JOURNAL OF GEOPHYSICAL RESEARCH: ATMOSPHERES, VOL. 119, 1–15, doi:10.1002/2013JD020163, 2014

Case study of absorption aerosol optical depth closure of black
carbon over the East China Sea
M. Koike,1 N. Moteki,1 P. Khatri,2 T. Takamura,2 N. Takegawa,3 Y. Kondo,1 H. Hashioka,1
H. Matsui,1,4 A. Shimizu,5 and N. Sugimoto 5
Received 9 May 2013; revised 4 December 2013; accepted 5 December 2013.

[1] Absorption aerosol optical depth (AAOD) measurements made by sun-sky photometers

are currently the only constraint available for estimates of the global radiative forcing of
black carbon (BC), but their validation studies are limited. In this paper, we report the ﬁrst
attempt to compare AAODs derived from single-particle soot photometer (SP2) and
ground-based sun-sky photometer (sky radiometer, SKYNET) measurements. During the
Aerosol Radiative Forcing in East Asia (A-FORCE) experiments, BC size distribution and
mixing state vertical proﬁles were measured using an SP2 on board a research aircraft near the
Fukue Observatory (32.8°N, 128.7°E) over the East China Sea in spring 2009 and late winter
2013. The aerosol extinction coefﬁcients (bext) and single scattering albedo (SSA) at 500 nm
were calculated based on aerosol size distribution and detailed BC mixing state information.
The calculated aerosol optical depth (AOD) agreed well with the sky radiometer measurements
(2 ± 6%) when dust loadings were low (lidar-derived nonspherical particle contribution to AOD
less than 20%). However, under these low-dust conditions, the AAODs obtained from sky
radiometer measurements were only half of the in situ estimates. When dust loadings were high,
the sky radiometer measurements showed systematically higher AAODs even when all coarse
particles were assumed to be dust for in situ measurements. These results indicate that there are
considerable uncertainties in AAOD measurements. Uncertainties in the BC refractive index,
optical calculations from in situ data, and sky radiometer retrieval analyses are discussed.
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1.

[e.g., Dinar et al., 2008; Sokolik and Toon, 1999; Aoki et al.,
2005]. Currently, the only way to measure AAOD routinely
and globally is ground-based radiation measurements, such as
sun-sky photometer measurements performed by Aerosol
Robotic Network (AERONET) [Dubovik et al., 2002] and
Sky Radiometer Network (SKYNET) [Nakajima et al., 2007].
In fact, these data are the only constraint available for estimates
of the global radiative forcing of BC or carbonaceous
(BC + OA) aerosols [Bond et al., 2013; Chung et al., 2012].
[3] With regard to sun-sky (or sun) photometer AOD measurements, validation studies have been made by conducting
closure experiments with in situ aircraft aerosol extinction measurements [e.g., Redemann et al., 2003; Shinozuka et al., 2007;
Esteve et al., 2012]. Generally, good agreement between the
two measurements (approximately 10–50%) has been obtained.
However, for AAOD or SSA measurements, only a very limited
number of closure experiments have been conducted despite
their great importance. During an aerosol intensive observation
period of the Department of Energy’s Atmospheric Radiation
Measurement (ARM) in Oklahoma in May 2003, column SSAs
derived from Cimel sun-sky photometer measurements
(part of AERONET) were compared with in situ aircraft
measurements [Ricchiazzi et al., 2006]. On board the aircraft,
aerosol absorption and scattering coefﬁcients were measured
using a particle soot absorption photometer (PSAP) and TSI

Introduction

[2] Absorption aerosol optical depth (AAOD) is a key
parameter to evaluate aerosol radiative forcing and atmospheric
heating. AAOD is a measure of the column aerosol light absorption and is expressed as (1  SSA) AOD, where SSA and AOD
are the column single scattering albedo and aerosol optical
depth, respectively. Black carbon (BC) is considered the
dominant light absorber and is emitted into the atmosphere by
incomplete anthropogenic combustion and biomass burning
[Bond et al., 2013]. Organic aerosols (OAs) and dust particles
also absorb solar radiation, especially in the ultraviolet region
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[5] Another potential method for comparing sun-sky photometer AAOD measurements with in situ measurements is
to calculate the optical properties of local aerosols from the
aerosol size distribution, composition, and mixing state.
Recently, detailed BC mass size distribution and mixing state
information has been derived using the single-particle soot
photometer (SP2) [e.g., Moteki and Kondo, 2007]. This is
the only instrument that can provide the size and mixing
state of individual BC particles, although some statistical
information can also be obtained from the volatility tandem
differential mobility analyzer (VTDMA) [e.g., Cheng et al.,
2009]. There are uncertainties in calculating aerosol optical
properties from aerosol size and mixing state information,
but these estimates are still useful when the uncertainties in
in situ aerosol absorption measurements are considered.
[6] One of the difﬁculties in estimating the BC contribution to AAOD at visible wavelengths is that uncertainties
arise from dust. Previous studies in East Asia and other
regions have reported that SSAs are typically lower (more
absorbing) when the atmospheric dust particle loading was
higher [e.g., Kim et al., 2005]. Generally, when BC-rich air
is transported from the Asian continent to the Paciﬁc in
winter and spring, dust particles, whose source regions are
located upstream from the BC sources, are potentially mixed.
[7] During the Aerosol Radiative Forcing in East Asia
(A-FORCE) experiments conducted in spring 2009 [Oshima
et al., 2012] and late winter 2013 (denoted as the 2009 and
2013W experiments, respectively), vertical proﬁles of BC size
distributions and mixing states were measured by an SP2
[Moteki et al., 2012] with other aerosol parameters on board a
research aircraft near the Fukue Observatory (32.8°N, 128.7°
E) in the East China Sea. Using this data set, we calculate optical
properties of local aerosols using the core-shell Mie scattering
method by taking aerosol water uptake effects into account.
The calculated AOD and AAOD are compared with groundbased measurements made with a sun-sky photometer, called
as sky radiometer (Prede Co., Ltd., Tokyo, Japan), at the
Fukue Observatory (part of SKYNET), to evaluate the AOD
and AAOD closure. To our knowledge, an AAOD or column
SSA closure study using SP2 measurements has not previously
been reported, although only SP2 measurements can provide
detailed BC mixing state information.

