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Abstract. Several recent observational studies have showrabsorption of BrC is higher and thus can play an important
organic carbon aerosols to be a significant source of absorprole in photochemistry and the hydrologic cycle.

tion of solar radiation. The absorbing part of organic aerosols

is referred to as “brown” carbon (BrC). Using a global chem-

ical transport model and a radiative transfer model, we esti-

mate for the first time the enhanced absorption of solar ra- )

diation due to BrC in a global model. The simulated wave-1 Introduction

length dependence of aerosol absorption, as measured by the

absorption Angstrém exponent (AAE), increases from 0.9Absorption of solar radiation by aerosols has a significantim-
for non-absorbing organic carbon to 1.2 (1.0) for strongly Pact on the atmospheric energy distribution and hydrologic
(moderately) absorbing BrC. The calculated AAE for the Processes. By intercepting incoming solar radiation before
strongly absorbing BrC agrees with AERONET spectral ob-it reaches the surface, aerosols heat the atmosphere and, in
servations at 440-870nm over most regions but OVerpreturn,cool the surface. Locally, this leads to reduction in cloud
dicts for the biomass burning-dominated South America andcover through evaporation and suppression of the upward
southern Africa, in which the inclusion of moderately ab- motion for cloud formation; on larger scales, surface dim-
sorbing BrC has better agreement. The resulting aerosol aghing due to strong aerosol absorption could decrease global
sorption optical depth increases by 18% (3%) at 550 nmmean evaporation and rainfall by weakening the radiative-
and 56 % (38 %) at 380 nm for strongly (moderately) absorb-convective coupling between the atmosphere and the sur-
ing BrC. The global simulations suggest that the stronglyface (Ramanathan and Carmichael, 2008). The magnitude of
absorbing BrC contributes up t0.25Wnt2 or 19% of the atmospheric forcing induced by anthropogenic absorb-
the absorption by anthropogenic aerosols, while 72 % is ating aerosols, mainly black carbon (BC) emitted from com-
tributed to black carbon, and 9% is due to sulfate and nonPustion processes, has been suggested (Forster et al., 2007;
absorbing organic aerosols coated on black carbon. Likd@manathan and Carmichael, 2008) to be comparable to the
black carbon, the absorption of BrC (moderately to strongly)a@tmospheric forcing by all greenhouse gases (GHGs). In ad-
inserts a warming effect at the top of the atmosphere (TOA)dition to BC, mineral dust particles also absorb in the so-
(0.04 to 0.11 W m2), while the effect at the surface is a re- lar radiation spectrum. Although absorbing aerosols amplify
duction (-0.06 to—0.14 W nt2). Inclusion of the strongly the atmospheric forcing due to GHGs, their dimming effect
absorption of BrC in our model causes the direct radia-May compensate for or enhance the GHG warming at the
tive forcing (global mean) of organic carbon aerosols at theSurface, depending on vertical placement in the atmosphere
TOA to change from cooling<0.08 W nT2) to warming (Penner et al., 2003). The short lifetimes of aerosols result in

(+0.025 W n12). Over source regions and above clouds, thelarge variabilities in global and regional forcing. The signif-
icance and complexity of the climate impacts of absorbing
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aerosols highlight the importance of quantifying their radia- However, in many global climate models, organic com-
tive effects. pounds are still considered mainly as scattering aerosols.
Model-simulated BC concentrations and aerosol absorpTheir optical properties are approximated by either non-
tion optical depth (AAOD) have been compared with surfaceabsorbing ammonium sulfate or weakly absorbing water-
and aircraft measurements such as the IMPROVE networlsoluble aerosols (d’Almeida et al., 1991). Using a global
(http://vista.cira.colostate.edu/imprgyeAERONET (Hol- chemical transfer model and a Monte Carlo radiative trans-
ben et al., 1998), and OMI satellite data (Torres et al., 2007) port model, we examine the enhancement in atmospheric ab-
The model-data comparisons suggest that simulated BC susorption due to BrC for year 2000 aerosol emissions and
face concentrations, column loadings, and aerosol absorptiopresent the first global estimate of its direct perturbation on
are often underestimated over regions. Model underestimaaerosol radiative forcing. The following section describes the
tion can reach factors of 2 to 5, particularly over regions dom-global chemical transport model and a treatment for BrC op-
inated by biomass burning, South and East Asia, and remotécal properties. Section 3 compares the global calculations
regions (Koch et al., 2009; Menon et al., 2010; Ganguly et al.,of aerosol optical properties with available surface and satel-
2012). Such large gaps between simulated and observed Blie observations and discusses the contribution of BrC ab-
and aerosol absorption lead to disconcerting discrepancies isorption to aerosol direct radiative forcing. Finally, the main
the estimated aerosol radiative forcing. Two earlier observatesults of this study and implications for future work are sum-
tionally constrained approaches inferred a global BC forcingmarized in Sect. 4.
of about 0.9 to 1.0Wm? (Sato et al., 2003; Ramanathan
and Carmichael, 2008). A more recent observational study
by Chung et al. (2012) estimated a BC forcing of 0.65 (0.52 Model description
to 0.8) Wnt2, about 85% larger than the Intergovernmen-
tal Panel on Climate Change (IPCC) model estimate of 0.3%.1 Global chemical transport model
(0.2t0 0.6) W nr2 (Forster et al., 2007), and 30 % larger than
post-IPCC model study results (Jacobson, 2010; Andrews eGlobal distributions of aerosol concentrations were simu-
al., 2010; Ming et al., 2010; Shindell et al., 2012), which are lated with a chemical transport model — a University of
closer to 05(+0.05) Wm2. The direct absorption of sun- Michigan version of the Lawrence Livermore National Labo-
light by organic aerosols is typically ignored, except in a few ratory IMPACT model (Liu and Penner, 2002; Rotman et al.,
studies (e.g., Jacobson, 2001). 2004; Liu et al., 2005). The global model has a horizontal res-
Recently, optical and thermal analysis (e.g., Kirchstetterolution of 2° x 2.5°, with 26 vertical layers from the surface
et al., 2004; Chen and Bond, 2010) and electron microscopyo the TOA. Tracers are transported at a 1 h time step. The
(e.g., Alexander et al., 2008) from laboratory and field ex- transport schemes and aerosol modules were fully described
periments have provided strong evidence for the existence dby Rotman et al. (2004) and Liu et al. (2005), while ni-
some organic carbon (OC) with light absorbing properties.trate and ammonium aerosols were included later (Feng and
This fraction of absorbing OC, known as brown carbon (BrC) Penner, 2007). We adopted a version of the IMPACT model
for its light brownish color, absorbs strongly in the ultravi- used by Feng and Ramanathan (2010), which is coupled with
olet wavelengths and less significantly going into the visi- the European Centre for Medium-Range Weather Forecasts
ble (Kirchstetter et al., 2004; Hoffer et al., 2006). Types of 40yr re-analysis (ERA-40) meteorological data fields for
BrC include tar materials from smoldering fires or solid fuel year 2001 (Uppala et al., 2005). The treatment for aerosols
combustion (Bond, 2001; Alexander et al., 2008), pyrolysisis summarized below, while other model physics are given in
products from biomass burning (Mukai and Ambe, 1986), orthe Appendix.
humic-like substances from soil or biogenic emissions (Lim- In the IMPACT model, sulfate aerosol is represented
beck et al., 2003). Depending on its origins, the absorptionin three size bins of radius <0.05um, 0.05-0.63 um, and
efficiency and spectral dependence of BrC varies (Andrea®.63—1.26 um. The concentrations onSGOf;_, H20,, and
and Gelencsér, 2006). A few recent observationally basedlimethyl sulfide (DMS) were simulated with an online sulfur
studies indicated an abundance of BrC in the atmospherenodel (Liu and Penner, 2002; Liu et al., 2005). As indicated
which could enhance solar radiation absorption and reducéy Liu et al. (2007), gas-phase-produced sulfate mass was
surface radiative flux substantially (Chung et al., 2012; Ba-distributed to the three size bins on the basis of a continen-
hadur et al., 2012). From the AERONET refractive index re- tal sulfate aerosol size distribution (Chuang et al., 1997), and
trievals, Arola et al. (2011) inferred significant amounts of the sulfate produced in cloud was added to the second size
BrC (10-35mgm?) in Africa, South America, and South bin as accumulation-mode aerosol. The size-segregated mass
and East Asia. Park et al. (2010) used allmass ratio for  fluxes for sea salt and dust were calculated as dependent on
BC to approximate BrC concentrations over East Asia andwind speed, according to Monahan et al. (1986) and Ginoux
derived values for regional-mean radiative forcing of BrC of et al. (2001), respectively. Once emitted, sea salt and min-
about—0.43 W nT 2 at the surface and 0.05 Wthatthetop  eral dust aerosols were transported in four different sized bins
of the atmosphere (TOA). (0.05-0.63 um, 0.63-1.26 um, 1.26—2.5 um, and 2.5-10 um).
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Table 1. Annual emissions and burdens of anthropogenic aerosols and their lifetimes, simulated for yéar 2000

