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Abstract

Black carbon (BC) absorbs shortwave radiation more strongly than any other type of
aerosol, and an accurate simulation of the aging processes of BC-containing particle is
required to properly predict aerosol radiative forcing (ARF) and climate change. How-
ever, BC aging processes have been simplified in general circulation models (GCMs)5

due to limited computational resources. In particular, differences in the representation
of the mixing states of BC-containing particles between GCMs constitute one of main
reasons for the uncertainty in ARF estimates. To understand an impact of the BC aging
processes and the mixing state of BC on the spatial distribution of BC and ARF caused
by BC (BC-ARF), we implemented three different methods of incorporating BC aging10

processes into a global aerosol transport model, SPRINTARS: (1) the “AGV” method,
using variable conversion rates of BC aging based on a new type of parameteriza-
tion depending on both BC amount and sulfuric acid; (2) the “AGF” method, using a
constant conversion rate used worldwide in GCMs; and (3) the “ORIG” method, which
is used in the original SPRINTARS. First, we found that these different methods pro-15

duced different BC burden within 10 % over industrial areas and 50 % over remote
oceans. Second, a ratio of water-insoluble BC to total BC (WIBC ratio) was very differ-
ent among the three methods. Near the BC source region, for example, the WIBC ratios
were estimated to be 80–90 % (AGV and AGF) and 50–60 % (ORIG). Third, although
the BC aging process in GCMs had small impacts on the BC burden, they had a large20

impact on BC-ARF through a change in both the WIBC ratio and non-BC compounds
coating on BC cores. As a result, possible differences in the treatment of the BC aging
process between aerosol modeling studies can produce a difference of approximately
0.3 Wm−2 in the magnitude of BC-ARF, which is comparable to the uncertainty sug-
gested by results from a global aerosol modeling intercomparison project, AeroCom.25

The surface aerosol forcing efficiencies normalized by aerosol optical thickness and by
BC burden varied greatly with region in the AGV method, which allowed for the exis-
tence of internally mixed BC and sulfate, whereas these were not varied with region in
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the AGF method. These results suggest that the efficiencies of BC-ARF obtained by
previous studies using the AGF method are significantly underestimated.

1 Introduction

Black carbon (BC) strongly absorbs shortwave radiation and thus have a more sig-
nificant influence on radiative perturbations than other aerosol components (Hansen5

et al., 1997; Jacobson, 2002; Forster et al., 2007). Estimates of the radiative impacts
of BC aerosols due to the aerosol direct effect caused by fossil fuel BC and biomass
burning are still very uncertain, with reported positive forcings of +0.20±0.15 and
+0.03±0.12 W m−2, respectively (Forster et al., 2007). BC can also affect radiative
fluxes through a semi-direct radiative forcing by promoting the evaporation of clouds10

(e.g. Hansen et al., 1997), through the deposition effect on snow (e.g. Flanner et al.,
2007) and through indirect radiative forcings by modulating the cloud microphysics and
the precipitation rate (e.g. Menon et al., 2002). The uncertainty in these radiative ef-
fects of BC may be due to uncertainties in both the spatial distribution of BC, which is
determined by various atmospheric processes, such as emission, transport, chemical15

transposition, and deposition processes (Schulz et al., 2006; Koch et al., 2009; Shin-
dell et al., 2008; Liu et al., 2011; Oshima et al., 2012), and the optical properties of BC
(Jacobson, 2002; Bond and Bergstrom, 2006). These properties depend on the parti-
cle size distribution, hygroscopicity, mixing state of the particles, and refractive index of
BC.20

BC particles are emitted from, for example, an incomplete combustion of fossil fuels,
biofuels, and biomass burning. Fresh BC particles, which are composed of hydropho-
bic or water-insoluble BC (hereafter called WIBC), are generally more pure and bare
than aged BC particles (Weingartner et al., 1997). In the atmosphere, fresh BC par-
ticles become internally mixed with other aerosol components through condensation,25

coagulation, cloud processing, and photochemical oxidation processes (e.g. Seinfeld
and Pandis, 2006). These processes are called “BC aging processes”, which generally
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yield hydrophilic or water-soluble BC (hereafter called WSBC). Many measurements
suggest that atmospheric BC particles are often internally mixed with other aerosol
species, such as sulfate and organic compounds (Okada, 1985; Katrinak et al., 1992;
Parungo et al. 1994; Pósfai et al., 1999; Guazzotti et al., 2001; Naoe and Okada,
2001; Clarke et al., 2004; Johnson et al., 2005; Schwarz et al., 2006, 2008; Moteki et5

al., 2007; Shiraiwa et al., 2008; Adachi and Buseck, 2008; Moffet and Prather, 2009;
McMeeking et al., 2010; Pósfai and Buseck, 2010; Takahama et al., 2010; Pratt and
Prather, 2010). However, most global models cannot fully take these internally mixed
particles into account because of the large amount of CPU time required to do so.
Such a large amount of CPU time is not typically suitable for the prediction of cli-10

mate change using general circulation models (GCMs) or atmosphere-ocean coupled
GCMs, although some global aerosol transport models do take into account the internal
mixing and related processes (Jacobson, 2003; Stier et al., 2005; Pierce et al., 2007;
Bauer et al., 2008). To date, most global aerosol transport models take into account
both WIBC and WSBC (Takemura et al., 2005; Kim et al., 2008; Liu et al., 2011), while15

some models take into account only WSBC for simplicity (Liao et al., 2004; Zhang et
al., 2004; Fast et al., 2006; Zaveri et al., 2008). In addition, in the former type of model,
WSBC is often considered by ignoring condensed compounds in BC, which become
light-absorbing in BC-containing particles (e.g. Chin et al., 2002, 2009; Park et al.,
2003; Reddy and Boucher, 2004; Easter et al., 2004; Bellouin et al., 2007; Myhre et20

al., 2009). Differences in the mixing state of WSBC particles can directly affect optical
properties of these particles and indirectly affect their spatial distribution by modifying
their removal efficiencies. This fact means that a difference in the ratios of the number
of WIBC, WSBC, and non-BC-containing particles to the total amount of BC in the at-
mosphere and a ratio of the amount of BC to other compounds inside one particle can25