BC Emissions ( g m-2 s-1)
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Figure 1. Five day kinematic back trajectories of air parcels
sampled from aircraft (Table 1a) during seven spiral measurements (red dots). The 30 March, 5 April, and 23 April measurements were made in 2009, while the 24 and 28 February and 7
and 8 March measurements were made in 2013 (Table 1b).
Each trajectory was calculated from 950 hPa, near the lowest
measurement altitude. The location of Fukue Observatory is
also shown (blue diamond). Trajectory colors indicate the
atmospheric pressure along the trajectories. A BC emission
inventory [Streets et al., 2003] is shown using a gray scale.
integrating nephelometers, respectively, and column SSA was
calculated using the following equation:

SSAcolumn ¼ 1 

AAOD ∫SSAðzÞ:bext ðzÞdz
¼
AOD
∫bext ðzÞdz

(1)

where bext is the aerosol extinction coefﬁcient. As a result,
the column SSAs agree to within approximately 0.05; the
sun photometer measurements were lower by 0–5% and
higher by 2–15% at 676 and 440 nm, respectively. In terms
of SSA, the agreement is good, however; AAOD errors were
in fact approximately 100% because the average SSA was
approximately 0.95. A portion of the difference could be
due to errors in in situ aerosol absorption measurements
made with the PSAP, because these ﬁlter-based instruments
are known to have uncertainties due to scattering of aerosols
and complicated radiative transfer within ﬁlters [e.g., Bond
et al., 1999; Arnott et al., 2005; Moteki et al., 2010a;
Kondo et al., 2009]. Furthermore, PSAP is particularly
unreliable for proﬁles because of its poor time resolution.
[4] Much better AAOD agreement with a mean difference
of 19% at 500 nm was obtained between absorption photometer
measurements (Magee Scientiﬁc, AE-31 aethalometer) on
board aircraft and AERONET sun-sky photometer measurements at the Maldives [Corrigan et al., 2008]. However,
aethalometer and other ﬁlter-based measurements are
generally known to have the uncertainties described above,
and more validation studies are required. Although instruments for measuring aerosol absorption with greater accuracy have been developed in recent years, such as the
photoacoustic spectrometer (PAS) [Arnott et al., 2006]
and photothermal interferometry (PTI) [Sedlacek and Lee,
2007], the accurate measurement of aerosol absorption on
board aircraft remains a challenge.

2. Measurements and Aerosol Optical
Property Calculations
2.1. Aircraft Aerosol Measurements
[8] During the A-FORCE-2009 and -2013W experiments,
aerosol vertical proﬁles were measured 3 and 4 times, respectively, near the Fukue Observatory (Figure 1 and Tables 1a
and 1b). The mass of refractory BC (rBC, denoted as BC in
this paper) with a mass-equivalent diameter (DBC) between
75 and 850 nm and the thickness of coatings on BC were
measured for individual BC-containing particles using an
SP2 on board the aircraft [Moteki et al., 2012]. The dominant
uncertainty in measured BC mass concentrations lies in the
sensitivity calibration to ambient BC particles, and it was
estimated to be around 15% [Moteki and Kondo, 2010;
Kondo et al., 2011]. We assumed the void-free material
density of BC to be 2 g cm3 to convert BC mass to diameter
DBC. The thickness of the coating on BC (BC mixing state)
was estimated from the scattering signal using a concentric
2
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Table 1a. List of In Situ Measurements for A-FORCE-2009
Date (JST)

Time (JST)

Latitudea

Longitudea

Distance (km)

Lowest Altitude (km)

30 March
5 April
23 April

14:17
14:30
15:46

32.78
32.78
33.01

128.66
128.65
128.05

3.7
4.3
65.7

0.36
0.33
0.52

a

The spiral descent diameter was typical 10 km; the pivot position is presented here.

sulfate, i.e., (NH4)2SO4, and water, as for our previous study
[Koike et al., 2012]. We used κ values for BC and (NH4)2SO4
of 0.001 and 0.61, respectively (Table 2).
[12] The aerosol size distributions for ambient RH conditions with wet diameters greater than 600 nm were measured
by a CAS (cloud and aerosol spectrometer) instrument with
the laser scattering signal detection method [Koike et al.,
2012]. CAS data were used for the size range greater than
SP2 measurements, and aerosols in this size range were denoted
as coarse particles in this study. Under dry ambient conditions
(RH < 30%), the SP2 and CAS measurements agree to within
20% for overlapping size ranges during the A-FORCE-2009
experiment. Because dust particles are important contributor
for AAOD in East Asia, two different and simple assumptions
for coarse particles were made. The ﬁrst assumption was that
all coarse particles were pure sea salt, i.e., NaCl. The aerosol
water fraction was calculated using κ-Kohler theory and assuming a κ value of 1.12 for NaCl. The second assumption was that
all coarse particles were pure dust with a κ value of 0.001. We
denoted these two calculations as those with the “NaCl” and
“dust” assumptions. In the dust assumption, both BC and dust
were assumed to absorb light, while in the NaCl assumption,
BC was the only absorber.

coated-sphere model and assuming a refractive index of 1.52
at 1064 nm SP2 laser wavelength [Moteki and Kondo, 2007].
Dry aerosol size distributions (total particle size including
BC and other aerosol compounds) for diameters (D) between
190 and 850 nm were also measured by the SP2 using the
scattering signal for all aerosol particles (both BC-containing
and BC-free particles) by assuming that they are spherical.
All optical calculations were performed using the total aerosol
size distributions and detailed BC mixing state information as
described in the next section.
[9] During A-FORCE-2009, total aerosol number concentrations (NCN) with dry diameters between 10 and 1000 nm
and Aitken-mode aerosol concentrations with dry diameters
between 10 and 130 nm were simultaneously measured using
two condensation particle counters (TSI model 3771 and
3772 CPCs) and a low-pressure impactor [Takegawa and
Sakurai, 2011; Takegawa et al., 2013]. Because the SP2
did not measure the complete aerosol size distribution, the
aerosol size distribution smaller than 190 nm was estimated
assuming a lognormal size distribution (single mode) using
both SP2 and CPC data as described in Koike et al. [2012].
The BC mixing states for these smaller particles and particles
with D = 190 nm were assumed to be identical. Namely, for
particles with D = 190 nm, particle number fractions within
individual DBC/D ranges and a fraction of BC-free particles
were calculated. These fractions were used for all particles
smaller than D = 190 nm. The average contribution from this
size range to the aerosol extinction (bext) and BC absorption
(babs by coated BC) at the 500 nm wavelength was 3 ± 2%
and 14 ± 5%, respectively.
[10] During A-FORCE-2013W, size distributions for aerosols
with dry diameters greater than 69 nm were measured using
ultrahigh-sensitivity aerosol spectrometer (UHSAS). UHSAS
data were used for the size range between 69 and 190 nm, while
a lognormal size distribution was assumed for particles smaller
than 69 nm. Similar to the A-FORCE-2009 experiment, the
BC mixing states in this size range and for particles with
D = 190 nm were assumed to be identical.
[11] In this study, we deﬁned ﬁne-mode aerosols as those
having dry diameters smaller than 850 nm. To calculate the
ﬁne-mode aerosol size distributions for ambient relative humidity (RH) conditions, κ-Kohler theory was used [Petters
and Kreidenweis, 2007]. We assumed that the BC coating
material and BC-free particles consisted of ammonium

2.2. Calculations of Aerosol Optical Properties
[13] Aerosol optical properties were not measured on
board the aircraft. Local aerosol optical properties at the
500 nm wavelength were calculated using the Mie theory algorithm developed by Bohren and Huffman [1998] assuming that
all particles were spherical. For BC-containing particles, a BC
concentric coated-sphere model was adopted (as for SP2
measurements), and the core-shell treatment code (BHCOAT)
was used for optical calculations. The core-shell assumption
was appropriate for the ﬁrst approximation because during the
A-FORCE-2013W experiment, ﬁlter sampling on board the
aircraft followed by electron tomography [Adachi et al., 2010]
indicated that most BC particles were coated (surrounded) with
other aerosol compounds instead of being attached to BC-free
particles or lacking a coating (K. Adachi, personal communication, 2013). The refractive index of the coating material
(ammonium sulfate and water) was calculated using the volume
average mixing rule. For BC-free particles, the well-mixed
particles code (BHMIE) was applied. The core-shell and wellmixed particle treatments were used throughout this study

