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Abstract

Atmospheric black carbon (BC) is a leading climate warming agent, yet uncertainties on the
global direct radiative forcing (DRF) remain large. Here we expand a global model simulation
(GEOS-Chem) of BC to include the absorption enhancement associated with BC coating and
separately treat both the aging and physical properties of fossil fuel and biomass burning BC.
In addition we develop a global simulation of Brown Carbon (BrC) from both secondary
(aromatic) and primary (biomass burning and biofuel) sources. The global mean lifetime of
BC in this simulation (4.4 days) is substantially lower compared to the AeroCom | model

means (7.3 days), and as a result, this model captures both the mass concentrations measured
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in near-source airborne field campaigns (ARCTAS, EUCAARI) and surface sites within 30%,
and in remote regions (HIPPO) within a factor of two. We show that the new BC optical
properties together with the inclusion of BrC reduces the model bias in Absorption Aerosol
Optical Depth (AAOD) at multiple wavelengths by more than 50% at AERONET sites
worldwide. However our improved model still underestimates AAOD by a factor of 1.4 to 2.8
regionally, with largest underestimates in regions influenced by fire. Using the RRTMG
model integrated with GEOS-Chem we estimate that the all-sky top-of-atmosphere DRF of
BC is +0.13 Wm™ (0.08 Wm™ from anthropogenic sources and 0.05 Wm™ from biomass
burning). If we scale our model to match AERONET AAOD observations we estimate the
DRF of BC is +0.21 Wm?, with an additional +0.11 Wm™? of warming from BrC.
Uncertainties in size, optical properties, observations, and emissions suggest an overall
uncertainty in BC DRF of —80%/+140%. Our estimates are at the lower end of the 0.2-1.0
Wm™ range from previous studies, and substantially less than the +0.6 Wm™ DRF estimated
in the IPCC 5™ Assessment Report. We suggest that the DRF of BC has previously been
overestimated due to the overestimation of the BC lifetime (including the effect on the

vertical profile) and the incorrect attribution of BrC absorption to BC.

1 Introduction

Black carbon aerosol (BC), which is produced from incomplete combustion, is an important
component of atmospheric particulate matter (PM). BC is strongly light-absorbing, and
therefore plays a role similar to greenhouse gases as a climate warming agent and can
influence cloud cover and emissivity and affect the atmosphere indirectly by changing the
concentrations of liquid cloud droplets and ice nuclei (IPCC, 2013; Bond et al., 2013).
Furthermore, BC deposited on ice and snow can reduce the surface albedo and accelerate
melting (IPCC, 2013; Ramanathan and Carmichael, 2008; Flanner et al., 2007). In addition to
climatic effects, BC adversely affects human health through direct inhalation of the particles
which can include adsorbed harmful VOCs such as polycyclic aromatic hydrocarbons
(PAHS) (Dachs and Eisenreich, 2000). Because of its adverse effects on both human health
and climate, reducing BC is viewed as a policy strategy with potential co-benefits (Anenberg
et al., 2012; Smith and Haigler, 2008).

The IPCC 5th Asessment Report (AR5) suggests that the direct radiative forcing (DRF) of

atmospheric BC (+0.6 Wm, with +0.4 Wm™ of this from fossil and biofuels) is second only
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to CO, (IPCC, 2013), further bolstering the concept of BC control as an effective climate
mitigation strategy. The ARS estimate is based on two studies: the multi-model assessment
from AeroCom Il (Aerosol Comparisons between Observations and Models) by Myhre et al.
(2013) (+0.23 Wm™ from fossil and biofuel emissions), and the substantially higher forcing
estimate of the Bond et al. (2013) assessment which incorporates an observationally weighted
scaling of previous modeling estimates (+0.51 Wm™ from fossil and biofuel emissions, +0.2
Wm? from biomass burning). This difference of more than a factor of two highlights both the
uncertainty in BC DRF and the potential for a substantial underestimation of BC absorption in
the current generation of global models. At the same time, previous studies suggest that
AeroCom | models overestimate remote and high altitude BC concentrations (Schwarz et al.,
2008b; Koch et al., 2009) and that a shorter atmospheric BC lifetime (~4 days) than typically
simulated (5 — 10 days) is required to capture the low concentrations in the remote Pacific
(Wang et al., 2014). In this work we aim to reconcile these disparate observational constraints
on BC.

Model estimates of BC DRF rely on an accurate representation of BC mass concentrations
(dependent on emissions, aging, transport, and removal processes) as well as optical
properties (dependent on mixing state, size, morphology, and refractive indices). The
integrated effect of mass concentration and optical properties can be described by the aerosol
optical depth (AOD), single scattering albedo (SSA), absorption aerosol optical depth
(AAOD) and asymmetry factor, which are the basis for calculating DRF in models. These

three factors are related by the following:
AAOD = AOD x (1- SSA) (1)

Some studies have used observed BC concentrations to constrain model results before
calculating DRF (Jacobson 2001; 2012), however this approach neglects uncertainties in the
optical properties of BC. An alternative is to constrain a model by column AAOD, which
generally represents the absorption of BC and can be retrieved from satellite and ground-
based measurements by sun-photometer; however, both satellite and ground-based
measurements suffer from significant uncertainties. The accuracy of ground-based sun-
photometers (the observations used in the Bond et al., 2013 study) is limited under low
aerosol loading, implying less reliable SSA retrievals under these conditions (Dubovik et al.,
2000). The retrieved AAOD from satellite relies on predetermined aerosol models with a
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series of assumptions which are less accurate than ground-based measurements (Li et al.,
2009; Kahnert et al., 2010).

While AAOD observations may be essential to constraining the DRF of BC, there remain
additional challenges in interpreting these measurements. Observed column AAOD does not
describe the vertical distribution of aerosol absorption. As a consequence, different vertical
profiles and column loading of BC can produce the same estimate of column AAOD due to
the inhomogeneous vertical distribution of solar flux and the positions of clouds (Zarzycki
and Bond, 2010; Samset and Myhre, 2011) but may result in substantially different radiative
effects. In addition, AAOD captures absorption from all aerosols, including dust and organic
aerosol (OA). While dust sources may be geographically isolated from black carbon sources,
OA is typically co-emitted with BC. Most climate models treat OA as a scattering-only
(Chung et al., 2012), but recent studies show that OA can absorb light (Arola et al., 2011;
Lukacs et al., 2007; Hecobian et al., 2010; Chakrabarty et al., 2010; Kirchstetter & Novakov,
2004; Chen & Bond, 2010). This light-absorbing OA (so-called “brown carbon”, BrC) is
found in both urban and biomass burning regions and is most absorbing at UV wavelengths.
Chung et al., (2012) analyse the wavelength dependence of observed AAOD and estimate that
BrC globally contributes 20% of the total absorption at 550nm from all carbonaceous aerosols
(BC + OA). Feng et al., (2013) also suggest BrC can contribute up to 20% to the absorption of
all aerosols except dust and natural aerosols, while Lin et al., (2014) estimate that BrC
contributes 27% to 70% of BC absorption globally, when using an alternate set of optical

properties.

In this study, we aim to develop a model simulation of BC (and BrC) that simultaneously
meets the observational constraints for both mass and AAOD, and in doing so, improve the

estimate of the global DRF of BC and its uncertainties.

2 Model description

2.1 The standard GC-RT model

In this study, we use the global chemical transport model GEOS-Chem (Bey et al., 2001)
coupled with the radiative transfer model RRTMG (Lacono et al., 2008), a configuration
known as GC-RT (Heald et al., 2014). GEOS-Chem is driven by assimilated meteorology
from the Goddard Earth Observing System (GEOS) at the NASA Global Modeling and
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Assimilation Office. Our simulations for 2006 to 2011 use the GEOS-5 meteorology and v9-

1-3 of GEOS-Chem with a horizontal resolution of 2° x 2.5° and 47 vertical levels.