Sulfate Black carbon  Organic matter Brown
carbon

Total emissions 96.14TgS 7.96TgC 69.5Tg -
Sources FF:56.2 FF:3.15 FF: 4.5 -

Volcanoes: 14.6 BF: 1.77 BF:11.2

DMS: 25.3 BB: 3.04 BB: 34.7

Natural: 19.1

Burden, mg 2 4.7 0.19 1.5 0.65
(AeroCom estimate%) (mean: 4.9 (mean: 0.39 (mean: 3.3

min: 1.8 min: 0.09 min: 0.9

max: 5.3) max: 1.0) max: 5.0)
Lifetime: days 3.04 4.45 4.02 -

1 FF: fossil fuel combustion; BF: biofuel combustion; BB: biomass burning.
2 schulz et al. (2006).

Carbonaceous aerosols, BC and OC were each transported @t al., 2006) and an oceanic DMS source (Kettle and An-
a single submicron size bin (radius <0.63 um). dreae, 2000). The fossil fuel and biofuel emissions of BC
The content of BrC in OC generated from biofuel com- and OC are from Bond et al. (2007). The BC and OC from
bustion and biomass burning sources is approximated to bepen biomass burning and naturally emitted OC are based on
92 %, for methanol-soluble absorbing OC, on the basis of @AeroCom emissions (Dentener et al., 2006). Total emissions
solid-fuel pyrolysis study (Chen and Bond, 2010). Organicof BC (7.96 Tg C) and organic matter emissions (69.5Tg)
solvents can dissolve most of the absorbing organics, includin this study are comparable to the AeroCom emissions
ing water-soluble OCs (Chen and Bond, 2010). In the IM-(7.72 Tg BC; 67.5 Tg organic matter). As Table 1 shows, the
PACT model, the conversion factor between OC and particimodel-calculated aerosol burdens are in the ranges of the Ae-
ulate organic matter is 11.4 (Liu et al., 2005), which ac- roCom model predictions for year 2000 (Kinne et al., 2006).
counts for the non-carbon mass and secondary aerosol fotn addition, the global burden of BrC aerosols is estimated
mation from volatile organic compounds. Therefore, the frac-to be 0.65mgm?, more than three times the BC content
tional BrC in total organic matter from biofuel and biomass (0.19 mgn12) in the atmosphere. The geographic distribu-
emissions is approximately 66 %-(92 %/1.4). The remain- tions of simulated BrC burden and the fractions BrC/OC and
ing 34 % of the simulated organic matter mass is assumed t8rC/BC are shown in Fig. 1. Over the major biomass burn-
be non-absorbing or scattering only. We assume 0% BrC iring and biofuel combustion regions, the annual mean BrC
the primary emissions of fossil fuel-produced organic mat-loadings generally exceed 2 mg#) and the fraction of BrC
ter, as the high-temperature environment generally associn total OC is high, above 40-50%. The highest BrC bur-
ated with fossil fuel combustion is unfavorable for the for- den of about 15-20 mgn# is in southern Africa, where
mation of BrC (Andreae and Gelencsér, 2006). This assumpthe BrC fraction in OC is also the largest at over 70—-80 %.
tion is consistent with the results of observationally basedThe content of BrC in total organic aerosols is low, at 20—
studies, in which BrC is inferred to be most abundant over40 %, in fossil-fuel-dominated eastern North America, West-
regions dominated by biofuel combustion or biomass burn-ern Europe, and East Asia, as well as in major natural organic
ing (Arola et al., 2011). Naturally emitted OC might also be source regions in South America and Southeast Asia. The ra-
a source of primary BrC particles (Andreae and Gelencsério of BrC to BC is generally higher in the Southern Hemi-
2006). We do not consider these emissions due to the level afphere (> 6) than in the Northern Hemisphere (< 2), suggest-
uncertainty in these estimates. ing a possibly larger impact of BrC on aerosol absorption of
Table 1 summarizes annual emissions and burdens ofolar radiation in the cleaner Southern Hemisphere.
major aerosols and their lifetimes, calculated for year
2000. Anthropogenic S€ emissions are based on the 2.2 Optical properties of brown carbon
EDGARV32 emission inventory (Olivier et al., 2001; Olivier