Table 1b. List of In Situ Measurements for A-FORCE-2013W
Date (JST)

Time (JST)

Latitudea

Longitudea

Distance (km)

Lowest Altitude (km)

24 February
28 February
7 March
8 March

11:31
15:01
14:29
13:17

32.76
32.76
32.76
32.77

128.69
128.69
128.69
128.68

1.2
1.2
1.2
2.0

0.19
0.18
0.33
0.21

a

The spiral descent diameter was typical 10 km; the pivot position is presented here.
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Table 2. Refractive Indices and Hygroscopicity Assumed for Optical Calculations
Compounds

Refractive Index
at 500 nm

References for the
Refractive Index

Hygroscopicity, κ [Petters and Kreidenweis, 2007;
Zaveri et al., 2010]

BC base calculation
1.95 + 0.79i
Bond and Bergstrom [2006]
BC middle-level absorption
1.85 + 0.71i
Bond and Bergstrom [2006]
BC low-level absorption (OPAC)
1.74 + 0.44i
Hess et al. [1998]
BC high-level absorption
2.26 + 1.26i
Moteki et al. [2010a]
1.53 + 0i
Toon et al. [1976]
(NH4)2SO4
NaCl
1.55 + 0i
Toon et al. [1976]
1.335 + 0i
Hale and Querry [1973]
H2O
Organic compounds (other than
1.45 + 0i
Kanakidou et al. [2005]
HULIS)
Organic compounds (HULIS)
1.59 + 0.039i Dinar et al. [2008] and Kirchstetter et al. [2004]
Dust
1.51 + 0.0041i
Aoki et al. [2005]

0.001
0.001
0.001
0.001
0.61
1.12
—
0.12
0.12
0.001

except for sensitivity calculations (Maxwell-Garnett mixing
treatment), which are presented in section 4. For the BC refractive index, the recommendation of Bond and Bergstrom [2006],
i.e., 1.95 + 0.79i, was used. Sensitivity calculations were also
made using other values (section 4). The refractive indexes for
other species are provided in Table 2.
[14] Local aerosol optical properties, namely bext, babs,
SSA, and the asymmetry factor g, were calculated for the entire aerosol size distribution (ﬁne and coarse particles). AOD
and AAOD were calculated by vertically integrating bext and
babs, respectively. Column SSA was calculated using equation 1. Because aircraft measurements were made at altitudes
above 0.2–0.5 km (Tables 1a and 1b), the contribution from
altitudes below the aircraft measurements were estimated
by extrapolating the optical quantities at the lowest altitudes
(ﬁve data averages, constant values) to the ground. This
assumption (constant value) is reasonable because BC mass
concentrations measured at the ground surface at the Fukue
Observatory using a ﬁlter-based absorption photometer, the
continuous soot monitoring system (COSMOS) [Kanaya
et al., 2013], agree with the airborne SP2 data at the lowest
altitudes within 24 ± 46% during the two A-FORCE experiments. The contributions to AOD and AAOD from the
altitudes below the aircraft measurements were 14 ± 10%
and 13 ± 8%, respectively (“dust” case). Uncertainties in the
AAOD calculations are discussed in section 4.

observed at other sites and has been attributed to errors in
the surface albedo, sky radiometer solid view angle, and/or
cirrus contamination [Hashimoto et al., 2012]. An error in
the surface albedo of 50% (0.1) can result in an SSA error
of +3.7% at 500 nm.
[17] Hashimoto et al. [2012] proposed three data selection
criteria for sky radiometer SSA measurements to remove
low-quality or cloud-contaminated data. These criteria were
adopted in this study except for the AOD (500 nm) criterion;
Hashimoto et al. [2012] discarded data with AODs lower
than 0.4 following the AERONET Level 2.0 quality control
algorithm [Dubovik et al., 2000]. These data were cautiously
used in this study, because only four of the seven cases could
be used otherwise. It should be pointed that AODs lower than
0.4 are found for a large fraction of data at this site, indicating
that these data were typical.
[18] During both A-FORCE experiments, aerosol optical
properties were derived every 10 min using the sky radiometer
at the Fukue Observatory. Because the aircraft vertical sounding
over the Fukue Observatory typically required 30 min and
ﬂuctuations in individual sky radiometer data existed, 2 h
averages were used for the sky radiometer measurements. The
surface albedo used in the retrieval analyses was 0.048–0.057,
which was estimated using Moderate Resolution Imaging
Spectroradiometer (MODIS) data (3 × 3 km2 average) obtained
at the nearest date.

2.3. Ground-Based Sky Radiometer Measurements
[15] The sky radiometer is a scanning sun-sky photometer,
and the measurements at the Fukue Observatory have been
made as part of a ground-based measurement network over
Asia called SKYNET [Nakajima et al., 2007]. Direct irradiance
and sky radiances at predeﬁned scattering angles are measured
with the sky radiometers, which are analyzed to derive aerosol
column optical properties, such as the AOD, AAOD, SSA,
and asymmetry factor g, using an algorithm developed for sky
radiometer data retrievals, i.e., SKYRAD.pack version 4.2
[Nakajima et al., 1996; Hashimoto et al., 2012]. Note that
SSA is assumed vertically uniform in this retrieval analysis, although in situ measurements indicate that SSA typically
varies ± 0.02. The AAOD was estimated from the column
SSA using equation 1.
[16] It has been reported that SKYNET AODs generally
agree with the AERONET values, while SSAs are typically
3 to 8% higher (less absorbing) than the AERONET values
at the Beijing site [Che et al., 2008]. The SSA positive bias
compared with the AERONET measurements has also been

2.4. Ground-Based Lidar Measurements
[19] The lidar measurements at the Fukue Observatory
were part of the lidar network over Asia, which is maintained
by the National Institute for Environmental Studies (NIES)
in Japan [Shimizu et al., 2004; Katagiri et al., 2010]. The
extinction coefﬁcient, bext, has been retrieved from the backscattering coefﬁcient at 532 nm. The depolarization ratio has
also been obtained so that contributions from spherical
(mostly from ﬁne particles and sea salt under humid conditions)
and nonspherical (mostly dust) particles can be estimated.
The contribution of nonspherical particles to the total AOD
(spherical + nonspherical) was between 8 and 90% for the
cases examined in this study.
[20] Lidar data recorded every 15 min over a 30 min period
(i.e., 3 data points) were averaged and used in this study. The
Fukue Observatory is located 80 m above sea level, and bext data
are obtained in every 30 m layer at altitudes above 200 m. To
calculate the AOD, bext between 200 and 350 m (average of 5
points) was extrapolated to the ground. The contributions from
4
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Figure 2. Comparison of aerosol extinction (bext) derived from aircraft and lidar measurements at 532 nm
for the A-FORCE-2009 experiment. Aircraft values were calculated from in situ measurements of the aerosol size distribution and BC mixing state assuming all coarse particles were dust. In general, the ﬁne and
coarse particle bext values agree with spherical and nonspherical particle bext values, respectively,
suggesting that most coarse particles were dust.
at 500 nm are exclusively shown for in situ measurements
throughout the rest of this paper. Results for the dust assumption
are shown in Figures 2 and 3; the results for the NaCl
assumption exhibit only small changes (AOD changes are less
than 1%). In general, a good agreement is found between
ﬁne (in situ) and spherical particles (lidar) and between coarse
(in situ) and nonspherical particles (lidar). This result suggests
that ﬁne particles are primarily spherical (solution droplets
which may contain BC), whereas a considerable fraction of
the coarse particles are dust. A portion of the coarse particles
observed at altitudes below 1 km on 30 March and 23 April
(Figure 2) may be spherical because the contributions
from coarse particles are systematically greater than from
nonspherical particles, while contributions from ﬁne particles
are systematically lower than from spherical particles. In fact,
the total extinction (ﬁne + coarse and spherical + nonspherical)
agrees better than the individual contributions (not shown).
Moreover, a portion of ﬁne particles at altitudes below 2 km
on 7 March (Figure 3) may be nonspherical. Although the
correspondences between ﬁne and spherical particles and
between coarse and nonspherical particles are not perfect, it is
reasonable to assume as a ﬁrst approximation that most coarse
particles observed on these days are dust.