critically alter estimations in the aerosol direct radiative forcing due to BC aerosols (BC-
ARF). Indeed, these differences could produce uncertainty in BC-ARF calculated using
nine global aerosol-transport models participated in an international model-comparison
project, AeroCom (Schulz et al., 2006).
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The mixing state of BC with other compounds in an aerosol transport model is deter-
mined by the BC aging process. Ideally, this process should be calculated by taking into
account aerosol dynamics, i.e. condensation and coagulation, using a size-resolved
aerosol representation, such as was in the simulations performed by Jacobson (2003),
Liu et al. (2005), and Stier et al. (2005). However, these explicit calculations are com-5

putationally expensive with regard to performing global climate calculations. A parame-
terization, therefore, is very useful and powerful for describing the BC aging process in
global climate models. In fact, global aerosol transport models treat simplified BC aging
processes using a conversion rate (τBC) between WIBC and WSBC in the atmosphere
with a range of one to two days without taking into account any existence of condensed10

matter in core BC particles (e.g. Cooke and Wilson, 1996; Wilson et al., 2001; Chin et
al., 2002; Chung and Seinfeld, 2002; Park et al., 2003; Reddy and Boucher, 2004;
Koch and Hansen, 2005; Croft et al., 2005; Liu et al., 2011). Other models, such as the
model reported by Takemura et al. (2005), assume that the BC aging processes occur
within one grid and one time step in the GCM and that not only WIBC but also WSBC15

is emitted from combustion processes. Recently, the BC aging process has been pa-
rameterized using physically based methods (Riemer et al., 2004, 2009; Croft et al.,
2005; Liu et al., 2011; Oshima and Koike, 2012).

In global BC simulations, previous studies compared BC spatial distributions among
various parameterizations of the BC aging process (Croft et al., 2005; Vignati et al.,20

2010; Liu et al., 2011). As far as we know, Croft et al. (2005) investigated differences
in the BC burden between different BC aging parameterizations for the first time. Fur-
thermore, Vignati et al. (2010) compared results obtained by the traditional parameter-
ization using a fixed τBC with results obtained by a sophisticated treatment of the BC
aging process including aerosol dynamic processes. They found that the differences25

in the BC burden between the two modules are very small over BC source regions,
whereas the differences are large over remote areas. However, these previous studies
did not address an impact of aerosol optical properties on radiative forcings.
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Therefore, in this study, we addressed the impact of the difference in the treatment of
the BC aging process on BC spatial distributions and, thus, BC-ARF. In particular, we
quantified the difference in BC-ARF between the most widely used method and other
methods to estimate the differences in BC-ARF among AeroCom models. To this end,
we performed numerical experiments using a global aerosol-radiation transport model,5

SPRINTARS, developed by Takemura et al. (2005) and Goto et al. (2011a) and par-
ticipated in the AeroCom project using three different methods for addressing the BC
aging processes: (1) a method using a variable τBC calculated by a parameterization,
which is based on the method of spectral binning of BC aerosols developed by Oshima
and Koike (2012) (hereafter referred to as the “AGV” method); (2) a traditional method10

using the constant τBC, which is widely used in other GCMs (hereafter referred to as
the “AGF” method); and (3) the method used in the original SPRINTARS (hereafter re-
ferred to as the “ORIG” method). The algorithms used in these methods are discussed
in Sect. 2. BC simulations carried out by comparing modeling results with observations
are presented in Sect. 3. The radiative impacts of BC particles are discussed in Sect. 4.15

Finally, we present our conclusions in Sect. 5.

2 Model description

2.1 Global aerosol transport-radiation model (SPRINTARS)

We used the Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS),
which is a global three-dimensional aerosol transport radiation model, developed20

by Takemura et al. (2000, 2002, 2005, 2009) and Goto et al. (2011a, b, c). The
SPRINTARS model has been implemented in an atmospheric general circulation
model (AGCM), named “MIROC (Model for Interdisciplinary Research on Climate)”,
developed by the University of Tokyo, National Institute for Environmental Studies
(NIES), and the Japan Agency for Marine-Earth and Technology (JAMSTEC) and25

used for global climate modeling (K-1 Developers, 2004; Watanabe et al., 2010).
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The SPRINTARS model calculates the mass mixing ratios of the main tropospheric
aerosols, i.e. carbonaceous aerosol (BC; POA, primary organic aerosol; BSOA, bio-
genic secondary organic aerosol), sulfate, soil dust, sea salt, and the precursor gases
of sulfate, i.e. SO2 and dimethylsulfide. The aerosol module accounts for various pro-
cesses, such as emission, advection, diffusion, sulfur chemistry, wet deposition and dry5

deposition including gravitational settling.
The emission inventories considered in the present study were described by Goto et

al. (2011a, c), where the anthropogenic SO2 and BC emission flux in 2003 used in this
study is based on the EMEP emission inventory (http://webdab.emep.int/) over Europe,
the results of Streets et al. (2003) over Asia, and the results of Takemura et al. (2005)10

in the other regions. As a result, the global mean BC emission amount from anthro-
pogenic sources excluding biomass burning is estimated to be 11.4 Tg yr−1, which may
be higher than the mean of 11.9±1.4 Tg yr−1 used in the AeroCom Phase I model
(Textor et al., 2006) and the mean of 4.4 Tg yr−1 used in Bond et al. (2007). Goto
et al. (2011c) used the same BC emission inventory used in the present study and15

showed that the simulated BC concentrations over India were closer to the observed
concentrations than the results obtained using emission inventories used in the Aero-
Com model. Biomass burning emissions for each day in 2003 are based on the fire
maps derived from both MODIS (Davies et al., 2009) and GFED version 2 (Randerson
et al., 2006). The global mean BC emission amount is estimated to be 2.6 Tg yr−1 in20

both the present study and in that by Bond et al. (2007).
The model results were calculated under the year 2003 conditions using monthly

averaged global distributions for sea surface temperature and sea ice, which had been
re-analyzed by the Hadley Centre, UK Met Office. Meteorological fields (wind, water
vapor, and temperature) were nudged from the NCAR/NCEP reanalysis data. The spa-25

tial and vertical resolutions were set to the T42 resolution, i.e. 2.8◦ ×2.8◦ (ca. 300 km
by 300 km) and 20 layers.

