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[1] Absorption of solar radiation by atmospheric aerosol has become recognized as
important in regional and global climate. Nonabsorbing, hydrophilic aerosols, such as
sulfate, potentially affect atmospheric absorption in opposing ways: first, decreasing
absorption through aging initially hydrophobic black carbon (BC) to a hydrophilic state,
enhancing its removal by wet scavenging, and consequently decreasing BC lifetime and
abundance, and second, increasing absorption through enhancement of the BC absorption
efficiency by internal mixing as well as through increasing the amount of diffuse solar
radiation in the atmosphere. On the basis of General Circulation Model studies with an
embedded microphysical aerosol module we systematically demonstrate the
significance of these mechanisms both on the global and regional scales. In remote
transport regions, the first mechanism prevails, reducing atmospheric absorption, whereas
in the vicinity of source regions, despite enhanced wet scavenging, absorption is enhanced
owing to the prevalence of the second mechanisms. Our findings imply that the sulfur to
BC emission ratio plays a key role in aerosol absorption.
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1. Introduction

[2] Atmospheric aerosols play an important role in the
global climate system through direct modification of the
global radiation budget, by scattering and absorption, as
well as indirectly by the modification of cloud properties.
Early studies of the direct aerosol effects focused on pure
sulfate (SU) aerosol that predominantly scatters solar radi-
ation and therefore leads to cooling [e.g., Langner and
Rodhe, 1991; Kiehl and Briegleb, 1993; Feichter et al.,
1996]. More recently, the importance of other anthropogenic
aerosol components, in particular of carbonaceous aerosols,
has received considerable attention [e.g., Cooke et al., 1999;
Penner et al., 2001; Chung and Seinfeld, 2005] and their
relative importance is projected to increase according to
emission scenarios [Nakicenovic, 2000]. Unlike pure sulfate,
black carbon (BC), because of its high absorptivity in the
visible wavelengths, acts predominantly to warm the atmo-
sphere [Charlson and Pilat, 1969; Penner et al., 2001;
Chung and Seinfeld, 2002]. Contrary to scattering aerosols
that to a first order only affect the atmospheric heat balance
via modification of the surface fluxes, absorbing aerosols in

addition directly heat the atmosphere with potentially strong
impacts for regional climate [Menon et al., 2002; Roeckner
et al., 2006].
[3] The sign and magnitude of direct aerosol radiative

effects depend not only on the spatial distribution of the
aerosol and the aerosol size distribution but also on its
mixing state. Internal mixing, i.e., chemical components
occur mixed in each individual particle, has shown to have
the potential to enhance aerosol absorption over external
mixing, in which each component occurs in independent
particles [Ackerman and Toon, 1981; Chýlek et al., 1995;
Jacobson, 2000]. The geometrical arrangement of the aero-
sol components in a particle influences the mass absorption
efficiency, increasing from an internally mixed concentric
core-shell alignment to that for the fully internally mixed
case. A number of studies have investigated the effect of
internal mixing on aerosol radiative properties and effects
[Chýlek et al., 1995; Martins et al., 1998a; Jacobson, 2001;
Lesins et al., 2002; Myhre et al., 2004; Chung and Seinfeld,
2005; Schnaiter et al., 2005]. In summary, these studies
have concluded that the internal mixture of BC with other
aerosol components increases the absorption efficiency, i.e.,
co-single scattering albedo, of the aerosol population and
consequently increases the overall atmospheric absorption.
[4] Internal mixing also affects aerosol microphysical

properties. The conversion of initially hydrophobic particles
to a hydrophilic state, enhancing the scavenging efficiency
and consequently decreasing the aerosol lifetime, is com-
monly approached in the context of aerosol aging. These
aging processes are of particular importance for BC that is
generally assumed to be in a hydrophobic state upon
emission from combustion processes [Weingartner et al.,
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1997]. A number of studies investigating the effects of
aerosol aging have assumed either fixed aging times [Cooke
et al., 1999; Koch, 2001] or adapted a mechanistic approach
[Riemer et al., 2004; Stier et al., 2006a; Croft et al., 2005;
Stier et al., 2006b]. In summary, these studies concluded
that the presence of hydrophilic nonabsorbing aerosol
species, such as SU, enhances the microphysical aging of
BC to a hydrophilic state. Consequently, the atmospheric
lifetime of BC is reduced, since, associated with being
hydrophilic, it is now subject to more efficient wet removal.
With more efficient removal, the atmospheric burden of BC
is reduced, along with its associated absorption.
[5] In addition, the presence of scattering aerosols in the

atmosphere, such as SU, affects the amount of solar
radiation available for absorption by aerosols and gases.
[6] These counteracting mechanisms of nonabsorbing

aerosols on atmospheric absorption have not been investi-
gated in a systematic manner. Here we investigate through
General Circulation Model studies the global and regional
significance of the interaction between anthropogenic sul-
fate and black carbon on direct aerosol radiative forcing,
with a particular focus on atmospheric absorption. As
anthropogenic aerosols interact primarily with the short-
wave part of the spectrum, longwave radiative effects are
neglected.

