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Abstract Black carbon (BC) contributes to global warming by absorbing sunlight. However, the size of this
contribution, namely, the direct radiative forcing (RF), ranges from +0.1 to +1.0Wm�2, largely due to
differences between bottom-up and observation-based estimates. Current global models systematically
underestimate BC radiation absorption relative to observations, which is often attributed to the
underestimation of BC emissions. Several studies that adjusted emissions to correct biases of global aerosol
models resulted in a revised upward estimate of the BC RF. However, the BC RF was never optimized against
observations in a rigorous mathematical manner. Here we simulated the absorption of solar radiation by BC
from all sources at the 10 km resolution by combining a highly disaggregated emission inventory with a
nested aerosol climate model and a downscaling method. As a result, the normalized mean bias in BC
radiation absorption was reduced from �56% to �5% in Asia and from �71% to �46% elsewhere. We
applied a Bayesian method that makes the best account of all model, representativeness, and observational
uncertainties to estimate the BC RF and its uncertainty. Using the new emission inventory and high-resolution
model reduces uncertainty in BC RF from�109%/+172% to�77%/+78% over Asia and from�83%/+114% to
�64%/+70% over other continental regions. Finally, we derived an observationally constrained BC RF of 0.53
Wm�2 (0.14 to 1.19 as 90% confidence) as our best estimate, less than previous estimates. Our estimate implies
that reduction in BC emissions would contribute to slow down global warming, but the contribution could be
less than previously thought.

1. Introduction

Burning fossil fuels, biofuels, and biomass not only produces carbon dioxide (CO2) but also smoke and soot.
This emitted “black carbon” (BC) absorbs incoming solar radiation and contributes a net global warming
effect [Ramanathan and Carmichael, 2008; Shindell et al., 2012; Bond et al., 2013; Boucher et al., 2013].
Previous estimates of the BC direct radiative forcing (RF) due to aerosol-radiation interaction (encompassing
only the direct radiative forcing unless specified hereafter) have been derived either using a bottom-up
approach with an atmospheric transport model fed with an emission inventory [Jacobson, 2001; Wang,
2004; Schulz et al., 2006; Kim et al., 2008; Ghan et al., 2012; Myhre et al., 2013a; Q. Q. Wang et al., 2014] or a
top-down approach, in which atmospheric BC observations are used to constrain the model results [Sato
et al., 2003; Chung et al., 2005, 2012; Ramanathan and Carmichael, 2008; Bond et al., 2013]. The majority of
existing inventories estimate global BC emissions to be typically 6–9 Tg yr�1 [Bond et al., 2004, 2007, 2013;
Dentener et al., 2006; Junker and Liousse, 2008; Lamarque et al., 2010; Granier et al., 2011; Jacobson, 2012;
Q. Q. Wang et al., 2014], leading to a global BC RF of 0.1–0.4Wm�2 from the bottom-up approach [Schulz
et al., 2006; Myhre et al., 2013a; Q. Q. Wang et al., 2014]. However, the same models that simulate radiation
absorption by aerosols find that it is systematically underestimated by a factor of 2 to 6 relative to observa-
tions of aerosol absorption optical depth (AAOD) from the ground-based remote sensing Aerosol Robotic
Network (AERONET) [Koch et al., 2009; Bond et al., 2013], leading to ad hoc adjustments in the so-called
observation-based or top-downmethod. Previous studies chose to adjust the BC emissions upward to correct
the low bias of global models, resulting in a larger revised BC RF [Sato et al., 2003; Chung et al., 2005, 2012;
Ramanathan and Carmichael, 2008; Bond et al., 2013], in the range 0.6–1.0Wm�2. This would make BC a
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warming species as important as CH4 according to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) [Boucher et al., 2013; Myhre et al., 2013b].

Yet the uncertainty in BC RF is quite large. Recently, the RF of BC was estimated to be 0.71Wm�2, with a 90%
confidence range of 0.08–1.27Wm�2, in an authoritative top-down multimodel study [Bond et al., 2013].
However, large scaling factors are needed to adjust emissions in order to increase the simulated radiation
absorption by BC for matching observations, similar to that in other observation-based studies [Sato et al.,
2003; Chung et al., 2005, 2012; Ramanathan and Carmichael, 2008; Chung et al., 2012]. As shown in the work
by Bond et al. [2013], 11 of 17 models need a scaling factor larger than 2 to match the observed BC AAOD, while
other models rely on high BC emissions (e.g., Goddard Institute for Space Studies (GISS)-general circulation
model (GCM) II in Chung and Seinfeld [2002], Community Atmosphere Model (CAM3) ECA in Kim et al. [2008],
MACR-Assim in Ramanathan and Carmichael [2008], and MACR in Chung et al. [2012]) or use aerosol schemes
resulting in a long lifetime of BC of ~10days (e.g., Spectral Radiation-Transport Model for Aerosol Species
(SPRINTARS) in Schulz et al. [2006] and Gas, Aerosol, Transport, and Radiation air quality model (GATOR) in
Jacobson [2010]). The reason for the large misfit of modeled to observed BC radiation absorption (AAOD) is
yet not well understood. In contrast, observations of BC over the remote oceanic regions suggest that a short
lifetime of BC is more reasonable [Kipling et al., 2013; Q. Q. Wang et al., 2014; Samset et al., 2014; Hodnebrog
et al., 2014]. These uncertainties led to efforts to improve the physical treatment of BC in the model [Bauer
et al., 2010; Liu et al., 2012; Jacobson, 2012; X. Wang et al., 2014; Q. Q. Wang et al., 2014]. However, X. Wang
et al. [2014] found that after including the impact of brown carbon and considering the absorption enhance-
ment due to BC coating, the BC AAOD is still underestimated in their model by a factor of 1.4–2.8 over different
regions. In addition, when constraining model by observations, the uncertainties introduced by coarse-
resolution models and spatial biases in the emission inventory were highlighted in many studies [Kim et al.,
2008; Koch et al., 2009; Bauer et al., 2010; Jacobson, 2012; Bond et al., 2013], but their impact remains unknown.
As a result, the observation-constrained estimate is very sensitive to uncertainties in observations and the simu-
lated distribution of BC radiation absorption in space [Bond et al., 2013]. Recently, Cohen and Wang [2014]
applied a Kalman Filter approach to constrain the BC emission and revised BC emission upward to 17–
18 Tg/yr; however, they did not estimate the subsequent BC RF. The uncertainty in the emission inventory
was quantified in our recent studies [R. Wang et al., 2014a, 2014b], while host model uncertainties of BC RF were
quantified throughAeroCom (Aerosol Comparisons betweenObservations andModels) experiments [Stier et al.,
2013]. An estimation of BC RF that makes the best account of all model, representativeness, and observational
uncertainties is urgently needed to quantify the role of BC in climate change and its mitigation.

In this study, we use a recently developed emission inventory of BC combined with a nested aerosol climate
model at high resolution over Asia to estimate the radiation absorption of BC globally. We evaluate the
modeled BC AAOD at 900nm using the AERONET retrievals. We consider all known uncertainties in the forward
modeling of BC and retrieval of BC AAOD, and we also quantify for the first time the representativeness error
that arises when comparing the simulated BC AAOD on amodel grid to a point measurement. Finally, we apply
a Bayesian method to obtain best estimates of BC radiation absorption and RF as well as their uncertainties.

2. Methodology
2.1. Retrieved BC Column Load and Radiation Absorption

We used retrievals from AERONET (Version 2.0 product) [Holben et al., 1998; Dubovik and King, 2000] to
evaluate our modeled BC AAOD. The AAOD at 900 nm was computed from the retrieved AERONET size
distribution and refractive index. Missing refractive indices for low AOD values in Version 2.0 product were
recovered from Version 1.5 product [Schuster et al., 2009]. The BC AAOD at 900 nm was inferred from the
AERONET retrievals by iterating the complex refractive index of a hypothetical internal mixture of BC, water,
soluble aerosols, and insoluble mineral aerosols (dust) until a best fit is achieved with all of the AERONET real
refractive indices, as well as the imaginary refractive indices at the 675, 870, and 1020 nm wavelengths using
the Maxwell Garnett mixing rule [Schuster et al., 2005, 2009]. This produced the volume fraction of BC, which
was then multiplied by the retrieved column size distribution and a constant BC density (1.8 g cm�3) [Bond
and Bergstrom, 2006] to obtain the BC column load.

Light-absorbing organic carbon (OC) is often referred to as “brown carbon” [Formenti et al., 2003]; however,
measurements show that light absorption by OC is close to zero at wavelengths longer than 650 nm
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[Kirchstetter et al., 2004]. Since OC does not absorb light in the 675–1020 nm wavelength range and we used
only those wavelengths for the absorbing component of our retrievals, the presence of OC in the atmosphere
does not affect the retrieved AAOD at 900 nm. Dust, however, may alter our retrievals in regions with heavy
dust loading (e.g., West Africa). Thus, we accounted for the contribution of dust when retrieving the BC AAOD
at 900 nm wavelength. We computed the optical properties of dust by treating dust as a mixture of quartz
(78.5%), kaolinite (20.0%), goethite (1.3%), and hematite (0.2%). This mixture, namely, “QKmix,” predicts ima-
ginary refractive index that achieves the best agreement with observations as shown by Schuster et al. [2012]
or Kim et al., [2011] (Figure S1 in the supporting information). Then, to test the influence of dust on the
retrieved BC AAOD at 900 nm, we ran a sensitivity test at five representative AERONET sites (Bondville,
Beijing, IER Cinzana, MCO-Hanimaadhoo, and Minsk) with different sets of dust optical properties, which cor-
respond to the lower and upper bounds of light absorption by dust (Figure S1). In brief, we considered the
upper bound of light absorption by dust by applying the optical properties of dust derived from the
Optical Properties of Aerosols and Clouds database [Hess et al., 1998], which predicts the highest imaginary
refractive indices of dust (Figure S1). We considered the lower bound of light absorption by dust in a case
without light absorption by this species. These tests resulted in a maximum discrepancy of ±18% for the
retrieved BC AAOD at 900 nm relative to that derived by using QKmix” at the five representative AERONET
sites (Figure S1b). Thus, we took ±18% as the 90% uncertainty range to account for the error of the retrieved
BC AAOD at 900 nmwavelength due to the variance in dust optical properties. In addition, we used a BC den-
sity of 1.8 g cm�3 in our retrieval as recommended by Bond and Bergstrom [2006]. Cohen and Wang [2014]
found that their top-down estimate changes from �15% to 24% when varying their baseline density
(1.0 g cm�3) by �16% to +27%. We followed Bond and Bergstrom [2006] and adopted a range of 1.7–
1.9 g cm�3 for BC density (equivalent to an uncertainty of ±5%) as a 90% uncertainty range to account for
the uncertainty in BC density.