29807

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/29801/2012/acpd-12-29801-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/29801/2012/acpd-12-29801-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://webdab.emep.int/


ACPD
12, 29801–29849, 2012

Radiative effect of
different BC aging

processes

D. Goto et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.2 Treatment of BC particles in a global aerosol transport model

We investigated three types of the BC aging processes using the global aerosol trans-
port model SPRINTARS, as shown in Table 1. The first method is similar to the second,
but in the former, τBC is variable (the “AGV” method). The second method is widely
used in most global models with a fixed τBC (the “AGF” method). The third method is5

used in the original SPRINTARS model (the “ORIG” method).

2.2.1 BC aging method with a variable or fixed conversion rate (AGV and AGF)

The BC aging processes in the atmosphere are expressed as the conversion rate or
τBC from WIBC to WSBC. The change in WIBC concentration in the time t can be
written by using τBC as follows:10

[WIBC](t) = [WIBC](t−1)+ [WIBC](t−1)×exp
(
− t
τBC

)
, (1)

[WSBC](t) = [WSBC](t−1)+ [WIBC](t−1)×
(

1−exp
(
− t
τBC

))
, (2)

where [WIBC] and [WSBC] are the concentrations of WIBC and WSBC, respectively.
As we mentioned in Sect. 1, τBC is often fixed to a range of 1 to 1.2 days (e.g. Chung15

and Seinfeld, 2002; Chin et al., 2002). This fixation of τBC corresponds to the second
method, i.e. the AGF method, used in this study. However, τBC can be changed under
various conditions, depending on a number concentration of particles to be aged and
a concentration of condensed gases. Recently, Oshima and Koike (2012) developed
a parameterization of the BC aging process using a detailed physics-based aerosol20

mixing state resolved box model (Oshima et al., 2009a, b). They represented the BC
aging process using a variable τBC value as follows:

τBC =
a
νc

, (3)
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νc =
∂mBC

∂t
1

[WIBC]
, (4)

∂mBC

∂t
=

NWIBC

Ntot
[H2SO4]

60×60
dt (s)

, (5)

where a is 0.375 under the assumed BC particle radius of 87.5 nm and νc is the coating5

rate of BC normalized by the BC mass concentration per hour. [H2SO4] is the sulfuric
acid concentration. NWIBC and Ntot are the particle number concentrations of WIBC
and total aerosols, respectively. The term dt is the time step of the SPRINTARS model
under T42 resolution in units of seconds. We call this method the “Aging-Variable”, i.e.
“AGV”, method in this study. τBC depends on the concentration of sulfuric acid, which10

is formed from the photo-oxidation of SO2 by OH radicals; thus, the variation in τBC
has a minimum during the daytime and a maximum during the night. This parame-
terization only treats the condensational growth of BC and does not treat other BC
aging processes, such as coagulation (Oshima and Koike, 2012). Therefore, we set
the maximum of τBC to be 20 days following Liu et al. (2011).15

Furthermore, in the AGV method, we can prognosticate the change in the concen-
tration of sulfate contained in WSBC particles at time t after sulfuric acid is condensed
in WSBC particles as follows:

[SO4] (t) = [SO4] (t−1)+b× [H2SO4]SO2
+OH×

NBC

Ntot
, (6)

where b and [H2 SO4]SO2+OH represent a unit conversion factor and the concentration20

of sulfuric acid formed from SO2 oxidation by OH radicals within the time step dt,
respectively. NBC is the particle number concentrations of total BC. Therefore, the AGV
method treats four tracers related to carbonaceous particles, OC, WIBC, WSBC, and
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sulfate in WSBC, whereas the AGF method treats only three tracers of carbonaceous
particles, namely OC, WIBC and WSBC (see Table 1).

In addition to using the ORIG method reported by Takemura et al. (2005), we up-
graded the information regarding BC properties using recent observations. In the AGV
and AGF methods, WIBC refers to pure BC particles without any hygroscopic growth5

and with a center radius of 92.5 nm in the mass size distribution, as suggested by in-
situ measurements (Schwarz et al., 2006; Moteki et al., 2007; Shiwaiwa et al., 2008;
McMeeking et al., 2010). A WSBC particle often has a BC core, with a shell-to-core vol-
ume ratio of approximately 1.2 (Shiwaiwa et al., 2008); therefore, we assumed that the
center radius of WSBC particles is 110 nm. The standard deviation of the WSBC parti-10

cles was set to 1.53, as suggested by Omar et al. (2005) and Moteki et al. (2007). The
particle hygroscopicity of WSBC was the same as that used for particles in pure sulfate
by Takemura et al. (2002). The density of the BC compounds was set to 1.8 g cm−3,
as suggested by measurements (e.g. McMeeking et al., 2010). In the AGV and AGF
methods, the WIBC and WSBC compounds constituted 80 and 20 % of the total BC15

emission in all sources, respectively, as indicated by previous studies (e.g. Chin et al.,
2002).

2.2.2 Original method in the SPRINTARS model (ORIG)

In the original SPRINTARS, WIBC and WSBC are considerd, although WIBC is not
converted to WSBC in the atmosphere. With regard to BC-containing particles, BC20

aerosols are categorized into three types: pure BC (i.e. WIBC) and two types of WSBC
(the ratios of BC to OC were set to be 6.67 and 3.33). In Takemura et al. (2002), WIBC
has a lognormal size distribution with a mode radius of 11.8 nm, whereas the two types
of WSBC have lognormal size distributions with mode radii of 100 nm. The standard
deviations of the WIBC and WSBC particles were set to 2.00, as suggested by Hess25

et al. (1998). The particle hygroscopicity of WSBC is the same as that used for pure
OC by Takemura et al. (2002) and Goto et al. (2011a). The density of WSBC was
set to 1.25 g cm−3, as in Takemura et al. (2002). In the original SPRINTARS model,
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researchers assume that a half of the BC compound emitted from fossil fuel combus-
tion is externally mixed with other species (i.e. WIBC), whereas other BC compounds
emitted from biomass burning, agricultural activities and biofuel combustion are inter-
nally mixed with OC (i.e. WSBCs) within one GCM time step (ca. 20 min) and one grid
(ca. 300 km by 300 km).5

2.2.3 BC deposition process

Deposition processes of the BC include both wet (through both rainout and washout)
and dry (by both turbulence and gravity) deposition. The rainout represents the process
through which aerosol compounds in a cloud droplet are scavenged by precipitation af-
ter aerosol activation in the cloud droplet. The interstitial fractions of WSBC and WIBC10

were fixed to 0.9 and 0.1, respectively. The washout process, i.e. the process through
which aerosols in the atmosphere (not in clouds) are scavenged through collision with
raindrops, and dry deposition by turbulence and gravity are also considered as they
were by Takemura et al. (2002). That means that in all of the methods (AGV, AGF, and
ORIG), we treated these deposition processes for BC aerosols in the same manner as15

that described by Takemura et al. (2002).

