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a b s t r a c t

Despite growing evidence of light-absorbing organic aerosols (OAs), their contribution to the Earth's
radiative budget is still poorly understood. In this study we derived a new empirical relationship that
binds OA single scattering albedo (SSA), which is the ratio of light scattering to extinction, with
sulfate þ nitrate aerosol optical depth (AOD) and applied this method to estimate OA SSA over the
tropical biomass burning regions. This method includes division of the attribution of black carbon (BC)
and OA absorption aerosol optical depths from the Aerosol Robotic Network (AERONET) observation and
determination of the fine-mode ratio of sea-salt and dust AODs from several atmospheric chemistry
models. Our best estimate of OA SSA over the tropical biomass burning regions is 0.91 at 550 nm. Un-
certainties associated with observations and models permit a value range of 0.82e0.93. Furthermore, by
using the estimated OA SSA and comprehensive observations including AERONET, Moderate Resolution
Imaging Spectroradiometer (MODIS) and Multi-angle Imaging Spectroradiometer (MISR), we examined
the first global estimate of sulfate þ nitrate AOD through a semi-observational approach. The global
mean sulfate þ nitrate AOD of 0.017 is in the lower range of the values obtained from 21 models
participated in AeroCom phase II. The results imply that most aerosol models as well as climate models,
which commonly use OA SSA of 0.96e1.0, have so far ignored light absorption by OAs and have over-
estimated light scattering by sulfate þ nitrate aerosols. This indicates that the actual aerosol direct
radiative forcing should be less negative than currently believed.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

During the last decade, light absorption by atmospheric aerosols
has attracted significant attention because of its huge impact on
regional climate and the Earth's radiation balance. In the solar
ric Sciences, Pusan National
spectrum, under cloud-free conditions, direct radiative forcing by
atmospheric aerosols is usually negative at the top of the atmo-
sphere (TOA); however, it can become less negative or even positive
with increasing aerosol absorption (Boucher et al., 2013; Feng et al.,
2013). Studies regarding aerosol light absorption have considered
black carbon (BC) as a single light absorbing species. During the last
10 years, laboratory and field experiments have provided strong
evidence of the fact that some organic aerosols (OAs) absorb a
substantial amount of sunlight, whereas others only scatter sun-
light (Kirchstetter et al., 2004; Andreae and Gelencs�er, 2006;

mailto:kjha@pusan.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2016.09.069&domain=pdf
www.sciencedirect.com/science/journal/13522310
http://www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2016.09.069
http://dx.doi.org/10.1016/j.atmosenv.2016.09.069
http://dx.doi.org/10.1016/j.atmosenv.2016.09.069


J.-E. Chu, K.-J. Ha / Atmospheric Environment 147 (2016) 67e7868
Alexander et al., 2008; Chen and Bond, 2010; Chung et al., 2012;
Lack et al., 2012). The evidence for the presence of light
absorbing OAs originates from the spectral dependence of light
absorption that cannot be explained by BC absorption near specific
combustion sources. OAs that absorb sunlight appear brownish
owing to their strong solar absorption toward shorter visible and
ultraviolet radiation; therefore, such OAs are known as brown
carbon (BrC; Andreae and Gelencs�er, 2006). The origins of atmo-
spheric OAs are the incomplete combustion of biomass (Reid et al.,
2005; Hoffer et al., 2006; Chakrabarty et al., 2010; Lack et al., 2013;
Forrister et al., 2015) and fossil fuels (Bond, 2001; Yang et al., 2009;
Zhang et al., 2011) and the secondary formation from gas-phase
organic compounds (Laskin et al., 2014; Nakayama et al., 2013; Yu
et al., 2014). The OAs make up more than 80% of fine-particle
mass in the atmosphere in tropical savannas (Magi, 2009) where
tens to hundreds of mega hectares are burned every year (Giglio
et al., 2013) (Fig. 1). However, there are various OA source mate-
rials and chemical composition; therefore, it is difficult to gener-
alize optical properties of OAs (Kanakidou et al., 2005).

The aerosol light absorption can be quantitatively expressed by
using single scattering albedo (SSA) which is defined by the ratio of
aerosol light scattering to aerosol light extinction (the sum of ab-
sorption and scattering). For non-absorbing aerosols the SSA is 1. It
is crucial to exactly understand the SSA of aerosol since the sensi-
tivity in aerosol direct radiative forcing is primarily driven by dif-
ferences in SSA (Abel et al., 2005; Magi et al., 2008) rather than the
absolute value of absorption, and hence even small error in its
estimation can change the sign of aerosol radiative forcing
(Yamamoto and Tanaka, 1972; Takemura et al., 2002; Kanakidou
et al., 2005). Large uncertainties exist, however, in the measure-
ment of OA light absorption from both laboratory experiments and
field observations, which tend to cause substantial overestimation
of OA light absorption. For example, the extraction of laboratory
generated aerosol samples with organic solvents prior to thermo-
chemical analysis generally shows greater absorption than those
not extracted (Chen and Bond, 2010). In addition, the most
commonly used in situ instruments for measuring aerosol light
absorption, including the Aethalometer (Magee Scientific Co.,
Berkely, CA) and the Particle Soot Absorption Photometer (Radiance
Research, Seattle, WA), tend to overestimate aerosol light absorp-
tion because the absorption is enhanced by backscattering and
multiple scattering (Chow et al., 2009).

Providing long-term, continuous, and readily available aerosol
observation, the ground-based worldwide network of automatic
sun- and sky-scanning measurements, Aeronet Robotic Network
(AERONET; Holben et al., 1998, 2001), has been used throughout
the literature to determine aerosol optical properties near specific
source regions (Russell et al., 2010; Giles et al., 2012). However,
these observations yield column-integrated measurements and
Fig. 1. Mean annual burned area in units of hectares at 0.25� spatial resolution derived
from the January 1996 to December 2013 data of the monthly Global Fire Emissions
Database fourth version (GFED4; Giglio et al., 2013). The annual mean was computed
by the unweighted sum of 12-month data that were then averaged over 18 years.
therefore include different aerosols and mixing states. To make the
best use of AERONET data, there is a need for additional work in
characterizing light absorption by individual aerosol species.
However, due to the difficulties in separating contribution of indi-
vidual species to total light absorption, only few studies tried to
partition OA light absorption using AERONET (Bahadur et al., 2012;
Chung et al., 2012).