There are two uncertainties that we cannot quantify for the retrieved AAOD at the present stage. Retrievals
depend on aerosol shape andmorphology but aerosols are only treated as either spheres or spheroids in cur-
rent AERONET retrievals [Schuster et al., 2016]. Second, retrievals can be unstable when using optical proper-
ties of an external mixture; thus, the internal mixture models are widely used [Dubovik and King, 2000], and
the sensitivity of the retrievals to the aerosol state of mixture is unknown.

2.2. A new Global Emission Inventory of BC

A global 0.1° × 0.1° BC emission inventory PKU-BC-2007 (EPKU) [R. Wang et al., 2014a] at themonthly resolution
was developed for the year of 2007 based on a subnational fuel combustion data set [Wang et al., 2013] and
an updated data set of BC emission factors [R.Wang et al., 2012a, 2012b, 2014a, 2014b]. A detailed description
for the development of this inventory was summarized in R.Wang et al. [2014a]. A Monte Carlo approach was
used to quantify the uncertainty associated with the emissions [R. Wang et al., 2014a]. In brief, a 1000 point
Monte Carlo run was performed by randomly drawing fuel consumption, BC emission factors, and technology
fractions from given distributions in each run. Uniform probability distributions were applied for fuel con-
sumption and technology fractions, while lognormal distributions from measurements were applied for
the BC emission factors. As a result, we derived a distribution for the global total BC emission that is close
to lognormal with a median of 8.9 Tg yr�1, and 3.1, 5.4, 14.8, and 32 Tg yr�1 as the 5%, 25%, 75%, and 95%
percentiles, respectively. Based on the Monte Carlo simulation, the three quartiles of the PKU-BC-2007 inven-
tory were used to quantify the emissions (the second quartile) and the associated uncertainties (the first and
third quartiles); all were used to run the two versions of Laboratoire de Météorologie Dynamique (LMDZ)-OR-
INteraction with Chemistry and Aerosols (INCA) models to quantify the uncertainty.

2.3. Atmospheric Transport Models of BC

We used a global aerosol climate model LMDZ-OR-INCA [Schulz, 2007; Balkanski et al., 2010; R. Wang et al.,
2014a; Hauglustaine et al., 2014] to simulate the atmospheric transport, radiation absorption, and RF of BC.
The model LMDZ-OR-INCA, couples online the LMDz (Laboratoire de Météorologie Dynamique, version 5)
general circulation model [Hourdin et al., 2006] and INCA (INteraction with Chemistry and Aerosols, version
4) an aerosol module [Schulz, 2007]. The interaction between the atmosphere and the land surface was
accounted for by coupling LMDz with Organizing Carbon and Hydrology In Dynamic Ecosystems, version
9, a dynamical vegetation model [Krinner et al., 2005]. We updated the optical properties of BC as described
in section 2.4. In our study, two versions of LMDZ-OR-INCA working at different horizontal resolutions were
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used, including one zoomed over Asia with a spatial resolution of 0.51° latitude by 0.66° longitude for a region
(70°E–130°E, 7°N–45°N) (a model run MINz) and another one with a fixed resolution of 1.27° latitude by 2.50°
longitude globally (amodel runMIN). The same vertical coordinate was used in the two versions with 19 layers
from the surface to 4 hPa. In addition, MIN and MINz were run separately with identical treatments of size
distributions, aerosol mixing state, sulphur chemistry, hygroscopic growth, removal processes, and radiative
properties, which are all described in Schulz [2007] and Balkanski et al. [2010]. The grid systems in MIN and
MINz are displayed in Figure S2. To run LMDZ-OR-INCA, the meteorological fields were nudged using the
reanalyzed data produced by the European Centre for Medium-Range Weather Forecasts [European Centre
for Medium-Range Weather Forecasts, 2003]. All simulations were run for the year of 2007 based on the
EPKU inventory [R. Wang et al., 2014a] or the MACCity (EMAC), a reference inventory [Lamarque et al., 2010;
Granier et al., 2011], taken for the same year (2007) with 3months in 2006 as a spin-up. The emissions in
EPKU at a native resolution of 0.1° × 0.1° and EMAC at a native resolution of 0.5° × 0.5° were both reprojected
to the model resolutions of MIN and MINz. Therefore, a total of four combinations of BC emission inventory
and transport model were considered and analyzed at global scale, that is, EMAC/MIN, EMAC/MINz, EPKU/MIN,
and EPKU/MINz.

2.4. Treatment of Aerosols in LMDZ-OR-INCA

The version of LMDZ-OR-INCA used in this study simulates BC, sulphate and associated ammonium, primary
organic matter (POM), secondary organic matter, dust, and sea salt [Schulz, 2007; Balkanski et al., 2010]. The
emissions of POM and SO2 were taken from the AeroCom inventory for the year 2000 [Dentener et al.,
2006], while the secondary organic aerosol (with global total emission of 19.1 Tg yr�1) was included and
treated as POM. Following a modal approach by Schulz et al. [1998], the aerosol size distribution is repre-
sented by multiple lognormal distributions in five different modes, namely, insoluble accumulation mode,
soluble accumulation mode, coarse-insoluble mode, coarse-soluble mode, and supercoarse-soluble mode.
The standard deviation of each lognormal size distribution was fixed, while the size distribution was tracked
by using only two variables (the number and mass concentrations) in each mode. BC and POM were divided
into hydrophobic (or insoluble) and hydrophilic (or soluble) parts. In LMDZ-OR-INCA, 80% of emitted BC/POM
is assumed to be hydrophobic. The aging process then transfers hydrophobic BC/POM in the smaller size
insoluble accumulation mode to hydrophilic BC/POM in the larger size-soluble accumulation mode. The
lifetime of aging was taken as 1.6 days for BC/POM in the default version of LMDZ-OR-INCA according to
Cooke and Wilson [1996].

In this study, we updated our model for aerosol optics. BC in the insoluble accumulation mode was computed
using Mie calculations assuming a lognormal size distribution (r0 = 0.0725μm, σg = 1.59) of externally mixed
particles [Schulz, 2007], a BC density of 1.8 g/cm3, and a refractive index m=1.95–0.79i. BC in the soluble
accumulation mode was treated as an internal mixture considering insoluble BC inclusions in a soluble
hygroscopic aerosol matrix. We used Mie calculations under the Maxwell Garnett mixing rule [Chýlek et al.,
1988], as derived originally by Maxwell Garnett [1904], to compute the equivalent refractive index (me) of
the soluble accumulation mode as

m2
e ¼ m2

0

m2
A þ 2m2

0 þ 2vA m2
A �m2

0

� �

m2
A þ 2m2

0 � vA m2
A �m2

0

� � (1)

where m0 is the refractive index of nonabsorbing soluble species, which is assumed to be that of a hygro-
scopic sulphate aerosol following Tang and Munkelwitz [1994]; mA is the refractive index of BC inclusions in
the internal mixture; and vA is the volume fraction of the BC inclusions in the soluble accumulation mode
particle. Both vA and m0 vary according to the simulated composition of the soluble accumulation mode
and atmospheric relative humidity [Boucher, 2015], while we used the same density (1.8 g cm�3) and refrac-
tive index as before for BC.

The size distribution for the dry aerosol is a lognormal with r0 of 0.12μm and σg of 1.59. We then computed
the mass extinction cross section (MEC) and single-scattering albedo (ω0) of the internal mixture. We
attributed the absorption to the BC so that a mass absorption cross section (MAC) could be derived for BC
(MAC=MEC×(1�ω0)). The absorption enhancement (Eabs =MAC of internally mixed BC/MAC of externally
mixed BC) as a function of the mass fraction of BC in the soluble accumulation mode (fbc) and the relative
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humidity is shown in Figure S3. The Eabs amounts to 1.6–2.2 at a wavelength of 550 nm, higher than the value
(1.5) recommended by Bond et al. [2006] due to the difference in the two models. The Eabs decreases as fbc
increases as expected, while the Eabs decreases as RH increases despite the increased aerosol size because
water scatters less light than sulphate in the mixture.

For computational reasons, we perform the Mie calculations off-line for a range of vA and the relative humid-
ity values using the globally averaged aerosol size distribution of the insoluble and soluble BC modes as
derived from our global model. Then, we determine the optical properties of BC from a look-up table based
on the humidity and vA in each vertical layer at each time step in the global model. Results from sensitivity
calculations show that this results in a very small error. The globally averaged MAC of insoluble BC, soluble
BC, and total BC in LMDZ-OR-INCA are listed in Table 1.

Our model for aerosol optics does not take all types of coating into account. BC can be coated with material
that is more or less hydrophilic. However, in the absence of good optical data on POM and secondary organic
matter, we assumed that all coating material behaves like sulphate, and this limitation should be noted.

Aerosol morphology has also an impact on the BC optical properties. Adachi et al. [2010] estimated the optical
properties and RF of BC based on a discrete dipole approximation method and the 3-D shapes of actual par-
ticles determined using electron tomography in Mexico City. They found that the bias in the global BC RF
would be 6% using a Maxwell Garnett approximation and 24% using either a volume mixing or a core-shell
model. However, the 3-D shapes of actual particles are only representative of one location, so we interpret
this bias as an indication of the uncertainty rather than a systematic error that could be corrected for. We
applied an additional uncertainty of 6% due to the mixing state and morphology of particles for our model
calculations but not to the AERONET retrieval for which the uncertainty budget already accounts for uncer-
tainties in the aerosol models. More measurements like Adachi et al. [2010] are necessary to better under-
stand the uncertainty in global aerosol models.