2. Model Description

[7] We perform simulations for the year 2000 with
the aerosol-climate model ECHAM5-HAM comprising the
ECHAM5 atmospheric general circulation model and the
microphysical aerosol module HAM.

2.1. ECHAM5 General Circulation Model

[8] ECHAM5 [Roeckner et al., 2003] is the fifth-gener-
ation climate model developed at the Max Planck Institute
for Meteorology, evolving from the model of the European
Centre for Medium-Range Weather Forecasts. ECHAM5
solves prognostic equations for vorticity, divergence, sur-
face pressure and temperature expressed in terms of spher-
ical harmonics with a triangular truncation. Water vapor,
cloud liquid water, cloud ice and trace components are
transported with a flux form semi-Lagrangian transport
scheme [Lin and Rood, 1996] on a Gaussian grid.
ECHAM5 contains a microphysical cloud scheme
[Lohmann and Roeckner, 1996] with prognostic equations
for cloud liquid water and ice. Cloud cover is predicted with
a prognostic-statistical scheme solving equations for the
distribution moments of total water [Tompkins, 2002].
Convective clouds and convective transport are based on
the mass flux scheme of Tiedtke [1989] with modifications
by Nordeng [1994]. The solar radiation scheme, updated
from Fouquart and Bonnel [1980], has 4 spectral bands,
1 for the visible and ultraviolet, and 3 for the near-infrared.
The longwave radiation scheme [Mlawer et al., 1997;
Morcrette et al., 1998] has 16 spectral bands. ECHAM5
has the capability to perform nudged simulations, i.e., to
relax the prognostic variables toward an atmospheric refer-
ence state, such as forecast or reanalysis data from opera-
tional weather forecast models. A resolution of horizontally
T63 (corresponding to 1.8�) with 31 vertical levels is
applied for this study.

2.2. Aerosol Module HAM

[9] The microphysical aerosol module HAM [Stier et al.,
2005] incorporates the dominant global aerosol compo-
nents: sulfate (SU), black carbon (BC), particulate organic
matter (POM), sea salt, and mineral dust. The aerosol size
distribution and mixing state are represented by the super-
position of seven partly internally mixed modes. The
composition of each mode is prognostic within the allowed
mixing state configuration (Table 1) and determined by the
governing microphysical processes of coagulation, conden-
sation, and water uptake [see Vignati et al., 2004; Stier et
al., 2005]. BC is emitted into the internally mixed hydro-
phobic BC/POM Aitken mode and transferred by micro-
physical aging, i.e., the coagulation with hydrophilic modes
and the condensation of sulfuric acid, to internally mixed
hydrophilic Aitken, accumulation, and coarse modes. Once
hydrophobic particles are coated with a monolayer of
sulfate or coagulate with hydrophilic particles, they are
transferred to the hydrophilic mode of the same size class
or the larger size class for the case of coagulation of
unequally sized particles. In the standard version of
HAM, effective refractive indices for the internally mixed
modes are calculated on the basis of volume averaging of
the refractive indices of all components, including aerosol
water [Stier et al., 2005]. Refractive indices for sulfate
(1.43–10�8 i at 550 nm) and black carbon (1.75–0.44 i
at 550 nm) are based on Hess et al. [1998]. As the volume
averaging approach has the tendency to overestimate the
imaginary part of the effective refractive index for the case
of strongly absorbing inclusions, such as BC, in a less
absorbing host medium, such as sulfate-water mixtures,
additional sensitivity simulations employing the Bruggeman
[1935] mixing rule for effective refractive indices (see
Appendix A) are performed. Aerosol radiative properties
for each mode are calculated interactively from the mode
size distribution and effective refractive index and passed to
the ECHAM5 radiation scheme. For wet deposition, differ-
entiation between the hydrophobic and hydrophilic modes
is represented in the form of mode-specific semiempirical
scavenging parameters, with reduced scavenging ratios for
the hydrophobic modes [see Stier et al., 2005, Table 3]. The
assumption of a residual scavenging efficiency of the
hydrophobic modes accounts for unresolvable subgrid-scale
aging processes [Jacobson and Seinfeld, 2004] and for the
neglect of chemical aging processes [Zuberi et al., 2005].
Additional sensitivity studies are performed with the as-
sumption of identical scavenging efficiency for the hydro-
phobic modes as for the hydrophilic modes of the same size
class, and with the assumption of zero scavenging efficiency
of the hydrophobic modes. These two assumptions can be

