temperatures. The apparatus for organic coating
is described in detail by Moteki and Kondo (2007). babs(λ) was
measured by the COSMOS and PSAP. Cabs(λ) for coated BC
was derived in the same way as described in section 6.1.

The Cabs(λ) values relative to that for uncoated BC
(Dp/DBC = 1), namely the amplification factors, are shown
in Figure 13 as a function of the Dp/DBC ratio. This figure also
shows the calculated amplification factor for C∗

abs(λ) by using
shell-core (Bohren and Huffman 1983) and Maxwell-Garnet
(Moteki and Kondo 2008) models for comparison. For these
calculations, we used refractive indices nBC = 1.95 – 0.79i for
black carbon (Bond and Bergstrom 2006) and ncoat = 1.46 –
0.0i for oleic acid (Moteki and Kondo 2008).

Very unexpectedly, the measured Cabs(λ) showed little in-
crease at a Dp/DBC ratio less than 1.5 and it even showed de-
creases at Dp/DBC ratios of 2.0–2.5. The observed absence of
the amplification is very different from the results for airborne
BC particles obtained by laboratory experiments (Schnaiter
et al. 2005). The optical models shown in Figure 13 also predict
amplification factors of about 2 at Dp/DBC > 2.

The lack of amplification indicates the existence of compen-
sating factors. Light absorption by BC should be enhanced by
internal mixing, as predicted by the optical models. On the other
hand, the growth of Dp (larger Dp/DBC ratio) leads to a shal-
lower penetration depth into the filter fibers of the coated BC
particles. This may compensate for the amplification of light
absorption by internally mixed BC. This mechanism is consis-
tent with the size dependence of ffil discussed in section 6.1.
Another possibility is that that the coating by oleic acid is re-
moved upon impaction of coated BC particles on filter fibers.
If oleic acid was separated with BC cores and coats the filter
fibers (Subramanian et al. 2007), it should have led to enhanced
absorption, similarly to the externally mixed OA. At least, this
mechanism will not explain the slight decrease in the amplifi-
cation factor at Dp/DBC > 2.

These results suggest that ffil and famp are coupled in a com-
plex way. Causing a further complication, external mixing of
SOA increases light absorption (Cappa et al. 2008), although
internal mixing of SOA should have little or even a negative
effect. The lack of the amplification by internally mixed BC
at Gosan is consistent with the laboratory experiments. On the
other hand, the photo-absorption increased with the OC/MBC

ratio in Tokyo, where the degree of internal mixing was rela-
tively lower. It is possible that externally mixed SOA caused
the increase in absorption. Quantitative interpretation of these
data requires calculations to fully take into account the relevant
parameters, including size distribution of BC, Dp/DBC ratio
as a function of DBC, and externally mixed OA. Considering
these, it is concluded that the difference between the heated
and unheated absorption measurements cannot be translated to
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absolute BC absorption (heated) and BC absorption coated in a
scattering layer (unheated).

6.3. Effect of the Laboratory Data on MBC Derived by
Photo-Absorption

The absolute uncertainty in ffil given by Equation (6) does
not introduce any additional uncertainty in deriving MBC as long
as heated-Cabs(λ) = 10.5 ± 0.7 m2 g−1 is used together with
this equation a directly measured A and V values for Equation
(4). Even if a size-dependent ffil is introduced in future studies,
the heated-Cabs(λ) value obtained by the present study can be
modified proportionally for the estimate of MBC.

As discussed above, the heated-Cabs(λ) value for COSMOS
and PSAP derived here is for poly-disperse BC particles, com-
monly encountered in the atmosphere. For mono-disperse BC
particles or BC particles with size distributions very different
from those discussed here, the heated-Cabs(λ) is significantly
different from the present value. For such specific studies, a
size-dependent Cabs(λ) is required.