At last, Oshima and Koike [2013] documented the limitation of using a constant lifetime for BC aging.
Therefore, we implemented two new BC/POM aging schemes based on the work by Liu et al. [2012] and
Zhang et al. [2015] which are discussed in section 4. It replaces the constant BC/POM aging rate with a varying
aging rate that depends on the hydroxyl radical concentrations based on condensation and coagulation.

Table 1. Comparison of the Global Average, Annual Mean RF of BC and Related Parameters in Our Model to Those From the AeroCom Phase I Experiments [Schulz
et al., 2006]a

E (Tg yr�1) τ (Day) L (mgm�2)
BC

AAOD(×1000)
BC RF

(W m�2)
MAC

(m2 g�1)
MAC AIBCM
(m2 g�1)

MAC ASBCM
(m2 g�1)

AFE
(W m�2 AAOD�1)

NRFB
(W g�1)

Our Estimates
EMAC/MINz 6.0 5.9 0.20 1.89 0.30 9.5 5.5 10.2 159 1500
EPKU/MINz 7.5 5.5 0.23 2.14 0.34 9.3 5.5 10.0 159 1478
EMAC/MIN 6.0 6.7 0.24 2.20 0.35 9.2 5.5 9.9 159 1458
EPKU/MIN 7.5 6.1 0.29 2.52 0.40 8.7 5.5 9.7 159 1379
EPKU/MDS 7.5 5.9 0.27 2.45 0.39 9.1 5.5 9.9 159 1444

AeroCom Phase I—Experiment B [Schulz et al., 2006]
GISS 4.9 7.2 0.24 1.83 0.22 8.4 - - 120 920
LOA 4.9 7.3 0.25 1.98 0.32 8.0 - - 162 1280
LSCE 4.9 7.5 0.25 1.11 0.30 4.4 - - 270 1200
MPI-HAM 4.9 4.9 0.16 1.23 0.20 7.7 - - 163 1250
SPRINTARS 4.9 10.6 0.37 3.50 0.32 9.8 - - 91 860
UIO-CTM 4.9 5.5 0.19 1.34 0.22 7.2 - - 164 1160
UIO-GCM 4.9 5.5 0.19 1.95 0.36 10.5 - - 185 1890
UMI 4.9 5.8 0.19 1.29 0.25 6.8 - - 194 1320
ULAQ 4.9 11.4 0.38 2.90 0.08 7.6 - - 28 210
Mean 4.9 7.3 0.25 1.90 0.25 7.8 - - 153 1120
Median 4.9 7.2 0.24 1.83 0.25 7.7 - - 163 1200
SD 0 2.3 0.08 0.82 0.08 1.8 - - 68 450

aBC emission (E), BC lifetime (τ), BC column load (L), BC AAOD (550 nm), BC RF, BC mass absorption cross section (MAC) at 550 nm, MAC of insoluble BC (AIBCM)
at 550 nm, MAC of soluble BC (ASBCM) at 550 nm, absorption forcing efficiency (AFE) at 550 nm, and normalized RF of BC by BC burden (NRFB) are compared. BC
emissions (including fossil fuel, biofuel, and outdoor biomass burning), column load, BC AAOD (550 nm), and RF are for industrial era BC as a difference between
1750 and 2007.
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2.5. Interpolation of BC Column Load and Radiation Absorption to 10 km Resolution

Similar to an interpolation method applied in R. Wang et al. [2014a], the modeled BC loads were downscaled
from the 0.51° × 0.66° grid (x,y) in EPKU/MINz in Asia or the 1.27° × 2.50° grid (x,y) in EPKU/MIN elsewhere to a
0.1° × 0.1° subgrid (i,j) as

L�i;j ¼ Lx;y
Eαi;j

∑
i;j

Ai;jE
α
i;j

� � (2)

where L*i,j is the downscaled BC load; Lx,y is the modeled BC load; Ei,j is the emission in the subgrid (i,j); α is a
seasonal-constant coefficient describing the nonlinear relationship between emission and column load; and
Ai,j is the fractional area of each subgrid (i,j) in the model grid (x,y).

To optimize the values of α in equation (2), a regional off-line chemistry-transport model CHIMERE (MCHIMERE)
[Menut et al., 2013] was run with the EPKU inventory over the North China Plain at a horizontal resolution of
0.1° × 0.1° (the same as EPKU) with eight vertical layers from the surface to 500 hPa. The grid system of
MCHIMERE is displayed in Figure S4. To run this model, 0.1° × 0.1° meteorological field is produced by the
Weather Research and Forecasting model [Menut et al., 2013]. BC is divided into nine size bins in CHIMERE,
and the main features of transport, dry deposition, and wet scavenging of all aerosols are described in
Menut et al. [2013]. The global LMDZ-OR-INCA model covers the vertical layer from the surface to 4 hPa,
but the regional CHIMERE model only simulates BC up to 500 hPa. As a result, we corrected the BC column
load modeled by MCHIMERE over the North China Plain to account for BC located above 500 hPa. We inferred
from the LMDZ-OR-INCA BC distribution that on average over this region, there is 5% BC mass located above
500 hPa. We derived the optimal values of α by minimizing the deviation between the interpolated BC load
and that modeled by CHIMERE over the North China Plain. In detail, considering that the effect of diffusion
and transport is different for source and background regions, all model grids were equally divided into three
categories according to their BC load (clean< 1mgm�2, polluted: 1–2mgm�2, and very polluted
>2mgm�2). Note that this is different from our previous study in R. Wang et al. [2014a], which applied the
same exponent α for all grid points. Then, different values of α were tested until achieving the least root-
mean-square deviation in each group. These optimized α were applied for downscaling the modeled BC
AAOD over all continents in our best model (EPKU/MINz over Asia and EPKU/MIN elsewhere) to 0.1° × 0.1° in each
group of grid points. The derived BC AAOD distribution using this interpolation method is referred to as EPKU/
MDS hereafter and represents our preferred BC distribution.

2.6. Estimations of BC Radiative Forcing and Its Uncertainty

We first estimated the all-sky radiative effect of BC at the top of the atmosphere as the difference in short-
wave radiative fluxes with and without BC in LMDZ-OR-INCA [Reddy et al., 2005; Hourdin et al., 2006]. The
effects in the longwave were neglected as they have been shown to be very small [Reddy et al., 2005]. The
RF of BC due to aerosol-radiation interactions was calculated as the change in radiative effect between the
preindustrial era (year 1750) using emissions from AeroCom [Dentener et al., 2006] and the present day.
The corresponding estimates of the global mean column load, lifetime, mass absorption cross section
(MAC), absorption forcing efficiency (AFE), RF, and AAOD of industrial era BC are listed in Table 1, which
are compared to the AeroCom Phase I experiments [Schulz et al., 2006]. These estimates were taken as our
bottom-up estimates.

According to Bond et al. [2013], the uncertainty in BC RF arises from a combination of uncertainties in BC
AAOD and AFE. The uncertainty in BC AAOD itself arises from a combination of uncertainties in the BC emis-
sions, lifetime, and MAC. Therefore, we first computed uncertainties in the BC AAOD averaged over each
region by combining uncertainties in the emissions [R. Wang et al., 2014a], lifetime [Bond et al., 2013], and
MAC [Bond et al., 2013]. The uncertainty in BC emissions was derived from a Monte Carlo simulation, which
accounts for uncertainties in BC emission factors, fuel consumption, and technology fractions. For the lifetime
and MAC of BC, we considered the spread of AeroCommodels in Bond et al. [2013] as indicative of the uncer-
tainty. After excluding the maximum and minimum values, we derived a 90% uncertainty range of ±44% for
BC lifetime and ±45% for BC MAC. Finally, we derived the uncertainty in BC RF by combining uncertainties in
BC AAOD, “host model” properties [Stier et al., 2013] and the uncertainty in AFE due to vertical profiles [Samset
et al., 2013; Hodnebrog et al., 2014]. All these uncertainties are summarized in Table 2.
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Table 2. Estimation of Uncertainties in the BC RF by the Bottom-Up Methoda

Uncertainty Source Basis for the Uncertainty Calculation of 90% CI

BC emissions (item i) A Monte Carlo simulation yields a distribution of the
estimated emissions in the PKU-BC inventory

[R. Wang et al., 2014a]. The 5% and 95% percentile
is 3.1 and 32 Tg yr�1, or (�65%, +260%) relative
to the central estimate (8.9 Tg yr�1), adopted

as the 90% CI. For EMAC, according to
Bond et al. [2013], the traditional inventory
is associated with a relative uncertainty
of (�73%, +282%), and this uncertainty

is applied for EMAC.

The 90% CI relative to the central estimate
is derived as (�65%, +260%) for

EPKU and as (�73%, +282%) for EMAC.

BC lifetime (item ii) BC lifetime varies from 3.3 to 10.6 days [Bond et al., 2013].
After excluding the maximum and minimum
values, the average and standard deviation is

6.2 ± 1.7 days. Hence, a relative standard
deviation (RSD) of 27% is adopted.

The 90% CI is derived as±27%× 1.645 = ±44%

BC MAC (item iii) BC MAC varies from 4.3 to 15.0m2 g�1

[Bond et al. 2013]. After excluding the
maximum and minimum values, the average
and standard deviation is 8.5 ± 2.2m2 g�1.

Hence, an RSD of 26% is adopted.

The 90% CI is derived as±26%× 1.645 = ±43%.

Particle morphology (item iv) Adachi et al. [2010] found that the
bias in the global BC RF would be 6% using
a Maxwell Garnett approximation. As the

AeroCom study [Bond et al., 2013]
does not cover this factor, we added an

uncertainty of ±6% to the MAC.

The 90% CI is ±6%.