2.3 Optical and radiative calculation

Radiation transfer with a k-distribution scheme, MSTRN-8, coupled online to AGCM
can handle scattering, absorption, and emission by aerosol and cloud particles, as well
as absorption by gaseous constituents, and can be used to calculate the aerosol di-20

rect and indirect effects (Nakajima et al., 2000; Sekiguchi and Nakajima, 2008). We
calculated aerosol optical properties (aerosol optical thickness, or AOT, and absorption
aerosol optical thickness, or AAOT) using the same Mie theory methods used by Goto
et al. (2011a, b, c). Optical calculations for WSBC are based on Mie theory, where
the refractive indices of chemical compounds are replaced by volume-weighted refrac-25

tive indices under the assumption of complete internal mixture due to full coupling to

29811

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/29801/2012/acpd-12-29801-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/29801/2012/acpd-12-29801-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 29801–29849, 2012

Radiative effect of
different BC aging

processes

D. Goto et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

our radiation code. This simplicity may create errors in AOT within ranges of <10 and
<5 % over Asia, as suggested by Goto et al. (2011b). The aerosol optical properties
estimated in the present study by using complete internal mixture may have been over-
estimated compared with those calculated using core-shell mixing, as suggested by
Jacobson (2001); however, the objectives of the present study were to estimate the5

differences in the BC burden and BC-ARF among various numerical experiments by
considering different BC aging processes.

The extinction and absorption coefficients, which are determined by Mie theory
based on particle size distribution (its size center and width), particle density, refrac-
tive index, hygroscopicity, and wavelength, of BC particles are shown in Fig. 1. The10

aerosol optical properties considered in the AGV and AGF methods were mostly up to
date in the present study, whereas those considered in the ORIG method were iden-
tical to those used by Takemura et al. (2002, 2005). In the AGF and AGV methods,
we changed the size distribution and density of WIBC and WSBC, as mentioned in the
previous section. The refractive index of pure BC was set to 1.95–0.79i , as proposed15

by Bond and Bergstrom (2006), which has recently estimated larger absorption. As a
result, in the AGV and AGF methods, the extinction coefficients of BC containing par-
ticle distributions at a wavelength of 550 nm were calculated to be 9.2 (for WIBC), 6.6
(for WSBC under dry conditions), and 15.0 m2 g−1 (for WSBC under wet conditions, i.e.
90 % RH). The absorption coefficients of BC at a wavelength of 550 nm were calculated20

to be 6.2 (for WIBC), 4.3 (for WSBC under dry conditions), and 6.0 m2 g−1 (for WSBC
under wet conditions, i.e. 90 % RH). In the ORIG method, by contrast, the refractive
index of pure BC was set to 1.75–0.44i , as proposed by Hess et al. (1998) and still
widely used in aerosol modeling studies. The extinction coefficients of BC at a wave-
length of 550 nm were calculated to be 8.3 (for WIBC) and 4.5 to 5.0 (for WSBC under25

dry conditions) and 20.0 to 21.4 m2g−1 (for WSBC under wet conditions, i.e. 90 % RH),
whereas the absorption coefficients of BC at a wavelength of 550 nm were calculated
to be 6.5 (for WIBC), 0.8 to 1.0 (for WSBC under dry conditions), and 1.2 to 1.5 m2g−1

(for WSBC under wet conditions, i.e. 90 % RH). In addition, although these absorption
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values for WIBC in all experiments (AGV, AGF, and ORIG methods) are near the lower
limit of the range estimated by Bond and Bergstrom (2006) and Clarke et al. (2004)
under dry conditions, these values under wet conditions are different between the two
aging methods (AGV and AGF) and the ORIG method due to differences in mixing
fraction, chemical compounds, size distribution, density, and hygroscopicity.5

BC-ARF is calculated as a difference in net fluxes with and without BC compounds
under the same meteorological conditions, as in the method of Takemura et al. (2005)
and Goto et al. (2008). Therefore, in the experiment without BC compounds, all OC
aerosols in the ORIG method were pure OC and all sulfate components in the AGV
method were pure sulfate. These models can also calculate the radiative forcing under10

clear-sky and all-sky conditions at any vertical levels.

3 Results

3.1 BC bulk amount

Figure 2 and Table 2 show the annual average BC mass concentrations near the sur-
face as observed and simulated in this study over the United States, Europe, China,15

India, and other Asian countries. The observations made in 2003 were limited, ex-
cept for those over the United States (IMPROVE) and Europe (EMEP); therefore, we
used the dataset in 2006 over China (Zhang et al., 2008) and during 2000–2008 over
India (Goto et al., 2011c) and other Asian countries (Tokyo/Japan by Kondo et al.,
2006 and Minoura et al., 2006; Rishiri/Japan by Matsumoto et al., 2007; Incheon/Korea20

by Kim et al., 2006; Seoul/Korea by Kim et al., 2007; Tomsk/Russia by Kozlov et al.,
2008; Phimai/Thailand by H. Tsuruta, 2011, personal communication). These obser-
vations show that among these industrial regions, the United States has the lowest
BC mass concentration, with the mean ranging mostly from 0.1 to 1 µg m−3, and Asia
has the highest BC, with concentrations of up to 10 µg m−3. In the present study, how-25

ever, the simulated BC mass concentration over the United States reached 2 µg m−3.
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Furthermore, the simulated BC concentration over the United States was higher than
that over Europe, which is the reverse tendency indicated by the observations. This
simulation result may be caused by an uncertainty in the BC emission inventory over
the United States because the BC emission inventories over Europe and Asia were
interpolated using sophisticated regional inventories. Over the remote areas shown in5