total (spherical + nonspherical) particles in this altitude range to
the AOD were 13 ± 4%.

3. Intercomparison Between Aircraft and
Ground-Based Observations
3.1. Vertical Proﬁle
[21] Figure 1 shows 5 day kinematic backward trajectories
of air parcels sampled from the aircraft at pressure altitudes near
950 hPa during the vertical sounding. Trajectories for both the
2009 and 2013W cases are shown. The trajectories were calculated using the National Centers for Environmental Prediction
(NCEP) ﬁnal (FNL) operational global analysis data and an
algorithm developed by Tomikawa and Sato [2005]. BC emissions [Streets et al., 2003] are also shown in Figure 1. Air parcels
within the boundary layer were generally transported from over
the Korean Peninsula and northeastern China where large cities
with high BC emissions, such as Beijing, are located.
[22] Figures 2 (2009 data) and 3 (2013W data) compare aerosol extinction (bext) vertical proﬁles derived from in situ (ﬁne
and coarse particles) and lidar (spherical and nonspherical particles) measurements. In these ﬁgures, bext values at 532 nm are
shown for in situ measurements as an exception. The bext values
5
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Figure 3. Same as Figure 2 except for the A-FORCE-2013W experiment.
[25] We introduce two measures to classify the data. The
ﬁrst measure is the AOD. The AODs are used to divide the
data into two groups, one with relatively high aerosol loading
(AOD > 0.5, 5 April 2009 and 7 and 8 March 2013) and the
other with relatively low aerosol loading (AOD < 0.2).
According to the data selection criteria of both AERONET
[Dubovik et al., 2000] and SKYNET [Hashimoto et al.,
2012], SSA retrievals are reliable only for AODs greater than
0.4. However, we used data with AODs < 0.4 with caution as
described above. The second measure for data classiﬁcation
is the dust fraction, which was evaluated as the lidar-derived
nonspherical particle contribution to the total AOD.
Speciﬁcally, when this fraction was less than 20% and
greater than 40%, data were classiﬁed as “low-dust” and
“high-dust” cases, respectively. As a result, all 2009
and 2013W data are classiﬁed into the low-dust and highdust cases, respectively. The results of these two classiﬁcations are listed in Tables 3a and 3b. Considering the
AERONET and SKYNET criteria for reliable SSA retrieval,
i.e., AOD > 0.4 (“high-AOD”), 5 April is the only low-dust
case. Therefore, this case is examined in detail in the next
section. For the high-dust condition, 7 and 8 March satisfy
the high-AOD criterion. These data are also examined later.
[26] The AODs calculated from in situ measurements
(Figure 4, red circles) agree with the sky radiometer measurements to within 12 ± 18% (RMS difference of 19%) for the
high-AOD cases. When low-dust cases are selected

[23] Relatively large discrepancies are found for the
8 March case (Figure 3). When the lidar data obtained at
15 min intervals were examined, a large temporal variation
was found, suggesting large spatial variability in aerosols
(not shown). Nevertheless, agreements in the seven cases
suggest that both lidar measurements and aerosol extinction
calculations from in situ aerosol measurements are reasonably accurate. The agreements also ensure that these aircraft
and ground-based measurements were made in air with
similar aerosol characteristics, conﬁrming that the comparison between aircraft and ground-based sky radiometer
measurements is reasonable.
3.2. Column Amount
[24] Figure 4 shows AOD comparisons between sky
radiometer measurements and in situ or lidar measurements
(at 500 nm except for lidar measurements, which are
provided at 532 nm). These results are also tabulated in
Tables 3a and 3b. Error bars for the in situ measurements
are uncertainties (random errors) in the contribution from
the altitudes below the aircraft measurements (100% error
is assumed). When other more or less systematic uncertainty
sources are considered, the uncertainties become greater
(especially for the AAOD as described in section 4). For
sky radiometer and lidar measurements, one standard deviation is shown as random errors.
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Figure 4. Comparison of AOD between (a) aircraft (in situ) and sky radiometer measurements and (b) lidar and sky radiometer measurements. The AODs at the 500 nm wavelength are shown for in situ and sky
radiometer measurements, while values at 532 nm are shown for the lidar measurements. In situ values
were calculated assuming all coarse particles were dust, although only a small change resulted when the
NaCl (+ water) assumption was adopted (less than 1%). In situ data uncertainties (error bars) were estimated from the contribution from altitudes below the aircraft soundings. The lidar and sky radiometer uncertainties were the standard deviations within each averaging period. The agreement between in situ and
sky radiometer measurements is generally good for the low-dust cases (30 March, 5 April, and 23 April).
(including “low-AOD” cases), the agreement is within
2 ± 8% (RMS difference of 8%). These results suggest high
accuracies of both sky radiometer measurements and aerosol
optical calculations from the in situ measurements, especially
in low-dust conditions (Tables 3a and 3b). The average difference increases (39 ± 52%) when low-AOD and high-dust data
(such as 24 and 28 February) are included. The AODs estimated
from lidar measurements (spherical + nonspherical) agree with
the in situ measurements to within 9 ± 12% (RMS difference
of 13%) and 17 ± 36% for high-AOD data and all
data, respectively.
[27] Figures 5a and 5b show a comparison of the AAODs.
They show a clear contrast between the low-dust (Figure 5a)
and high-dust cases (Figure 5b). In the low-dust cases (30
March and 5 and 23 April), the AAODs are approximately
3 to 5 times greater than the sky radiometer measurements
when the dust assumption is utilized to calculate the
AAODs from in situ data (red circles). Even when the NaCl
assumption (BC is the only absorber) is utilized for these
cases, the AAODs remain 2 to 3 times greater (blue circles).
On the other hand, the in situ AAODs are systematically
lower even when the dust assumption is utilized for the
high-dust cases (24 and 28 February and 7 and 8 March).
This tendency is conﬁrmed by Figure 6, which presents a
scatter plot between AAOD (in situ)/AAOD (sky radiometer)
ratios and AOD (lidar, nonspherical)/AOD (lidar, spherical +
nonspherical) ratios. The cases in which the in situ AAODs
are greater than the sky radiometer measurements correspond
to the low-dust conditions (nonspherical AOD contributions
are 10–20%), while the lower in situ AAODs correspond to
high-dust loading conditions (80–90% except for the 7
March case). The SSAs are consistent with these AAODs
(Figures 5c and 5d). In the following two sections, the lowand high-dust cases are examined in more detail.
[28] Before providing a detailed discussion on AAODs, we
show in Figure 7 that the asymmetry factors (g) from sky radiometer measurements and estimates from in situ aerosol