Host model uncertainty (item v) Host model uncertainties for top-of-the-atmosphere
all-sky radiative forcing owing to absorption due
to differences in radiative transfer models and

environmental parameters such as surface albedo and
clouds are estimated to lead to an RSD of 11% according
to an AeroCom intercomparison study [Stier et al., 2013].

The 90% CI is derived as±11%× 1.645 = ±18%

The vertical profiles of BC (item vi) Samset et al. [2013] isolate the uncertainty of BC RF due
to the variability of vertical profiles of BC

based on modeled BC vertical profiles from
15 aerosol models. It results in an RSD of 13%

around the central estimated BC RF or
a 90% CI of ±21%. However, in a more
recent study [Hodnebrog et al., 2014],

with a shorter BC lifetime to match the HIPPO observed
BC vertical profiles in the model, the global mean forcing
efficiency of BC will decrease by 26%. Thus, we adopt

a variance of ±26% as a 90% CI for AFE,
to account for the impact due to variance

in the vertical profiles of BC.

The 90% CI is derived as:±26%

Overall uncertainty
Based on the uncertainties estimated above, the uncertainty associated with BC RF is calculated by adding all uncertainties (items i–v) in quadrature by assuming

all sources of error are independent. Therefore, for EPKU/MDS, the 90% confidence intervals should be

the lower bound = – SQRT ((65%)2 + (44%)2 + (6%)2 + (43%)2 + (18%)2 + (26%)2) =�95%

the upper bound = SQRT ((260%)2 + (44%)2 + (6%)2 + (43%)2 + (18%)2 + (26%)2) = 270%
It corresponds to a 90% CI of (�95%, +270%) in EPKU/MDS.

For EMAC/MIN, the 90% confidence intervals should bethe lower bound = – SQRT ((73%)2 + (44%)2 + (43%)2 + (6%)2 + (18%)2 + (26%)2) =�101%

the upper bound = SQRT ((282%)2 + (44%)2 + (43%)2 + (6%)2 + (18%)2 + (26%)2) = 290%

It corresponds to a 90% CI of (�101%, +290%) in EMAC/MIN.

aSix uncertainty factors (items i-vi) are considered. All uncertainties are given as 90% confidence intervals (CI).
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We note that the AFE of BC (defined as the RF per AAOD at 550 nm) in our model (231Wm�2 AAOD�1) is
higher than the median value (163Wm�2 AAOD�1) of AeroCom Phase I models [Schulz et al., 2006], due
to the difference in radiative transfer scheme [Stier et al., 2013] and vertical profiles of BC [Samset et al.,
2013]. To achieve an unbiased estimate, the AFE in our model was scaled to the AeroCom median value.
Note that the AeroCom models overestimate BC mass at high altitude over the remote oceanic regions [Schwarz
et al., 2013], which in turn affects the modeled AFE of AeroCom models. A correction of this bias resulted in a
new global AFE of AeroCom models of 159Wm�2 AAOD�1 (see supporting information Text S1 and Figure S5),
which was adopted here. Samset et al. [2014] showed that there is no significant bias in the modeled vertical
profile of BC when comparing with the Arctic Research of the Composition of the Troposphere from Aircraft
and Satellites campaign over North America or the Aerosol Radiative Forcing in East Asia (A-FORCE) campaign
over Japan. Hence, we did not correct the AFE of AeroCom models over these regions.

2.7. Estimation of BC Radiation Absorption and Radiative Forcing by a Bayesian Method

To constrain the model, a recent benchmark study by Bond et al. [2013] scaled the modeled BC AAOD and
thus RF by the ratio of observed to modeled BC AAOD at a relatively small number of locations. However,
their scalingmethod does not properly account for the uncertainties in model and observations. In this study,
we replaced the scaling method by Bond et al. [2013] with a Bayesian method [Bouttier and Courtier, 1999] to
estimate an optimal distribution of BC AAOD and RF. This optimal estimate makes the best account of
all model, representativeness, and observational uncertainties. We used the BC AAOD retrieved from
AERONET as a constraint over continental regions (section 3.5) and the BC column load measured by the
High-performance Instrument Airborne Platform for Environmental Research Pole-to-Pole Observations
(HIPPO) campaign as a constraint over three remote oceanic regions (section 3.6). Over the continental
regions, we applied the optimal interpolation theory [Lorenc, 1986] to optimize the scaling factor, s, which
was used to scale the BC AAOD from the bottom-up estimate. As we were dealing with scalar quantities in
each region, to compute s and its variance Vs, the best linear unbiased estimator reduces to

s ¼ Vo

Vo þ Vm þ Vm

Vo þ Vm � o
m

(3)

Vs ¼ Vo�Vm

Vo þ Vm � 1
m2

(4)

where Vo is the error variance of the observations, Vm is the error variance of the model from the bottom-up
method, o is the average BC AAOD retrieved at the AERONET sites, and m is the average BC AAOD modeled
at the AERONET sites. Next, the error variance of themodeled BC AAOD (Vm) was computed from the uncertain-
ties in BC emissions, lifetime, andMAC (as described in section 2.6). The error variance of the observed BC AAOD
(Vo) was derived as the sum of the error variance of retrieved BC AAOD due to the variance in dust optical prop-
erties (±18%) and BC density (±5%) and the error variance due to the representativeness error (Vr). Vr, also called
“external representation error” by Engelen et al. [2002], represents the uncertainty coming from the scale mis-
match when comparing point measurements and their model equivalent. It mostly includes here the spatial
variations of the BC AAOD at scales smaller than the model grid boxes and is therefore computed as the mean
square of differences in BC AAOD between the (low-resolution) model and a model at the highest resolution
that could be achieved in this study. In EPKU/MDS, we assumed EPKU/MCHIMERE to be the “truth,” and Vr is derived
as the mean square of differences in BC AAOD at all AERONET sites modeled by EPKU/MDS and EPKU/MCHIMERE

over the North China Plain. We applied this regional Vr (as a relative uncertainty) over other continental regions
as well. In EMAC/MIN, we took EPKU/MDS as the truth and computed the mean square of differences in the BC
AAOD modeled by EMAC/MIN and EPKU/MDS at all AERONET sites in each region. Then, we added this variance
to the Vr derived above for EPKU/MDS to get the Vr for the EMAC/MIN model.

The scaling factor s and its error variance Vs have the spatial scale of a few measurement sites aggregated
together. When applying s at the scale of continental regions, the error variance VAAOD of the resulting BC
AAOD was calculated by combining Vs and a representativeness error for the scaling factor when going from
the limited numbers of sites to the whole region (Vdiff) as

VAAOD ¼ Vs�w2 þ Vdiff (5)

where w is the average modeled BC AAOD over each region. Vdiff was calculated as the square of difference
between BC AAOD averaged at all AERONET sites and that averaged over the region. Vdiff varies annually, in
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particular, for regions with fluctuant natural fires. To account for this interannual variability, we run EMAC/MIN

from 2001 to 2008 to compute the Vdiff based on the averaged BC AAOD distributions. In addition, it should
be noted that the year 2007 is associated with smaller emissions from biomass burning following the El Niño
in 2006. Further simulations for other years would be needed to see this impact on BC amounts and RF. Note
that Vdiff depends on the location of observation sites and a homogeneous distribution of observation sites
covering both low and high BC AAOD regions would reduce Vdiff.

For the three remote oceanic regions, we constrained the BC column load (discussed in section 3.6), instead
of BC AAOD, in equations (3) and (4). We considered an uncertainty of ±30% (relative 90% confidence inter-
val) for the observed BC mass concentrations [Schwarz et al., 2013]. The representativeness error variances Vr

for EPKU/MDS and EPKU/MINz were both calculated as the mean square of the differences of the modeled BC
load by EPKU/MDS and EPKU/MINz, as we do not know the truth. The variance Vload was computed in a similar
way as equation (5) with a representativeness error Vdiff computed as the square of the difference between
the modeled BC column load averaged at HIPPO sites and that averaged over the whole region. VAAOD was
computed by combining Vload and the variance of BC MAC (VMAC). VMAC was derived as in our bottom-
up method.

For the remaining oceanic regions without observations, we applied themodeled BC AAOD from the bottom-
up estimate with the associated uncertainty.

As in our bottom-up estimate, uncertainty in BC RF in the Bayesian method was computed by combining
uncertainties in the BC AAOD, host model uncertainty and the uncertainty in AFE due to vertical profiles.
Finally, the global mean BC RF and the associated uncertainty was estimated by averaging the regional mean
BC RF and associated uncertainty weighted by area in each region. The variances (Vr, Vo, Vm, Vs, Vdiff, Vload, and
VAAOD) in equations 3–5 and those of the BC RF were all expressed in terms of the corresponding values for
the lower and upper bounds of the 90% confidences. All variables in the calculation and the procedure to
calculate the BC RF and its uncertainty are provided in the supporting information Data Set S1.

3. Results and Discussion
3.1. Spatial Distribution of BC Radiation Absorption

We simulated the AAOD due to BC at 900 nm by four inventory/model combinations labeled EMAC/MIN, EPKU/
MIN, EMAC/MINz, and EPKU/MINz. The main result is that EPKU gives a different spatial pattern of BC AAOD than
EMAC, particularly over East Asia and central Africa (Figures 1a and 1b). In particular, EPKU, which was highly
disaggregated based on local fuel data [Wang et al., 2013] (e.g., each county in China) and emission factors
[e.g., Wang et al., 2012a, 2012b], gives a higher BC AAOD than EMAC in the north and southwest of China,
the northwest of India, and Ganges-Brahmaputra delta. By comparison, EMAC is developed from generic emis-
sion factors, and country-level fuel data disaggregated spatially by assuming a uniform national per capita
fuel consumption [Lamarque et al., 2010; Granier et al., 2011]. The subnational data in EPKU suggest some lim-
itation of the generic EMAC inventory: for instance, in China, per capita residential coal consumption in north-
ern China (4.8 kg cap�1) from EPKU was different from that in southwest China (6.0 kg cap�1) and in southeast
China (0.90 kg cap�1), whereas EMAC assumes constant per capita emission for the entire country. Similarly,
per capita consumption of fossil fuel in the New Delhi region (1.1Mg C cap�1) was 3.3 times in EPKU larger
than the Indian country mean (0.33Mg C cap�1). In addition, the larger BC AAOD in western Africa (e.g., in
Nigeria) in EPKU is due to higher BC emission factors applied for the residential sector [R. Wang et al.,
2014a], while the decrease in central Africa (e.g., in DR Congo) is a result of less biomass burning in EPKU using
Global Fire Emissions Database (GFED) version 3 fire data [van der Werf et al., 2010] than EMAC using GFED ver-
sion 2 fire data [van der Werf et al., 2006]. Meantime, the increased model resolution of MINz with EPKU better
captures regional BC AAOD hot spots than MIN (Figure 1c), illustrating the importance of high-resolution
models to take advantage of a high-resolution emission inventory like EPKU.