and Berdowski, 2001). The gridded $@ scaled by the ra- Aerosql optical properties (specific extinction, single-
tio of the AeroCom global emission (Dentener et al., 2006)scatter|ng albedo [SSA], and asymmetry factor) are calcu-

over that of EDGAR, for a total of 56.24 Tg S. Additional 'ated from the Mie theory (Bohren and Huffman, 1983), as-

emissions of S@include non-eruptive volcanoes (Dentener suming spherical particles. Here two sets of refractive index
values for BrC are derived to match the observed absorption
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Fig. 1. The estimateda) annual mean atmospheric burden (nfmf BrC, (b) percentage (%) of BrC in total OC, aic) ratio of BrC to
BC.

Table 2. The imaginary refractive index, absorption cross section, and absorption Angstrém exponent (AAE) calculated for brown carbon
(BrC) at various wavelengths, compared with those from Chen and Bond (2010) and Kirchstetter et al. (2004).

Imaginary refractive index Absorption cross section at indicatedAAE

at indicated wavelength wavelength (g1
Wavelengthh (nm) 350 450 550 650 350 450 550 650 400-700
Moderately absorbing BrC  0.075 0.02 0.003 0.0003 2.25 0.63 0.08 0.006 111
Strongly absorbing BrC 0.168 0.063 0.03 0.005| 3.4 1.6 0.7 0.1 6.6
Chen and Bond (2010) 0.1 0.02 0.006 k1074 | 225 04 0.08 0.001 7.5
Kirchstetter et al. (2004) 0.168 0.063 0.03 0.005 | 5.0 1.5 0.6 0.1 -

* The absorption cross sections shown are for methanol-soluble OAK_L_360 in Chen and Bond (2010); refractive index is deriveg baset, arhere
p is the density of BrC, 1.65 g crs.

cross sections — at 550 nm, 0.08g1? for the moderately enhanced absorption of carbonaceous particles due to coat-
absorbing BrC (Chen and Bond, 2010) an@.7 n? g~ for ing acquired in the aging process, a core-shell configuration
the strongly absorbing BrC (Kirchstetter et al., 2004). Table 2(Bohren and Huffman, 1983) is implemented in the calcula-
compares the values calculated in this study for absorptiorion of optical properties for fossil fuel, biofuel, and biomass
cross section (fg~1) and the imaginary refractive index at burning aerosols. The core is assumed to be strongly ab-
350-650 nm with those of Chen and Bond (2010) and Kirch-sorbing BC with a refractive index of8+-i0.74 (Bond and
stetter et al. (2004). In the Mie calculations, the density of Bergstrom, 2006). The outer shell consists of non-absorbing
BrC is 1.569 g cm?, and the real part of its refractive index sulfate and OC for fossil fuel aerosols, versus absorbing BrC
is 1.65 (Hoffer et al., 2006). A typical size distribution of and/or non-absorbing OC for biofuel and biomass burning
fuel combustion aerosols is used, with a mean diameter oferosols, respectively. This core-shell configuration repre-
100 nm and standard deviation of 1.5 (Bond and Bergstromsents the likely aerosol mixtures on the basis of their ori-
2006). For the optical properties of BrC listed in Table 2, the gins, because of a lack of information on the aerosol mixing
absorption Angstrém exponent (AAE), defined as state given by the global model. Mie calculations were per-
_AAE formed offline for a number of BC, OC, BrC, and sulfate

AAOD () ~ A ’ @ mixtures and relative humidity (RH) values; a lookup table
is 11 for moderately absorbing BrC and 6.6 for strongly ab-was generated and used in the global calculations presented
sorbing BrC between 400-700 nm. The wavelengtis in in the next section. Climatological aerosol size distributions
nm. This calculated spectral dependence of aerosol absorgue used for fossil fuel sulfate/BC/OC and biofuel BC/OC
tion is consistent with that observed for BrC (Kirchstetter aerosols (Radke et al., 1988, mean diameter 100 nm and
and Thatcher, 2012). The differences in the derived refracstandard deviatios= 1.9) and for biomass burning BC/OC
tive indices and absorption cross section from Kirchstetter e@erosols (Anderson et al., 1996, mean diameter 160 nm and
al. (2004) and Chen and Bond (2010) are due to different sizétandard deviatior= 1.65), according to Liu et al. (2007)
distributions and/or densities used in our Mie calculations. and Penner et al. (2001). Dust, sea salt, and naturally emit-

The refractive indices for other aerosol species are thded non-absorbing organic matter are assumed to be mixed
same as in Feng and Ramanathan (2010). To account fagxternally.
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L b - suming that absorption increases linearly as non-absorbing

ratios of OC : BC simulated by our global model are >1.5 on
an annual mean basis; correspondingly, the mass fractions of
BC in aerosol mixtures are indeed < 0.4. As most of the sim-
ulated BC mass ratios range from 0.4 to 0.1 with an OC: BC
ratio of 1.5-10 (Sect. 3.2), the model calculations in Fig. 2
‘ , ‘ , . ‘ indicate that the inclusion of moderate or strong absorption
10 0.8 0.6 0.4 0.2 by BrC leads to absorption cross sections >&mt BC (up

to 16 n g~1 BC) for fossil fuel or biomass burning aerosols
in global model simulations, given their climatological size
Fig. 2. The enhancement in absorption cross sectioagn? BC)  distributions.