Table 1. Modal Structure of the Aerosol Module HAM Where SU

(Sulfate), BC (Black Carbon), POM (Particulate Organic Matter),

SS (Sea Salt), DU (Dust) Denote the Consideration of the

Component in the Respective Mode [Stier et al., 2005]

Hydrophilic Hydrophobic

Nucleation SU
Aitken SU, BC, POM BC, POM
Accumulation SU, BC, POM, SS, DU DU
Coarse SU, BC, POM, SS, DU DU
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seen as the respective upper and lower bounds for the
influence of nonabsorbing hydrophilic anthropogenic aero-
sols on hydrophobic aerosols.

2.3. Simulation Setup

[10] The effects of anthropogenic sulfate are isolated as
the difference between a year 2000 simulation with the
complete year 2000 emissions and an identical simulation
without SO2 emissions from fossil fuel use, industry, and
biofuels, which comprise 54.2 Tg(S) out of total emissions
of 94.6 Tg(S). The reference simulation with the complete
year 2000 emissions is identical to the comprehensively
evaluated simulation by Stier et al. [2005]. Emissions of
mineral dust, sea salt, and marine dimethylsulfide are
calculated interactively; all other emissions are based on
the year 2000 AeroCom emission inventory [Dentener et
al., 2006] (available at ftp://ftp.ei.jrc.it/pub/Aerocom/). The
large-scale meteorology in all simulations is constrained by
the nudging technique to year 2000 ECMWF ERA-40
reanalysis data [Simmons and Gibson, 2000]. Thus the
aerosol radiative effects on the meteorology are small and
confined to local scales. Radiative forcing is calculated as
the difference in the respective net radiative fluxes from two
nudged simulations in only one of which the respective
perturbation is included [see Stier, 2005].

3. Results

3.1. Reference Scenario

[11] The addition of anthropogenic sulfur, which domi-
nates total sulfur emissions in the major source regions
(Figures 1a and 1b), to all other emissions increases the
annual mean column burden of SU in the anthropogenic
source and export regions of the Northern Hemisphere
shown in Figures 2a and 2b. However, as is evident in
Figure 2c, the presence of anthropogenic sulfur emissions
also leads to a distinct reduction of the BC burden in the
source and export regions from that in the absence of
anthropogenic sulfur emissions. Relative changes with re-
spect to the year 2000 case with all emissions (Figure 2d)
show that the year 2000 BC burden is reduced by about
10% to 20% in the source and by about 50% to 100% in the

remote transport regions North Pacific, North Atlantic, and
North Polar region. This reduction results from the intensi-
fication of microphysical aging of initially emitted hydro-
phobic BC owing to both the condensation of sulfuric acid
and coagulation with hydrophilic SU containing aerosols.
By including anthropogenic sulfur emissions, the global
annual mean microphysical aging time of BC, defined as the
ratio of the mass burden of the hydrophobic fraction to the
rate of transfer from the hydrophobic to the hydrophilic
state, decreases from 1.9 days to 0.7 days. As a conse-
quence, the mean atmospheric lifetime of BC decreases
from 5.8 days to 5.4 days (Table 2).
[12] Midvisible aerosol optical depth (AOD), the column

integrated aerosol extinction at wavelength of 550 nm,
shows a well-known pattern corresponding to the presence
of anthropogenic sulfate (Figures 3a and 3b). Associated
with the decrease of the BC burden, the absorption optical
depth (AAOD), the column integrated aerosol extinction
owing to absorption, decreases in the export region east of
the Asian continent by up to 0.0004 and by about 0.0001 in
the remote transport regions (Figure 3c). The corresponding
relative change with respect to the year 2000 case with all
emissions (Figure 3d) shows that the presence of anthropo-
genic sulfur reduces present-day AAOD by up to 70% in the
remote transport regions of the Northern Hemisphere.
However, despite the fact that the BC burden, and therefore
the mass of the dominant absorber, decreases everywhere,
the AAOD shows a significant enhancement of up to 0.01
in the vicinity of the main anthropogenic source regions
(Figure 3c), contributing to up to 60% of the present-day
AAOD (Figure 3d). Note that the AOD and AAOD are
unaffected by changes in the available diffuse radiation.
[13] The change of the black carbon column burden of the