The main purpose of this study is the development of an algo-
rithm to derive OA SSA empirically and the determination of OA SSA
over the tropical biomass burning regions. In particular, we develop
an algorithm that binds OA SSA with sulfate þ nitrate AOD mostly
by using ground-based AERONET data. The algorithm partly em-
ploys the ensemble mean of model simulations. We apply this
empirical algorithm to determine the OA SSA over the tropical
biomass burning regions by using the sulfate þ nitrate AOD
measured during the Southern African Research Initiative field
campaign in August and September 2000 (SAFARI-2000) (Swap
et al., 2003). The uncertainties from observations and the
retrieval algorithm are extensively considered in estimating the
range of OA SSA. Our method is different from that of Bahadur et al.
(2012) in that there is no assumption of OA light absorption at
higher wavelengths, and the OA SSA is determined from the
amount of measured sulfate þ nitrate AOD. It should be also
pointed out that there are large differences in individual aerosol
composition among models, and the model diversity of each of
aerosol component will introduce large uncertainties to the
aerosol-associated solar direct radiative forcing (Kinne et al., 2006).
The biases provide an additional motivation for examining
observation-based retrieval of individual aerosol species such as
light scattering sulfate and nitrate aerosols. We further provide the
first global estimate of sulfate þ nitrate AOD constrained mostly by
observations using the empirically derived OA SSA.

2. Data and methods

2.1. Data

In this section, we describe the data obtained from the obser-
vations and global aerosol simulations. All data are monthly means
and are interpolated to the T42 resolution, approximately
2.8� � 2.8�. Unless otherwise noted, we use optical variables at a
wavelength of 550 nm. Table 1 shows a summary of the symbols
and acronyms used in this paper.

2.1.1. AERONET
AERONET is a ground-based remote sensing maintained by the

National Aeronautics and Space Administration (NASA) Goddard
Space Flight Center (Holben et al., 1998, 2001). Although this
automatic sun- and sky-scanning measurement does not cover the
whole globe, its wide angular and spectral measurement provides
most reliable and continuous aerosol optical properties in key lo-
cations (Dubovik et al., 2002). The AERONET AOD is known to be
the most accurate global-scale product, and the uncertainty range
Table 1
Summary of acronyms and symbols used in this study.

Symbol Acronym Description

t AOD Aerosol optical depth (from surface to TOA)
ta AAOD Absorption aerosol optical depth (¼(1 � SSA) � AOD)
tf fAOD Fine-mode aerosol optical depth
tc cAOD Coarse-mode aerosol optical depth
a AE Ångstr€om exponent for AOD
b AAE Absorption Ångstr€om exponent
u SSA Single scattering albedo
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of its derived AOD is 0.01e0.02 owingmainly to calibration (Holben
et al., 1998, 2001; Eck et al., 1999); its calibrated sky radiance
measurements typically have uncertainty of less than 5% (Holben
et al., 1998, 2001). We downloaded the AERONET Version 2 prod-
uct AOD at four wavelengths of 440, 675, 870, and 1020 nm from
the direct sun measurement from 2001 to 2010. Cloud-screened
and quality-assured Level 2 almucantar retrieval sensitivity re-
quires high aerosol loading (>0.3 at 440 nm) and large solar zenith
angles (>50�) with an accuracy of ~0.03 which may yield sampling
bias (Dubovik et al., 2002). Fine-mode AOD (fAOD) at 500 nm is
obtained from the spectral deconvolution algorithm (SDA) (O'Neill
et al., 2001a,b; O'Neill, 2003)). We used themonthlymean AOD and
fAOD for the monthly FMF rather than averaging daily FMFs. The
coarse-mode AOD (cAOD) was obtained by subtracting fAOD from
AOD. We obtained fAOD at 550 nm by subtracting the cAOD at
500 nm from the total AOD at 550 nm, assuming that the cAOD
does not change from 500 to 550 nm. The AAODwas obtained from
the monthly AOD multiplied by 1-SSA. The AERONET AE and AAE
were computed by the linear regression of the logelog space using
AOD and AAOD at 440, 675, and 870 nm. The climatology was
computed by taking the 2001e2010 average for each calendar
month.

2.1.2. Fine-mode sea-salt and dust AODs
We used the multi-model mean for fine-mode dust (fdust) and

fine-mode sea-salt (fss) AODs. Because dust and sea-salt aerosols
are predominantly large particles, not all aerosol and climate
models simulate small dust and sea-salt AODs. We collected three
models that simulate fdust and fss AODs: Goddard Chemistry
Aerosol Radiation and Transport (GOCART), Tracer Model 5 (TM5),
and ModelE2-Two-Moment Aerosol Sectional (TOMAS). For the
GOCART simulations, we used the sea-salt AOD from Chin et al.
(2002) and the dust AOD from the Giovanni website (http://
gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id¼neespi),
which contains the GOCART model output from 2000 to 2007. The
TM5 output was obtained from a simulation prepared for the
Aerosol Comparison between Observations and Models (AeroCom)
phase III hindcast experiment (Huijnen et al., 2010). The ModelE2-
TOMAS microphysics model (Adams and Seinfeld, 2002) is incor-
porated into the state-of-the-art general circulation model (GCM)
Goddard Institute for Space Studies (GISS) ModelE2 (Lee et al.,
2015). The TOMAS module represents the aerosol size distribu-
tion in many size categories or bins from 10 nm to 10 mm. We used
the Fast-TOMAS module with a 15-bin version because, compared
with the original TOMAS model with 30 bins, it reduces the
computational burden by twoethree times while effectively pre-
serving the capability of computing the FMF. The fAOD for both dust
and sea-salts were calculated by multiplying the AOD by the FMF.
The FMF of dust and sea-salt aerosols from ModelE2-TOMAS was
calculated by converting the mass output to AODs and then
applying the SDA algorithm used in AERONET retrieval (O'Neill
et al., 2001a,b; O'Neill, 2003) to the AODs in order to create FMF
consistent with AERONET FMF. For computing the size-resolved
AODs at 380, 440, 500, 675, and 870 nm, a Mie-scattering code
was applied using the refractive index taken from the Optical
Properties of Aerosol and Clouds (OPAC) dataset (Hess et al., 1998).
The climatological AODs for all three models were obtained by
averaging the simulation periods of 2000e2007, 2001e2010, and
2003e2005 for GOCART, TM5, and ModelE2-TOMAS, respectively.
The annual mean climatological AODs were obtained by taking the
average of the climatology for each calendar month.