Fig. 3, the use of different BC aging processes yielded a factor of 10 differences in the
simulated BC surface mass concentration near polar sites (Barrow, Zeppelin, Alert and
Halley). However, except for Amsterdam Island and Zeppelin, the difference in the BC
mass concentration between the observations and the simulations was large and thus
cannot be explained by only differences in the BC aging process in the present study.10

The horizontal distribution of the annually averaged BC mass concentration at the
surface calculated according to the AGV method is shown in Fig. 4a. This BC concen-
tration represents the sum of the concentrations of both WIBC and WSBC compounds.
In Fig. 4b and c, the differences in the BC mass concentration among the experiments
are estimated to be at most 10 % near aerosol sources (the United State, Europe, and15

Asia) and at most 50 % over remote areas (Fig. 4b and c). The pattern of the relative
difference between the AGV and AGF methods is quite different from that between the
AGV and ORIG methods. Along the outflow of BC air masses from industrial regions
to remote areas, the BC mass concentration simulated by the AGV method becomes
larger than that simulated by the AGF method and smaller than that simulated by the20

ORIG method. Over remote oceans, the magnitude of the difference in the BC mass
concentration between the AGV and ORIG methods reaches 50 %. In addition, over
the African coast, where biomass burning affects the air quality, the BC mass concen-
tration simulated by the AGV method is larger than the concentrations simulated by
both the AGF and ORIG methods by 10 and 20 %, respectively. Even though we can25

find differences in the simulated BC mass concentration among methods, the surface
BC mass concentrations calculated in the present study are fully within the uncertainty
range of the AeroCom models shown in Koch et al. (2009).
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To understand the vertical transport patterns in our model, we compared annual and
zonal mean BC mass concentrations, as shown in Fig. 5. The simulated BC mass con-
centrations ranging from 0.05 to 0.1 µg m−3 over the latitudes ranging from 15◦ N to
15◦ S lie at a sigma level of 0.5 to 0.6 in all simulations in the present study. The levels
are almost comparable to those obtained by Vignati et al. (2010) and Koch et al. (2009),5

who compared their simulated BC concentrations with those observed during a flight
campaign over the Arctic during spring and summer in 2008 under ARCTAS procejt.
The largest differences in the simulated BC concentrations between the present simu-
lations are found for locations above the equator, with annual averages differing by at
most 0.05 µg m−3.10

Figure 6 shows the annual mean column BC concentrations simulated in this study.
The global mean values are estimated to be 0.26 Tg, which is slightly higher than the
values reported in the AeroCom study by Textor et al. (2006), who indicated average
values of 0.24±0.05 Tg; this discrepancy is due to the higher BC emission amount
in this study, as discussed in Sect. 2. The BC burden calculated by the AGV method15

is higher than that calculated by the AGF method, with the relative difference ranging
from −1 to +5 % over industrial areas and from 10 to 50 % over other regions, including
remote areas. In addition, the BC burden calculated by the AGV method is also higher
over biomass burning regions than that calculated by the ORIG method, with the dif-
ference ranging from −1 to +20 %; meanwhile, the BC burden calculated by the AGV20

method is smaller over other regions, including industrial regions and remote oceans,
with the difference reaching up to −50 %.

Ratios of WIBC to total BC (WIBC+WSBC) (hereafter referred to as the WIBC ratio)
at the surface and the 0.5 sigma level for the annual averages are shown in Fig. 7.
The WIBC ratios at the surface calculated by the AGV method reach up to 50 % over25

the United States and Europe and up to 70 % over Asia, whereas they decrease along
the outflow and reach values near zero over the remote ocean. At the 0.5 sigma level,
the WIBC ratio ranges from 10 to 40 % and up to 60 % near biomass burning regions.
Compared with the WIBC ratio calculated by the AGF method, the ratio calculated
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by the AGV method is larger by 10 % at the surface over most areas, by 50 % at the
surface over the Arctic and by 30 % at the 0.5 sigma level. Therefore, the timescale
of aging according to the AGV method (the new method in the present study) tends
to be longer than that in the AGF method (the traditional method). This result leads to
the difference in the simulated BC mass concentration near the source region shown5

in Fig. 4 and indicates that WIBC in the AGV method is less rapidly aged and thus less
scavenged through wet deposition compared with that in the AGV method. In addition,
the BC distribution over remote regions is determined by the efficiency of scavenging
near both the limited BC source region and the outflow areas. Therefore, the difference
in the simulated BC mass concentration over remote areas is remarkable, as shown10

in Fig. 4. Moreover, the distribution and ratios calculated by the AGV method are quite
different from those calculated by the ORIG method. The WIBC ratios at the surface
calculated by the ORIG method range from 10 to 30 % over the BC source regions
(United States, Europe, China, and India) and become smaller over oceans, ranging
from 30 to 40 %. At the 0.5 sigma level, the WIBC values exceed 90 % in the ORIG15

method. Therefore, in the ORIG method, the tendency observed for the WIBC ratio from
the BC source regions to the outflow regions and to the upper regions is completely
opposite to that observed using the AGV method. Theoretically, the WIOC ratios over
BC source regions (lands) tend to be higher than those over outflow regions (oceans)
because BC particles are aged by gases and aerosols in proportion to the suspension20

time in the atmosphere. Actually, the observed ratios were estimated to be 37 to 65 %
in the spring in Tokyo, as suggested by Moteki et al. (2007), and 60 % in the summer in
Tokyo, as suggested by Shiraiwa et al. (2007). In the upper area, the observed ratios
are 15 % over the East Asia Sea, as indicated by Clarke et al. (2004), and 60 % in July
above the boundary layers over North America, as indicated by Schwarz et al. (2006);25

thus, the WIBC ratios calculated by the ORIG method are unrealistic compared with the
results obtained by the AGV method. This result means that the hygroscopicity of BC in
the original SPRINTARS model over remote areas and upper altitudes is inconsistent
with the observed hygroscopicity. The WIBC ratios calculated by the AGV method are
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the closest to the observational data among those calculated using all three methods
in the present study. In summary, the results show that the difference in the WIBC ratio
between the AGV and the other (AGF and ORIG) methods is extremely large, which
leads to a difference in the BC distribution and affects the radiative forcing due to BC
particles.5