individual modes given in Figure 4 helps to unravel this
complex response of the AAOD to the addition of anthro-
pogenic sulfate. Owing to the enhanced microphysical
aging, the BC burden in the remote transport regions
decreases in all modes except the coarse mode, for which
the changes (and BC burdens [cf. Stier et al., 2006a]) are
generally negligible. However, over large parts of the
continents, anthropogenic sulfate enhances the microphys-
ical aging from the Aitken modes to the internally mixed

Figure 1. Annual (a) total anthropogenic sulfur emissions (g m�2 yr�1) and (b) percent contribution of
anthropogenic to total sulfur year 2000 emissions (%), i.e., difference between year 2000 case with all
emissions and an identical case without SO2 emissions from fossil fuel use, industry, and biofuels.
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hydrophilic accumulation mode causing an increase of BC
column burden in this mode (Figure 4c) despite the general
decrease of the total BC column burden (Figure 2c). The
annual mean BC mass fraction in this mode is generally
below 10%. The associated absorption enhancement out-
weighs the effect of the decrease of the total BC burden,
resulting in the AAOD enhancement.
[14] These combined changes in the aerosol burden and

radiative properties are reflected in the atmospheric radia-
tive fluxes. The annual mean clear-sky top of the atmo-
sphere radiative flux change (Figure 5a), i.e., top of the
atmosphere forcing due to the addition of anthropogenic
sulfur, exhibits a regional cooling of up to �11 W m�2 and
a global mean of �0.7 W m�2. This is attributable to
enhanced scattering by sulfate aerosol.
[15] The change in atmospheric absorption upon addition

of anthropogenic sulfur (Figure 5b), i.e., atmospheric forc-
ing, reflects the spatially inhomogeneous changes in the
AAOD. Clear-sky atmospheric absorption is decreased by
up to 1.6 W m�2 in the remote transport regions and
increased by up to 7.6 W m�2 in the vicinity of the source
regions. Note that the increase of absorption occurs despite
a significant decrease of the BC burden in the same regions
(Figure 2c). While this absorption enhancement associated
with the increase of the AAOD could potentially be ampli-

fied by an increase of diffuse and backscattered radiation
owing to the increase of sulfate aerosol, this effect appears
to be small as will be demonstrated in a sensitivity study in
the next section. In the global annual mean, the net effect of
anthropogenic SO2 on clear-sky atmospheric absorption is a
decrease of 0.2 W m�2, indicating that the effect of the
reduced BC burden resulting from a shorter lifetime over-
balances the enhanced absorption due to internal mixing.
[16] The change in the surface net solar fluxes (Figure 5c),

i.e., surface forcing due to the addition of anthropogenic
sulfur, comprises both the dimming of the surface by
enhanced backscattering of sulfate aerosol and the effects

Table 2. Annual Global Mean Black Carbon Atmospheric

Lifetimea

Referenceb
All Hydrophilic
Scavengingc

No Hydrophobic
Scavengingd

Year 2000 5.4 5.1 5.8
No anthropogenic SO2 5.8 5.2 7.7

aUnit is days.
bReference scenario with reduced scavenging efficiency for the hydro-

phobic modes.
cHydrophobic modes with scavenging efficiency of hydrophilic modes.
dZero scavenging efficiency for the hydrophobic modes.

Figure 2. Annual mean aerosol column burden change of (a) sulfate (mg(S) m�2), (b) sulfate (% with
respect to year 2000), (c) black carbon (mg m�2), and (d) black carbon (% with respect to year 2000) due
to the addition of anthropogenic sulfate; derived as difference between a year 2000 simulation with all
emissions and an identical simulation without SO2 emissions from fossil fuel use, industry, and biofuels.
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of the modulated atmospheric absorption. Therefore, in the
source regions the clear-sky surface dimming due to
enhanced backscattering of sulfate aerosol is further ampli-
fied by the local absorption enhancement, reaching regionally
values up to �17 W m�2. The positive surface forcing in the
remote northern Pacific region, of up to +0.5 W m�2, is
the result of the decreased BC burden and associated
absorption due to enhanced microphysical aging. The
resulting global annual mean clear-sky surface forcing is
�0.5 W m�2.