The standard simulation of BC in GEOS-Chem is described in Park et al. (2003). The model
assumes 80% of emitted BC is hydrophobic and the other 20% is hydrophilic. We update the
hydrophilic fraction of BC emitted from biomass burning to 70% based on field observations
(Akagi et al.,2012; Lack et al.,2012; Shamjad et al., 2012; Schwarz et al., 2008b, also see
Sect. 2.2). Hydrophobic BC is aged to hydrophilic BC with an e-folding time of 1.15 days
(the aging lifetime, Chin et al., 2002; Cook et al., 1999). The dry removal process is based on
a standard resistance-in-series model dependent on the local surface type and meteorological
conditions (Zhang, 2001) and wet removal mainly follows the scheme described by Liu et al.
(2001), which includes both in-cloud rainout (only for hydrophilic BC) and below-cloud
washout (for all BC) for both large scale and convective precipitation. We also adopt a series
of updates implemented by Wang et al. (2011), which include updated size-dependent
parameters for below-cloud scavenging rate (Feng, 2007), a correction for the fractional area
distribution between in-cloud and below-cloud scavenging, and updated ice/snow scavenging
for hydrophobic BC. The standard simulation of primary organic aerosols (POA) is the same
as BC except that POA is emitted as 50% hydrophilic. We also update this number to 70% for
biomass burning. The formation of secondary organic aerosol (SOA) is described using a 2-
product model scheme and includes biogenic hydrocarbons (Chung and Seinfeld, 2002;
Henze and Seinfeld, 2006), and aromatics (Henze et al., 2008) as precursors. The model also
includes schemes for fine and coarse sea salt aerosols (Jaegle et al., 2010) and mineral dust in
4 size bins (Fairlie et al., 2007; Ridley et al., 2012).

Anthropogenic emissions (including fossil and biofuel sources) of both BC and POA follow
the Bond et al. (2007) global inventory, with some regional modifications. In the U.S.,
seasonality from Park et al., 2003 is imposed; in Europe, the seasonality is based on MACCity
anthropogenic emissions of the year 2010 (Diehl et al., 2012). In East Asia, we scale up the
emissions totals for BC and POA by 16% and 28% to match a newer inventory of Zhang et al.
(2009) with related seasonality. Use of this inventory has been shown to reduce bias in BC
simulations at a national scale (Kondo et al., 2011; Wang et al., 2013). These updates increase
global anthropogenic emissions of BC by 11% compared to Bond et al. (2007) (from 4.4
Tglyr to 4.9 Tglyr) and emissions of POA by 17% (from 8.7 Tg/yr to 10.1 Tglyr).

Carbonaceous aerosol sources from biomass burning follow the year-specific monthly mean
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GFED3 inventory (van der Werf et al., 2010), contributing 1.6 to 2.3 Tg/yr of BC and 13.5 to
21.4 Tg/yr of POA in 2000 to 2011. We use the 1750 emission inventory of Dentener et al.
(2006) for preindustrial conditions, with no fossil fuel emissions, biofuel emissions of BC and
POA of 0.39 and 1.56 Tg/yr (about 20% of present), and biomass burning emissions of BC
and POA of 1.03 and 12.8 Tg/yr (about 50% of present).

RRTMG is a radiative transfer code that calculates both longwave and shortwave atmospheric
fluxes (Lacis and Oinas, 1991). Within GEOS-Chem, RRTMG calculates instantaneous
radiative fluxes including both the total flux and the flux difference associated with specific
atmospheric species (ozone, methane, sulfate, nitrate, ammonium, BC, OA, sea salt or dust)
every 3 hours. The optical properties (AOD, SSA and asymmetry parameter) of these species
are calculated within GEOS-Chem. In the standard GC-RT, we assume that aerosols are
externally mixed with log-normal size distributions based on the aerosol information defined
in the Global Aerosol Data Set (GADS) database (Kopke et al., 1997) with updates from
Drury et al., (2010), and hygroscopic growth factors from Martin et al. (2003). Here we use
the BC density and RI recommended by Bond and Bergstrom (2006), which are found to
agree better with observations (Park et al., 2004; Stier et al., 2007; Kondo et al., 2010a).
Properties for BC are shown in Table 1. Optical properties are calculated at 7 discrete relative
humidities (RH) for each wavelength using Mie code (Mischenko et al., 1999). Further details
on the implementation of RRTMG in GEOS-Chem can be found in Heald et al. (2014).

The model configuration described above is our “baseline” GC-RT configuration. This will be
compared to our “best” and “most absorbing” simulations described further below. Table 1

summarizes the assumptions we use for “baseline” and “best” simulations.

2.2 Updated aging mechanism for BC

Upon emission BC is typically unmixed and hydrophobic, however once in the atmosphere,
BC can be coated by other materials through processes such as condensation and coagulation
(Stier et al., 2006; Moteki et al., 2007; Adachi et al., 2010; Liu et al., 2013). Since most
coating materials are soluble, aged BC is assumed to be hydrophilic and can therefore be
removed via in-cloud rainout, implying a shorter atmospheric lifetime. In addition, this
coating or internal mixing can enhance the absorption of solar radiation (Fuller et al., 1999;
Schnaiter et al., 2005; Bond & Bergstrom, 2006), therefore the aging process is important for
the radiative impact of BC. The standard GC-RT assumes an aging lifetime of 1.15 days,
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equivalent to a constant aging rate of ~10° s, with no absorption enhancement; however, the
aging rate likely differs with coating conditions. Given that the coating material is related to
co-emitted species, we separately track BC emitted by fossil and biofuel/biomass sources in

our simulations.

In urban areas dominated by fossil fuel, BC is typically coated by sulfate (Moteki et al., 2007;
Moffet & Prather, 2009; Friedman et al., 2009), thus we assume that the aging process for
fossil-BC is driven by the coating of condensed sulfuric acid. As suggested by Koch et al.
(2001) and Liu et al. (2010), we assume that the gas-phase sulfuric acid is generally produced
by the oxidation of SO, by the hydroxyl radical (OH) and is immediately condensed on BC.
As a result, the aging rate of BC can be assumed to be proportional to the concentration of
gas-phase sulfuric acid, which is further proportional to the concentration of SO, and OH
(Seinfeld and Pandis, 2006):

k =1/t = a[H,S0,(g)] + b = a[SO,][OH] + b 2

k and t are the aging rate and e-folding time (Liu et al., 2010). The constant term (b)
represents the contribution of aging conversion due to the coagulation and aggregation of BC
with other soluble particles; this process is very slow. By assuming a coagulation e-folding
time of 20 days, b is estimated to be 5.8 x 107 s, improving the seasonality of simulated BC
in the Arctic (Liu et al., 2010). Here we apply the Liu et al. (2010) BC aging scheme with
dynamic [OH] and [SO] (rather than with fixed SO, concentrations as in their study). This is
supported by the experimental studies of Zhang et al. (2008) and Khalizov et al. (2009), who
find a good linear relationship between gas-phase H,SO, exposure (with associated SO,
concentration and constant OH levels) and the mass fraction of the shell coating on BC. We
fix the constant a to be 2 x 10% cm® molec? s, resulting in a mean e-folding time close to
1.15 days for typical urban conditions with OH concentrations of 10° molecules/cm® and SO;
concentrations of 5x10'° molec cm™ (~2 ppb). Here we assume that the aging rate is based on
the atmospheric [SO,] and [OH] concentrations (which contribute to the formation of gas-
phase sulfuric acid), but this aging rate is not directly related to the rate of SO, oxidation.
Nitrate and organics may also coat BC in urban areas; however, as sulfate is the most
common coating material in observations (Moteki et al., 2007; Moffet and Prather, 2009), we

only consider sulfate here.

The biofuel/biomass-BC is more likely to be rapidly mixed with co-emitted soluble organic

compounds. In field studies, this process is observed to be very fast (Akagi et al.,2012; Lack
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et al.,2012; Shamjad et al., 2012; Schwarz et al.,2008b, Moteki et al., 2007; Moffet and
Prather, 2009), usually within several hours. Based on the observed data in Akagi et al. 2012
for chaparral fires in California, a new e-folding time of 4 hours is assumed for the aging of
biofuel/biomass-BC. In addition, nearly all field observations of biomass burning (Akagi et
al.,2012; Lack et al.,2012; Shamjad et al., 2012) show that more than 70% of BC emitted
from fires are thickly coated by soluble materals after 1 hour. We therefore increase the initial
hydrophilic fraction of emitted BC from this source from 20% to 70%.