2.1.3. Sulfate þ nitrate AOD
We prepared the sulfate þ nitrate AODs from 21 models

participated in AeroCom phase II project (Schulz et al., 2006; Schulz
et al., 2009) for comparison with the sulfate þ nitrate AOD esti-
mated in this study. The AeroCom-project is an open international
initiative of scientists that aims for further understanding of global
aerosols and their impact on climate. We adopted 19 models from
the AeroCom control run (CTRL_2006) that was proposed as a
reference and control simulation based on the emissions for 2006.
In addition, two models, Spectral Radiation-Transport Model for
Aerosol Species (SPRINTARS) and TM5, were adopted from the
AeroCom hindcast run of the Intergovernmental Panel on Climate
Change (HCA-IPCC) in which meteorology and sea surface tem-
perature (SST) have yearly variability. For comparison with the
2001e2010 observations, SPRINTARS data were averaged for the
period 2000e2008, whereas TM5 data were averaged for
2000e2009. The details of the diagnostics required are available on
the AeroCom website (http://aerocom.met.no/). Table 2 lists the
model names, data availability for sulfate and nitrate AODs, and
original resolutions of each model. Among 21 models, 5 models
simulated nitrate AOD. We modified these models with missing
aerosol information (i.e., nitrate AOD) by accounting for the multi-
model mean nitrate AOD. We evaluated the performance in five
models in simulating nitrate AOD over the most abundant source
region, central Eastern China (30�N-41.5�N, 110�E-122�E), in com-
parison with in a previous study that obtained nitrate AOD from a
combination of satellite-retrieved AOD and a chemistry transport
model (CTM) using a data assimilation technique (Park et al., 2014).
Since two models differ by a factor of 10 from Park et al. (2014), we
selected three models and calculated the mean of nitrate AOD from
the three models. Then we added the three model averaged nitrate
AOD to the models that does not treat it. The three models are
global monsoon Global Modeling Initiative (GMI), GMI-v3, and
Hadley Centre Global Environmental Model version 2 (HadGEM2-
ES). Because the global mean AOD can be affected by the model
resolution, the original datawere re-gridded by interpolation to the
common T42 grid prior to any statistical analysis.
2.2. Methods

In this section, we introduce the method used to derive OA SSA
empirically from the combination of AERONET and model outputs.
We usedmostly ground-based AERONETobservations; aminor part
included multi-model mean simulations. Fig. 2 shows a simplified
process flow chart for deriving OA SSA.

Beginning from AERONET fAOD, the fAOD consists mostly of
sulfate þ nitrate, BC, and OA aerosols mostly derived from
anthropogenic sources, whereas a sizable portion of dust and sea-
salt aerosols consist of fine-mode particles. Because optical depth
is an additive quantity, the scattering and absorption of each
aerosol species can be treated separately, as shown in Eq. (1).

tf ðlÞ ¼ tsulfateþnitrateðlÞ þ tBCðlÞ þ tOAðlÞ þ tfdustðlÞ þ tfssðlÞ
(1)

As will be subsequently discussed, we derived the contributions
of BC and OA AODs by separating BC and OA AAODs from AERONET
total AAOD. The fdust and fss values were derived from the multi-
model mean (see Section 2.1.2). Therefore, in Eq. (1),
sulfate þ nitrate AOD is a unique term that is not obtained from
observation or model simulation. It should be also noted that sul-
fate and nitrate aerosols are often treated together as a sulfa-
teenitrateeammonia system because both sulfate and nitrate
aerosols are formed in the atmosphere through oxidation and
neutralization of precursor gases such as sulfur dioxide and nitro-
gen, and the most abundant acids in the troposphere are sulfuric
acid and nitric acid; ammonia acts as the main neutralizing agent
for these species (Wang et al., 2013). Hereafter, we refer to
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Table 2
Model names, data availability for sulfate and nitrate, and original resolutions used in AeroCom phase II models.

Experiment name Model name (period) Sulfate (SO4) Nitrate (NO3) Resolution (nx � ny)

HCA-IPCC SPRINTARS (2000e2008) O Х 320 � 160
TM5 (2000e2009) O O 120 � 90

CTL_2006 BCC_AGCM2.0.1_CAM O Х 128 � 64
CAM5.1-MAM3-PNNL O Х 144 � 96
CAM5-MAM3-PNNL O Х 144 � 96
ECHAM-SALSA O Х 192 � 96
GEOS_CHEM_APM_ant O Х 72 � 46
GEOS_CHEM_APM_nat O Х 72 � 46
GMI O O 144 � 91
GMI-v3 O O 144 � 91
GOCART-v4Ed O Х 144 � 91
HadGEM2-ES O O 192 � 145
HadGEM2-ESv0 O Х 192 � 145
MPIHAM_V1_KZ O Х 192 � 96
MPIHAM_V2_KZ O Х 192 � 96
OsloCTM2 O Х 128 � 64
SALSA_V1_TB O Х 128 � 64
SPRINTARS-v384 O Х 320 � 160
SPRINTARS-v385 O Х 320 � 160
TM4-ECPL-F O Х 120 � 90
TM5-V3 O O 120 � 90

Fig. 2. Flow chart showing the procedure used for deriving OA SSA.
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sulfate þ nitrate aerosols as the sum of sulfate and nitrate aerosols.
Moving the sulfate þ nitrate AOD term to the leftehand side and
replacing AOD with AAOD divided by 1-SSA, Eq. (1) is rewritten as
Eq. (2).

tsulfateþnitrateðlÞ ¼ tf ðlÞ �
�

taBC ðlÞ
1� SSABC

þ taOAðlÞ
1� SSAOA

þ tfdustðlÞ

þ tfssðlÞ
�

(2)
The next step was to derive the contributions of BC and OA
AAODs to the total AAOD. To the best of our knowledge, two pre-
vious studies by Chung et al. (2012) and Bahadur et al. (2012)
suggested BC and OA partitioning method by using the observed
AAOD and its wavelength dependence. For convenience, we refer to
these studies as C2012 and B2012 respectively. The partitioning
method basically assumes that the wavelength dependence of AOD
and AAOD, i.e., Ångstr€om Exponent (AE) and Absorption Ångstr€om
Exponent (AAE), are intrinsic properties of individual aerosols and
are not dependent on the mixing state. The wavelength
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dependence of the AAOD captures the aerosol intrinsic properties
and is expressed by the following equation, where (lR) ¼ 550 nm is
the reference wavelength:

taðlÞ ¼ taðlRÞ$½l=lR��b (3)