3.2 Aerosol radiative property

In this section, simulated aerosol optical properties (AOT and AAOT) are compared
with observations in Figs. 8 to 10. Figure 8 illustrates comparisons of these optical
properties using AERONET results retrieved from the NASA Team algorithm under
clear-sky conditions (Holben et al., 1998). The simulated AOT values in all experi-10

ments conducted in the present study are almost comparable to the AERONET-AOT
values, falling within 20 % of each other over most areas, except South Africa and South
America (where the difference in AOT values between simulations and observations is
approximately 50 %). Other global aerosol-transport models using the same emission
inventory of biomass burning used in this study also underestimate the simulated AOT15

values (e.g. Chin et al., 2009), which suggests that the emission inventory of biomass
burning estimated using a bottom-up approach can be underestimated, as indicated
by Kaiser et al. (2012). Thus, the simulated AAOT values are underestimated com-
pared with the retrieved AAOT values, with the difference ranging from 30 to 70 %. The
global model ECHAM-HAM reported by Stier et al. (2007) also underestimated AAOT20

values. Compared with the AAOT results reported by Stier et al. (2007), the simulated
AAOT values in the present study are larger, especially over Asia and remote areas.
This result is most likely because the emission inventory of anthropogenic BC used
in the present study is larger than that used in other studies to adjust the BC surface
mass concentrations over India (Goto et al., 2011a). However, the simulated AAOT val-25

ues in the present study are still underestimated compared with the AERONET results.
AeroCom models underestimated AAOT values in a study by Koch et al. (2009). There-
fore, BC emission inventories may still be underestimated or AERONET-AAOT may be
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overestimated because AERONET-AAOT can be retrieved only under high-AOT condi-
tions (Dubovik et al., 2002).

To further investigate the difference in aerosol optical properties among the the meth-
ods, Figs. 9 and 10 present the global distribution of annual mean AOT and AAOT
values under all-sky conditions. Globally, the difference in the AOT values simulated5

by the AGV and AGF methods ranges from −5 to +5 % (Fig. 9b). In East Asia, for
example, the AOT values range from 0.3 to 1; therefore, the difference in AOT value
between the AGV and AGF methods is estimated to be at most 0.05. By contrast, the
relative difference in AOT values between the AGV and ORIG methods over aerosol
source regions, such as North America, Europe, and Southeast Asia, is calculated to10

be slightly positive, with values of up to 5 %, whereas the difference over other areas is
largely negative, with values ranging from −20 to −5 % (Fig. 9c). For AAOT, the values
simulated by the AGV method are larger than those simulated by the AGF method by
up to 50 % (Fig. 10b). The differences in the AAOT values simulated by the AGV and
ORIG methods range from −20 to 20 % (Fig. 10c).15

Apparently, these relative differences in AAOT are strongly related to the relative
differences in the BC column burden shown in Fig. 6. However, over some regions,
such as China, the correspondences between AAOT and the BC column burden are
weak because AAOT is determined not only by the BC column burden but also by
the difference in both the ratio of WIBC to total BC and the absorption coefficient of20

BC-containing particles. Compared with the AAOT results, the AOT results are more
difficult because the difference in the extinction coefficients of BC-containing particles
among the experiments is small, as shown in Fig. 1 and suggested by Oshima et
al. (2009b). As shown in Fig. 12b from Goto et al. (2011a), the distribution of positive
values in Fig. 10b corresponds to the distribution of the sulfate burden. In terms of25

sulfate, the AGV method considers two types of sulfate (sulfate that is externally and
internally mixed with BC) with sizes of 69.5 and 100 nm, respectively, whereas the AGF
method considers only externally mixed sulfate with a size of 69.5 nm. In the present
study, we assumed that the hygroscopicities of both types of sulfate are the same,
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such that internally mixed sulfate with a size of 100 nm is more easily scavenged from
the atmosphere. As a result, the AOT of sulfate in the AGV method could be smaller
than that of sulfate in the AGF method, although the extinction coefficients of sulfate
internally mixed with BC are larger than those of externally mixed sulfate (see Sect. 2).
In contrast, the difference in AOT between the AGV and ORIG methods is a result of5

the variation in the sulfate and BC column burden, the fraction of WSBC to total BC,
and the extinction coefficients with hygroscopicity, as shown in Fig. 1.

4 Discussion of BC radiative forcing

In this section, we only discuss BC-ARF because we include neither cryosphere forcing
caused by the deposition of BC onto snow and ice surfaces nor indirect aerosol forcing10

caused by BC particles acting as ice nuclei. The estimated BC-ARF values are pre-
sented in Table 3. At the tropopause, the annual and global mean BC-ARF values un-
der all-sky conditions are estimated to be +0.30 (AGV), +0.05 (AGF), and +0.36 Wm−2

(ORIG). These results are close to or slightly smaller than the range (from +0.23 to
+0.33 Wm−2 for only anthropogenic BC-ARF and from +0.33 to +0.47 Wm−2 for both15

anthropogenic and natural BC-ARF) derived from recent model estimates (Bauer et al.,
2007; Unger et al., 2009; Myhre et al., 2009; Koch et al., 2011; Bond et al., 2011). At
the surface, the forcing values due to total BC are estimated to be −0.87 Wm−2 (AGV),
−0.42 Wm−2 (AGF), and −0.82 Wm−2 (ORIG), whereas those due to anthropogenic
BC were estimated to be −0.49 Wm−2 by Koch et al. (2011). This result means that20

the values of atmospheric heating reported by Koch et al. (2011) are within the range
estimated in the present study. Therefore, the difference in BC-ARF at the tropopause
between the present study and previous studies could be caused by a difference in BC
optical properties and the stratification of cloud layers and air mass containing BC com-
pounds. The former reason is supported by the difference in the strength of absorption25

for pure BC, as discussed in Sect. 2. The latter reason is also supported by the studies
of Haywood and Shine (1995) and Samset and Myhre (2009).
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The largest differences in the ARF among the simulations in the present study are
0.31 Wm−2 (tropopause) and 0.45 Wm−2 (surface). The difference at the tropopause is
comparable to the uncertainty estimated by AeroCom (Schulz et al., 2006) and IPCC-
AR4 (Forster et al., 2007) studies. Therefore, we find that the BC-ARF values are highly
influenced by the treatment of aging processes in the model and that the traditional5

method (AGF) leads to the underestimation of BC radiative forcings because the com-
pounds mixed with BC are ignored.