These changes decrease the global mean atmospheric lifetime of BC (from 5.1 days in the
standard model to 4.4 days) and also imply that this lifetime depends on local source type and
pollution levels. These aging updates are used in our “best” simulation. The 70% hydrophilic
assumption for biomass burning emitted BC is also included in the “baseline” simulation to

highlight the influence of the description of the aging process when comparing these two.

2.3 Updated BC properties for optical calculation

The optical effects of aerosols can be quantified with aerosol optical depth (AOD) and
absorption AOD (AAOD). Calculation of these quantities within the model is based on the
mass extinction efficiency (MEE) and single scattering albedo (SSA) as well as the simulated
mass concentrations. The MEE and SSA are derived from Mie code (Mishchenko et al., 1999)

as a function of the refractive index (RI), density and size distribution of the particles.

The size distributions of all aerosols in our simulations are assumed to be log-normal, defined
by two parameters: the geometric median diameter (GMD) and standard deviation (9). In the
standard GC-RT, GMD and & are assumed to be 40 nm and 1.6, however these factors should
vary substantially with emission source. Generally, observations show that fossil-BC emitted
in urban areas have a smaller GMD and larger 6 than those from biomass burning sources
(Dubovik et al., 2002; Schwarz et al., 2008b). Using the median values from a series of field
studies (Akagi et al., 2012; Schwarz et al., 2006; 2008; Lack et al., 2012; Dubovik et al.,
2002; Shamjad et al., 2012; Moffet et al., 2009; Knox et al., 2009; Kondo et al., 2011b), GMD
is fixed at 60 nm and 140 nm for fossil and biofuel/biomass-BC, respectively, and & is
specified to be 1.6 and 1.4 for these two kinds of sources. At 550 nm, MEE and MAE (mass
absorption efficiency, = MEE x (1 — SSA)) are calculated to be 6.9 and 5.9 m°g™ in the
standard GC-RT. With our updates, MEE and MAE increase to 8.2 and 6.3 m2 g-1 for fossil-
BC and 9.6 and 6.3 mg™ for biofuel/biomass-BC. The MAE values at 550 nm are at the
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lower end of the range 6.3 - 8.7 m°g™ suggested by Clarke et al., 2004 and Bond and
Bergstrom 2006, but close to some other studies (Akagi et al., 2012; Schnaiter et al., 2003;
Lewis et al., 2009). We use these size distributions in our “best” simulations for fossil and

biofuel/biomass-BC, and discuss the sensitivity of our results to size in Sect. 5.

Owing to the lensing effect, a coated BC particle with non-absorbing shell will produce
greater absorption than the BC core alone (Fuller et al., 1999; Jacobson, 2000). It is not
possible to model this effect explicitly in the externally-mixed bulk aerosol scheme of GEOS-
Chem, therefore we use absorption enhancement (AE = MAE with coating / MAE without
coating) to describe this infuluence from internal mixing. Although a core-shell model can be
used to estimate this AE value, it relies on the challenging estimation of the relative location
and thickness of the shell at various conditions. Laboratory studies show that the AE changes
very little when the shell is thick enough (Bueno et al., 2011; Cross et al., 2011; Shiraiwa et
al., 2010; Shamjad et al., 2012; Knox et al., 2009), all estimating a maximum AE value
around 2. Bond et al. (2006) conducted a series of core-shell calculations and found that the
AE is 1.9 for thickly coated BC. Even without coating, the interactions between small
spherules in an aggregate state can enhance the absorption by 30%. However, this 30%
enhancement disappears when the aggregation includes coating by a non-absorbing shell.
Based on the AE for aggregated BC (1.3) and coated aggregated BC (1.9), Bond et al. (2006)
suggest an AE of 1.5. This value is also close to values estimated from several field studies of
biomass burning outflow (Schwarz et al., 2008a; 2008b; Lack et al., 2012; Moffet & Prather,
2009). However, recent studies also show that the AE in urban regions may be even smaller
(Schwarz et al., 2008; Cappa et al., 2012). Cappa et al., (2012) observed a very small AE (1.1)
in two urban regions of California (Los Angeles and Sacramento) during the summer of 2010.
It remains unclear why the absorption enhancement of BC was observed to be so low, it may
be due to a thin shell or other uncertain effects. In our “best” simulation, we apply AE = 1.1
for fossil-BC and 1.5 for biofuel/biomass-BC as scaling factors on our aged (hydrophilic) BC.
After applying the AE from coating, we estimate the “best” MAE at 550nm to be 7.0 ng'l

for fossil fuel emitted BC and 9.5 m?g™* for biofuel and biomass burning emitted BC.

We perform an additional set of “most absorbing” simulations, where we maximize the
absorption from BC. In this simulation, the absorption enhancement is set to 2 for both fossil-
BC and biofuel/biomass-BC. The updated aging mechanisms in Sect. 2.2 decrease BC mass

and increase the aged-BC fraction. The first effect decreases the absorption while the second
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one enhances the absorption. The overall impact from the aging will be to decrease the
absorption for both fossil- and biofuel/biomass-BC. As a result, we do not apply the new

aging mechanisms in our “most absorbing” simulation.

2.4 Treatment of Brown Carbon

Brown carbon absorbs radiation, particularly at UV wavelengths and therefore should be
considered separately from “white” OA when simulating aerosol absorption. In our
simulations we separately track two sources of BrC: Br-POA (brown primary organic

aerosols) and Br-SOA (brown second organic aerosols).

There are currently no global emissions estimates for BrC. In field observations (Arola et al.,
2011; Lukacs et al., 2007; Hecobian et al., 2010) Br-POA seems to be most abundant in the
regions dominated by biofuel combustion or biomass burning. A series of laboratory
measurements also demonstrate absorption from biofuel/biomass burning emitted OA
(Chakrabarty et al., 2010; Kirchstetter & Novakov, 2004; Chen and Bond, 2010). However,
there is little information about how much of the OA emitted from biofuel/biomass burning is
likely to be Br-POA. Similar to the approach of Park et al. (2010), here we simply assume
50% of the POA from biofuel and 25% from biomass burning is Br-POA (a total of 8 Tgyr™
of BrC). These values are discussed in Sect. 5 in light of comparison with observations.
Experiments show that most of the light-absorbing SOA is associated with aromatic carbonyls
(Jaoui et al., 2008; Desyaterik et al., 2013; Lambe et al., 2013). Therefore we assume that
aromatic SOA is Br-SOA in our simulation. Aromatic SOA is 8% of the total SOA simulated

in the model and represents a source of 3.2 Tgyr™ BrC.

The aerosol properties of BrC in our simulation are identical to OA from the GADS database,
with the exception of the imaginary part of refractive index (i), which describes the absorption
of aerosol. Based on Mie theory, this imaginary part can be derived from the measured MAE

using the following relationship:
i =(MAE -p-1)/4n 3)

The p and A are the density of measured aerosol and the corresponding wavelength of MAE.
Many studies have measured the absorption of BrC (Chen and Bond, 2010; Zhang et al.,
2013; Liu et al., 2013; Yang et al., 2009; Kirchstetter et al., 2004; Barnard et al., 2008;
Chakarbarty et al., 2010; Song et al., 1023; Saleh et al., 2013; Updyke et al., 2012; Nakayama
et al., 2013) , but the measured absorption differs significantly. Generally the absorption is

10
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estimated by either measuring the absorption from organics extracted in
water/acetone/methanol or calculating the absorption of total aerosols minus BC. Since the
second method depends on the assumed and uncertain optical properties of BC, it is likely less
accurate than the extraction method. Typically more than 90% of the measured BrC is
extractable in acetone/methanol, 30% - 70% is extractable in water. Here we assume that the
acetone/methanol-soluble BrC is about to equal to the total BrC, the water-soluble part is Br-
SOA, and the acetone/methanol-soluble minus the water-insoluble part is Br-POA. The
absorption measured for the water-soluble organics is substantially less than the
acetone/methanol soluble organics. As a result, we derive the imaginary refractive index for
BrPOA from the measured absorption in acetone/methanol-extracted experiments and the
imaginary refractive index for BrSOA from the water-extracted experiments. The calculated i

from previous field and laboratory studies are shown in Fig. 1.