3.2. Comparison of Modeled BC AAOD to Observations

The simulated BC AAOD at the 900 nm wavelength was evaluated against AERONET retrievals as monthly
means at 213 sites worldwide (see Figure 1b for the distribution of sites) (Figure 2). At most sites, EPKU/MINz

gives a better agreement with observations in Asia than other simulations. The normalized mean bias
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(NMB) quantifies this improvement: the NMB in Asia was reduced from �56% in EMAC/MIN to �25% in EPKU/
MINz. Over East Asia, the region with the highest BC emissions, the NMB is reduced from �54% to �10%, for
which the improvement is more significant than that achieved over South/Southeast Asia (NMB reduced
from �61% to �46%). Comparable improvements are obtained when either the EPKU inventory or the
zoomed model MINz is used. The former decreases the NMB from �41% to �25% and the latter from
�51% to �25% in Asia. The improvement of BC AAOD over the non-Asian regions (NMB from �71% to

Figure 1. Simulated BC AAOD at 900 nm. (a) BC AAOD simulated by EPKU/MINz over Asia (the orange box) and EPKU/MIN else-
where; (b) Simulated BCAAOD as a difference between EPKU/MINz and EMAC/MINz over Asia and between EPKU/MIN and EMAC/
MIN elsewhere. The blue box indicates the region of East Asia, and the purple box the region of South/Southeast Asia. The
AERONET sites used to evaluate themodel are shown as circles (red circles for oceanic sites). (c) Difference between EPKU/MINz
and EPKU/MIN over Asia. The simulations are run for 2007, and the observations are taken from AERONET for the same year.
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�61%) is not as significant as it is over Asia, mainly due to a relatively coarser model resolution over these
regions. We also compared the modeled BC column load with that retrieved from the AERONET observations
in Figure S6. There is a comparable improvement as we observed for BC AAOD, with the NMB being reduced
from �60% for EMAC/MIN to �35% for EPKU/MINz over Asia. The remaining bias suggests that improving the
emission inventory and enhancing the model resolution do not suffice to remove all bias in the model.

3.3. Downscaling of BC AAOD to 10 km Resolution

Even though EPKU/MINz provides a better agreement with observations in Asia, such a fine spatial resolution
cannot be applied globally due to heavy computational cost. In particular, for the rest of the world outside the
zoom over Asia, BC AAOD remains underestimated by 61% in EPKU/MIN (Figure 2). We investigated the effect
of a downscaling method as used in R. Wang et al. [2014a] on the simulated BC AAOD.

Figure 3 shows the variation of the root-mean-square deviation (RMSD) in the comparison of BC column load
modeled by CHIMERE and that interpolated by equation (2) under different values of the exponent α. It is
found that the lowest RMSD can be achieved for polluted and very polluted grids by using α values of 0.03
and 0.09, respectively, while RMSD is weakly dependent on α for clean grids (α= 0). This is reasonable because
the spatial distribution of BC over the clean areas is mainly controlled by long-range transport of pollutants
from remote grids, rather than local emissions, and thus, the exponent α is close to zero. These α are smaller
than the value (0.30) calibrated for surface BC concentrations [R. Wang et al., 2014b], confirming that column

Figure 2. (a–d) Comparison of the modeled and retrieved BC AAOD at 900 nm in Asia and (e and f) other regions. EMAC/MIN (Figures 2a and 2e); EPKU/MIN (Figures 2b
and 2f); EMAC/MINz (Figure 2c); EPKU/MINz (Figure 2d). Modeled BC AAOD are averaged over the same days as observations in each month. The vertical bars in
Figures 2b and 2d represent the values obtainedwith the first and third quartiles of the EPKU inventory. Normalizedmean bias (NMB) and the percentage of sites with
modeled BC AAODwithin a factor of 2 of the observations (f2) are also shown. NMB for East Asia (blue) and South/Southeast Asia (red) are indicated in Figures 2a–2d.
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load is less dependent on emissions
than surface concentrations. Figure
S7 shows that the correlation coeffi-
cient between the concentrations
modeled by CHIMERE and the BC sur-
face emissions decrease with altitude.

Using these “calibrated” exponents,
we were able to downscale the mod-
eled BC AAOD in Figure 1a to 10 km
resolution (EPKU/MDS) to get closer to
the resolution of point AERONET mea-
surements. There are two points that
support use of this method. First,
EPKU/MDS can faithfully reproduced
the CHIMERE modeled gradients of
BC column load over the North China
Plain (Figure 4). Second, with the
downscaling method, the bias (NMB)
of modeled BC AAOD to observations
gets further reduced from �25% to
�5% over Asia, from �60% to �45%
over the other regions, lending cer-
tain confidence to its use over other
regions (Figure 5). Nevertheless, there

is no guarantee that this method can be extended as such to all regions. We run sensitivity experiments to
test the impact of using larger or smaller α when estimating the RF of BC in section 3.7. It is important mean-
while to put emphasis on the development of global high-resolution aerosol models.

It is known that the total AAOD retrieved from AERONET is more uncertain under low aerosol optical depth
(AOD) [Dubovik and King, 2000], because the retrievals of single scattering albedo (ω0) are more uncertain at
low AOD and thus removed from Version 2.0 data product. In our study, the missing ω0 in Version 2.0 data
was recovered from Version 1.5 data product. A similar approach was taken by Bond et al. [2013]. They
showed that the retrieved AAOD in this way is very similar to that derived by applying the ω0 retrieved from
high AOD observations to all AOD values at each station. Therefore, we do not account for the additional

Figure 4. Spatial distributions of the BC column load (mgm�2) by different models. (a) BC column load modeled by EPKU/
MINz. (b) BC column load modeled by using the downscaling method (EPKU/MDS). (c) BC column load directly modeled by
EPKU/CHIMERE.

Figure 3. Variation of the root-mean-square deviation in the comparison of
BC load for all 10 km grids in the North China Plain downscaled from EPKU/
MINz and modeled by EPKU/CHIMERE under different values of α. Considering
that the effects of diffusion are different for polluted and clean areas, all grids
are categorized equally into three groups according to the modeled BC load
(clean< 1mgm�2, polluted: 1–2mgm�2, and very polluted >2mgm�2).
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uncertainty due to use of retrieved AAOD at low AOD in our study. We verified that the deviation between
modeled and observed monthly mean BC AAOD increased with decreasing AOD (Figure S8). We did not
exclude the data with the AOD less than 0.4, because these data represent the region with low aerosol loads.
Note that the fraction of AERONET sites out of Asia with the observed monthly AOD (430 nm) less than 0.3 (or
0.4) is 76% (85%), higher than the fraction of 30% (44%) in Asia. More in situ measurements which can be
compared with AERONET measurements [e.g., Corrigan et al., 2008; Esteve et al., 2012] are necessary to assess
the impact.

3.4. Location Bias of the AERONET Sites With Respect to BC

The AERONET network [Holben et al., 1998; Dubovik and King, 2000] provides the best data set of aerosol
absorption in the shortwave at over 500 sites worldwide. Sato et al. [2003] used it to calibrate their global
aerosol climatologies produced by transport models and found that BC concentrations need to be increased
by a factor of 2 to 4 to agree with observations, leading to a climate forcing by BC of ~1Wm�2. Other studies
further refined the method and come to similar conclusions, i.e., an upward revision of BC RF [Chung et al.,
2005, 2012; Ramanathan and Carmichael, 2008; Bond et al., 2013]. However, the reason for the underestima-
tion of radiation absorption by aerosols is not well understood. One novelty of our work is to reduce the dis-
crepancy by increasing model resolution and using a highly spatially disaggregated emission inventory. To
understand the reason for the underestimation of BC in coarse-resolution models, Figure 6a presents the his-
togram of AERONET sites on basis of BC AAOD within 2° × 2° grids as a typical resolution used in previous

Figure 5. Comparison of the modeled and retrieved BC AAOD at 900 nm (monthly mean) in Asia (red) and the rest of the
world (ROW) region (blue) by different models. (a) EMAC/MIN. (b) EPKU/MINz in Asia and EPKU/MIN elsewhere. (c) Downscaled
to a resolution of 10 km from EPKU/MINz (over Asia) and from EPKU/MIN (over ROW) using an emission-based power law
function (namely, as EPKU/MDS). Modeled and retrieved BC AAOD are averaged for the same days as AERONET observations
in each month. Normalized mean bias (NMB) for all points is shown in each panel, with the numbers for Asia (red) and ROW
(blue) indicated in parentheses.
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models. The figure illustrates that a large fraction (41%) of AERONET sites are located in the top 90th percen-
tile of BC AAOD in a coarse model grid of 2° × 2°. In other words, the AERONET sites are biased to polluted
locations in these grids. This makes the underestimation of BC AAOD found in previous studies sensitive to
the spatial distribution of BC within a coarse model grid. In fact, the location of the AERONET site stems from
two constraints: a site has to be accessible which favors populated regions, and a strong signal is needed to
invert the radiances [Holben et al., 1998]. This sampling bias toward polluted locations transfers to a
representativeness error when comparing observations with coarse-resolution models and estimating the
observation-constrained RF of BC.