at 550 nm, calculated for coated BC particles in dry conditions. The

composition of the coating material is assumed to be sulfate (red)

or non-absorbing OC (green) for fossil fuel aerosol. For biofuel and3 Global results

biomass burning aerosols the coating is non-absorbing OC (blue

dashed), or moderately absorbing BrC (blue dotted), or strongly-_ . . : : )
absorbing BrC (blue solid). Also shown in gray shading are val- To investigate the impact of BrC absorption on aerosol forc

ues for BC aggregates (7.8g-1) and aged BC with coatings ing on a global scale, we conducted three global calculations

(11.25n% g~1) recommended by Bond and Bergstrom (2006) and of aerosol optical properties and radiative transfer, with non-
Bond et al. (2006). absorbing OC, moderately absorbing BrC, and strongly ab-

sorbing BrC. Model results from these three simulations are

referred to hereafter as “NON”, “MOD”, and “STR”. The

control case — the NON case — is similar to most of the cur-

Figure 2 shows the calculated absorption cross sectioment global aerosol models that treat OC as scattering only.
(m2g~1BC) at 550 nm for dry absorbing aerosols by source. The sensitivity calculations for MOD and STR are used to
Because source-based aerosol size distributions are prestimate the low and high limits of the resulting aerosol forc-
scribed and do not change in the IMPACT model, a decreaséng by converting a fraction of non-absorbing OC to absorb-
of BC mass fraction in the aerosol mixture indicates thickering BrC.
coatings on smaller BC cores. The simulated enhancement
in absorption as a function of the decreased BC mass frac3.1 Aerosol optical depth and single-scattering albedo
tion in Fig. 2 reflects not only the coating effect from in- at 550 nm
creasing shell substances but also from the size reduction of
BC particles as core. Thus, these curves may not be usetlhe model-calculated annual mean aerosol optical depth
for direct comparison with the lensing effect for coating on (AOD) at 550nm for the NON case is compared in
BC particles of constant size. For the same shell thicknessig. 3 with the MODIS/Terra satellite observations (MODO8
the enhancement introduced by BrC coatings is larger tharLevel 3) for year 2001. The global model calculations of
those for sulfate or non-absorbing OC as expected. HowAOD_NON approximate the observed aerosol hot spots
ever, for hygroscopic sulfate, the enhancement effect coulddentified by the local maximum in the MODIS AOD, such
be amplified further by water uptake. For example, atRH as eastern China (>0.5), northern India and the Arabian Sea
80 %, an absorption cross section with a mass ratio:df 4 (0.3-0.6), and north-central Africa (0.3-0.5). Agreement in
for sulfate : BC is estimated at about 9.2g71BC, versus  AOD is also found in most of Europe and North America,
8.4nf g 1BC at RH= 0%. where the prevailing annual mean AOD is low, at about 0.2.
Bond and Bergstrom (2006) and Bond et al. (2006) Both modeled and observed AOD values have similar spatial

suggested that lower bounds of absorption are?§m patterns over the ocean, ranging from 0.1 to 0.3, with higher
for submicron collapsed BC particles and 75gn?® for values in the high-wind regions (due to sea salt) or down-
freshly emitted aggregates. They also indicated that simwind from continental pollution. Compared with MODIS,
ple aerosol models might improve aerosol optics by as-the IMPACT model under-predicts in areas of south-central

[ee]

%) 24 Biomass: BC+strongly abs BrC - 24 aerosol condenses, reaching a maximum 1.5 times greater
m {eeeeee- Biomass: BC+moderately abs BrC L (i.e., 7.5nfg ! times 15=11.25n? g 1) when particle

o 20 ———-Biomass: BC+non-abs OC L 0 volume has increased up to a factor of about six. Com-
£ ] Fossil fuel: BG+non-abs OC I pared with their recommended absorption cross section (7.5
c 1 Fossil fuel: BC+sultaie - to 11.25n¥ g~ 1) for BC coated with non-absorbing material

2 16 16 (gray shaded areas in Fig. 2), the calculated absorption cross
O I . . .

o sections for sulfate and non-absorbing OC coatings are sim-
@ ilar when the mass fraction of BC in aerosol is lower than
o 12 approximately 0.3-0.4. As illustrated in Sect. 3.2, the mass
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Fig. 3. Annual mean aerosol optical depth frga) MODIS/Terra satellite observations (2001) gbiimodel simulations with non-absorbing
OC. The white color in pangh) indicates areas over which satellite retrievals are not available.

Africa, Amazon forests, and South and East Asia dominated 1 . . 1 :

by biomass burning and over-predicts in volcano-influenced € " O 'r{»‘"

regions of South America and Indonesia. These model biase: C Africa  w v 2

might be related to uncertainty in aerosol emissions, because "~ {7 K 1

most of the discrepancies occur near those source regions S&E Asia ¢ o .

The calculated global and annual mean AOD_NON is 0.132, oo} > &CAmerica B g .

within 3% of the MODIS retrieval (0.128). Similar values e PRE 1 '?;é?; e

are calculated with both AOD_MOD and AOD_STR and are 5 oo 67 & p LT Rend K

not shown here. This agreement between the model AOD& °* [ g .é?"\o.y.m N ‘,.Pa'ri 8 i

and satellite observations helps to constrain the estimation= A AR T

of aerosol radiative forcing discussed in Sect. 3.2. ok o® e '.. . 1
Figure 4 compares the monthly mean SSA at 550 nm Lt .