measurements agree well, i.e., within 3% on average. This result suggests that the aerosol size distribution estimated from
sky radiometer measurements is reasonably accurate, in
terms of the asymmetry factor for these particular cases.
3.3. Low-Dust Case: 5 April
[29] The 5 April case is further examined, because it is the
only case in which both the high-AOD (AOD > 0.4) and
low-dust (contribution from dust light absorption is expected
to be small) requirements were satisﬁed. The AAOD retrieved
from the sky radiometer measurements is a factor of 2 smaller
(50% smaller) than in situ measurement estimates even when
the NaCl assumption is adopted. In accordance with this result,
the SSA (Figure 5c, blue circle) is systematically higher for sky
radiometer measurements by approximately 0.019 (2.0%).
Although the AODs are lower than 0.4, both the 30 March
and 23 April cases exhibit similar results; all three low-dust
cases indicate that sky radiometer-derived AAODs are systematically lower than the in situ estimates by 50–65% (NaCl
assumption). Possible uncertainties for the estimates from in situ
data are described in section 4.
[30] When the column average BC mass absorption cross
section (MAC) was calculated using sky radiometer-derived
AAOD and column BC mass (MBC) obtained from in situ
measurements (MAC = AAOD/MBC), 3.11 ± 0.19 m2 g1
was obtained for 5 April. In this calculation, the column
BC mass was estimated by vertically integrating the BC mass
concentration obtained from in situ measurements and
adding the mass concentrations at altitudes below the aircraft
measurements (20% of MBC), which is analogous to the
process used for AAOD calculations (see section 2.2).
MAC values measured for freshly generated BC were
reported to be 7.5 ± 1.2 m2 g1 at 550 nm wavelength, and
they tend to increase when BC particles are coated by other
aerosol compounds [Bond and Bergstrom, 2006; Bond
et al., 2013]. The MAC estimated from the sky radiometer
is systematically lower, suggesting an underestimation in
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a

sky radiometer
diff (skyrad  in situ) (%)

in situ

sky radiometer
diff (skyrad  in situ) (%)

in situ

sky radiometer
diff (skyrad  in situ) (%)

in situ

diff (skyrad  in situ) (%)

lidar (spherical + non-s)
sky radiometer
diff (lidar  in situ) (%)

in situ

dust
NaCl
—
dust
NaCl

dust
NaCl
—
dust
NaCl

dust
NaCl
—
dust
NaCl

dust
NaCl
—
—
dust
NaCl
dust
NaCl

0.666
0.664
0.656 ± 0.012
1.42
1.23

0.921 ± 0.020
0.955 ± 0.010
0.982 ± 0.008
6.63
2.82

0.0128 ± 0.0023
0.0074 ± 0.0011
0.0032 ± 0.0014
75.0
56.4

0.162 ± 0.028
0.163 ± 0.029
0.136 ± 0.023
0.174 ± 0.010
15.8
16.6
7.70
6.77

30 March
(Low-AOD, Low-Dust)

0.714
0.714
0.708 ± 0.012
0.88
0.76

0.948 ± 0.015
0.961 ± 0.012
0.980 ± 0.013
3.30
1.96

0.0291 ± 0.0052
0.0222 ± 0.0044
0.0111 ± 0.0071
62.0
50.2

0.563 ± 0.124
0.566 ± 0.125
0.530 ± 0.078
0.524 ± 0.036
5.97
6.41
6.92
7.37

5 April
(High-AOD, Low-Dust)

0.675
0.666
0.669 ± 0.006
1.00
0.40

0.926 ± 0.031
0.961 ± 0.017
0.987 ± 0.009
6.57
2.70

0.0141 ± 0.0038
0.0074 ± 0.0022
0.0025 ± 0.0017
81.9
65.9

0.191 ± 0.060
0.192 ± 0.061
0.287 ± 0.053
0.201 ± 0.010
50.4
49.5
5.26
4.66

23 April
(Low-AOD, Low-Dust)

0.685 ± 0.021
0.681 ± 0.023
0.678 ± 0.022
1.10 ± 0.23
0.53 ± 0.68

0.932 ± 0.012
0.959 ± 0.003
0.983 ± 0.003
5.50 ± 1.56
2.49 ± 0.38

0.0187 ± 0.0074
0.0123 ± 0.0070
0.0056 ± 0.0039
73.0 ± 8.27
57.5 ± 6.46

0.305 ± 0.183
0.307 ± 0.184
0.318 ± 0.162
0.300 ± 0.159
9.52 ± 29.2
8.84 ± 29.0
2.01 ± 6.40
1.35 ± 6.23

Average ± SD

1.11
0.86

5.50
2.52

72.6
60.2

19.9
19.8
7.98
8.28

RMS diff.

Uncertainties in in situ data were estimated from the contribution from altitudes below the aircraft soundings. Uncertainties in lidar and sky radiometer measurements are the standard deviation of the data within each
averaging period. “non-s” stands for nonspherical; “diff” stands for difference; and “skyrad” stands for sky radiometer.

g

SSA

AAOD

AOD

Assumed Coarse Particles for
In Situ Measurements

Table 3a. Intercomparison Summary for A-FORCE-2009 (Low-Dust Cases)a
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sky radiometer
diff (skyrad  in situ) (%)

in situ

sky radiometer
diff (skyrad  in situ) (%)

in situ

sky radiometer
diff (skyrad  in situ) (%)

in situ

diff (skyrad  in situ) (%)

lidar (spherical + non-s)
sky radiometer
diff (lidar  in situ) (%)