With respect to AAOD, BC, OA and dust aerosols are primary
contributors. Dust aerosols have different emission sources from
those of combustion-related carbonaceous aerosols (CA) which
consists of BC and OA, and distinct wavelength dependences of
absorption and scattering. For example, dust AAOD increases
steeply toward shorter wavelengths, whereas that of CA is much
less steep (Russell et al., 2010; Chung et al., 2012). C2012
distinguished the dust absorption first from CA and solved CA
AAOD and dust AAOD by using two wavelengths, 550 and
675 nm, from the given CA AAE and dust AAE. B2012 selected
dust-free, dust-dominated, and BC-dominated AERONET sites
and applied AAEs at two wavelength ranges, 440e675 nm and
675e870 nm, with the assumption that AAE at 870 nm is
entirely due to BC. The AAE values used in C2012 and B2012 are
summarized in Table 3. Both C2012 and B2012 used AAE values
from sites typically dominated by specific sources related to
dust, BC, and OA.

Although fdust and fss aerosols are predominantly natural
aerosols, these species have not been observed globally. Therefore,
we used a semi-observational approach by combining the simu-
lated fine-mode ratio of dust and sea-salt AODs with the cAOD
derived from AERONET (Section 2.1.1 and 2.1.2). We used model
simulations from GOCART, TM5, and ModelE2-TOMAS. Details on
the model description are explained in Section 2.1.2. Although
fdust and fss make a small contribution to the particulate mass in
tropical biomass burning regions, the model-to-model difference
in fdust þ fss AOD is comparable to or even larger than the single
model value, which creates difficulty in evaluating the overall
model skill. Therefore, caution should be taken in applying our
algorithm to other regions such as dust and sea-salt source re-
gions. To minimize the uncertainties arising from model simula-
tions, we adopted the fine-mode ratio of dust þ sea-salt AOD,
(fdust þ fss)/(cdust þ css), and multiplied the resultant value with
the observed cAOD rather than using the fine-mode AODs directly.
An underlying assumption is that cAOD results only from sea-salt
and dust aerosols. The last two terms on the right in Eq. (2)
become

tfdustðlÞ þ tfssðlÞ ¼ tcðlÞ �
�
tfdustðlÞ þ tfssðlÞ
tcdustðlÞ þ tcssðlÞ

�
(4)

When Eq. (2) and Eq. (4) are combined, the final sulfateþ nitrate
AOD at the wavelength l is determined as
Table 3
Absorption Ångstr€om Exponent (AAE) values and dust-free conditions used for
AAOD separation methods in C2012 and B2012 over biomass burning regions.

Species Chung et al. (2012) Bahadur et al. (2012)

AAE440-675-870 AAE440-675 AAE675-870

CA 1.14 ± 0.24 1.17 ± 0.40 1.23 ± 0.40
Dust 2.42 ± 0.20 2.20 ± 0.50 1.15 ± 0.50
BC 0.50 ± 0.12 0.55 ± 0.24 0.83 ± 0.40
OA 4.80 ± 1.25 4.55 ± 2.01 e

Dust-free AAE>1.14 AE440-675>1.2,
AAE675-870/AAE440-675 > 0.8
tsulfateþnitrateðlÞ ¼ tf ðlÞ �
�

taBCðlÞ
1� SSABC

þ taOAðlÞ
1� SSAOA

þ tcðlÞ

�
�
tfdustðlÞ þ tfssðlÞ
tcdustðlÞ þ tcssðlÞ

��

(5)

where fAOD and cAOD are obtained directly from observations, BC
and OA AAODs are partitioned from the observed AAOD, and the
fine-mode ratio of dust þ sea-salt AOD is obtained from the multi-
model mean.

With regard to BC SSA, Bond and Bergstrom (2006) summarized
the measured values of freshly generated BC SSA and recom-
mended values of 0.20e0.30 fresh BC aerosol with a central value of
about 0.25. In the ambient atmosphere, BC SSA increases when BC
is mixed with other components (Cross et al., 2010). Accounting for
BC coated by scattering aerosols, Magi (2009, 2011) analyzed field
data over regions dominated by biomass burning and obtained a
value of 0.14e0.24 with a central value of 0.19. We used the
measured BC SSAs both from Magi (2009, 2011) and Bond and
Bergstrom (2006). Adopting BC SSA from the measured value, Eq.
(5) predominantly becomes an observationally constrained
approach for determining the sulfate þ nitrate AOD in which the
equation has a sole parameter (i.e., OA SSA).

Because general field observations measure the amount of
sulfate þ nitrate AOD relative to the fAOD, Eq. (5) divided by fAOD
yields:

tsulfateþnitrateðlÞ
tf ðlÞ

¼1�
taBC ðlÞ
1�SSABC

þ taOA ðlÞ
1�SSAOA

þtcðlÞ �
�

tfdustðlÞ þtfssðlÞ
tcdustðlÞ þtcssðlÞ

�

tf ðlÞ
(6)

which is an applied version of Eq. (5).
At a minimum, our methodology has the following un-

certainties: (1) separation of BC AAOD and OA AAOD, (2) the use of
model simulations for fdust and fss, and (3) the use of measured BC
SSA. Quantitative comparisons will be made in section 3 by
considering all uncertainty factors.

3. Result

3.1. Sensitivity tests

3.1.1. Sensitivity for AAOD separation methods
Before applying the empirical relationship between OA SSA and

sulfate þ nitrate AOD, we performed sensitivity tests in order to
examine differences in AAOD separation methods and fine-mode
sea-salt and dust AODs. In this section, we examined the differ-
ences in BC and OA AAOD separation methods between C2012 and
B2012. First, we selected the AERONET sites representative of
biomass-burning-dominated regions. The atmospheric particulate
matters from biomass burning typically consist of fine particles
with a large fraction of BC and OA. Therefore, the observed
columnar aerosol optical properties over biomass-burning-
dominated region exhibit relatively smaller SSA and larger FMF
and AE than other source regions (Giles et al., 2012). We defined
biomass-burning-dominated sites as having monthly observed
data with SSA <0.85, FMF >0.80, and AE > 1.0 at 550 nm over non-
industrial areas (Giles et al., 2012). The condition of non-industrial
areas was included to avoid confusion with industrial BC mixed
with other inorganic particles; these areas were roughly distin-
guished from those with fossil fuel combustion in southern Asia,
Eastern Europe, and North America. Fig. 3(a) shows that the 41
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chosen sites and the locations agree well with the annual mean
burned area given in Fig. 1. More than one-third of the chosen sites
are located in southern Africa; the others are located in central
South America, southern North America, Southeast Asia, and
northern Australia. Large biomass burning areas in central Africa
were not included because of the internal and external mixing of
biomass burning particles with dust aerosols transported from the
Sahara desert and the consequential reduction in FMF.