3.2. Sensitivity Studies

[17] It has to be pointed out that the magnitude of the
demonstrated effects is subject to nonnegligible uncertain-
ties. Additional sensitivity studies are performed to inves-
tigate the importance of two key uncertainties. First, we
examine the effect of replacing the calculation of the mode
effective refractive indices via volume-weighted averaging
of the component refractive indices by the more compre-
hensive Bruggeman [1935] effective medium approach (see
Appendix A). Second, we analyze the sensitivity of the
simulated effects to the differences in the scavenging
efficiency of hydrophobic and hydrophilic modes that
largely determine the effect microphysical aging exerts on
the black carbon distribution. Finally, we perform additional
offline radiative transfer calculations to quantify the effect

of the modification of the diffuse and backscattered radia-
tion owing to the presence of sulfate on atmospheric
absorption.
[18] The main effect of replacing the calculation of the

effective refractive indices from volume-weighted averag-
ing to the Bruggeman mixing rule is to reduce the imaginary
part of the effective refractive index, depending of the
volume fraction of the absorber, by up to about 15% [cf.
Lesins et al., 2002]. For the ECHAM5-HAM simulation of
the year 2000 with all emissions, the introduction of the
Bruggeman mixing rule causes a reduction in the aerosol
absorption optical depth at � = 550 nm with maxima in the
anthropogenic source and biomass burning regions. How-
ever, the reduction in annual mean AAOD does not exceed
20% anywhere (not shown). Additionally, the impact of
anthropogenic SU on the atmospheric absorption is calcu-
lated as difference between two simulations employing the
same mixing rule so that the effect of changing the mixing
rule partly cancels out. As a consequence, the overall effect
of replacing the refractive index mixing rule on the impact
of nonabsorbing anthropogenic aerosols on atmospheric
absorption is relatively small. Thus the resulting changes
in the AAOD and the atmospheric forcing are very similar
to the reference scenario with volume-weighted averaging
(Figure 6). The differences around the Saharan dust source
region are attributable to fluctuations in the mineral dust

Figure 3. Annual mean change of aerosol (a) optical depth (1), (b) optical depth (% with respect to year
2000), (c) absorption optical depth (�104), and (d) absorption optical depth (% with respect to year 2000)
at � = 550 nm due to the addition of anthropogenic sulfate; derived as in Figure 2.

D18201 STIER ET AL.: NONABSORBING AEROSOLS AND ABSORPTION

5 of 11

D18201



burden as the nudging technique only constrains the large-
scale meteorology so that changes in the atmospheric absorp-
tion slightly affect the regional circulation that, in turn, alter
the interactive dust emissions (not shown). The annual global
mean effect of the choice of the effective medium approxi-
mation on the impact of anthropogenic SU on atmospheric
absorption is negligible (Figure 6 and Table 3).
[19] Scavenging processes play a key role in the suscepti-

bility of black carbon to aerosol aging. The (unphysical)
assumption of identical scavenging efficiencies for hydro-
phobic and hydrophilic aerosols reduces the effect of anthro-
pogenic SU on the BC burden as the lifetimes of the
hydrophobic and hydrophilic aerosols converge. A sensitivity
study (‘‘All Hydrophilic Scavenging’’) is performed assum-
ing identical scavenging efficiency for the hydrophobic
modes as for the hydrophilic modes of the same size class
[Stier et al., 2005], and is compared to the reference scenario
in Figure 6. The effect of anthropogenic SU on the BC burden
is reduced, though not completely nullified, as anthropogenic
SU not only ages BC emitted into the hydrophobic Aitken
mode but also grows particles from the Aitken mode size to
the accumulation mode size (see Figure 4), that, accounting
for nucleation scavenging, has a higher scavenging efficiency.
However, the reduced effect of anthropogenic SU on the BC

burden compared to the reference scenario increases the
relative importance of the absorption enhancement by internal
mixing. Consequently, in the global annual mean the internal
mixing effect balances the effect of the reduction in the BC
burden and renders the atmospheric forcing of anthropogenic
SU negligible (Table 3).
[20] The contrary assumption of zero scavenging efficiency

for hydrophobic aerosols maximizes lifetime differences
between the hydrophobic and hydrophilic modes. The effect
of this assumption on the impact of anthropogenic SU on
atmospheric absorption is investigated in the sensitivity
study (‘‘No Hydrophobic Scavenging’’) applying zero scav-
enging efficiency for the hydrophobic modes. As evident in
Figure 6, this assumption significantly enhances the effect
of anthropogenic SU on the BC burden. Anthropogenic SU
reduces the lifetime of BC from 7.7 days to 5.8 days
compared to a reduction from 5.8 days to 5.4 days in the
reference scenario (Table 2). As a consequence, the absorp-
tion reduction associated with the BC burden reduction is
significantly stronger than in the reference scenario. Thus
the absorption enhancement owing to internal mixing only
in the main source regions outweighs the effect of the
burden reduction, indicated by small areas of positive
AAOD and atmospheric forcing. This has a distinct effect