in situ

dust
NaCl
—
dust
NaCl

dust
NaCl
—
dust
NaCl

dust
NaCl
—
dust
NaCl

dust
NaCl
—
—
dust
NaCl
dust
NaCl

0.612
0.609
0.653 ± 0.008
6.71
7.23

0.879 ± 0.011
0.916 ± 0.007
0.963 ± 0.019
9.49
5.16

0.0055 ± 0.0004
0.0039 ± 0.0002
0.0039 ± 0.0022
28.6
1.35

0.046 ± 0.003
0.046 ± 0.003
0.074 ± 0.007
0.105 ± 0.016
60.9
60.0
130
128

24 February
(Low-AOD, High-Dust)

0.691
0.671
0.688 ± 0.008
0.35
2.54

0.873 ± 0.006
0.959 ± 0.003
0.907 ± 0.020
3.90
5.42

0.0123 ± 0.0005
0.0040 ± 0.0003
0.0175 ± 0.0034
41.5
336

0.097 ± 0.003
0.097 ± 0.003
0.149 ± 0.019
0.189 ± 0.010
53.6
53.3
94.2
93.8

28 February
(Low-AOD, High-Dust)

0.717
0.714
0.712 ± 0.010
0.71
0.32

0.926 ± 0.012
0.950 ± 0.008
0.901 ± 0.012
2.66
5.15

0.0391 ± 0.0042
0.0265 ± 0.0028
0.0599 ± 0.0080
53.2
126

0.527 ± 0.066
0.530 ± 0.067
0.407 ± 0.041
0.606 ± 0.026
22.6
23.1
15.0
14.3

7 March
(High-AOD, High-Dust)

0.712
0.699
0.702 ± 0.012
1.43
0.37

0.894 ± 0.011
0.955 ± 0.005
0.863 ± 0.019
3.41
9.57

0.0625 ± 0.0044
0.0268 ± 0.0023
0.1033 ± 0.0208
65.5
286

0.588 ± 0.046
0.591 ± 0.046
0.592 ± 0.061
0.751 ± 0.091
0.79
0.29
27.8
27.2

8 March
(High-AOD, High-Dust)

0.683 ± 0.042
0.673 ± 0.040
0.689 ± 0.022
1.05 ± 3.29
2.45 ± 2.95

0.893 ± 0.020
0.945 ± 0.017
0.909 ± 0.036
1.83 ± 5.26
3.75 ± 5.43

0.0299 ± 0.0226
0.0153 ± 0.0114
0.0462 ± 0.0389
32.9 ± 36.5
187 ± 132

0.314 ± 0.245
0.316 ± 0.246
0.306 ± 0.207
0.413 ± 0.272
23.2 ± 35.2
22.6 ± 35.0
66.7 ± 47.2
65.9 ± 47.0

Average ± SD

3.12
3.51

5.50
6.62

77.3
277

21.2
21.5
33.7
32.9

RMS diff.

a
Uncertainties in in situ data were estimated from the contribution from altitudes below the aircraft soundings. Uncertainties in lidar and sky radiometer measurements are the standard deviation of the data within each
averaging period. “non-s” stands for nonspherical; “diff” stands for difference; and “skyrad” stands for sky radiometer.
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Table 3b. Intercomparison Summary for A-FORCE-2013W (High-Dust Cases)a
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Figure 5. Comparison of AAOD and SSA between aircraft (in situ) and sky radiometer measurements.
Red and blue circles denote results obtained assuming all coarse particles (in situ measurements) are dust
and NaCl (+ water), respectively. Black circles denote values estimated from sky radiometer measurements
assuming a 50% higher surface albedo indicating the uncertainty in the sky radiometer retrievals (values are
shown only for 5 April case). Uncertainties (error bars) are the same as in Figure 4. When compared with
the in situ measurement-derived AAODs, the sky radiometer-derived AAODs are systematically lower and
higher in low-dust and high-dust cases, respectively. In accordance with this result, sky radiometer-derived
SSAs are, in general, systematically higher and lower in low-dust and high-dust cases, respectively.
assumption made in Hashimoto et al. [2012], AAODs and
SSAs were estimated using a 50% higher surface albedo
(0.072 instead of 0.048; Figures 5a and 5c, black circles).
The Fukue Observatory is located near the center of a peninsula (4.5 × 4.5 km2) on the Fukue Island (18 × 18 km2).
Therefore, we speculated that the ground reﬂectance near
the observatory could potentially affect the sky radiometer
measurements. Figure 5a shows that the AAOD increases
by 71%, resulting in a better agreement with in situ measurements for both AAOD and SSA. The increase in AAOD is
required in the retrieval analysis to compensate the increase
in the diffuse solar radiation resulted from the higher surface
albedo assumption. This result indicates that an accurate surface
albedo estimate is an important step to accurately determine
AAODs and SSAs from ground-based radiation measurements.

sky radiometer-derived AAOD. If dust particles contributed
to light absorption, the MAC becomes even smaller.
Although the MAC can also be calculated using in situ
AAOD data, a good agreement (7.44 ± 0.73 m2 g1) with
the previous measurements indicates that the Mie optical
calculations and the previous measurements agree well.
Because only one case was available with both high-AOD
and low-dust conditions and the MBC estimate from in situ
measurements contains uncertainties, we do not conclude
that AAODs derived from the sky radiometer have a negative
bias. However, systematically lower AAODs or higher SSAs
have been reported from sky radiometer measurements
compared with AERONET measurements [Che et al.,
2008; Hashimoto et al., 2012], where even larger differences
were found. Because the atmospheric heating rate is generally
proportional to the AAODs, more accurate measurements are
necessary to constrain model calculations.
[31] One possible reason for the negative bias in the sky
radiometer AAOD measurements is the error in the surface
albedo used for the retrieval analyses. By adopting the

3.4. High-Dust Case: 7 and 8 March
[32] The 7 and 8 March cases are classiﬁed as high AOD and
high dust. The AAODs for the in situ dust assumption are
systematically lower than the sky radiometer estimates. There
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AAOD(in situ)/AAOD(sky radiometer)

6

5

example (high AOD and low dust), and similar results were
obtained for the other cases. Figure 8 shows the relative change
in the AAODs relative to the base case calculation; the resulting
AAODs in the sensitivity calculations were divided by 0.0222,
i.e., the AAOD of base case calculation with the NaCl assumption. For reference, the AAODs derived from the sky radiometer
measurements (2 h average and standard deviation) divided by
0.0222 are shown with blue horizontal lines.
[35] Figure 8 (left) shows results calculated with different
BC mixing state assumptions and optical calculation
methods. A k value (imaginary part of the refractive index)
of 0.79 (used for the base case calculation) was used for these
sensitivity calculations. The ﬁrst sensitivity calculation was
performed assuming that a particle was homogeneous with
an effective refractive index estimated using the MaxwellGarnett mixing rule. This mixing rule can be used for many
insoluble particles (BC) suspended in solution ((NH4)
2SO4 + water). For the refractive index of a solution, the volume average mixing rule was used. The core-shell model
(adopted in this study) and the Maxwell-Garnett model are
two commonly used methods in advanced aerosol model
calculations [e.g., Lesins et al., 2002; Stier et al., 2007].
Adachi et al. [2010] showed that absorption cross sections estimated using the Maxwell-Garnet effective medium method
agreed better (within 10%) with those obtained with the detailed
optical calculations (discrete dipole approximation (DDA)) as
compared with other methods (including the core-shell model)
using 46 standard particles with different BC shapes and positions within the host particles. When the Maxwell-Garnett
model was used in this study, the AAOD agrees with the
core-shell model result within 9% (the Maxwell-Garnett model
result is larger). It is noted that the BC shape (morphology),
which is also an important factor for calculating the AAOD,
was not examined in this study. Further investigations are necessary for the aerosol optical calculation method to correctly account for the particle morphology.

in-situ dust
in-situ NaCl

4/23

4

3

2

4/5

3/30
2/24

1

2/28

3/7
0
0.0

0.2
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0.6

0.8

3/8
1.0

AOD(lidar, non-spherical)/AOD(lidar, total)

Figure 6. A scatter plot between AAOD (in situ)/AAOD
(sky radiometer) ratios and AOD (lidar, nonspherical)/AOD
(lidar, spherical + nonspherical) ratios. The latter represents
a dust fraction index. Red and blue squares denote results
from in situ measurements assuming all coarse particles are
dust and NaCl (+ water), respectively. The AAODs derived
from in situ measurements are systematically higher and
lower for low-dust and high-dust cases, respectively.
are several possible reasons for the underestimates in the in situ
values. First, because bext is lower for coarse particles (in situ
measurements) compared with nonspherical particles (lidar
measurements), the contribution from dust light absorption
could be underestimated. When the aerosol absorption
coefﬁcient (babs) is scaled with a same scaling factor to be used
for bext (coarse particles) to agree with the lidar values
(nonspherical particles), the AAOD underestimate of in situ
measurements decreases from 36–40% to 6–19%. Second,
although the refractive index of 1.51 ± 0.0041i at 500 nm
reported by Aoki et al. [2005] is used in this study, this value
has uncertainty. Finally, dust particles coated with BC may increase the light absorption efﬁciency [e.g., Kim et al., 2005].
These results suggest that the current estimate of light absorption by dust particles has uncertainties although it is essential
to separate the dust contribution from BC light absorption.