Fig. 3(b) shows BC AAOD and OA AAOD retrieved from the
method in C2012 and B2012 over the 41 biomass-burning-
dominated sites. The distinguished BC AAODs from both separa-
tion methods show very similar values for all chosen biomass
burning sites. The correlation coefficient between BC AAODs from
B2012 and that of C2012 is 0.99. On average, BC AAOD values
retrieved from the method of B2012 were 9% higher than those of
C2012 owing mainly to differences in the definition of dust-free
conditions. The OA AAOD values from the method of B2012 were
on average 14% higher than that of C2012; however, 17 of 41 sites
had lower OA AAOD values than those retrieved by C2012. The
correlation coefficient of OA AAODs from both B2012 and C2012
was 0.70. The differences between OA AAOD from B2012 and that
Fig. 3. (a) Aerosol Robotic Network (AERONET) sites selected as biomass burning
dominated sites (red dots) based on data for the period 2001e2010. Sites dominated by
biomass burning were selected according to the following criteria: single scattering
albedo (SSA) < 0.85, fine-mode fraction (FMF) > 0.80, and Ångstr€om Exponent
(AE) > 1.0 over non-industrial regions, where non-industrial regions (blue shading) are
roughly selected excluding Asia, Europe, and North America. The number of selected
sites is 41. The dot size is proportional to the number of selected months at the same
site. (b) Scatter plot of black carbon (BC) absorption aerosol optical depth (AAOD) and
organic aerosol (OA) AAOD for 41 biomass-burning-dominated sites retrieved from the
AAOD separation methods in Chung et al. (2012; C2012) and Bahadur et al. (2012;
B2012). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
from C2012 were positive (negative) in the area with high (low)
AAE values. That is, OA AAOD values from the method of B2012 are
more sensitive towavelength dependence of AAOD than those from
C2012.

3.1.2. Sensitivity for fine-mode sea-salt and dust
As explained in Section 2.2, we adopted the fine-mode ratio of

dust þ sea-salt AOD from the model simulation rather than using
fdust þ fss AOD directly. We validated the model performance in
simulating the FMFs of dust and sea-salt in comparison with
observed FMFs. For the validation, we selected dust- and sea-salt-
dominated sites by using annual mean values based on the
following criteria: FMF <0.35, AAE <1.5, and AAOD >0.03 for the
dust-dominated sites, and FMF <0.35 and SSA >0.96 for the sea-
salt-dominated sites (Fig. 4(a)). We replaced missing AERONET
SSA data with those obtained by the GOCART simulation. In total,
eight and three sites were selected for dust and sea-salt aerosols
respectively. Fig. 4(b) and (c) show the monthly variation of both
simulated and observed FMFs averaged over the chosen sites for
dust and sea-salt aerosols respectively. Fig. 4(b) suggests that the
range of simulated FMF are comparable to observation that has FMF
values with the range of 0.21e0.47. However, the models tended to
have nearly constant FMFs throughout the year and failed to
simulate the observed annual cycle of high (low) values in boreal
winter (summer). The multi-model mean FMF was computed by
averaging the AOD and fAOD from the three models individually
and by dividing fAOD into the AOD. This value of FMF was closest to
that of observation. However, the observed FMF over the chosen
sea-salt-dominated sites was in the range of 0.25e0.36. GOCART
(TM5 and ModelE2-TOMAS) tended to overestimate (underesti-
mate) FMF.

Fig. 5 shows a quantitative comparison of simulated fdust, fss,
fdust þ fss, and the fine-mode ratio of dust þ sea-salt AOD from
biomass-burning-dominated regions. Large model-to-model dif-
ferences were noted in fdust AOD, whereas those for fss were small.
The fdust AOD for TM5 was five times larger than that for the
GOCART model. The large difference in fdust þ fss AOD is mainly
attributed to the fdust AOD. The range in the fine-mode ratio of
dust þ sea-salt AODs was 0.53e0.71. Therefore, our approach
minimizes the model deficiencies in simulating fdust and fss AOD.

3.2. Determination of OA SSA

As mentioned earlier, we derived a new empirical relationship
that binds OA SSA and sulfate þ nitrate AOD in Eq. (5) or Eq. (6). In
this section, we describe the process of finding a solution of Eq. (6).

At first, we calculated the ratio of sulfate þ nitrate AOD to fAOD
with varying OA SSA from 0 to 1 over the 41 biomass-burning-
dominated sites in Fig. 3(a), and then took an average of 41 sites.
Therefore, the sulfate þ nitrate AOD can be described as a function
of OA SSA. Three uncertainty factors including AAOD separation
method, fine-mode ratio of dust þ sea-salt AOD, BC SSA were took
into account separately. The calculated ratio of sulfate þ nitrate
AOD to fAOD averaged over the 41 biomass-burning-dominated
sites is given in Fig. 6. The resulting curve indicates an empiri-
cally determined relationship between the sulfate þ nitrate ratio to
fAOD and OA SSA. Each line depicts the relationship from different
sensitivity tests. According to the equation, sulfate þ nitrate AOD is
proportional to (1- 1/(1-OA SSA)). In other words, the enhancement
of OA absorption, i.e., the decrease in OA SSA, reflects increases the
relative amount of sulfate þ nitrate AOD to fAOD. Thus, the curves
show inverse exponential distribution of the sulfate þ nitrate ratio
toward decreasing OA. On the basis of observation, it was reported
that the formation of light-absorbing OA is enhanced in the pres-
ence of ammonium sulfate system, which are efficient catalysts of



Fig. 4. (a) Chosen dust-dominated (red dots) and sea-salt-dominated (blue dots)
AERONET sites. (b), (c) Monthly variation of simulated and observed dust (sea-salt)
FMF averaged over the chosen dust (sea-salt) dominated sites. For observations, the
total FMF is shown. The multi-model mean and ±1 standard deviation from obser-
vation are indicated by a black solid line and blue shading, respectively. The FMFs from
the Goddard Chemistry Aerosol Radiation and Transport (GOCART), Tracer Model 5
(TM5), and ModelE2-Two-Moment Aerosol Sectional (ModelE2-TOMAS) models are
indicated by purple, green, and yellow open diamonds, respectively; that of the multi-
model mean is indicated by a closed circle. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Simulated fine-mode dust (fdust), fine-mode sea-salt (fss), fdust þ fss aerosol
optical depth (AOD) values, and the fine-mode ratio of dust þ sea-salt AOD from
GOCART, TM5, and ModelE2-TOMAS, respectively. The AOD and fine-mode ratio were
averaged over the 41 biomass-burning-dominated sites.
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aldol condensation reaction (Laskin et al., 2015). Song et al. (2013)
also presented the results from a systematic laboratory study that
light absorbing secondary OA is formed in highly acidic sulfate
aerosols.