from the model calculations (NON, MOD, and STR) and e %

the AERONET data. The AERONET SSA values shown  °75f _ 1

are calculated from the AERONET V2 Inversion products e i oo sk rE

Level-2 daily data at 440nm and 675nm (Dubovik et al., o , , I s

2006). Note that the Level-2 SSA retrievals may be biased 07 075 08 e CO)?\SJ T 09 095 !
for large AOD, as described in their quality assurance cri-

teria (http://aeronet.gsfc.nasa.gov/new_web/datahtidr  rig 4. Comparison of monthly mean SSA at 550nm from

computation of the monthly means, we selected only theAERONET (1992-2011) and three model simulations (NON,
AERONET sites with at least 10 daily measurements for eachMOD, and STR). The solid line indicates the 1 ratio. Data points
month during the 20 yr from 1992 to 2011. The monthly pre- in central Africa (C. Africa), Europe and North America, South
dictions for SSA_NON correlate with the AERONET obser- Asia and East Asia (S & E Asia) and regions dominated by biomass
vations (a total of 1061 data points), with a calculated Pearburning (South and Central America (S & C America) and south-
son’s correlation coefficient of 0.51. The mean percentage ere€™ Africa (S. Africa)) are colored in black, blue, red, and green,
ror and bias between the modeled SSA_NON and observeESFnge;tge(g" T:edlllrjear f'ttl!gg T“Tcg)onsoagg 0'314’6:'%:’ f?\;g‘;
0 o . r ashed line; solid circles),= 0. + 0.4 for the

SSTAat\)llizlusescélrrnepzrrr:islliﬁé ig(l);ia/toezngljbsl, ;isdpfgsi\:)er:)gl aV_BrC (dc_)tted line; open squargs), ane= 0.57x + 0.42 for the non-

. absorbing OC (dash-dotted line; cross symbols).
erage SSA values at 550 nm from the three model simula-
tions with AERONET data. Regionally, the model results for
SSA_NON indicate that aerosols are generally more absorb-
ing in biomass burning regions (0.87-0.9) and South and Eas%‘2 Effects .Of brown carbon on aerosol spectral
Asia (~ 0.93) than over Europe and North Ameriea@.95), absorption
similar to the AERONET data. In dust-influenced central
Africa, however, the predicted mean SSA_NON is about

0.96, larger than the mean retrieval of 0.92 from AERONET.

The consideration of BrC increases total aerosol absorption.
In both Fig. 4 and Table 3, the SSA_STR (solid circles) and
SSA_MOD (open squares) model simulations with BrC pre-
dict lower SSA values at 550 nm than does SSA_NON (cross
symbols). Averaged over all AERONET sites, the SSA_STR

Atmos. Chem. Phys., 13, 8608621, 2013 www.atmos-chem-phys.net/13/8607/2013/
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Table 3. The calculated global and regional average single-scattering albedo (SSA) values at 550 nm from different model simulations,
compared with AERONET data.

SSA at 550 nm
C. Africa

N. Americaand S. and E. Asia S. and C. AmericaGlobal average

Europe and southern Africa
Data points 228 233 224 92 872
AERONET  0.933:0.021 0.912-0.03 0.928£0.024  0.899t0.041 0.9140.030
Without BrC  0.953t 0.017 0.936£0.031  0.957240.011  0.898:0.054 0.94Gt 0.033
MOD BrC 0.9524+0.017 0.936:0.032  0.95#0.011  0.895:0.056 0.939:0.034
STR BrC 0.949t 0.021 0.932-0.035  0.956:0.014  0.87H0.070 0.932:0.042

* In order to compare with the model results, a total of 1061 AERONET data points are averaged into 842 data points on model gétl eedl5%f

002 01 02 08 1 2
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Fig. 5. (a) Annual mean absorption aerosol optical depth (AAQLLO0) calculated with the non-absorbing OC, with increases in AAOD
(x100) due to the inclusion of th®) MOD BrC and(c) STR BrC.

value (0.93) agrees slightly better with the observationsTable 4. Global and annual mean aerosol absorption optical depth
(0.92) than do the SSA_MOD (0.94) and SSA_NON (0.94) (AAOD) and absorption Angstrém exponent (AAE) at various
values. In South and Central America and southern Africa,wavelengths. The percentage increase in AAOD with the inclusion
the best agreement is, however, for the non-absorbing O@f BrC is indicated by numbers in parentheses.

case (SSA_NON-0.9), while the SSA_STR value (0.87) is

lower than the AERONET data (0.9) by 3%. In addition to AAOD at indicated wavelength AAE
the refractive index/absorption cross section used for BrC in Wavelength ~ 350nm  450nm  550nm  650nm  440-
the STR case, the low-biased SSA_STR in the biomass burn- 870nm
ing region could be due to the assumed fraction of BrC jn WithoutBrC ~ 0.0045  0.0039  0.0034  0.0029 = 0.9

; 0 ; MODBrC  0.0062 0.0042 0.0035 0.003 1.0
total OC (92 %, based on a solid fuel analysis) is too high for (+38%) (+8%) (+3%) (+3%)

these sources. Nevertheless, the differences in SSA at 550 nmsTR Brc 0.007
between the NON, MOD, and STR cases are at about 1-2 %.
The resulting enhancement in AAOD is illustrated in

Fig. 5. The global and annual mean AAOD_NON100)
at 550 nm is increased by 18 % for the AAOD_STR case, es-
pecially over biomass burning or biofuel combustion regions,the Southern Hemisphere, BrC in the Northern Hemisphere
where the AAOD simulated by large-scale models often un-would have a large impact in densely populated areas, and
derestimates the observations (Koch et al., 2009). In thets impact is likely to continue increasing in the future in
Southern Hemisphere, the percent increase in AAOD_STRhe absence of emission controls for biofuels. At 550 nm,
relative to AAOD_NON is about 20-40%, more substan- the inclusion of BrC enhances the global and annual mean
tial than that obtained in the Northern Hemisphere, whereAAOD_NON by +3 % (the MOD case) tg-18 % (the STR
absorbing aerosols of other types (BC and dust) are alsease) (Table 4), and is highly dependent on the absorption
abundant. On the other hand, originating mainly from bio- efficiency of BrC.
fuel consumption rather than open vegetation burning as in At the shorter wavelengths, BrC is a stronger and thus
more important absorber than at 550 nm. Without BrC