It is clear from Fig. 1 that the imaginary part of the refractive index, i, varies substantially
between different studies. Typically estimates from field observations are larger than values
from laboratory experiments. We choose several studies which include measurements at
multiple wavelengths (Chen and Bond, 2010; Zhang et al., 2013; Liu et al., 2013) as
references for calculating i for our simulations. We average these selected values and fit a
logarithmic curve over the shortwave range (shown in Fig. 1). Our fitted curve represents
values near the upper end of all the measurements, thereby representing near-maximum
absorption properties for BrC. These values for BrPOA and BrSOA are applied in our “best”
and “most absorbing” simulations. The refractive index of BrC is only updated at wavelengths
lower than 600nm. At longer wavelengths, our estimated i is very small (< 0.005) and similar
to the original OA assumption in GADS. We estimate the MAE at 440nm to be 1.0 m?g™ for
Br-POA and 0.3 m?g™* for Br-SOA.

3 Observations

We use two types of observations to constrain the global distribution and radiative impacts of
BC: mass concentrations of BC from a series of aircraft campaigns and surface observations
and wavelength-dependent AAOD from ground-based AERONET sites.

11
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3.1 Aircraft and surface concentration measurements

The HIPPO (HIAPER Pole-to-Pole Observations, Schwarz et al., 2013) airborne campaign
surveyed large latitude and altitude ranges (80°N-67°S, 0.3-14 km) with 5 flight series
transecting the Pacific in January 2009, November 2009, March-April 2010, June-July 2011
and August-September 2011. Black carbon mass concentrations were measured aboard the
NSF/NCAR Gulfstream V research aircraft with a Single Particle Soot Photometer (SP2,
Schwarz et al., 2008). The detection range for refractory black carbon (rBC) mass
corresponds to 90 — 550 nm volume equivalent diameter, assuming 1.8 g cm™ density, with a
total uncertainty in accumulation mode rBC mass mixing ratio of +30% (Schwarz et al.,
2013). The flight tracks, which extend accross the remote Pacific into the Arctic, are shown in
Fig. 2.

Two additional aircraft campaigns are included in our analyses. They are EUCAARI
(European Integrated project on Aerosol Cloud Climate and Air Quality interactions) around
the coastal areas of the United Kingdom during April and September in 2008 (McMeeking et
al., 2010) and ARCTAS (Arctic Research of the Composition of the Troposphere from
Aircraft and Satellites) during April, June and July, 2008 (Jacob et al., 2010). As in HIPPO,
BC in these two campaigns was measured using the SP2 instrument. The detection range for
particle diameter used in ARCTAS is 80 — 860 nm and 70 — 460 nm in EUCAARI. The
uncertainty is estimated to be 10% and 30% in ARCTAS and EUCAARI (McMeeking et al.,
2010; Kondo et al., 2011b). These campaigns provide a near-source contrast to the constraints

provided by the HIPPO measurements.

For comparison with airborne measurements, the model is sampled both temporally and
spatially to match the flight tracks.

As the horizontal coverage of the above aircraft campaigns is limited, surface measurements
in three source regions, China, the U.S. and Europe, are also included for comparison. In
China, we use rural measurements obtained with online filter-based optical methods
(Aethalometer and COSMOS) from Wang et al. (2013) in 2010 and filter-based thermal
methods from Zhang et al. (2008) in 2006. In the U.S., we use the IMPROVE aerosol network
(Interagency Monitoring of Protected Visual Environments,
http://vista.cira.colostate.edu/improve/) observations from 2010, which measures BC using a
filter-based thermal method. In Europe, we use the EMEP (The European Monitoring and

Evaluation Program, http://www.emep.int/) observations, also in 2010. The EMEP
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measurement technique varies across sites, from filter-based thermal measurement to
Aethalometer online optical measurements. All of these measurements cover at least three

Seasons.

3.2 AERONET Measurements

The Aerosol Robotic Network (AERONET) is a global ground-based aerosol remote sensing
network of radiometers (Dubovik et al., 2000; Holben et al., 2001). By measuring the spectral
sky radiance in a wide angular range from the sun, AERONET retrieves spectral AOD and
SSA for the atmospheric column overhead. Measurements are reported at 4 wavelengths (440,
675, 870 and 1020nm).

The latest AERONET product (version 2) includes two levels of data: 1.5 and 2. The level-1.5
AOD is automatically cloud cleared but not finally calibrated, such that the level-2 data
should be of higher quality. We use the mean AOD from 2000 to 2011 in order to compensate
for sampling limitations and increase the robustness of our seasonal averages. The 12-year
averaged global mean AOD at 440nm is 0.29 in level-2 and similarly 0.27 in level-1.5.
However, in specific regions or seasons, the difference between the two levels can be large.
For example, in spring in China, the average AOD is about 40% higher in the level-1.5
product than in the level-2 product. We therefore only use the high quality level-2 AOD.

The level-2 SSA AERONET data are only available under high AOD conditions (AOD > 0.4
at 440nm) (Dubovik et al., 2000; Bahadur et al., 2012); this subset is only 20% of the level-
1.5 measurements. This presents a challenge for interpreting the global SSA constraints
provided by AERONET: The level-2 data is of higher quality than the level 1.5, but is biased
towards high aerosol loading conditions. The global average AAOD for the level-2 product
(which can only be derived when AOD is high) is 0.058 at 440nm, but is only 0.026 in the
level-1.5 product, over a factor of two different. However, if we only consider the sites and
times when level-2 SSA is retrieved and compare mean values with level 1.5 for the same
periods, we find that AAOD is 15% lower at 440nm in the level 1.5 data, suggesting a large
data quality impact. To address this challenge when deriving AAOD we use level-2 SSA
under both high and low AOD conditions, that is, we assume that the SSA is independent of
AOD in a given season. This is reasonable if the aerosol composition at a given location is
relatively constant throughout a given season. The overall AOD may vary because of a
change in total aerosol loading, but SSA remains the same when the relative ratios among
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different species are constant. Bahadur et al. (2012) tested this assumption by showing that
the SSA is not correlated with AOD, suggesting that the use of level-2 SSA for all AOD
levels is unlikely to result in large biases.

The AAOD from AERONET does not only reflect the absorption from BC and BrC, but also
that from coarse dust. Based on previous studies (Dubovik et al., 2002; Chung et al., 2012;
Russell et al., 2010), we use the Extinction/Absorption Angstrom Exponent to exclude data
points highly affected by dust. In our comparison, data with Extinction Angstrom Exponent <
1 and Absorption Angstrom Exponent > 1.5 are considered as those highly affected by dust
and are removed in our analysis. This exclusion decreases the global mean AERONET AOD
and AAOD by 5% and 7%, respectively (12-years mean, 440nm). There are additional
uncertainties associated with AERONET measurements, such as those from the clear-sky

sampling, which are discussed further in Sect. 6.2.

4 Comparing simulated BC mass concentrations to observations

We compare both the “baseline” and “best” modeled BC mass concentrations to observations.
The only difference in the simulation of BC mass in these two schemes is the aging process.
The meteorology and biomass burning emissions used in the simulations are for the year

corresponding to the observations.