To further investigate the impact of the different methods on BC-ARF at regional
scales, Fig. 11 shows scatter plots of (a) the amount of BC emission and the BC col-
umn burden, as well as differences in (b) AOT, (c) AAOT, (d) BC-ARF at the tropopause,10

and (e) BC-ARF at the surface between the three (AGV, AGF and ORIG) methods
with/without the use of regional BC aerosol averages. As the amount of BC emissions
increases, not only the magnitudes of the parameters in Fig. 11 but also those of the
differences among the three simulations increase. The largest differences in each pa-
rameter among the simulations are found over the South and East Asia regions. The15

differences in BC column burden, AOT, and AAOT were discussed in the previous para-
graph; thus, here we discuss the regional BC-ARF values both at the surface and at
the tropopause. In Fig. 11d and e, the BC-ARF values obtained by the AGV method
lie between those obtained by the AGF and ORIG methods. Thus, the difference in the
BC-ARF values obtained by the AGF and ORIG methods is estimated to be up to ap-20

proximately 2 Wm−2 at the tropopause and approximately 3 Wm−2 at the surface over
East Asia. Therefore, possible differences in the treatments of the BC aging process
among global aerosol transport models produce large differences in BC-ARF values,
especially over large BC emission areas such as South and East Asia.

Finally, we investigate the correlations between two different normalized efficien-25

cies: (1) forcing efficiency (βn), defined as the ratio of BC-ARF to the difference in
AOT between experiments with/without BC aerosols, BC-ARF/∆AOT; and (2) BC spe-
cific forcing efficiency (βs), defined as the ratio of BC-ARF to the difference in the BC
column burden between experiments with/without BC aerosols, BC-ARF/∆BC, at the
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tropopause and surface as a regional average. βn is useful for properly evaluating the
impacts of the total aerosol amount on the ARF under the various AOT conditions con-
sidered (e.g. Nakajima et al., 2007). βs is also useful in understanding the impacts
of specific aerosol compounds on the ARF under conditions corresponding to various
amounts of BC. At the same time, βs can be a helpful indicator for use in the creation5

of policies to control the concentration of specific aerosols to preserve air quality and
address climate change. The correlations between βn and βs are shown in Fig. 12. As
shown in Fig. 12a, at the tropopause, the values of βn and βs determined by the AGV
method are larger than those determined by the AGF method, whereas the ranges
of both parameters obtained by the AGV method are similar to those obtained by the10

ORIG method, even though there are large differences in each region. The fact that
the AGV and ORIG methods take into account attached compounds (OC or sulfate)
greatly affects the calculated radiative efficiency, indeed to a greater extent than that
estimated in the AGF method, which ignores attached compounds in WSBC particles.
The AGV method, which takes into account BC-sulfate mixed particles, produces large15

values of βn and βs in industrial areas (North America and Europe), whereas the ORIG
method, which addresses BC-OC mixed particles, produces large values of βn and βs
over biomass burning areas (South America and Central Africa). In Asia, including both
biomass burning and industrial regions, the radiative impact of BC-OC was observed
to be larger than that of BC-sulfate in the present study. The large values of βn and βs20

over biomass burning areas are also caused by the stratification of absorbing aerosols
and low-level clouds, which enhance the absorption of aerosols and thereby produce
larger positive radiative forcing than that observed under typical conditions (e.g. Hay-
wood and Shine, 1997; Oikawa et al., 2012).

Figure 12b shows the values of βn and βs at the surface according to the three (AGV,25

AGF, and ORIG) methods. In addition to those at the tropopause shown in Fig. 12a,
the efficiencies obtained by the AGV method become large in industrial regions, such
as Europe and North America, mainly because the amounts of sulfate precursor, SO2,
emitted are large and partly because the amounts of BC emitted are much lower than
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those in the biomass burning areas and other industrial regions, including developing
countries. In reality, sulfates are often internally mixed with BC over Europe and North
America, as indicated by Aerodyne aerosol mass spectrometer (AMS) measurements
(e.g. Alfarra et al., 2004; McMeeking et al., 2010); therefore, global climate models
that do not account for BC particles internally mixed with sulfate compounds may yield5

large errors regarding the effects of BC emission on the radiative impact at the sur-
face. Therefore, it should be noted that the way in which mixtures of BC and other
compounds are accounted for has a significant impact on the normalized ARF both
at the tropopause and at the surface, depending on whether regions are controlled by
biomass burning and/or by industrial areas.10

5 Conclusions

To understand the effect of aging processes and the mixing state of black carbon (BC)
on the spatial distribution of BC and aerosol direct radiative forcing due to BC com-
pounds (BC-ARF), in the present study, we used three different methods of incorpo-
rating BC aging processes into a global aerosol transport model, SPRINTARS: (1) the15

AGV method, using a variable conversion rate τBC calculated by a new type of pa-
rameterization depending on both BC amount and sulfuric acid (Oshima and Koike,
2012); (2) the AGF method, which is widely used in other GCMs; and (3) the ORIG
method, which is used in the original version of SPRINTARS. Over industrial regions,
the differences in the surface BC mass concentration between simulations and obser-20

vations are larger than those among the three methods; therefore, the aging process
of BC particles in the model is less important in determining the mass concentration of
BC over BC source regions than the BC emissions inventory. Moreover, the calculated
hygroscopicities of BC particles were very different among the numerical simulations
conducted using the three different BC aging methods. Near BC source regions, for25

example, the ratios of the amount of simulated water-insoluble BC (WIBC) to the total
amount of BC (WIBC ratio) were estimated to be 80–90 % (AGV), 80–90 % (AGV) and
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50–60 % (ORIG). These differences led to differences in the aerosol optical thickness
(AOT) and absorption AOT calculated from the numerical simulations; as a result, the
difference in the BC-ARF values calculated by the various treatments of the BC aging
process was estimated to be at most 0.3 Wm−2, which is comparable to the uncertainty
suggested by IPCC-AR4 (2007) and the AeroCom results of Schulz et al. (2006).5