3.5. Regional BC AAOD and Direct Radiative Forcing

We followed three approaches to estimate the regional mean BC AAOD and RF with their associated uncer-
tainties. First, we derived the BC AAOD and RF from the LMDZ-OR-INCA model as our bottom-up estimates
(see methods in section 2.6). Second, we followed the approach by Bond et al. [2013] to scale the modeled
BC AAOD to match the simulated BC AAOD with observations, derived as a scaling estimate. At last, a

Figure 6. (a) Histogram of the AERONET sites on basis of BC AAODwithin a coarse grid of 2° × 2°. For a coarse model grid of
2° × 2°, there are 400 subgrids of 0.1° × 0.1°. We derive the BC AAOD from EPKU/MDS for all 0.1° × 0.1° subgrids and then
compute the percentile of BC AAOD the AERONET site locates among all 0.1° × 0.1° subgrids. (b) Distribution of all AERONET
sites. Globe was divided into eight major source regions (North America (NA), South America (SA), Europe (EU), Africa (AF),
Middle East (ME), South/Southeast Asia (SSA), East Asia (EA), and Oceania), three remote ocean regions (grey shaded area),
and the remaining oceanic regions.
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Bayesian method was applied to constrain the model by observations, derived as our Bayesian estimates (see
methods in section 2.7). Figure 7 shows the uncertainty distributions of optimal and a priori BC AAOD and RF
as an average over Asia and other continental regions. As a result, the optimal estimate delivers an intermedi-
ate value between the bottom-up and scaling estimates, but the associated large uncertainty in the bottom-
up estimate gets reduced by using observations as a constraint. Note that the high-resolutionmodel and new
inventory improves the spatial distribution of BC and thus reduces the representativeness error associated
with coarse-resolution model and spatially biased emission inventory. Replacing EMAC/MIN with EPKU/MDS

reduces the uncertainty (standard deviation) in the Bayesian estimate by 49% (from 0.65 to 0.33) and 36%
(from 0.25 to 0.16) for BC AAOD, and by 61% (from 1.32 to 0.52) and 36% (from 0.75 to 0.48) for BC RF over
Asia and other continental regions, respectively (Figure 7).

3.6. Column Load of BC Over the Oceanic Regions

Up to now, we have constrained the BC AAOD and thus RF over continents. However, the modeling of BC RF
over the oceans is associated with higher uncertainty, indicated by surface BC concentrations in the Arctic
[Shindell et al., 2008] and vertical profiles of BC over the oceans [Schwarz et al., 2013]. We compared the mod-
eled BC volumemixing ratios to in situ observations measured over the remote central Pacific Ocean from 85°
N to 67°S during the High-performance Instrument Airborne Platform for Environmental Research Pole-to-
Pole Observations research aircraft campaign (HIPPO) [Wofsy et al., 2011; Wofsy, 2012] (Figure 8). The simu-
lated BC volume mixing ratios were overestimated by an average factor of 5 above 6 km when compared
to HIPPO, as are most AeroCom models [Schwarz et al., 2013]. Most current models, although not all of them,
overestimate the BC concentrations measured by HIPPO at high altitudes [Schwarz et al., 2013]. Although
some recent studies showed that a shorter BC lifetime can reduce this bias, there is still overestimation of
BC, in particular, over the latitude band of 60°N–90°N [Q. Q. Wang et al., 2014; X. Wang et al., 2014]. Samset
et al. [2014] showed that a shorter BC lifetime is helpful, but it is not sufficient to reduce all biases. More stu-
dies addressing the impact of meteorology and microphysics of BC, such as the work by Kipling et al. [2013],
Q. Q. Wang et al. [2014], X. Wang et al. [2014], and Zhang et al. [2015] are needed to improve themodels. In our
study, we defined three remote oceanic regions in Figure 6b, which can be represented by the regions cov-
ered by HIPPO measurements. We constrained the modeled BC column load and thus BC AAOD over the

Figure 7. Uncertainty ranges of (a and b) BC AAOD at 550 nmand (c and d) BC RF over Asia and other continental regions. The
probability density functions (PDF) of Bayesian estimates from EPKU/MDS (red lines) and EMAC/MIN (blue lines) are shown as
solid lines, and the PDFs of bottom-up estimates are shown as dashed lines. The estimates based on the scaling method are
shown as arrows without a distribution. The standard deviations (SD) for Bayesian estimates are listed in each panel.
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remote oceanic regions using the BC col-
umn load derived from the HIPPOmeasure-
ments (see methods in section 2.6). The BC
column load from HIPPO was derived by
integrating the vertical profile of the mea-
sured mean BC volume mixing ratio at dif-
ferent locations (Figure 8). We used HIPPO
measurements, rather than continental
AERONET sites, to constrain our model,
because of the scarcity of AERONET sites
over the oceans. It should be noted that
the remote oceanic regions cover only
30% in the total area of the oceans. There
are no observations that can be used to
constrain the modeled BC AAOD over the
remaining oceanic regions, and we applied
the modeled BC AAOD and RF with the
associated high uncertainty.

3.7. Global Direct Radiative Forcing
of BC

The global mean BC RF was calculated
for both EMAC/MIN and EPKU/MDS by three
approaches: a bottom-up method (FM),
a scaling method (FS), and a Bayesian
method (FB). The three estimates are
compared in Figure 9. In EMAC/MIN, the
global mean BC RF estimated by the
bottom-up (0.35Wm�2) and scaling
(0.65Wm�2) method differ by 85%, as
are previous studies [Sato et al., 2003;
Chung et al., 2005, 2012; Ramanathan
and Carmichael, 2008; Bond et al., 2013].
In contrast, in EPKU/MDS, as our best
attempt to simulate the BC absorption at

Figure 9. Comparison of the bottom-up (FM), scaling (FS), and Bayesian (FB) estimates of global mean BC RF. The central
estimates are shown as circles, while 90% uncertainty ranges are shown as error bars. Our estimated global mean BC RF is
compared with that in the literature [Bond et al., 2013] and the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC-AR5) [Boucher et al., 2013]. The dashed lines in FS show the results by scaling BC RF over all oceans using
AERONET observations, as done in the literature. FB without downscaling (using results by EPKU/MINz over Asia and EPKU/MIN
elsewhere) is also shown.

Figure 8. Comparison of the BC volume mixing ratios over the remote
Pacific Ocean region modeled by EPKU/MIN and EMAC/MIN and that
measured by the High-performance Instrumented Airborne Platform for
Environmental Research Pole-to-Pole Observations (HIPPO) research
aircraft campaign [Wofsy et al., 2011, 2012]. The model is run for 2007,
and the measurement is taken as an average for the period from 2009
to 2011. The interannual variations are not considered in our compari-
son. Measured monthly averaged BC volume mixing ratios (local pres-
sure and temperature) for each 1 km height layer are shownwith a solid
black line, and simulated monthly averaged BC volume mixing ratios
colocated with measurements are shown, respectively, in blue (EMAC/
MIN) and red (EPKU/MIN) solid lines. The volume mixing ratios over each
vertical layer are averaged and shown as dashed lines.
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high resolution, the difference between the global mean FM (0.39Wm�2) and FS (0.54Wm�2) gets
reduced to 38%, reflecting a better agreement of the modeled BC AAOD with observations. Finally, as
an “assimilation compromise,” the global mean RF of BC estimated by the Bayesian method delivers
an intermediate value between FM and FS. The global mean FB estimated by EMAC/MIN (0.58Wm�2)
and EPKU/MDS (0.53Wm�2) is close to each other, while FS is higher in EMAC/MIN (0.68Wm�2) than that
in EPKU/MDS (0.54Wm�2). In either EPKU/MDS or EMAC/MIN, the FB (0.53 or 0.58Wm�2) is higher than the
FM (0.39 or 0.35Wm�2), because the modeled BC AAOD is lower than that retrieved from AERONET. In
EPKU/MDS, due to application of the Bayesian approach, the 90% uncertainty range of BC RF was reduced
from �95%/+270% in FM to �72%/+125% in FB. As revealed in our study, there is a significant represen-
tativeness error in EMAC/MIN due to the use of the spatially biased emission inventory and coarse model
resolution. As a result, the Bayesian estimate gives less weight to observations when constraining the
model. Despite similar central estimates, the 90% uncertainty range associated with the global mean
FB is reduced from �88%/+155% in EMAC/MIN to �72%/+125% in EPKU/MDS, mainly due to a reduced
representativeness error.

Downscaling the simulated BC AAOD to 10 km resolution reduces the misfit of modeled to observed BC
AAOD (Figure 5) and thus the representativeness error. In a sensitivity test without downscaling (only
using EPKU/MINz over Asia and EPKU/MIN elsewhere), the global mean FB would be 0.54Wm�2, but
with a 90% uncertainty range of 0.07–1.34Wm�2 (Figure 9). Although the central estimate was not
influenced too much, the uncertainty is 22% larger than that in EPKU/MDS. Note that the power law
exponents used in the downscaling method are calibrated using the data simulated by CHIMERE over
one specific region. Sensitivity tests show that a one third increase or decrease of the exponents change
the global mean FB from 0.50 to 0.58Wm�2. Hopefully, 0.1° × 0.1° resolution modeling of BC, as done
here with CHIMERE over North China Plain, can be performed globally in the future to reduce this
uncertainty.

3.8. Spatial Distribution of BC Radiative Forcing

In spite of a lower estimate of the global BC RF, the produced 0.1° × 0.1° map of BC RF reveals high perturba-
tion of BC to local radiation balance, given the large values of the RF induced by BC over polluted regions,
typically larger than 7.0Wm�2 (Figure 10). Sreekanth et al. [2007] used a seven-channel aethalometer to mea-
sure the BC mass concentrations and estimate the shortwave RF of BC using the Santa Barbara DISORT
Atmospheric Radiative Transfer model. They estimated a BC radiative effect of 3.9Wm�2, in agreement with
a BC RF of 4.0Wm�2 from our Bayesian estimate over the region. The high RF values, more than twice the
total RF from all well-mixed greenhouse gases (2.83Wm�2) [Myhre et al., 2013b], and the associated
atmospheric heating may have a significant impact on the water cycle and atmospheric circulation at local
and regional scales.