4.1 Remote measurements (HIPPO)

The measurements from the HIPPO campaign are divided into four regions: around the
equator (20°S-20°N); the Northern Hemisphere (20°N-60°N); the Southern Hemisphere
(20°S-67°S) and the Arctic (60°N-80°N). Measurements in the equator and Southern
Hemisphere regions generally reflect very clean background conditions. Occasionally, the
Southern Hemisphere region can also be affected by biomass burning in Africa and South
America. Both the equator and Southern Hemisphere are ideal regions to examine the aging
mechanisms in the model since continental air masses are well aged by the time they reach
these locations. In contrast, the Northern Hemisphere and Arctic regions are more
heavilyinfluenced by anthropogenic emissions. Both of our “baseline” and “best” simulations
are able to represent the vertical profile of observed BC concentrations. In addition, the
updated aging in the “best” simulation shows improvement over the “baseline” in the mid-

troposphere nearly in all regions (e.g. Fig. 2, row 3, col 3); however, it still underestimates the
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observation at upper altitudes in several regions (e.g. row 5, col 1). The model bias varies
with region and season. The “best” model simulation of BC concentrations is within a factor

of 2 for 85% of the data points and within a factor of 3 for 96% of the measurements.

Fig. 3 shows the frequency distribution of observed and modeled BC concentrations. At the
equator, our “best” simulation captures the peak of observed concentrations better than the
“baseline” simulation. However, in the other three regions, particularly the two regions in the
Northern Hemisphere, neither of our simulations is able to capture the observed low
concentrations. These bias between model and observation may be associated with errors in
the model description of scavenging, emissions or transport, or any combination of these. This
includes the inability of a coarse-grid Eulerian model to reproduce the BC concentration
gradients within a gridbox, the effect of which is likely strongest near source where clean air

mixes with freshly emitted plumes (Rastigejev et al., 2010; Vignati et al., 2010).

Fig. 4 compares the overall model performance for the “baseline” and “best” simulations of
the HIPPO campaigns. Overall, the “baseline” model overestimates BC concentrations by
44%, with larger bias at high altitudes. This bias is substantially reduced in the “best” model
(22% overestimate). Although the model bias varies, in most regions the model still
overestimates BC concentrations at mid-altitudes, even with our faster aging mechanisms. It
is unclear whether this bias is connected to anthropogenic or biomass burning BC. We have
conducted a series of sensitivity tests by varying assumptions in our aging mechanisms and
the scavenging rate, but there is no simple adjustment that better represents the entirety of the
HIPPO data. Our simple aging scheme may not be suitable for all environments. The shape
and size of BC as well as the co-emitted species may vary considerably regionally and
seasonally, which could give rise to different aging efficiency. Bias in the amount and
location of precipitation in the GEOS-5 product may also play a role. However, in general we
conclude that the model simulation in remote areas is not markedly biased, and that our
model, including an updated aging scheme, represents the low BC concentrations over remote
regions substantially better than previous model studies (Koch et al., 2009; Schwarz et al.,
2010).

4.2 Near-source measurements

Fig. 5 compares the simulation and observations of BC mass concentrations during the

ARCTAS and EUCAARI campaigns. The model simulation more accurately reproduces the
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magnitude and vertical profile of BC in these near-source areas than the remote HIPPO
observations (note the linear scale on plots), which suggests that the bias in emissions is less
significant than the biases in aging, transport, and removal. There is also little difference
between our “baseline” and “best” simulations here, demonstrating how aging does not
control near-source BC mass concentrations. The spring measurements (5a and 5c) are
affected by biomass burning plumes in the free troposphere (peak ~4km) (Wang et al., 2011),
which are not captured by the model. The model skill is much higher in the summer (5b and
5d), when fire is not an important source. Overall, the “best” model simulation of BC
concentrations is within a factor of 2 for 97% of the ARCTAS data points, with a mean bias
of -20%. The EUCAARI observations of BC concentrations in the free troposphere are very
low (< 5 ng/m?® above 3km), similar to the background concentrations reported for the HIPPO
campaigns. With the exception of the time shortly after aircraft take off and before landing,
the EUCAARI flight path traverses relatively clean marine regions around U.K. However, all
of the model grid boxes in this region include both land and sea, therefore the model BC mass
concentrations are overestimated in this region (mean +95% bias), particularly near the
surface. At high altitude, which is associated more with regional mean conditions than the
local sources, the absolute model bias is smaller. All of the simulated mean values are within
the standard deviation of the near-source airborne measurements except for those in the
upper-troposphere during EUCAARI.

We also compare the modeled surface concentrations to surface measurements in three
regions dominated by anthropogenic emissions: China, the U.S. and Europe. Fig. 6 shows that
our “best” model underestimates the surface BC in China (-21%) and Europe (-29%), but
overestimates in the U.S. (+28%). Biases in China and Europe are both largely the result of
individual sites with high BC concentrations which likely reflect very local sources
(Dunhuang in west China and Ispra in Italy). When excluding the observations from these two
sites, the overall model bias decreases to -6% in China and -5% in Europe. The overestimate
over the U.S. is likely associated with the decreasing trend of aerosol emissions after 2000
(Leibensperger et al., 2011), the year of the Bond et al. (2007) emission inventory used in the

model.

To summarize, our near-source comparisons show that our “best” simulation of BC
concentrations is within a factor of two of observations at most altitudes and within 30% at

the surface.
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5 Comparing simulated and AERONET regional AAOD

As shown in Sect. 4, the mean bias of our simulation of BC mass concentrations is generally
small in both source and remote regions compared to the model errors shown in previous
studies (Koch et al., 2009; Schwarz et al., 2008b). In this section, we compare our simulation
with AERONET AAOD observations which integrate both BC mass and optical properties.
For this comparison, biomass burning emissions are averaged for 12 years to compare with

the 12-year average of AERONET data. The meteorology is for the year 2010.

Fig. 7 shows the “best” modeled annual average AAOD at 440nm and 675nm together with
AERONET data. In most regions, the baseline model underestimates the AERONET AAOD
at both wavelengths, but the bias decreases as we increase the absorption in the model. Large
model biases remain in the biomass burning regions of Africa, India and Southeast Asia. In
the following analysis, we focus on the regionally averaged AAOD within 5 regions (selected
for diversity and minimum dust influence), which are shown as red boxes in Fig. 7. The
model simulation in each region is sampled to the locations of AERONET sites. Detailed
comparisons of AAOD in these regions are shown in Fig. 8. The vertical error bars show the
standard deviations of regional annual average values, which represent the inter-annual
variability in measured AAOD. Since we assume that the SSA is temporally constant at each
site, these standard deviations are only associated with AOD. The black dashed lines show an
alternative averaging of AERONET data, here we use the AERONET level 1.5 SSA when the
level 2.0 SSA is not available. This this procedure generates nearly identical average AAOD
in East Asia and South Africa. In the other three regions, the difference between the two data
processing methods is less than 30%; this uncertainty will be discussed further in Sect. 6.3.

Fig. 8a, b and ¢ show that the “baseline” simulation underestimates the observations and fails
to capture the wavelength dependence of AAOD in these anthropogenically-influenced
regions. The bias in the “baseline” simulation increases with decreasing wavelength, from
30% at 675nm and 870nm to about 60% at 440nm. While Fig. 8 only shows annual average
values, the results are generally consistent across seasons, but with smaller biases in U.S
spring, East Asia winter and Europe spring. The differences in each season are within +20%
of the annual average in both observations and simulations. The “best” simulation shows
substantial improvement over the “baseline” simulation, but still underestimates the observed

AAOD. The green shaded regions shows the range of “best” simulated results related to
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uncertainties in size distribution (GMD = 20 to 200nm, 6 = 1.3 to 2.2), refractive index (1.75-
0.63i to 1.95-0.79i, the range suggested by Bond and Bergstrom, 2006), hygroscopic growth
(no growth and double the growth) and the aged fraction of BC to which absorption
enhancement is applied (consider all BC are aged or only hydrophilic BC are aged). Our
“best” simulation is near the top of this range; uncertainty in these assumptions produce at
most an 8% increase in the AAOD (the higher end of shading) and cannot account for model-
measurement differences. The “best” simulation also shows an improved representation of the
wavelength dependence of AAOD; the Absorption Angstrom Eexponent increased from 1.0
or smaller in our “baseline” simulation to values much closer to AERONET observations
(around 1.3). This improvement is associated with the inclusion of BrC which enhances
absorption in the UV (Fig. 1). As shown with the brown lines in Fig. 8, BrC contributes 25%,
15% and 20% of the total simulated AAOD at 440nm in the U.S, East Asia and Europe.