It is interesting to note that the sulfate þ nitrate ratio computed
from the C2012 AAOD separation method is greater than that from
B2012. This is because the BC and OA AAODs from B2012 tend to be
greater than those from C2012. In addition, the increased BC SSA
acts to reduce the sulfate þ nitrate ratio in our empirical relation-
ship (i.e., Eq. (6)). On the contrary, the contribution of the fine-
mode ratio of dust þ sea-salt AOD from individual models is rela-
tively small.
Since Eq. (6) was applied to biomass-burning-dominated sites,
the measured value of sulfate þ nitrate AOD ratio to fAOD over
biomass burning region can be used to determine OA SSA. How-
ever, few in situ measurements have been conducted over tropical
biomass burning regions, and considerable uncertainties occur in
the observations owing to differences in absorption measurement
techniques and filter samples (Bond et al., 1999; Chow et al., 2009;
Ogren et al., 2010). To the best of our knowledge, Magi (2009,
2011) synthesized previous in situ measurements of aerosol
mass concentrations obtained during SAFARI-2000 and carefully
calibrated the uncertainties from different filter samples. We
applied Eq. (6) with its associated set of observations and simu-
lations including fAOD, cAOD, BC AAOD, OA AAOD, and the fine-
mode ratio of sea-salt þ dust AOD values over the tropical
biomass burning regions to the calibrated measurements in Magi
(2009, 2011).

Table 4 shows the calibrated mass concentrations (M), mass
absorption cross-sections (MAC), mass scattering cross-sections
(MSC), and contributions to total light extinction of particular
species (i) in Magi (2009, 2011, 2009, 2011) identified aerosol
properties of extratropical and tropical southern Africa. During the
campaign, the origin of parcels arriving from the north and west in
the tropical region north of 22.5 oS are affected by fires to a greater
degree than those in the extratropics. It should be noted that we
used only the measurements of tropical southern Africa and
recalculated the relative contribution of sulfateþ nitrate AOD. The i
in the table indicates aerosol species composed of particulate
matter 2.5 mm or less in diameter. To calculate the mass concen-
tration of the aerosol particles, the measured ionic species, i.e.,
sulfate and nitrate, are assumed for simplicity to be entirely
neutralized by ammonium (NH4þ) and converted to ammonium
sulfate ((NH4)2SO4) and ammonium nitrate (NH4NO3). The mass
conversion factors for sulfate and nitrate aerosols are 1.38 and 1.29,
respectively. In addition, the value of 2.1 for conversion of OC to OA
(OA/OC) was used. Further details of mass conversion are given in
Magi (2009, 2011).

The total aerosol scattering (SCA), absorption (ABS), and
extinction (EXT) are calculated using following equations:

SCA ¼
X4
i¼1

Mi$
MSC2i

MSCi þMACi
(7)



Fig. 6. Ratio of sulfate þ nitrate AOD to fine-mode AOD (fAOD) profile as a function of OA SSA computed by using Eq. (6) and averaged over the 41 biomass burning sites. The AAOD
separation method is from C2012 (blue lines) or from B2012 (red lines). The fine-mode ratio of dust þ sea-salt AOD from individual models is marked by dotted lines. The BC SSA
values are 0.19 and 0.25, as recommended by Magi (2009, 2011) and Bond and Bergstrom (2006). Black contour indicates the average of the curves. The yellow shaded area indicates
the observed range of contribution of sulfate þ nitrate AOD to fAOD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 4
Mass concentration (M) (mg/m3) and optical properties of aerosol species contributing to fine-mode aerosols (PM2.5) measured in tropical southern Africa during the Southern
African Research Initiative field campaign in August and September 2000 (SAFARI-2000). Values are adopted from the work of Magi (2009, 2011), who calibrated uncertainties
from flow meters and presented credible mass concentrations for sulfate, nitrate, OA, and BC.

Species M (mg/m3) MSC (m2/g) MAC (m2/g) Contribution to EXT

Sulfate 4.69 (4.28e5.24) 6.10 (4.00e8.20) 0 0.14 (0.07e0.26)
Nitrate 3.35 (1.94e3.87) 5.50 (3.40e7.60) 0 0.09 (0.03e0.19)
OA 36.00 (25.30e47.70) 3.80 (3.30e4.30) 0.70 (0.50e0.90) 0.59 (0.48e0.67)
BC 3.40 (1.80e4.50) 2.9 (2.10e3.70) 12.10 (11.30e12.90) 0.18 (0.07e0.29)
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ABS ¼
X4
i¼1

Mi$
MAC2i

MSCi þMACi
(8)

EXT ¼ SCAþ ABS (9)

According to the calculated apportionment of light extinction in
Table 4, the contribution of sulfate þ nitrate aerosols to the total
fine-mode aerosols over the tropical biomass burning region is 0.23
with a range of 0.09e0.45. The yellow box in Fig. 6 shows the
observed range of contribution of sulfate þ nitrate AOD to fAOD,
and this provide a constraint of the reasonable OA SSA range. For
the case of the AAOD separation method from C2012 and a BC SSA
of 0.19, an OA SSA value of 0.92 gave a sulfateþ nitrate ratio of 0.23.
The lower and upper limits of OA SSA were 0.86 and 0.94. The
second case, including the method of C2012 and a BC SSA of 0.25,
and the third case, including the method of B2012 and a BC SSA of
0.19, showed similar curves and yielded a similar range of OA SSA
with the best fit of 0.91. On the contrary, the OA SSAwas 0.89 in the
case the B2012 method and the BC SSA of 0.25. By taking average of
four sensitivity tests as shown in thick black line in Fig. 6, we
conclude that our best estimate of OA SSA is 0.91 with the range of
0.82e0.93.