0.0049 0004  0.003 1.2
(+56%) (+26%) (+18%) (+3%)
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Fig. 6. Frequency distribution of the aerosol absorption Angstrém exponent (AAE) at 440-870 nm, derived from the AERONET data (bar)
and model simulations (in red). Dotted line, for the non-absorbing OC; dash-dot line, for the MOD BrC; solid line, for the STR BrC at 775
total AERONET sites. Distributions are ovéa) fossil fuel-dominated Europe and North Ameri¢h) open biomass burning-dominated
South America and southern Africg) mixed source region in South Asia, a(d) mixed source region in East Asia.

absorption, the calculated AAE_NON at 440-870nm is best with the observations, while the simulated AAE_NON
mostly below 1.125, with a mean of 0.9 over the AERONET values without absorbing BrC have a low bias. The width
sites (excluding those near-desert regions). This calculatedf the AAE frequency distribution implies the variability
absorption spectral dependence without BrC represents B@ aerosol size and composition. For the non-absorbing OC
particles coated with non-absorbing sulfate or organic sub-case, the frequency distribution indicates variations in the
stances, as simulated by the model. This value is generallgoating thickness on BC. Although no BrC is explicitly
weaker than the AAE inferred from the AERONET data, assumed to be associated with fossil fuel combustion, the
which extends from 0.625 to 2 and has a mean value of 1.2AAE_STR distribution is in very good agreement with the
When BrC absorption is taken into account, the calculatedAERONET data over Europe and North America when BrC
AAQOD is enhanced by 8 % for the MOD case, by 26 % for the from biofuel combustion and biomass burning is included.
STR case at 460 nm, and by up to 56 % for the AAOD_STRHowever, the simulated AAE_STR or AAE_MOD over East
at 345 nm (Table 4). As aresult, the augmented absorption aAsia and South Asia is still on the low end of the AERONET
smaller wavelengths leads to larger AAE values for carbonatetrievals, even with the strongly absorbing BrC. This could
ceous aerosols. occur if some BrC in Asia has stronger absorption efficiency
Figure 6 shows the frequency distribution of the simu- than the values reported by Kirchstetter et al. (2004) and
lated AAE with AERONET retrievals for different regions. Chen and Bond (2010). For instance, the tar balls (one of
Except over biomass burning-dominated South America andhe common physical forms of BrC) collected in the East
southern Africa, the model simulations of AAE_STR agree Asian-Pacific outflow are suggested to be highly absorptive
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25 1 . . — [ 1 . 0.825 at the OC:BC ratio of 1.5; as the ratio OC:BC in-
STRBIC: creases, the calculated AAE_STR increases up to roughly
g ey 0000 ?-00126" * +0.2305" + 05268 1.5-2, while the maximum AAE_MOD reaches to about 1.2.

e ] Because the absorption by BrC is close to zero near 675 nm,
' the fitting curves for the strongly or moderately absorbing
BrC simulations (solid lines in Fig. 7) could be useful for
approximating the enhancement of AAOD due to BrC ab-
sorption at the smaller wavelengths for models that consider
BC and non-absorbing OC only, on the basis of the simulated
OC: BC ratios and aerosol absorption at 675 nm.

AAE (440-675nm)

3.3 Aerosol direct radiative forcing
05 -

MOD BrC: . , Direct radiative forcing by aerosols is estimated with the
B 8 Doy 0067 01128+ 06329 Monte Carlo Aerosol, Cloud and Radiation (MACR) model
O 4 s s 10 12 14 s 1 2  (Podgorny and Ramanathan, 2001; Kim and Ramanathan,
OC/BC 2008) for the predicted monthly mean aerosol optical prop-

Fig. 7. The simulated wavelength dependence of AAE (440— erties. The MACR radiation model uses 25 bands to cover

675nm) as a function of the ratio of OC: BC column burden, for the solar spectrum from 0.25 to 5.0mm with 50 layers (Vo-

the STR BrC and MOD BrC. The fitted curves are valid for ratios gelmann et al_" 2001). The International Sate"i_te Cloud Cli-
of OC : BC between 1.5 and 20. matology Project satellite cloud cover and optical depth for

low, middle, and high clouds were used in calculations of all-
sky radiative flux (Kim and Ramanathan, 2008). These val-

(Alexander et al., 2008); this substance has a mean refraaies were interpolated to the T42 grid (approximately ®y3
tive index with an imaginary part of 0.27 at 550 nm, about 2.8) as input fields to the MACR model, as well as the com-
10 times the value for the strongly absorbing BrC used inpiled monthly ozone, water vapor, and surface albedo data
this study. Over the biomass burning regions, the AAE_STRfor the simulated year (Kim and Ramanathan, 2008).
is over-predicted, even though the absorption cross section Aerosol radiative forcing is estimated as the difference in
used for strongly absorbing BrC is similar to that from the the calculated radiative fluxes with all aerosols and with all
biomass burning aerosol samples (Kirchstetter et al., 2004)aerosols except the aerosol type of interest. Figure 8 shows
In those areas (Fig. 6b), the calculated AAE_MOD for mod- changes in the annual mean all-sky aerosol direct radiative
erately absorbing BrC agrees better with the observed AABEorcing (DIR) due to the absorption of the strongly absorb-
than does AAE_NON but is still low-biased, implying that ing BrC, along with the estimated DIR for organic aerosols
BrC absorption from biomass burning sources is strongef(OAs) in the STR and NON cases. In Fig. 8a, the impact of
than in the MOD case but less than the STR case. the STR BrC on the aerosol TOA forcing is positive globally,

Our calculations of the BrC spectral absorption for the suggesting an overall warming effect due to absorption of in-
STR or MOD cases are more consistent with several recoming solar radiation by BrC. Because a similar effect (but
cent observationally based studies than are the results fao a smaller extent) was calculated for the MOD BrC relative
the NON case. An analysis of AERONET data by Russellto the NON case, we show only the STR BrC calculations in
et al. (2010) suggested that the observed AAE values aFigs. 8 and 9 for the regional analysis, though we show the
440-870nm are 0.8-1.4 for urban sites (similar to Fig. 6a),global results for MOD BrC in Table 5. On a global mean
and about 1.2-1.6 for biomass burning regions (similar tobasis, the inclusion of the MOD BrC or STR BrC might en-
Fig. 6b). By applying an analytical partitioning method to hance total aerosol absorption by 7 % or 19 %, respectively,
the AERONET AOD and SSA values at 440 nm, 675 nm, anddepending on the assumed absorbing efficiencies (Table 5).
870 nm, Bahadur et al. (2012) found that the BrC on average The magnitude of the BrC absorption in the atmo-
contributes 28 % to the total aerosol absorption at 440 nmsphere (about 0.1-0.25 W) is comparable up to roughly
while our estimates of AAOD_STR and AAOD_MOD are one-quarter of the estimated atmospheric forcing of BC
about 26 % and 8 %, respectively (Table 4). (1.07 Wn12). The global forcing of BrC relative to the non-