Figure 10. Global map of annual mean RF of BC derived at a high resolution of 0.1° × 0.1°. The gridded BC RF is calculated
based on the simulated BC AAOD at 0.1° × 0.1° resolution from the combination of EPKU/MDS, and then the BC RF averaged
over each continent and oceanic regions are normalized to that in our Bayesian estimates.
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4. Sensitivity of BC RF to the Aging Scheme

Condensation, coagulation, and photochemical oxidation change themixing state of BCwith other aerosol spe-
cies [Jacobson, 2001; Riemer et al., 2010; Oshima et al., 2009]. It affects the BC lifetime by controlling the fraction
of soluble BC that can be removed by wet scavenging [Cooke and Wilson, 1996; Stier et al., 2005] as well as the
optical properties of BC [Jacobson, 2001; Bond et al., 2006; Oshima et al., 2009]. The sectional method [Jacobson,
2001; Adams and Seinfeld, 2002; Spracklen et al., 2005;Oshima et al., 2009; Riemer et al., 2009] is themost realistic
approach for modeling the mixing state of BC but requires toomany tracers, making it hard to be implemented
in a general circulation model (GCM) such as LMDZ-OR-INCA. Modal methods were adopted in some GCMs to
account for aerosols mixing based on condensation and coagulation, such as European Centre/Hamburg
(ECHAM5-HAM) [Stier et al., 2005], MADE-in [Aquila et al., 2011], GISS-MATRIX [Bauer et al., 2010; Bauer and
Menon, 2012], CAM-MAM7 [Liu et al., 2012] and Weather Research and Forecasting (WRF)-chem-MOSAIC
[Matsui et al., 2013]. It is demonstrated that simulating the aging of BC from fresh mode to internally mixed
accumulation mode based on condensation and coagulation is important near fossil fuel sources [Ghan
et al., 2012]. However, as pointed out by Oshima and Koike [2013], more than half of 15 models included in
the AeroCom Phase II experiment [Myhre et al., 2013a] used a constant time scale for the BC aging (including
LMDZ-OR-INCA) or ignore the aging processes. For these reasons, we tested the impact by implementing the
BC aging schemes by Liu et al. [2011] and Zhang et al. [2015] in our model.

The BC aging rate depends on condensation of sulphate, chemical oxidation, and coagulation between different
particles. In general, the aging rate is dominated by condensation. Hence, Koch [2001] and Wilson et al. [2001]
modeled the aging rate based on the production of gas-phase sulfuric acid. Liu et al. [2011] further improved this
method in Geophysical Fluid Dynamics Laboratory’s chemistry and climate model (AM3). Accordingly, the aging
rate of BC can be represented as

k ¼ β OH½ � þ α (6)

where [OH] is the atmospheric hydroxyl (OH) radical concentrations from LMDZ-OR-INCA, β represents a fast
aging process by condensation, and α represents a slow aging process by coagulation. According to Liu et al.

Figure 11. (a–c) Comparison of BC AAOD over Asia modeled by EPKU/MINz using three BC aging schemes: (a) the prescribed con-
stant time scale of aging; (b) BC aging scheme by Liu et al. [2011]; (c) BC aging scheme by Zhang et al. [2015]. (d–f) Difference of
modeled BCAAODbetween Figures 11b and11a (Figure 11d), Figures 11c and 11a (Figure 11e), and Figures 11c and 11b (Figure 11f).
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[2011], β[OH] is based on the condensation of sulfuric but implicitly includes the effect of other species
related with oxidants (e.g., nitrate acids). In the work by Liu et al. [2011], β was determined by assuming
an e-folding aging time of 2.5 days under globally average [OH], while α was determined by assuming an
e-folding aging time of 20 days for coagulation. Zhang et al. [2015] tested the aging scheme by Liu et al.
[2011] in the Model for OZone and Related chemical Tracers version 4 (MOZART-4) and derived β of
2.4 × 10�11 cm3molecule�1 s�1 and α of 1.0 × 10�6 s�1 to achieve a better agreement between model and
HIPPO measurements. Note that the scheme by Zhang et al. [2015] predicts a faster aging rate than that
by Liu et al. [2011].

We implemented the aging schemes by Liu et al. [2011] and Zhang et al. [2015] in our model and rerun EPKU/
MIN and EPKU/MINz. The modeled BC AAOD by EPKU/MINz over Asia with new aging schemes was compared
with that with a constant aging rate (Figure 11). We found that a faster aging rate increased the ratio of hydro-
philic BC to hydrophobic BC, which increased the light absorption of BC but decreases its lifetime. The
scheme by Liu et al. [2011] influenced the BC AAOD slightly, but the scheme by Zhang et al. [2015] signifi-
cantly increased BC AAOD over regions close to sources and decreased BC AAOD over regions far away from
the sources slightly (Figure 11). Due to a similar reason, Ghan et al. [2012] found that different mixing states of
BC produce 10% differences in the direct BC RF only over regions close to fossil fuel sources.

We computed the bottom-up BC RF (FM), the ratio of observed and modeled BC AAOD (o/m) in EPKU/MDS,
the scaling factor (s) in equation (3), and the BC RF by the Bayesian method (FB) under different aging
schemes (Table 3). The global FM changes by 2% under different aging schemes. Regionally, a faster BC aging
rate by Zhang et al. [2015] increased the FM over continents while decreasing the FM over the oceans. Over
the oceanic regions covered by HIPPO campaign, the value of o/m increased from 0.64 with a constant aging
rate to 0.72 with aging scheme by Zhang et al. [2015], indicating a reduced model bias. Similar to FM, the
aging scheme does not influence the FB estimate much: the global mean FB changed from 0.527Wm�2 with
a constant aging time scale to 0.529Wm�2 with aging scheme by Zhang et al. [2015], while the regional FB
varied by less than 3% (Table 3).

5. Comparison With Previous Estimates

Our estimated global mean BC RF was compared with that in the literature [Bond et al., 2013], which was
referenced by the Fifth Assessment Report of IPCC (Figure 9). Bond et al. [2013] derived their central estimate
by scaling themodeled BC AAOD to agree with the values retrieved at AERONET sites. Themajor difference in
methodology between the work by Bond et al. [2013] and ours is summarized in Table 4. Notably, Bond et al.
[2013] used the sparse AERONET sites to constrain the modeled BC AAOD over all oceans, but, in our study,
the BC AAOD was constrained by HIPPO measurements over remote oceans and not constrained over the

Table 3. Sensitivity of the BC RF to Different Aging Schemes of BC in EPKU/MDS
a

Fixed Aging Rate Aging [Liu et al., 2011] Aging [Zhang et al., 2015]

FM(Wm�2) o/m s FB(Wm�2) FM(Wm�2) o/m s FB(Wm�2) FM(Wm�2) o/m s FB(Wm�2)

EA 1.170 0.972 0.973 1.139 1.142 0.984 0.985 1.125 1.236 0.926 0.928 1.147
SSA 0.911 1.578 1.555 1.416 0.905 1.567 1.545 1.398 0.967 1.459 1.441 1.394
Africa 0.825 2.660 2.516 2.077 0.826 2.663 2.519 2.080 0.849 2.606 2.466 2.093
Europe 0.561 1.848 1.786 1.003 0.550 1.858 1.796 0.987 0.574 1.826 1.766 1.014
ME 1.087 1.536 1.512 1.643 1.099 1.524 1.501 1.649 1.098 1.560 1.535 1.686
NA 0.366 2.482 2.354 0.862 0.386 2.461 2.335 0.900 0.369 2.464 2.337 0.862
SA 0.543 1.170 1.166 0.633 0.528 1.198 1.194 0.630 0.554 1.149 1.146 0.634
OCE 0.237 1.759 1.655 0.392 0.240 1.708 1.612 0.387 0.232 1.779 1.673 0.389
Ocean(HIPPO) 0.194 0.679 0.690 0.134 0.220 0.639 0.652 0.144 0.189 0.718 0.728 0.138
Ocean(other) 0.307 0.307 0.336 0.336 0.306 0.306
Land 0.670 1.181 0.668 1.186 0.691 1.186
Global 0.394 0.527 0.414 0.545 0.400 0.529

aThis table compares a constant BC aging rate prescribed in LMDZ-OR-INCA to the aging scheme by Liu et al. [2011] and to the aging scheme by Zhang et al.
[2015]. FM is the BC RF estimated by the bottom-up method; o/m is the ratio of observed and modeled BC AAOD at 900 nm; s is the scaling factor derived by
equation (3) in the Bayesian method; and FB is the BC RF estimated by the Bayesian method. Results are shown by region (EA for East Asia, SSA for South and
Southeast Asia, ME for Middle East, NA for North America, SA for South America, and OCE for Oceania).
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remaining oceans. If the BC RF over all oceans was scaled by the six AERONET sites over oceans (red circles in
Figure 1b), the estimate of global mean FS will increase from 0.68 to 1.36Wm�2 in EMAC/MIN and from 0.54 to
0.83Wm�2 in EPKU/MDS (Figure 9), close to that (0.71Wm�2) in Bond et al. [2013]. In addition to this, the esti-
mate by Bond et al. [2013] was obtained by scaling the BC AAOD and RF with the ratios of modeled to
retrieved BC AAOD. However, without using the Bayesian approach and high-resolution model, Bond et al.
[2013] do not account for the representativeness error when using coarse-resolution models and emission
inventory, just as “EMAC/MIN.” The uncertainty in BC RF in the EMAC/MIN model (�88% to +155%) is higher than
that (�88% to +79%) in Bond et al. [2013], mainly because we accounted for the representativeness error
caused by comparing modeled BC AAOD with a point measurement. Note that our Bayesian approach
reduces the uncertainty in the bottom-up estimate and does not necessarily result in a lower uncertainty
in EMAC/MIN than that in Bond et al. [2013]. As shown in our study, the model resolution and spatial distribu-
tion of emissions is a critical factor when comparing the modeled BC AAOD to observations, which changes
the scaling factor used by Bond et al. [2013]. Consequently, our best estimate of FB by EPKU/MDS is 0.53Wm�2

(0.14 to 1.19), 27% lower than that (0.71Wm�2, 0.08 to 1.27 as 90% uncertainty range) by Bond et al. [2013].