The “most absorbing” simulations almost exactly match the AAOD observations in the U.S
and East Asia, but still modestly underestimate observations in Europe. This comparison
suggests that the AAOD bias can be eliminated by using an AE of 2 (the upper limit of
acceptable values) without increasing BC mass in specific regions. Since other uncertainties
in BC properties (described by green shadings) fail to account for the model bias, we suggest
that the bias between our “best” simulation and the AERONET observations are the result of
an underestimate of either or both AE and BC mass. Indeed, the same fractional increase of
AE or BC mass concentrations in our model produce very similar increases in simulated
AAOD. Our evaluation of mass concentrations in Sect. 4, suggest that a bias in emissions is
unlikely for these regions. However, in Europe, a 30% increase in biofuel emissions (both BC
and OA) would improve the simulation of both AAOD and AAE. Alternatively, the
underestimate in this region may be the result of neglecting the contribution of nitrate to
absorption enhancement, which has been shown to contribute to BC coatings in Europe (Liu
etal., 2013).

In biomass burning dominated regions (Fig. 8d and 8e), the comparisons are only for the fire
season (August to September). Biomass burning emissions in these two months dominate the
total annual BC emissions in both the Amazon and South Africa and provide an opportunity
to evaluate our biomass burning BC and BrC assumptions. However, such comparisons are
more challenging than in anthropogenically-influenced regions because the number of sites is

not large enough to capture all the areas influenced by fire plumes. In these regions, while the
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AAE is underestimated in the “baseline” simulation, the inclusion of substantial BrC from
biomass burning sources leads to an overestimate of the AAE in the “best” simulation. In
comparison with the anthropogenically-dominated regions, this suggests that either the
emissions or absorption of BrC from biomass burning sources is too high. Alternatively, a
30% increase of BC emission from biomass burning, which is also very uncertain, would also
bring the model into agreement with observed AAE. However, given that the bias in the
“best” simulation of AAOD is less than 20% at all wavelengths in the Amazon (Fig. 5e), there
is little justification for any further changes in the treatment of BrC or biomass burning

emission factors in this region.

The large bias in South Africa is likely due to the underestimate of both the poorly
constrained emission factors for biomass burning (Bond et al., 2013) and the uncertainty of
burned area. The GFED3 emissions used here are close to the FINNv1 (The Fire Inventory
from NCAR version 1.0, Wiedinmyer et al., 2011) estimates for South Africa, but a factor of
two smaller than the AMMA (the Multidisciplinary Analysis of African Monsoon program)
inventory (Liousse et al., 2010), which suggests that significant burning in African savanna

and grasslands are underestimated in GFED3.

We note that the absorption enhancement applied here is a proxy for the lensing effect, or any
other factor which enhances absorption beyond standard spherical Mie calculations. These
factors (e.g. geometry) may also contribute to the model underestimate of AAOD.

To generalize this comparison to the global scale, the global land area is divided into 10
regions following the definitions of Bond et al., 2013, shown in Fig. 9. In most groups, the
bias in the “best” modeled AAOD are consistent at 440nm and 675nm. However, in North
America, Latin America and Southeast Asia, the model bias at 675nm is larger than at 440nm,
which suggests that we overestimate the BrC absorption in these regions. In contrast, model
bias of AAOD at 440nm is much larger than at 675nm in Middle East, where the emissions
are dominated by biofuel. This suggests that we may underestimate the BrC absorption from
biofuel in the Middle East. Fig. 9 shows the ratio of observed AAOD to modeled AAOD at
550nm to describe the overall model bias in each region. All the ratios are smaller than 2,
except for biomass burning regions (South Asia, Southeast Asia, Latin America and Africa),
where uncertainty associated with emission factors is high and observations are limited. Fig. 9
also shows the same ratio from Bond et al. (2013) who compared the 550nm AAOD in the

AeroCom | model mean to AERONET observations. The original ratios (light blue bars) from
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the AeroCom models are larger than our estimate in all regions except Latin America. The
AeroCom | models, used in Bond et al. (2013) do not treat BC as internally mixed or consider
the absorption enhancement from BC coating, and therefore underestimate the AAOD,
resulting in larger biases. When Bond et al. (2013) apply an absorption enhancement of 1.5 to
all the simulated AAQOD, the ratios (dark blue bars) are closer to one than our values in North
America, West Europe and EECCA (Eastern Europe, Caucasus and Central Asia), resulting
from our assumption of a smaller enhancement of 1.1 for fossil-BC. Furthermore, the
omission of BrC, leads to larger underestimates of absorption in Bond et al. (2013),
particularly in high OC regions. In addition, Bond et al. (2013) apply absorption enhancement
to all BC (not separating fresh and aged) and they apply a uniform SSA assumption of 0.36 to
calculate the simulated AAOD (550nm), which ignores the spatial and seasonal variation of
SSA. In our simulations, the SSA of BC varies from 0.2 to 0.4 at 550nm in different season

and region.

6 Estimateing the Direct Radiative Forcing (DRF) of BC

6.1 DRE and DRF in GC-RT

We now estimate the DRF (from pre-industrial to present-day) associated with our BC
simulations and explore the uncertainties in this estimates. We first estimate the direct
radiative effect (DRE), the flux perturbation associated with the present-day burden of all BC.
The BC DRE and DRF for our “best” simulation are shown in Fig. 10; global mean values are
0.14 and 0.13 Wm™ for all-sky condition. The DRF includes 0.08 Wm™ from anthropogenic
sources and 0.05 Wm™ from biomass burning.

Following the analysis in Sect. 5 and as done in Bond et al. (2013), we provide an alternate
estimate of the DRF by scaling the AAOD to match the AERONET observational constraints
based on the ratios shown in Fig. 9. We do not apply the scaling over oceans, given the lack
of measurement constraint over the ocean (discussed further in section 6.2). The global mean
AAOD at 550nm is 0.0014 before the scaling and 0.0024 after scaling for BC, 0.0005 before
the scaling and 0.0008 after scaling for BrC. BrC contributes 25% of the total AAOD from
carbonaceous aerosols, which is similar to the measurement-based estimate of Chung et al.,
2012 (20%). The global mean all-sky DRF associated with this observationally-scaled
simulation is 0.21 Wm™ for BC (0.13 Wm™ anthropogenic, 0.08 Wm™ biomass burning).
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After scaling, the DRF of BrC is -0.02 Wm™. Although the DRF of BrC is negative, it is only
slightly scattering compared to POA. The DRF of total OA increases from -0.32 Wm™ in the
baseline simulation to -0.25 Wm™ when including absorption from BrC, we therefore estimate
an absorption DRF from BrC of +0.07 Wm™. If we do not consider BrC and assume the
difference between modeled and observed AAOD must be attributed solely to BC, the DRF of
BC increases to 0.32 Wm™.

We can compare of BrC simulation and resulting forcing to previous studies. Feng et al.,
(2013) base their BrC optical properties on Chen and Bond (2010) (smaller than the pink
triangles in Fig.1la, since they choose a different burning condition) and Kirchstetter et al.
(2004) (light green circles in Fig.1a) and treat 66% of the POA from biofuel and biomass
burning as Br-POA. They do not include any secondary sources of BrC. The biomass burning
emissions employed in this study , are about 40% higher than our biomass burning source
based on the 12-years GFED3 average. This results in a 170% larger global BrC source
(30.3Tgyr™), but a similar global BrC DRF (+0.04 to +0.11 Wm'®). Notice that our DRF value
is scaled to meet AERONET data. In contrast, Lin et al. (2014) estimate a much larger DRF
for BrC (+0.22 to +0.57 Wm™). Their optical properties for primary BrC are also based on
Chen and Bond (2010) and Kirchstetter et al. (2004). However they also treat all SOA as BrC
and apply these same absorption properties to the Br-SOA, resulting in an unrealistically high
estimate of BrC DRF.