7. SUMMARY AND CONCLUSIONS
Light absorption by BC collected on filters has been widely

used for the estimation of the mass concentration of BC (MBC).
However, accurate determination of MBC has been very diffi-
cult due to the observed large variability in the mass absorp-
tion cross sections (Cabs(λ)). Coating of BC by volatile com-
pounds and the co-existence of light-scattering particles can
greatly contribute to the variation in Cabs(λ). In order to over-
come this difficulty and enable accurate measurements of MBC,
volatile aerosol components need to be removed before BC
particles are collected on filters. For this purpose we used an
inlet section heated at 400◦C with a residence time of about
0.3 s. The inlet heated to 400◦C was found to vaporize al-
most completely sulfate, nitrate, ammonium, and organics in
ambient air in Tokyo by measurements using Q-AMS. The
vaporization temperature of sulfate was also consistent with
that measured in the laboratory. We observed no detectable ef-
fect of re-condensation of vaporized compounds. No detectable
loss of BC mass was observed by this heating. Consistently,
the mass concentrations of non-volatile cores extracted by the
heating agreed with the MBC measured by an EC-OC analyzer
based on the NIOSH-TOT protocol to within 10% at RCAST in
Tokyo.

Simultaneous measurements of absorption coefficients
(babs(λ)) by PSAP and COSMOS together with MBC by the
EC-OC analyzer were made to determine Cabs(λ) in Tokyo and
Kisai (Saitama) in Japan, Gosan in Korea, Backgarden (PRD)
and Yufa (Beijing) in China, and AIT (Bangkok) in Thailand.
The total aerosol mass concentrations, OOA/MBC, OC/MBC,
mixing state (Dp/DBC), and types of BC sources (anthropogenic
versus biomass burning) showed large variability among these
sites. The unheated-Cabs(λ) showed a larger variability (about
40%) than those for heated-Cabs(λ) (about 10%). Observations

of babs(λ) in Tokyo and at Gosan suggest that light absorption
by BC did not increase with the increase in Dp/DBC. Heated-
Cabs(λ) was stable between 9.6 and 11.6 m2 g−1 with an average
value of 10.5 ± 0.7 m2 g−1 at λ = 565 nm. The absolute uncer-
tainty of the heated-Cabs(λ) was estimated to be ±2.4 m2 g−1

by considering the uncertainty of MBC.
In Bangkok, the heated-Cabs(λ) of fresh BC was lower by

about 10% than that of aged BC, although this difference is
within the uncertainty of the MBC measurement. The stable
heated-Cabs(λ) value under the different physical and chemical
conditions and for different types of BC sources provides a firm
basis for its use in estimating BC mass concentrations in the fine
mode with an accuracy of about 10% by using COSMOS and
PSAP.

The ratio of the heated-Cabs(λ) = 10.5 ± 0.7 m2 g−1 to
the calculated C∗

abs(λ) = 5.7 ± 0.3 m2 g–1 was about 1.8. We
measured Cabs(λ) as a function of Dnigrosin using COSMOS and
PSAP by generating mono-disperse nigrosin particles in the
laboratory. The Cabs(λ)/C∗

abs(λ) ratios were close to unity at a
Dnigrosin of 600 nm and increased with decreasing Dnigrosin reach-
ing as high as 1.4–1.9 at Dnigrosin = 100–200 nm. These results
indicate that ffil given by Equation (6) largely underestimates
ffil at these diameters. It is likely that the increase in ffil values
at smaller BC is due to its deeper penetration into filter fibers. If
this is taken into account, the heated-Cabs(λ)/C∗

abs(λ) ratio will
become much closer to unity. The absolute uncertainty in ffil

given by Equation (6) shown here does not lead to additional
uncertainty in deriving MBC as long as heated-Cabs(λ) = 10.5
± 0.7 m2 g−1 is used together with this equation and directly
measured A and V values for Equation (4).

We also measured the amplification of light absorption by
coating carbon black particles at DBC = 154 nm with oleic
acid, followed by collection on filters of the COSMOS and
PSAP. Very unexpectedly, the measured Cabs(λ) showed little
increase at a Dp/DBC ratio less than 1.5 and it even showed
decreases at Dp/DBC ratios of 2.0–2.5. The larger Dp/DBC ratio
may lead to shallower penetration of the coated BC particles
into filter fibers, compensating for amplification of light absorp-
tion by internally mixed BC. This explains the insensitivity of
light absorption by BC to the increase in Dp/DBC observed at
Gosan. These results clearly demonstrate that the difference be-
tween the heated and unheated absorption measurements can-
not be translated to absolute BC absorption (heated) and BC
absorption coated in a scattering layer (unheated). The present
results suggest the necessity of careful examinations of the filter-
based BC measurements made in the past and those currently
underway.
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