Recently, X. Wang et al. [2014] addressed the impact of aging and the contribution of brown carbon in the
GEOS-Chem model. Replacing a constant aging rate with a treatment of BC coating with sulphate reduces
the lifetime of BC from 5.1 days to 4.4 days. As a result, they achieved a better agreement with both near-
source and remote BC concentrations. However, the modeled AAOD was still underestimated by a factor
of 1.4 to 2.8 over different regions when comparing with AERONET retrievals. They obtained a global mean
BC RF of 0.21Wm�2 using the scaling method by Bond et al. [2013]. Their scaled BC RF is lower than our esti-
mate of FS (0.54Wm�2) and FB (0.53Wm�2) in EPKU/MDS, mainly due to a lower AFE (100Wm�2) in their
model than that (159Wm�2) used in our study. In addition, their 90% uncertainty range (0.04–0.53Wm�2)
was narrower than ours in FB mainly for three reasons. First, they assumed an uncertainty of �50%/+100%
for the BC AAOD over oceans. Our study suggests that this uncertainty is larger based on all bottom-up uncer-
tainties (�95%/+270% in EPKU/MDS). Second, the representativeness error due to a coarse model resolution
(2° × 2.5°) was also not included by X. Wang et al. [2014]. At last, X. Wang et al. [2014] did not include host
model uncertainty in their estimate.

Cohen and Wang [2014] applied a Kalman Filter method to constrain BC emissions using BC AAOD from
AERONET, rather than a scaling method by Bond et al. [2013]. There are three major differences between

Table 4. Major Difference in Estimating the BC RF and the Uncertainty Between the Study by Bond et al. [2013] and the Present Study

Bond et al. [2013] The Present Study

Scaling over land The BC AAOD is scaled by a scaling factors = o/mwhere o
and m is the observed and modeled BC AAOD average

over all AERONET sites, respectively.

The BC AAOD is scaled by a scaling factors ¼ Vo

VoþVm þ Vm

VoþVm �
o
mwhere Vo, Vm is the observational and model

errors, respectively.
Scaling over oceans The modeled BC RF over the oceans is constrained using

AERONET retrievals at limited numbers of sites over oceans.
The BC RF over the remote oceans is constrained
using HIPPO measurements and not constrained
over the remaining oceans devoid of observations.

AERONET retrievals The retrieved BC AAOD at 550 nm is used to constrain the model, with the
uncertainty due to the impact of organic matter

and dust assessed.

The retrieved BC AAOD at 900 nm is used to constrain
the model, with the uncertainty due to the impact of

dust optical properties and BC density assessed.
Uncertainty in the
scaling process

Uncertainties in the scaling process are assessed due to the spatial pattern
of BC AAOD, ambiguity in how the scale factor is defined, the limited
number of AERONET sites, clear-sky biases in the BC AAOD, and the

influence of BC transport from sources to oceanic regions. Notably, the
representative error due to a coarse model resolution is not included.

We use an optimal interpolation theory to estimate the
optimal scaling factor, s, which is used to constrain the
BC AAOD in the model, and its variance Vs is estimated
based on the model and observational uncertainties.

The representative error due to a coarse model
resolution is included.

Host model
uncertainty

Host model uncertainty is assessed by combining the uncertainties due to
the effect of surface albedo and the choice of radiative transfer code

[Boucher et al., 1998].

Host model uncertainty is derived from a new
estimate by Stier et al. [2013].

Influence of vertical
profiles in AFE

Influence of vertical profiles in AFE is assessed by testing different vertical
locations of BC relative to clouds [Zarzycki and Bond, 2010]. It results in a

variation of the global BC RF by 15%.

Uncertainty in AFE is derived from Samset et al. [2013]
and Hodnebrog et al. [2014].

Combination of
uncertainties

The 90% uncertainty in BC RF is derived by combining the 90% uncertainty
in BC AAOD and the 50% uncertainty in BC AFE.

The 90% uncertainty in BC RF is derived by combining
the 90% uncertainties in all error sources.
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Cohen andWang [2014] and our study. First, they used a priori global BC emissions of 14.4 Tgyr�1 for the year of
1990 [Wang, 2004] and obtained a top-down estimate of 17.8± 5.6 Tg yr�1 for years after 2000. This a priori
emission is a factor of 2 higher than most estimates for years after 2000 [Bond et al., 2007, 2013; Dentener
et al., 2006; Junker and Liousse, 2008; Lamarque et al., 2010; Granier et al., 2011; Q. Q. Wang et al., 2014] and that
used in our study (8.9 Tg yr�1). Second, Cohen and Wang [2014] used a model resolution of 1.8° in latitude and
2.5° in longitude, but the impact of the rather coarse resolution was not considered when comparing to point
measurements. Our study shows that the coarse resolution of model can lead to a representativeness error,
which was taken into account when estimating the BC RF in our Bayesian estimate. Our approach has a
thorough estimation of the errors associated with the aerosol “forward” model. We performed a Monte Carlo
simulation to assess the uncertainty in the a priori emissions based on uncertainties in BC emission factors, fuel
consumption, and technology fractions. We further considered model uncertainties in the chain processes
going from the emissions to AAOD of BC. At last, we applied a Bayesian method to estimate the BC AAOD
by making the best account of all model, representativeness, and observational uncertainties. It would be
interesting to translate the error analysis of Cohen and Wang [2014] into an uncertainty range for the BC RF.

At last, Cohen and Wang [2014] include only stations that have no more than 30% of the AOD under a limit of
0.4. This is motivated by the fact that the uncertainty on the retrieved aerosol South and Southeast Asia (SSA)
increases as AOD decreases [Dubovik and King, 2000]. However, this approach eliminates a significant fraction
of the AERONET data (there are, e.g., no data left in North America in the nonsummer months) and introduces
significant sampling biases when comparing models and observations. We performed a sensitivity test where
we removed the AERONET data when the retrieved daily AOD is less than 0.4. The results are shown in
Table 5. The agreement between model and observations is less satisfactory when only using AERONET
AAOD for daily retrieved AOD larger than 0.4. For instance, the ratio between retrieved and modeled BC
AAOD varies from 0.97 to 1.33 in East Asia and from 2.52 to 1.84 in Africa. Meantime, the uncertainty is
significantly increased when there is less data coverage over low AOD regions. As an example, the uncer-
tainty for FB increases from �61.7%/+63.5% to �136.4%/+137.2% in South and Southeast Asia. As discussed
by Bond et al. [2013], the procedure of backfilling the missing AAOD when AOD is less than 0.4 adds noise to
the retrieved AAOD, but it reduces the sampling bias. Better models and more studies are needed to improve
model-observation comparison methods.

6. Conclusions and Implications

In this study, we find that a new emission inventory of BC combined with a high-resolution model could gen-
erate a BC field that significantly improves the simulation of BC radiation absorption. A location bias is thus
revealed, in that a fraction of AERONET sites are located in the top percentiles of BC AAOD simulated for
coarse model grids, which introduces to a representativeness error when comparing the modeled BC
AAOD to AERONET observations. It explains partly an underestimation in previous studies. Furthermore, in
contrast to previous observational-constrained studies, the uncertainties in models and observations, includ-
ing the representativeness error, are accounted for estimating the BC RF in a Bayesianmethod in our study for

Table 5. Sensitivity of the BC RF and Its Uncertainty to AERONET Samplinga

Using All AERONET Data Removing the AERONET Data With Daily AOD Less Than 0.4

o/m FB (W m�2) (Uncertainty) in FB (%) o/m FB (W m�2) Uncertaintyin FB (%)

EA 0.973 1.139 �76.1%/+76.7% 1.331 1.557 �97.9%/+98.5%
SSA 1.555 1.416 �61.3%/+63.0% 1.838 1.674 �136.4%/+137.2%
Africa 2.516 2.077 �59.5%/+65.5% 3.632 2.998 �58.6%/+65.5%
Europe 1.786 1.003 �53.2%/+55.8% 2.186 1.227 �61.5%/+64.0%
ME 1.512 1.643 �50.0%/+52.4% 1.760 1.913 �49.4%/+52.1%
NA 2.354 0.862 �71.2%/+75.3% 3.060 1.121 �88.9%/+92.6%
SA 1.166 0.633 �72.5%/+73.4% 2.756 1.496 �52.4%/+53.7%
OCE 1.655 0.392 �55.7%/+58.0% 2.134 0.505 �94.4%/+95.9%

aThis table compares a case using the Level 1.5 data for backfilling the missing AAODwhen AOD< 0.4 in the Level 2.0
data, to a case that we do not perform this backfilling. o/m is the ratio of retrieved and modeled BC AAOD at 900 nm and
FB is the BC RF estimated by the Bayesian method. Results are shown by region (EA for East Asia, SSA for South and
Southeast Asia, ME for Middle East, NA for North America, SA for South America, and OCE for Oceania).
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the first time. As a result, our observationally constrained estimate of the BC RF is somewhat lower than pre-
vious estimates. These results imply that reduction in BC emissions would contribute to slow down global
warming, but the contribution is less than previously thought.

However, there is a wide uncertainty range in our Bayesian estimate of BC RF, mainly due to the uncertainty in
the AFE of BC, error in the vertical profiles of BC, host model uncertainties, and a limited number of BC AAOD
observations in space, especially over the oceans. Further reduction of the uncertainty should be achieved by
a better design of the measurement network, further improvements of the emission inventory and model
resolution, and better constrains of BC optical properties and vertical profiles over the oceans by observations
with an improved treatment of aerosols in the model.

At last, extension of our Bayesian approach presented in this study for estimating other aerosol effects should
be done with caution. Our approach is based on the assumption that the relationship is linear between emis-
sions and AAOD and between AAOD and RF. Other approaches should be applied when constraining the
indirect or the semidirect effects when the relationship with emissions may be nonlinear.
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