Fig. 11 compares the DRF between previous studies and our estimates, including
disaggregation by source type. Table 2 summarizes the related BC budget and properties for
these studies (Bond et al., 2013; Myhre et al., 2013; Schulz et al., 2006; Wang et al., 2014;
IPCC, 2013). Our “best” estimated BC load (0.16 mg/m?) and lifetime (4.4 days) are slightly
higher than the estimate (0.15 mg/m? and 4.2 days) of Wang et al (2014) who also use the
GEOS-Chem model. This difference is primarily the result of their treatment of hydrophobic
BC as ice nuclei in cold clouds; implementing this in our simulations has little impact given
that our fast aging has converted most hydrophobic BC to hydrophilic before transport to high
altitudes. They also suggest that their treatment could overestimate the scavenging of BC and
Is inconsistent with some ice nucleation studies (Friedman et al., 2011). They also use the
default GEOS-Chem assumptions for the refractive index and density of BC (see Sect. 2)
which produce an AAOD at 550nm and DRF which are 20% and 45% higher than this study,

though their BC mass load is lower.
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Conversely, the mass load of BC in our “best” model is substantially smaller than most of the
AeroCom models (both phase I from Schulz et al., 2006 and phase Il from Myhre et al.,
2013), which overestimate BC mass concentrations at high altitudes and remote locations (a
factor of 3 to 15, Koch et al., 2009). Even with our shorter lifetime, the modeled BC in our
“best” simulation is still higher than observations over much of the remote oceans (Sect. 4.1),
which indicates that the BC mass load and lifetime are likely even lower than our estimates.
However we show that our simulation of AAOD (including BrC) is less biased than the
AeroCom models at AERONET sites. Our simulation also has lower BC absorption forcing
efficiency (AFE) than AeroCom models. This is associated with the lower lifetime which
particularly decreases concentrations at high altitudes. The fraction of BC load above 5 km is
12% in our model, compared to 21% in AeroCom phase | models. Fig. 12 shows the fraction
of BC load above 5km and the AFE distribution in our “best” simulation. Excluding the
Antarctic region (with extremely low BC and AAOD) these two factors are moderately
correlated (R = 0.6). A greater fraction of BC at high altitudes increases the radiative effect as
a result of the larger solar flux at high altitudes (Samset and Myhre, 2011). Generally, in our
simulation a 10% increase in the fraction of BC above 5km leads to a 60 Wm increase in
AFE. The AeroCom model overestimate of BC mass at high altitudes implies that their AFE

is also overestimated.

Compared to the AeroCom models, our model with fast scavenging represents both near-
source and remote BC concentrations better, and also simulates a higher AAOD (in better
agreement with AERONET) and lower BC DRF. The smaller modeled DRF and smaller
AAOD bias produce a scaled DRF which is far less than that in Bond et al., 2013 (0.21 vs
0.71, 70% difference) and AR5 estimates, suggesting that the direct radiative forcing from BC

has been overestimated.

6.2 Uncertainties

We estimate an overall uncertainty of -80%/+140% for DRE and DRF, which is summarized
in detail in Table 3. There are large uncertainties associated with the AERONET AAOD
observations. The uncertainty from the AERONET retrieval is estimated as the largest
difference when using AOD and SSA from different AERONET versions. The 4%
uncertainty associated with clear-sky observational sampling is calculated from model
experiments based on GEOS-5 meteorology, and is similar to estimates of Wang et al. (2014)
(3%) and Bond et al. 2013 (1%).
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We do not estimate the uncertainties associated with detailed model processes as scaling the
AAOD incorporates the bias from all of these processes. However these scale factors are
based on a limited number of AERONET sites. By randomly sampling 75% of all AERONET
sites to calculate scale factors in each region, we estimate this uncertainty as -40%/+65%. We
also include an additional uncertainty associated with the AAOD over oceans. The average
ratio of AERONET AAOD to modeled AAOD at island or coastal sites is 2.1, which is not
included in the scaling in Sect. 6.1. This ratio indicates that the modeled AAOD at
AERONET sites needs to be scaled up by about 100% to meet the measurements. However,
in the mass concentration analysis in Sect. 4.1, our model simulation remains biased high by
~50% in some oceanic areas. Thus we estimate the uncertainty in Ocean AAOD to be -
50%/+100%.

The uncertainty related to dust contributions to AAOD is taken from Bond et al. (2013).
Uncertainty associated with BrC is estimated by assuming two extreme conditions: no BrC
and maximum BrC absorption (90% of POA from biomass burning and biofuel is assumed to
be BrC). These extremes result in +40% and -22% difference to scaled BC DRE.

Scaling DRE/DRF based on column AAOQOD includes the uncertainty associated with the
vertical profile of BC. Zarzycki and Bond (2011) developed a column-weighting scheme and
estimate that this uncertainty can be as high as 40%. We estimate this uncertainty by
conducting sensitivity tests by increasing/decreasing the BC fraction above 5km by 50%. This
suggests a +35% uncertainty in DRE and DRF. Finally, it is unclear whether the pre-industrial
DRE should be scaled when predicting DRF. In our calculations, the pre-industrial DRE is not
scaled, that is, we assume that the biases are the result of emissions. If we scale the pre-
industrial BC DRE, the final estimated BC DRF will be +0.19 Wm, equivalent to a -10%
uncertainty in DRF (but not DRE).

The total uncertainty (calculated as the root sum of squared error, assuming the uncertainties
described above are independent) is estimated at -80%/+140% for both DRE and DRF. Our
final estimate for the range in global mean BC DRE and DRF is 0.04 — 0.53 Wm™ and 0.04 —
0.50 Wm™,
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7 Conclusions and Implications

We use the GEOS-Chem global chemical transport model integrated with online RRTMG
radiation transfer model (GC-RT) to investigate the mass concentrations, optical properties
and radiative effect of black carbon (BC). We separate BC by sources and update our
treatment of aging, size, and absorption efficiency. We also include brown carbon (BrC) as an
absorber. These modifications represent a significant advance over previous global modeling

approaches.

Our model captures the magnitude of BC mass concentrations in near source regions.
However, the model overestimates BC concentrations over the remote oceans compared to
HIPPO observations, although the updated aging has improved the simulation of these low
concentrations. Our simulated BC lifetime and mass load are lower than AeroCom models.
Both previous studies (Koch et al., 2009; Wang et al., 2014) and our own work show that BC
concentrations have been overestimated in remote areas and at high altitude and that the
overestimate cannot be eliminated with simple modifications to the scavenging or aging
scheme. This suggests that the BC atmospheric lifetime is lower than ~4 days.

Previously, nearly all models have substantially underestimated the absorption aerosol optical
depth (AAOD) (Koch et al., 2009; Bond et al., 2013 and references therein) reported at
ground-based AERONET network sites. Our updated optical properties for BC and the
inclusion of brown carbon have reduced the bias by more than 50% in AAOD and almost
eliminated the bias in absorption angstrom exponent (AAE) in typical urban areas. In a
sensitivity simulation where we use an upper-limit estimate of absorption enhancement, we
capture the magnitude of AERONET AAOD very well in typical anthropogenic emissions
dominated areas (U.S. and East Asia). The “best” model biases range from -35% to -178% in
different regions. These biases incorporate errors in both BC mass and optical properties; it is

therefore not appropriate to use these to scale emissions.

After scaling our simulated AAOD to match AERONET measurements over land, we
estimate that the global mean DRF of BC is 0.21 (0.04-0.50) Wm™. Our estimate of the DRF
is smaller than almost all the recent estimates which range from 0.19 Wm™ to 0.9 Wm™
(IPCC, 2013; Myhre et al., 2013; Bond et al., 2013; Wang et al., 2014; Chung et al., 2012).
This can be attributed to three factors: (1) lower BC mass concentrations in remote oceans
and at high altitude, in agreement with observations; (2) updated treatment of both aging and

optical properties for BC from different sources, (3) inclusion of the absorption from BrC,
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which may have been incorrectly attributed to BC absorption in some previous studies.
Although these three factors have been suggested by many studies (Cappa et al., 2012; Zhang
et al., 2013; Liu et al., 2013; Wang et al., 2014; Koch et al., 2009), no study has included all
of these effects in a radiative forcing estimate for BC. Additional observations of both mass
and absorption efficiency for BC and BrC are needed, particularly in the Southern
Hemisphere, to reduce the uncertainty on this estimate. Reducing BC emissions has been
suggested as a policy option to mitigate climate change from greenhouse gas forcing, with a
co-benefit of improving air quality (Ramanathan and Carmichael, 2008; Smith and Haigler,
2008). Our work indicates that the effectiveness of this policy may be more limited than

recent work suggests.
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1 Table 1. Summary of Parameterizations for carbonaceous aerosols in the “baseline” and

2 “best” configurations in GC-RT.