0.74

asymmetry factor ( in situ )

0.72

4. Uncertainties in the AAOD Estimate From
In Situ Data
4.1. Optical Calculation Method and Mixing State
[33] In this section, uncertainties in the AAOD estimates
from in situ BC data are examined (Table 4). First, a ±15% uncertainty was estimated for the BC mass concentrations from
SP2 measurements [Moteki and Kondo, 2010] (section 2.1).
Second, the contribution from the altitudes below the aircraft
measurement was estimated to be 20% of the AAOD for the
5 April case (section 2.2). An uncertainty in this contribution
was estimated to be ±20% of the total AAOD (100% error for
the low-level contribution). This second uncertainty is shown
as the error bars in Figure 5.
[34] To estimate uncertainties resulting from various assumptions used for aerosol optical calculations from in situ aerosol
measurements, sensitivity calculations were performed for
AAOD (Figure 8). Results for 5 April are shown here as an

in situ (NaCl)
in situ (dust)
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0.64
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0.72

0.74
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Figure 7. Comparison of the asymmetry factor g between
aircraft (in situ) and sky radiometer measurements. Red and
blue circles denote results from in situ measurements assuming all coarse particles are dust and NaCl (+ water), respectively. The uncertainties (error bars) are the same as in
Figure 4.
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assumption) were quite likely underestimated. The uncertainty
in AAOD estimates that arises from the BC mixing state uncertainty is estimated to be +9% (Maxwell-Garnett model) and
18% (half the difference with the bare BC particle assumption). A more extensive discussion on the lensing effect is
beyond the scope of this study. More ground-based experiments
are required to resolve this issue.
[37] For the third sensitivity calculation, the AAOD for dry
conditions was calculated. Although humidity increases the
AOD value by 39% on average (NaCl case), the AAOD
changes by only 3.1%. The increase in the BC coating thickness due to aerosol-phase water results in only small changes
in light absorption because the lens effect is saturated [Bond
et al., 2006]. Therefore, although humidity increases the
SSA, the AAOD exhibits only small changes.
[38] For the fourth and ﬁfth sensitivity calculations, simpler
mixing state assumptions, which have been widely used in
regional and global models, were adopted, although these
assumptions are known to be unrealistic. For the fourth calculation, a single mixing state assumption was adopted for ﬁne particles (Ddry < 850 nm in this study, as described in section 2).
With this assumption, all particles in the ﬁne mode have the
same mixing state. The total (bulk) volume concentrations of
BC and other compounds ((NH4)2SO4 + water) were calculated
by summing both BC-containing and BC-free particles. The BC
and other compounds were then redistributed using the aerosol
(shell) size distribution assuming that the volume fraction of BC
and other compounds is the same within all particles. Optical
calculations were made using the core-shell model. With this assumption, the AAOD increased by a factor of 2.0. For the ﬁfth
calculation, a homogeneous mixing state assumption is used by
prescribing the volume average refractive index between BC
and other compounds (gray particle assumption). As a result,
the AAOD increases slightly (15%) from the value obtained

Table 4. Uncertainties in AAOD Calculations From In Situ Data
(Upper Limit)
Source

Uncertainty

BC mass concentration
±15%
Contribution from the altitudes below the aircraft
±20%
measurement
Refractive index of BC
±8%
BC mixing state
+9% and 18%
Contribution from organic aerosol (OA) and dust
+36%
Overall (root-sum-square)
+45% and
32%

AAOD / AAOD(base calculation)

[36] The second AAOD was calculated assuming all BC
particles are bare spherical particles (no coating). Coating
materials enhanced BC absorption by a factor of 1.57 for
the case we examined here (using the core-shell model).
This level of enhancement (lensing effect) is similar to that
found for air experiencing a half day of transport after leaving
BC source regions [Oshima et al., 2009]. We note here that
the AAOD for bare BC particles agrees with sun-sky
photometer measurements better (within 24%) than that
calculated with the lensing effect (within 50% for the base
calculation). A smaller lensing effect is possible when the
BC is off-centered position or attached to the surface of its
host material [Adachi et al., 2010; Sedlacek et al., 2012]. In fact,
a very small lensing effect (approximately 6% at 532 nm) was
reported from observations in an urban center [Cappa et al.,
2012]. However, during the A-FORCE-2013W experiment, ﬁlter sampling on board the aircraft followed by electron tomography [Adachi et al., 2010] indicated that most BC particles were
coated (surrounded) with other aerosol compounds instead of
being attached to BC-free particles or present without any coating (K. Adachi, personal communication, 2013). Consequently,
the AAODs calculated without lensing effect (bare BC particle
3.0
2.5
2.0
1.5
1.0
0.5
0.0
+ dust

+ OA

homogeneous
mixing

single
mixing-state

dry

without coating

Maxwell-Garnett

0.0

0.4

0.8

1.2

1.6

Imaginary part of the refractive index

Figure 8. AAODs calculated with various different assumptions. A relative change in the AAOD compared to the base case calculation with the NaCl assumption is shown. Values observed on 5 April were
used for the aerosol size distribution and BC mixing state. The three blue lines indicate the sky radiometer
measurements (average and standard deviation). (left) Maxwell-Garnett mixing rule for the refractive index, bare BC particles (no coating), dry conditions (no aerosol-phase water), single mixing state with the
simple volume mixing rule, and homogeneous mixing state (gray particle), including light absorption of
organic aerosol (HULIS) and of dust particles. See text for additional details. (right) Dependence of the
AAOD on the imaginary part of the BC refractive index (k) listed in Table 2. Red and black circles denote
the results obtained with the core-shell and the Maxwell-Garnett models, respectively.
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used, a choice of the refractive index introduces only a
relatively small error.
[42] It is noted, however, that when the particle diameter is
relatively small (much smaller than 60 nm when 1.95 + 0.79i
is assumed for the BC refractive index at 500 nm), the
Rayleigh-Gans approximation is valid and the particle
absorption cross section increases linearly with the imaginary
part of the refractive index [Bohren and Huffman, 1998].
Although both the core-shell and Maxwell-Garnett models
predict a more moderate dependence of the AAOD on k,
the dependence can be potentially larger.
[43] The overall uncertainty (upper limit) was estimated by
taking a root-sum-square of the individual uncertainties
described above to be +45% and 32% (Table 4).