Figure 7 shows the simulated AAE_STR for strongly ab- absorbing OC is roughly 0.04 WA for the MOD BrC and
sorbing BrC and AAE_MOD for moderately absorbing BrC 0.11 W n12 for the STR BrC at the TOA, while the effect at
between 440 nm and 675 nm as a function of OC: BC bur-the surface is negative, ranging fror0.06 W nT2 (MOD)
den. The OC : BC ratios in the global results are concentratedo —0.14 W nT2 (STR). Regionally, the effects are more sub-
at values of 2—6 and 8-10, corresponding to fuel combusstantial. Figure 8a shows that the TOA forcing by the STR
tion and biomass burning source regions, respectively. Th&rC is above 0.25W m? over the major source regions,
minimum value of AAE_STR in model calculations is about including subtropical southern Africa and South America,
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Fig. 8. The estimated annual mean all-sky direct radiative forcing Fig. 9. As for Fig. 8, but for clear-sky forcing.
(W m~2) atthe top of the atmosphere (@) the STR BrC relative to
the non-absorbing O@b) organic aerosols with the non-absorbing

OC, and(c) organic aerosols with the STR BrC. sorbing property of the STR BrC reduces the strong negative

TOA forcing of OA, while increasing its weak positive forc-

ing (Fig. 8c). The global mean OA direct radiative forcing is
South Asia, and East Asia, which are dominated by biomasshus changed by the STR BrC from an overall negative effect
and biofuel burning. (—0.086 W n12) to a positive forcing40.025 W n12).

When OC is not considered to be absorbing (no BrC), The changes in the OA direct radiative forcing caused by
OA consists of 100% non-absorbing OC and other scatBrC have significant implications on regional scales. Over
tering substances. Thus, the TOA forcing by OA is nega-east-central China and Europe, the radiative impact of to-
tive over most of the domain, expect for regions overlap-tal OA with the STR BrC might amplify (rather than offset-
ping with marine low-level clouds and in high latitudes, as ting, as originally estimated) the warming due to BC emit-
shown in Fig. 8b. Although OA does not absorb any solarted from the same anthropogenic sources by adding an ad-
radiation in the absence of absorbing BrC, OAs could still ditional 0.25W nT2 of warming. This implies that emis-
enhance aerosol absorption by coating the BC particles. Ession controls on fuel combustion should also include organic
pecially over sea ice in high latitudes or above clouds (acarbonaceous aerosols in addition to BC. Further, the STR
bright surface with large surface albedo), small absorptionBrC in biomass burning aerosols from the African savan-
(~0.5Wn1?) due to the coating effect could cause a pos-nas strongly intensifies the positive forcing of OAs off the
itive TOA forcing (~0.1W n12). Accounting for the ab-  western coast of central Africa, which is often overlaid with
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Table 5. Global and annual mean aerosol (fossil fuel, biofuel, and biomass burning) direct forcing for year 2000. Numbers in parentheses
indicate the percent of the total aerosol forcing.

Direct forcing (W m_z)

All aerosols  All aerosols RC200& BrC BC Other
(this work) (AeroCom} (observation- (MOD - STR) aerosols
constrained)
TOA -0.17 —0.22 —-0.4 0.04-0.11 0.45 —-0.66
Atmosphere  1.47 0.82 3.0 0.1-0.25 1.07 0.13
(7-19 %) (72%) (9%)
Surface —1.64 —1.02 -3.4 —0.06t0—-0.14 -0.62 —-0.79
(4-11%) (41%) (48%)

1 Schulz et al. (2006 RC2008: Ramanathan and Carmichael (2008).

subtropical stratocumulus cloud decks. The near-zero direcnated enhancement due to the non-absorbing aerosol coating
radiative forcing of OA at 30S—-5 N and 20 W-5°E in effect adds another 9% to the total absorption in the STR
the NON case is changed by the STR BrC to a moderatelycase. Compared with the observationally constrained esti-
positive forcing of 0.29 W m?, which could significantly al-  mate (3.0 W m?) of Ramanathan and Carmichael (2008),
ter regional cloud and precipitation formation related to thethe global calculations that include strongly absorbing BrC
African monsoon (e.g., Huang et al., 2009; Sakaeda et al.(the STR BrC case) still underestimate the atmospheric ab-
2011). Over mid-latitude oceans and higher altitudes, thesorption (1.47 W m?). One of the reasons might be under-
weakly positive TOA forcing by OA in the NON case is predicted aerosol loadings; in particular, we note that the
nearly doubled by the transported BrC with strong absorp-AOD comparison with MODIS satellite data in Fig. 3 indi-
tion. Although the absolute aerosol forcing is small (0.1- cates underestimation in biomass burning regions.
0.25W n1?) in the polar regions, the high-altitude climateis ~ Seasonal variations in the predicted burden and atmo-
highly sensitive to aerosol perturbations (Shindell and Falu-spheric forcing of the STR BrC are shown in Fig. 10 for
vegi, 2009). three locations with high BrC content. Like the BrC bur-
Figure 9 shows that under clear sky, the STR BrC directdens inferred from the AERONET data (Arola et al., 2011),
radiative forcing without cloud masks is larger over the land, the model predictions peak in July-August-September at the
where aerosols are mostly below clouds; on the other handwo open biomass burning locations in South America (Alta
the radiative impact of the STR BrC transported over theFloresta, Brazil) and southern Africa (Mongu, Zambia), and
ocean is less in clear sky, in the absence of amplified absorpthe predicted burdens are also in similar ranges (about 5—
tion from the reflection of clouds underneath. As a result, thel5 mgnt?2). However, the estimated BrC is significantly
clear-sky TOA forcing of OA is predominately more nega- low-biased in Kanpur, India, compared to the observation-
tive than under cloudy sky, either for the non-absorbing OCally based estimate. This is probably because BC emissions
or the STR BrC. The estimated global effect of the STR BrCin South Asia might have been increasing during the past two
in the clear sky40.09 W nT2) is slightly less thanin all sky  decades (Bond et al., 2007); these emission increases might
conditions ¢-0.11 W nt2). not be included in the global emission inventories for year
The TOA forcing by all anthropogenic aerosols is es- 2000 used here. As for the atmospheric burden, the predicted
timated at about-0.17Wnt?2 in the present study (Ta- forcing for the STR BrC depicts a strong seasonal cycle,
ble 5). This value is similar to the AeroCom model estimate peaking during the dry burning seasons in both hemispheres
of —0.21+0.20Wn12 with similar emissions (Schulz ~ (Fig. 10). The maximum monthly forcing by the STR BrC is
et al., 2006). The estimated total atmospheric absorptiorabout 5W nt?2 at the southern African site in September.
(+1.47Wnr?) and surface dimming—<1.64Wn1?2) by
aerosols are more significant — roughly 80 % and 38 % larger
than_ the AeroCom means. Oth(_ar anthropogenlc aerosols, i conclusions
cluding sulfate and non-absorbing organic matter, could also