Baseline Best

Initial hydrophilic

BC: 20% in fossil/biofuel, 70% in biomass burning

fraction POA: 50% in fossil/biofuel, 70% in biomass burning
fixed aging rate, e-folding fossil-BC: aging rate k = a [SO,] [OH] + b
BC aging _
time = 1.15 days biofuel/biomass-BC: fixed aging rate, e-folding time = 4 hours

BC Refractive Index

1.95 - 0.79i at 550nm, with wavelength dependence in GADS

BC density

1.8 g/cm?

BC size (log-normal

distribution)

fossil-BC: GMD = 60nm, 6 = 1.6
GMD?=40nm, §=1.6
biofuel/biomass-BC: GMD = 140nm, 6 = 1.4

absorption enhancement from coating of BC: 1.1 for fossil-BC;

BC mixing externally mixed
1.5 for biofuel/biomass-BC (hydrophilic BC only)
Br-POA not included 50% of biofuel/biomass burning emitted POA
Br-SOA not included aromatic SOA

3 *GMD = geometric median diameter

4
5
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1 Table 2. Global average of mass and optical related properties of BC in GC-RT (for year
2 2010) and other studies. Note that pre-industrial emissions in our study and AeroCom models

3 are the same (Denenter et al., 2006).

load b scaled scaled scaled
550nm  ToA  TOA  AFE
emission lifetime load above NDRE°  550nm TOA TOA
Reference 5 AAOD DRE DRF (Wm’
(Tg/yr) (day) (mg/m°?) 5km 2 2 ) (W/g) AAOD x DRE DRF
x1000 (Wm?) (Wm?) ) 2 2
(%) 1000 (Wm?) (Wm?)
baseline GC-
0.18 1.12 0.11 0.10
RTinthis  6.9(4.9)° 4.9 17 98 610
(0.11) (0.70)  (0.07)  (0.07)
study
‘best” GC-RT 0.16 1.40 0.14 0.13 2.44 0.22 0.21
6.9 (4.9) 4.4 12 100 880
in this study (0.10) (0.85) (0.08) (0.08) (1.50) (0.13) (0.13)
Bond et al., 2.12 6.05 0.71
g 171 . 0.88
2013 (1.72) (4.89°) (0.51)
Schulz et al.,
. (6.3) (7.3) (0.25) (21) (1.90)  (0.29)  (0.25)  (153) (1160)
2006
Myhre et al.,
(0.14) (0.20) (0.18) (1438)
2013%
Wang et al., .
N 6.5 4.2 0.15 9 1.70 0.19 114’ 2.60 0.31
2014
4 #Numbers in all bracket are anthropogenic(industrial) only for each value
5 ® AFE = Absorption forcing efficiency , which is the direct radiative effect (DRE) per unit aerosol absorption
6  optical depth (AAOD) at 550nm
7 *NDRE: Direct radiative effect normalized to BC column load, = DRF / load
8  “The AAOD and scaled AAOD are based on the mean AOD value in AeroCom phase | experiment A results
9  from Kinne et al,(2006) with a uniform SSA=0.36 assumption. The scaled DRE and DRF is the mean of 20
10 model results from previous studies when scaling the modeled AAOD to 0.006.

11 °This number is taken from IPCC (2013).

12 " Mean values of AeroCom phase | experiment B. The DRE and NDRE are not given initially and calculated
13 based on other values.

14 9Mean values of AeroCom phase II. The DRE is not given initially and calculated based on other values.

15 " Based on GEOS-Chem simulated BC mass and RTM simulated AAOD/DRF. Note that this study does not
16  describe the pre-industrial condition used in their simulations.

17 " Specified here as DRF/AAOD; the true AFE number should be higher than 114.
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Table 3. Summary of the uncertainties in DRE and DRF estimates.

Uncertainty source

Uncertainty

DRE DRF
AERONET AAOD
_ +100% +100%
retrieval
AERONET clear-sky
_ +/-4% +/-4%
sampling
-40%/+65% -40%/+65%
AAQOD scaling (£30% in land, -509%/+100% in  (£30% in land, -50%/+100% in
Ocean) Ocean)
Dust impact +/-65% +/-65%
BrC impact -20%/+40%. -20%/+40%.
Vertical distribution +35% +35%
pre-industrial scaling -- -10%
Total uncertainty -80%/+140% -80%/+140%

Estimated range

0.04 — 0.53 Wm?

0.04 — 0.50 Wm™
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Figure 1. Summary of measured values for the imaginary part of the refractive index, i, for (a)

Br-POA and (b) Br-SOA. Estimates from field studies are shown as circles; estimates from

laboratory studies are shown as triangles. The black curves are used in our model. See Sect.

2.4 for detailed calculations.
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Figure 2. The mean vertical profile of BC mass concentrations (shown in 1 km bins) from the
5 HIPPO campaign in 2009-2011, shown by region and different campaign (year and season).
Observations (black) are compared with the “baseline” (red) and the “best” (green) GC-RT
simulation. Error bars show the standard deviation of measurements averaged in each vertical

bin. The last column shows the flight route for each campaign.
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Figure 6. Annual mean surface BC concentrations in China (left), the U.S. (middle) and
Europe in the “best” model in 2010 and observations (overlaid with circles). Observations in
China are from 2006 except for the sites near Beijing and Shanghai. All the other observations
are from 2010.
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Figure 7. The annual mean simulated AAOD at 440nm (upper) and 670nm (lower) from the
“best” simulation. The circles indicate the 12-year average observed AAOD at AERONET
sites. The red boxes in the upper figure show the analysis regions discussed in Sect. 5 and

shown in Figure 8.
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Figure 8. The regional mean wavelength-dependent AAOD at AERONET sites in (a) U.S.,
(b) East Asia, (c) Europe, (d) Amazon and (e) South Africa (regions defined by red boxes in
Fig. 7). Averages are annual for a-c and for the fire season in d-e. The available number of
sites averaged in each region are shown in brackets. Numbers at the upper-right corner of
each panel indicate the absorption Angstrom Exponent (440nm/675nm). Observations are
shown in black, with 3 model simulations: “baseline” (red), “best” (green), “most absorbing”
(blue). The contribution from brown carbon is shown in brown. Error bars show the standard
deviation of observed annual AERONET AAOD. Green shadings show the range of “best”
modeled AAOD when changing BC properties independent of BC mass and absorption
enhancement, see text for detail.
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Figure 9. Top: Region groups defined in Sect. 5 based on Table S1 in Bond et al., 2013.
EECCA = Eastern Europe, Caucasus and Central Asia. Bottom: The ratio of mean regional
AERONET AAQOD to “best” modeled AAOD (green, average value over selected AERONET
sites in Sect. 5.2) and mean regional AERONET AAQOD to mean regional AeroCom | AAOD
(light blue, average value over selected AERONET sites defined in Bond et al., 2013). The
bar with dark blue indicates the ratios when an absorption enhancement of 1.5 was uniformly
applied.
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50



g B~ wWw N

Scaled GC-RT

"best" GC-RT

"baseline" GC-RT

Bond et al., 2013

IPCC AR5

AeroCom Il (Myhre et al., 2013)
AeroCom | (Schulz et al., 2006)

Wang et al., 2014

m BC (FF/BF)
m BC (BB)
E BrC

0.4
TOA DRF (Wm™)

0.6

0.8
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52