Previously, many studies have tried to quantify SSA of light
absorbing organic particles. For example, Chakrabarty et al. (2010)
used direct observation to determine that the SSA of tar balls
(Chakrabarty et al., 2006), a class of light absorbing organic carbon
produced from the smoldering combustion of dry duffs, is signifi-
cantly higher than 0.95 at 550 nm. Hoffer et al. (2006) measured
the absorption properties of the humic-like substances (HULIS)
isolated from the fine fraction of biomass burning aerosols
collected in the Amazon basin and reported that the SSA of pure
HULIS particles is about 0.98 at 532 nm. Contrary to weakly
absorbing organic carbon measured by Chakrabarty et al. (2010)
and Hoffer et al. (2006), Alexander et al. (2008) found a strongly
absorbing BrC spheres, which are ubiquitous in East Asian-Pacific
outflow, and they suggested that the SSA could be as low as 0.44.
Although those findings have contributed to the better under-
standing of a subset of organic carbon, studies on quantification of
OA SSA are still rare. A few studies tried to measure OA SSA from in
situ filed observation and AERONET-based retrieval. Magi (2009,
2011) characterized the aerosol over southern Africa during the
biomass burning season during SAFARI-2000 campaign and re-
ported that OA SSA is 0.85 ± 0.05. Bahadur et al. (2012) provided an
analytical method for rigorously partitioning measured AAOD and
SSA among BC, OA and offered that OA SSA varies globally between
0.77 and 0.85.

Fig. 7 shows the SSA of OA retrieved from this study (red box),
two observation-based studies (blue boxes), and that for the pri-
mary organic aerosol (POA) used in AeroCom phase II (green boxes).
Some models do not include secondary organic aerosol, and
therefore the SSAs of POA are only displayed. The POA SSA in most
of the models except for OsloCTM2 and CAM4-Oslo varied with
relative humidity or aerosol size. A brief explanation of aerosol
optical properties for AeroCom phase II models is available at the
AeroCom wiki site (https://wiki.met.no/aerocom/optical_
properties). Detailed model description and general information
can be found in Myhre et al. (2013) and Tsigaridis et al. (2014). Our
OA SSA of 0.91 with the range of 0.82e0.93 is slightly higher than
those from observation-based studies. The overlapped range in all

https://wiki.met.no/aerocom/optical_properties
https://wiki.met.no/aerocom/optical_properties


Fig. 7. OA SSA from this study (red), observation-based retrievals (blue), and primary
organic aerosol SSA used in AeroCom II models (green). Solid line inside the boxes
show the best estimate and the boxes indicate the range of OA SSA. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 8. (a) Global distribution of annual mean sulfate þ nitrate AOD using our best
estimate when OA SSA is 0.91 for the period 2001e2010. (b) Comparison of our global
and annual mean sulfate þ nitrate AOD with that of 21 models participated in Aero-
Com phase II. The green box (leftmost) is our best estimate, the blue box is from the
model average, and the others are for individual models. If the nitrate aerosol of the
model is missing, the nitrate aerosol averaged from two models is used. The error bar
for our estimate denotes the uncertainties from the range of BC SSA (0.19e0.25) and
OA SSA (0.82e0.93) whereas that of AeroCom denotes the upper 90 and lower 10
percentiles of 21 models. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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studies is 0.82e0.85. However, as shown in the figure, atmospheric
CTMs as well as GCMs commonly use POA SSA values of 0.96e1.0. In
fact, OsloCTM2, treats POA as a totally scattering species. Thus,
commonly used OA SSA values of 0.96e1.0 in aerosol and climate
models have been underrepresented OA light absorption. The best
interpretation for the OA SSA range of 0.82e0.93 in the tropics is
that the strongly-absorbing BrC (Alexander et al., 2008) or similarly
absorbing BrC aerosols (Liu et al., 2013; Magi, 2009, 2011) are
abundant in the tropical biomass burning areas. However, further
analysis is needed to understand themixing state of light absorbing
BrC and scattering OA.
3.3. Application for global sulfate þ nitrate AOD

In the previous section, we described how to obtain OA SSA from
the empirical relationship between sulfate þ nitrate AOD and OA
SSA in Eq. (6). On the contrary, the empirical relationship can also
be used to determine sulfate þ nitrate AOD with a given OA SSA
value. As an application of our algorithm, this section provides an
observationally constrained estimate of global-scale
sulfate þ nitrate AOD and its implication on global aerosol
simulations.

For the global-scale estimation, the global fAOD, cAOD, and
AAOD are required. Previously, Lee and Chung (2013) obtained the
global distribution of AOD and fAOD, and Chung et al. (2012) ob-
tained AAOD by integrating MODIS, Multi-angle Imaging Spec-
troradiometer (MISR), and AERONET observations. Their integrated
AOD and fAOD values are closer in accuracy to AERONET data than
MODIS (or MISR) AOD and fAOD alone. We used the global distri-
bution of AOD and fAOD from Lee and Chung (2013) and the AAOD
from Chung et al. (2012) to estimate global-scale sulfate þ nitrate
AOD.

Fig. 8(a) shows the annual mean sulfate þ nitrate AOD over the
globe when OA SSA is set to our best estimate of 0.91 for the period
2001e2010. When OA SSA was set to 0.91, the highest values
occurred over East Asia, and considerable amounts of
sulfate þ nitrate AOD were also found over eastern North America,
central South America, and all of Europe. Slightly negative values
were found over the oceanic area of central western Africa and the
Middle East. However, when we adopted an OA SSA value of 0.97,
negative sulfate þ nitrate AOD was found over nearly all of Africa
and the middle and southern Asia (figure not shown). This unre-
alistic representation of sulfate þ nitrate AOD occurred because
these negative areas contain a very small amount of
sulfate þ nitrate amount but a considerable amount of OAs. We
suspect that this negative bias arose from the failure of the models
to simulate the annual cycle of dust FMF. Because the AOD over the
Sahara desert area has an annual cycle opposite that of the FMF, the
failure of simulating the dust FMF leads to an overestimation of the
dust fAOD.