increase aerosol absorption by coating BC particles. The es“l'ncreasing evidence points to the existence of BrC in the at-

1The AeroCom forcing quoted is the sum of the AeroCom mos.phere. The ?FVO”Q wavelength dependence from the ul-
anthropogenic aerosol forcing;0.22-0.16 Wnt2, and biomass traviolet to the visible in the observed carbonaceous aerosol
burning aerosol forcing, .01+ 0.04 W m—2 (Schulz et al., 2006), ~absorption (AAE>2) cannot be explained by mixing of BC
because we consider open biomass burning aerosols as anthrwith other scattering aerosols. Several observationally based
pogenic sources. studies have inferred the absorption cross section of BrC on
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Fig. 10. Seasonal variations in the model prediction§a)fBrC burden (mg %) and(b) atmospheric absorption (WTH) due to the STR
BrC at Alta Floresta, Brazil (56°1W, 9.87 S), Kanpur, India (80.23E, 26.5TF N), and Mongu, Zambia (23.2%, 15.25 S).

the basis of multi-wavelength absorption measurements and 3. Model simulations suggest that the inclusion of BrC

have demonstrated significant absorption attributed to BrC in
the ultraviolet and visible ranges in laboratory studies or over
observational sites (e.g., Kirchstetter et al., 2004; Chen and
Bond, 2010; Bahadur et al., 2012; Kirchstetter and Thatcher,
2012). By integrating ground-based aerosol data with field
and satellite observations, Chung et al. (2012) found that the
global OA radiative forcing is close to zero when the contri-
bution of BrC is implicitly included in the aerosol absorption
spectrum. However, whether the BrC absorption could play a
significant role in global and regional direct radiative forcing
of carbonaceous aerosols remains uncertain.

We examined the enhancement in the absorption of solar
radiation due to BrC with emissions compiled for year 2000
and generated the first estimate of global direct radiative forc-
ing by BrC relative to non-absorbing OC. Given the large
variability in the observed absorption cross section (Chen
and Bond, 2010), we derived two sets of refractive index
data to represent the moderately and strongly absorbing BrC
types, MOD BrC and STR BrC.

The main findings of this study are as follows:

1. The inclusion of both MOD BrC and STR BrC absorp-
tion properties leads to stronger wavelength depen-
dence in the calculated aerosol absorption. The sim-
ulated aerosol AAE increases from 0.9 for the non-
absorbing OC only, to 1.0 with moderately absorbing
BrC, and to 1.2 with strongly absorbing BrC; on aver-
age, the last value agrees best with AERONET spectral
retrievals.

absorption results in a forcing 6£0.11 W n12 for
the STR BrC and 0f-0.04 W n1 2 for the MOD BrC

at the TOA. The estimated effect of the STR BrC
changes the global radiative forcing of organic car-
bonaceous aerosols from cooling@.08 W nT2) to
warming (+0.025W n1?2), with much larger impact
on regional climate. Therefore, failure to include the
atmospheric heatingH0.1 to+0.25 W nT2) and sur-
face dimming {0.06 to—0.14 W nT2) by MOD BrC

to STR BrC, respectively, in climate simulations could
introduce a significant source of uncertainty.

. While BC is still the main absorber of solar radiation

— contributing 72 % of the global atmospheric absorp-
tion — the contribution of the STR BrC to aerosol forc-
ing is >20-50 % over regions dominated by seasonal
biomass burnings and biofuel combustion, accounting
for more than a quarter of the estimated radiative ef-
fects of BC on a global basis.

. The atmospheric burden of BrC is estimated to be

0.65mgnT?, which is more than three times the
burden of BC. Since most of the BrC is associated
with biomass burning aerosols, BrC aerosols are more
likely to be elevated high above clouds and transported
long distances than are the surface-emitted aerosols,
leading to more widespread and efficient warming.

With respect to BrC, large uncertainties still remain regard-

ing to its sources, formation, chemical composition, absorp-

2. The enhancement in the global mean AAOD due totion properties, and scavenging process (thus lifetime). In
STR BrCis upto 18 % at 550 nm, and it increases dras-the present study, we simplified BrC production by assigning

tically to 56 % at 350 nm. This enhanced absorption of 92 % of biomass and biofuel burning OC mass as BrC, on the
solar radiation by aerosols in the ultraviolet and nearbasis of a study of solid fuels (Chen and Bond, 2010). This
visible could imply a large impact on photolysis reac- fraction might be close to a possible maximum of BrC in total

tion rates and ozone photochemistry.

Atmos. Chem. Phys., 13, 8608621 2013

carbon. If that assumption holds, the contribution of BrC to
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