Furthermore, we estimated the forcing efficiency normalized aerosol optical thick-
ness (BC-ARF/∆AOT) and specific forcing efficiency normalized by the BC burden
(BC-ARF/∆BC). We found that the values of BC-ARF/∆AOT and BC-ARF/∆BC at the
surface calculated using the methods that take into account compounds attached to
WSBC particles (i.e. AGV and ORIG) are quite different among different regions; the10

AGV method in particular shows large variability among the regions, including Europe
and the United States. However, the values obtained using the method that does not
take into account compounds attached to WSBC particles (i.e. the AGF method) do
not vary with region. Therefore, the normalized forcing efficiencies obtained by the
AGF method, which is widely used in most global climate models, could be underesti-15

mated. These differences in the calculated efficiency may be important with regard to
the creation of political policies associated with CO2 and BC emissions to address the
issue of climate change.
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Table 1. Experimental designs employed in this study.

Method Aging processes in Internally mixed BC Reference
the atmosphere with other compounds

Pure BC Mixed BC BC+OC BC+SO4
(WIBC) (WSBC)

AGV Aged by variable Increase N Y This work
decay time in aging

AGF Aged by fixed Increase N N Chung and Seinfeld
decay time in aging (2002)

ORIG No aging No increase Y N Takemura et al.
in aging (2005)
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Table 2. Comparison of BC surface mass concentrations between the simulations and obser-
vations according to the annual averages (AVE), correlation coefficient (R), and normalized
mean bias (NMB), where Si represents the simulations for station i and Oi represents the
observations made at station i .

Region OBS AGV AGF ORIG

US AVE 0.20 0.74 0.74 0.76
R 0.65 0.65 0.65
NMB 1.22 1.22 1.31

Europe AVE 0.81 0.29 0.29 0.31
R 0.40 0.42 0.44
NMB −0.61 −0.61 −0.59

China AVE 4.88 6.97 6.86 6.85
R 0.47 0.46 0.46
NMB 0.06 −0.03 0.06

India AVE 3.10 3.82 3.78 3.83
R 0.79 0.79 0.79
NMB −0.32 −0.33 −0.33

Other AVE 6.02 6.32 6.25 6.31
R 0.82 0.82 0.81
NMB −0.19 −0.2 −0.18
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Table 3. Aerosol radiative forcing (ARF) due to the direct effect of the total BC obtained by the
three different methods used in the present study under all-sky conditions.

ARF value

Tropopause Surface

AGV +0.300 −0.870
AGF +0.047 −0.424
ORIG +0.356 −0.822
Chung and Seinfeld (2002)∗ +0.51 to +0.8
Unger et al. (2009)∗ +0.313
Myhre et al. (2009)∗ +0.26 to +0.33
Koch et al. (2011)∗ +0.23 −0.49
Bauer et al. (2007) +0.33
Bond et al. (2011) +0.47

∗ ARF due to the direct effect of anthropogenic BC.
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Fig. 1. Dependence of extinction and absorption coefficients for BC and sulfate particles on
relative humidity (RH) in the present study.
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Fig. 2. Comparisons of simulated BC mass concentrations with observations. The observations
are in the United States (IMPROVE), Europe (EMEP), China (Zhang et al., 2008), India (Goto
et al., 2011c), and other Asian sites (Tokyo/Japan by Kondo et al., 2006 and Minoura et al.,
2006; Rishiri/Japan by Matsumoto et al., 2007; Incheon/Korea by Kim et al., 2006; Seoul/Korea
by Kim et al., 2007; Tomsk/Russia by Kozlov et al., 2008; Phimai/Thailand by H. Tsuruta, 2011,
personal communication).
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Fig. 3. Annually averaged BC mass concentrations at remote sites. The observations are in
Amsterdam Island and Halley by Wolff and Cachier (1998), Alert and Barrow by Sharma et
al. (2006), Zeppelin by Eleftheriadis et al. (2009), and Mauna Loa by Bodhaine (1995).
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Fig. 4. A global map of annually averaged (a) surface BC mass concentration obtained by AGV
method and relative difference in the BC mass concentration (b) between AGF and AGV and
(c) between ORIG and AGV methods.
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Fig. 5. Same as Figure 4, but for zonal mean BC mass concentration.
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Fig. 6. Same as Figure 4, but for BC column burden.
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Fig. 7. Annual mean ratio of WIBC to total BC at the surface and the level of sigma 0.5.
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Fig. 8. Comparison of (a) AOT and (b) AAOT between the simulations and AERONET obser-
vation with a random var.
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Fig. 9. Same as Figure 4, but for AOT.
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Fig. 10. Same as Figure 4, but for AAOT.
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Fig. 11. Regional estimations of the annual mean relation between difference in BC emission
and (a) BC column burden, (b) AOT, (c) AAOT, (d) ARF due to BC compound at the tropopause
under all-sky conditions and (e) ARF due to BC compound at the surface under all-sky condi-
tions, respectively. The regions are West Europe (15◦ W–20◦ E, 35–65◦ N), East Europe (20–
55◦ E, 35–65◦ N), Northwest America (120–85◦ W, 15–55◦ N), Central Africa (20◦ W–20◦ E,
10◦ S–10◦ N), Northeast America (85–60◦ W, 15–55◦ N), South America (70–40◦ W, 40◦ S–0),
Southeast Asia (90–120◦ E, 0–25◦ N), South Asia (60–90◦ E, 5–30◦ N), East Asia (100–140◦ E,
25–45◦ N).

29848

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/29801/2012/acpd-12-29801-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/29801/2012/acpd-12-29801-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 29801–29849, 2012

Radiative effect of
different BC aging

processes

D. Goto et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 12. Correlations between two different normalized efficiencies, (1) forcing efficiency (βn)
defined as a ratio of BC-ARF to a difference in AOT between experiments with/without BC
aerosols, BC-ARF/∆AOT, and (2) BC specific forcing efficiency (βs) defined as, a ratio of BC-
ARF to a difference in BC column burden between experiments with/without BC aerosols, BC-
ARF/∆BC, at the tropopause and surface in a regional average The regions are defined as
those used in Fig. 11.
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