We also compared our global estimate of sulfate þ nitrate AOD
with that of 21 global aerosol models participated in AeroCom
phase II. Because most models do not include nitrate AOD, we
added that component to these models, as discussed in Section
2.1.3. Fig. 8(b) shows the global and annual mean sulfate þ nitrate
AOD obtained from our empirical approach and individual models.
Considering the ranges of OA SSA and BC SSA of 0.82e0.93 and
0.19e0.25 respectively, our observationally constrained estimates
of the global average sulfate þ nitrate AOD gave a range of
0.011e0.027 with a mean value of 0.017. On the other hand, the 21
models gave a global average sulfate þ nitrate AOD of 0.019e0.059
in the upper 90 and lower 10 percentiles. The observational esti-
mate of the global average sulfate þ nitrate AOD 0.017 was close to
the lower end of the simulated range of 0.019e0.059, which in-
dicates that many aerosol models overestimate the sulfateþ nitrate
amount.

Previously, Kinne et al. (2006) have compared annual global
AOD values from remote sensing including AERONET and satellite
to those obtained from 20 different AeroCom model simulations.
They reported that models overestimate the AOD values for Europe
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during the summermonths, Northeast Asia in off-dust seasons, and
US during the winter months. The overestimated AOD values are
confined to the industrial regionswhere sulfate and nitrate aerosols
are the main constituents of the atmospheric particulate matter.
Therefore, the result supports our argument that AeroCom models
overestimate sulfate þ nitrate AOD. Our final results, i.e., under-
represented OA light absorption and overrepresented
sulfate þ nitrate scattering in global aerosol models, suggest that
direct aerosol forcing is less negative (or more positive) than that
currently believed.

4. Conclusion

We developed an empirical method for determining OA SSA
over the tropical biomass burning regions. A simplified process
flow chart for deriving OA SSA is described in Fig. 2. The basic
concept of the method is that atmospheric fine particles are
composed of sulfate þ nitrate, BC, OA, fdust, and fss. By using fAOD
and AAOD data from the monthly ground-based AERONET obser-
vation, we formulated an equation for sulfate þ nitrate AOD as a
function of OA SSA with the optically separated BC and OA AAODs
from total AAOD and the measured BC SSA. We derived two sets of
observationally constrained AAOD separation methods from C2012
and B2012. With regard to BC SSA, we used two measured values of
0.25 from Bond and Bergstrom (2006) and 0.19 from Magi (2009,
2011). For the fdust and fss AODs, a semi-observational approach
was proposed that obtains their AOD by multiplying the fine-mode
ratio of dust þ sea-salt AOD from the multi-model mean by the
observed cAOD. Although themulti-model mean fine-mode ratio of
dustþ sea-salt AODwas used, their contribution to sulfateþ nitrate
AOD was relatively small. Therefore, the final equation, i.e., Eq. (5)
or its applied version in Eq. (6), is predominantly an observation-
ally constrained approach in which the equation to determine the
sulfate þ nitrate AOD has a sole parameter (i.e., OA SSA). Our
empirical method for determining OA SSA contains three inde-
pendent uncertainty factors in (1) separating BC and OA AAODs
from the total AAOD, (2) using model simulations for fdust and fss
AODs, and (3) adopting the measured BC SSA. A quantitative
comparison of these factors in determining sulfate þ nitrate AOD
and OA SSA was presented in detail.

We applied the equation to the 41 chosen biomass burning sites.
The final OA SSAwas determined by the measured sulfate þ nitrate
AOD in Magi (2009, 2011), or more precisely, the ratio of
sulfate þ nitrate AOD to fAOD, which synthesized previous in situ
measurements of aerosol mass concentrations obtained during
SAFARI-2000 and carefully calibrated uncertainties from different
filter samples. Our best estimate of OA SSA in the tropical biomass
burning region is 0.91 with the range of 0.82e0.93. This result
implies that commonly used OA SSA values of 0.96e1.0 in aerosol
and climate models (Fig. 7) significantly underrepresent OA light
absorption. The interpretation for the OA SSA value of 0.82e0.93 in
the regions dominated by biomass burning is that strongly
absorbing BrC (Alexander et al., 2008) or similarly absorbing BrC
aerosols (Liu et al., 2013; Magi, 2009, 2011) are abundant in tropical
areas.

This work marks the first time that observational estimates of
the global-scale sulfate þ nitrate AOD are produced. The global
estimationwas made by using the global fAOD from Lee and Chung
(2013) and the AAOD from Chung et al. (2012), who integrated
satellite and ground-based AERONET observations. For comparison
with empirically determined global mean sulfateþ nitrate AOD, we
compiled sulfate þ nitrate AOD simulations from 21 global aerosol
models in AeroCom phase II. These models gave global average
sulfate þ nitrate AOD values of 0.019e0.059. The observationally
estimated sulfate þ nitrate AOD of 0.017 with a range of
0.011e0.027 is near the lower end of the simulated range of
0.019e0.059, which strongly suggests that many aerosol models
overestimate the sulfate þ nitrate amount.

This study has some limitations which have to be pointed out. In
determining OA SSA, We used the value of sulfate þ nitrate
contribution to fine aerosols relying on single field campaign by
Magi (2009, 2011). For the evaluation of OA SSA in other biomass
burning regions, more measurements are highly required. In
addition, the derived OA SSA is suitable for monthly mean state. In
other words, the understanding of their aging process in the at-
mosphere and its influence on the optical characteristics are still
lacking. In spite of the above mentioned limitations, we would like
to conclude that the approach in this study is a unique and creative
method to quantify OA light absorption constrained mostly by
ground-based AERONET observation.

Our results provide strong evidence that aerosol models have
underestimated the OA light absorption substantially and tend to
overestimate the amount of sulfate þ nitrate aerosols. This implies
that the aerosol light absorption underrepresented. Recently,
Myhre et al. (2013) analyzed numerous aerosol simulation models
in AeroCom, which is an intercomparison exercise of a large set of
global aerosol models that includes extensive evaluation against
measurements. The range of direct radiative forcing reported in
AeroComwas an important basis for the recent IPCC conclusion on
direct aerosol radiative forcing (IPCC, 2013). The IPCC fifth assess-
ment report provided that global and annualmean radiative forcing
due to interaction between biomass burning aerosol and radiation
is estimated to be 0.0 W m-2 with a range of �0.20 to þ0.20 W m-2

(IPCC, 2013). The present study suggests that actual direct aerosol
forcing is less negative (or more positive) than that currently
believed. We believe the observation-based retrieval of OA optical
properties in this study contributes to constraining the current
radiative forcing by OA light absorption.
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