with the single mixing state assumption. The large increase in
the AAOD for the single mixing state or gray particle
assumption is because all particles absorb radiation and the total
surface area of absorbing particles increases. In other words, a
separation between BC-containing and BC-free particles is essential for aerosol optical calculation, which has been indicated
by previous studies, e.g., Oshima et al. [2009] and Matsui et al.
[2013].
[39] For the last sensitivity calculation, absorption from organic aerosol (OA) was included. The contribution from dust
particles (31%) is also shown for reference, although this
value is likely overestimated considering that the coarse particle AOD (in situ) is greater than the nonspherical particle
AOD (lidar) by a factor of 1.5 for the 5 April case. In the base
case calculations, all BC coating material and BC-free ﬁne
particles were assumed to consist of (NH4)2SO4 + water.
When OA was included, 50% of the bulk non-BC compound
volume (BC coating material + BC-free ﬁne particles) was
assumed to consist of OA. Moreover, 6% of the bulk OA
volume was assumed to consist of humic-like substance
(HULIS). These assumptions are based on aerosol measurements at the Gosan site, which is located near the Fukue
Observatory [Miyazaki et al., 2007]. For the imaginary part
of the refractive indices (k) of HULIS, 0.039 was used
[Dinar et al., 2008; Kirchstetter et al., 2004] (Table 2). As
a result, the AAOD increases by only 5%. It has been
reported that the light absorption of these aerosol compounds
increases in the near-ultraviolet region and the contribution at
visible wavelengths is not as large. The uncertainty from OA
and dust at 500 nm was estimated to be +36%.

5.

Conclusions

[44] We report the ﬁrst attempt to compare the aerosol absorption properties calculated from in situ SP2 measurements
of BC and ground-based sun-sky photometer measurements
(sky radiometer measurements from SKYNET). Comparisons
are performed for the seven cases in which the research aircraft
made vertical proﬁle measurements near the Fukue Observatory
in the East China Sea during the A-FORCE-2009 (spring)
and -2013W (late winter) experiments. The aerosol extinction coefﬁcients (bext) and SSA were calculated based on
total aerosol size distributions and detailed BC mixing state
information for ﬁne particles assuming that all coarse
particles are dust or NaCl (+ water). In these calculations,
BC and dust are the only two light absorbers and an enhancement in BC light absorption by the lens effect is estimated using
detailed observed BC mixing state information and adopting the
core-shell optical calculation method. The seven cases were
classiﬁed into groups according to AOD (AOD > 0.4 or not)
and dust fraction (nonspherical contribution to the total AOD
smaller than 0.2 or greater than 0.4). The AOD criterion arises
because SSA retrieval is reliable only when the AOD is greater
than 0.4 according to the data selection criteria of both
AERONET [Dubovik et al., 2000] and SKYNET [Hashimoto
et al., 2012].
[45] Good agreements are found for both the calculated extinction coefﬁcients and AODs from in situ data with lidar
and sky radiometer measurements, respectively. The AOD
estimates from the in situ measurements agreed with the
sky radiometer measurements within 12 ± 18% and 2 ± 8%
for high-AOD and low-dust cases, respectively. Generally,
the ﬁne- and coarse-particle bext values derived from the in
situ measurements agree with the lidar-derived spherical
and nonspherical particle estimates, respectively, suggesting
that most coarse particles were dust on these days.
[46] Only one case (5 April) satisﬁes both the high-AOD
and low-dust criteria. In this case, the sky radiometer-derived
AAOD at 500 nm is approximately a factor of 2 smaller than
those calculated from in situ data even when all coarse particles were assumed to be NaCl, which does not absorb radiation at 500 nm. The other two low-dust cases (30 March and
23 April) exhibit similar results, although the AODs were
lower than 0.4 (0.16 and 0.19, respectively). Because the mass
absorption cross section (MAC = AAOD/column-BC-mass) estimated from the sky radiometer-derived AAOD and in situ BC
mass measurements is also systematically lower by a factor of 2
compared with previous measurements, this result suggests a

4.2. Refractive Index of BC
[40] Figure 8 (right) shows the AAOD dependence on the
imaginary part of the BC refractive index (k). As described in
section 2.2, a k value of 0.79 was used for the base calculations as recommended by Bond and Bergstrom [2006]. For
the sensitivity calculations, we used k values of 0.71 (middle
level of values provided by Bond and Bergstrom [2006] at
550 nm), 0.44 (Optical Properties of Aerosols and Clouds
(OPAC) database [Hess et al., 1998]), and 1.26 (at 1064 nm)
[Moteki et al., 2010b] (Table 2). The value reported for
1064 nm was used because the wavelength dependence of
the refractive index is likely negligible. The results from two
different optical calculation methods are shown. The ﬁrst
method is the core-shell optical calculation method, which
was used throughout this study (red circles). Figure 8 shows
that the AAOD changes by only 35% for a factor of 3 change
in the k. When the OPAC value is excluded, following the recommendation of Bond and Bergstrom [2006], the AAOD
change decreases to 16% (±8%). Although this value is not
small when atmospheric heating effects are considered, the uncertainty is smaller than several other uncertainties described
above (Table 4).
[41] The other results (black circles) shown in Figure 8
(right) were calculated using the Maxwell-Garnett method.
Similar to the ﬁndings for the core-shell model, the dependence of the Maxwell-Garnett AAOD on k is relatively weak;
when the OPAC value is excluded (i.e., difference between
k = 0.71 and 1.26), the AAOD difference is 20% (±10%). In
summary, the two best optical calculation methods currently
available predict similar AAOD dependence on k for the
cases examined in this study. As long as these methods are
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N. Oshima, M. Kajino, and T. Y. Nakajima (2012), Measurements of regionalscale aerosol impacts on cloud microphysics over the East China Sea: Possible
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J. Geophys. Res., 117, D17205, doi:10.1029/2011JD017324.
Kondo, Y. L., et al. (2009), Stabilization of the mass absorption cross section
of black carbon for ﬁlter-based absorption photometry by the use of a
heated inlet, Aerosol Sci. Technol., 43, 741–756.
Kondo, Y., L. Sahu, N. Moteki, F. Khan, N. Takegawa, X. Liu, M. Koike,
and T. Miyakawa (2011), Consistency and traceability of black carbon
measurements made by laser-induced incandescence, thermal-optical
transmittance, and ﬁlter-based photo-absorption techniques, Aerosol Sci.
Technol., 45, 295–312, doi:10.1080/02786826.2010.533215.
Lesins, G., P. Ch´ylek, and U. Lohmann (2002), A study of internal and external
mixing scenarios and its effect on aerosol optical properties and direct radiative
forcing, J. Geophys. Res., 107(D10), 4094, doi:10.1029/2001JD000973.
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Res. Atmos., 118, 2304–2326, doi:10.1029/2012JD018446.
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potential negative bias in the AAODs from sky radiometer measurements. An accurate surface albedo estimate was found to be
critical for sky radiometer retrieval analyses. Because the
AAOD measurements made by sun-sky radiometers are currently the only constraint available for estimates of global BC
radiative forcing, more investigation is required to validate
these measurements.
[47] On the other hand, under high-dust conditions, the sky
radiometer measurements provide systematically higher
AAODs for the two high-AOD cases (7 and 8 March). The
AAODs derived from in situ measurements could be
underestimated because of a possible underestimate in dust
contributions, uncertainty in the dust refractive index, and BC
coating of dust particle surface. To accurately estimate the atmospheric heating effect caused by BC, it is essential to separate
the contribution of dust to aerosol light absorption.
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