Figure 4. Annual mean black carbon column burden change of (a) hydrophilic Aitken, (b) hydrophobic
Aitken, (c) hydrophilic accumulation, and (d) hydrophilic coarse mode (mg m�2) due to the addition of
anthropogenic sulfate. See Table 1 for modal setup; derived as in Figure 2, so that the sum of Figures 4a–
4d is the total black carbon column burden change shown in Figure 2c.
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on the surface forcing induced by anthropogenic sulfate.
While the surface forcing, as in the reference scenario,
remains negative in the main anthropogenic source and
export regions, it is positive for the remote transport regions

so that its global annual mean is reduced to �0.17 W m�2,
compared to �0.52 W m�2 in the reference scenario
(Table 3). This strong effect of reducing the scavenging
efficiency of the hydrophobic modes to zero can be
explained largely by the fact that, besides microphysical
aging, scavenging constitutes the dominant sink process
of the hydrophobic Aitken mode, as dry deposition and
sedimentation are inefficient for this size range.
[21] Additional offline radiative transfer calculations are

performed to quantify the effect of an increase in the diffuse
and backscattered radiation owing to the presence of sulfate
on atmospheric absorption. The calculations are performed
with two one-dimensional radiative transfer models,
employing the higher accuracy adding-doubling method
and the two-stream approximation also used in the radiation
module of ECHAM5-HAM. The lowest 2 km of a clear-sky
atmospheric column at 45�N in the summer season are
initialized with lognormal aerosol populations of SU and
BC with a SU/BC mass ratio of 10 and number median radii
of 0.08 mm and 0.22 mm and standard deviations of 1.7 and
1.3, respectively. The BC aerosol population has an AOD at
550 nm of 0.035 and the atmospheric absorption without the
influence of SU, calculated with the adding-doubling
method, is 14.5 W m�2. Adding SU as externally mixed
aerosol population to increase the total AOD to 0.15
enhances the atmospheric absorption by 0.3 W m�2. In
contrast, adding the same SU aerosol population and
assuming a complete internal mixture of BC into the sulfate
particles increases the total AOD to 0.13 and enhances the
atmospheric absorption by 7.2 W m�2, employing the
volume weighted mixing rule. For the two-stream approx-
imation, the absorption enhancement by the introduction of
SU as external mixture is below the accuracy of the
approach. A comparably small absorption enhancement by
the presence of externally mixed sulfate of less than 10%
has been found by N. Bellouin (personal communication,
2006) in a similar simulation set up employing the Streamer
radiative transfer model [Key and Schweiger, 1998]. Thus
the effect of sulfate on the atmospheric absorption via the
modification of the radiative fluxes by scattering appears to
be a second-order effect compared to the effect of internal
mixing on the radiative properties.

4. Conclusions

[22] Absorption of solar radiation by aerosols, in partic-
ular by black carbon, is well established as of importance
for regional and global climate. Previous studies of the
effect of nonabsorbing aerosols, primarily of sulfate, on
atmospheric absorption have focused on either of two
phenomena: (1) Sulfate microphysically ages initially hy-
drophobic black carbon to a hydrophilic state and therefore
reduces its lifetime and abundance, decreasing atmospheric
absorption, and (2) internal mixing of nonabsorbing aero-
sols, such as sulfate, with black carbon increases the
absorption efficiency of black carbon and therefore
increases atmospheric absorption. Additionally, the pres-
ence of scattering aerosols increases the amount of diffuse
solar radiation available for absorption. In this work, we
have analyzed the effects of anthropogenic sulfate on
atmospheric absorption with a comprehensive aerosol-climate
model with prognostic treatment of the aerosol composition,

Figure 5. Annual mean clear-sky shortwave (a) top of the
atmosphere forcing, (b) atmospheric forcing, and (c) surface
forcing (W m�2) due to the addition of anthropogenic
sulfate; derived as in Figure 2 but for the shortwave top of
the atmosphere radiative flux, atmospheric absorption, and
surface radiative flux, respectively.
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size distribution, and mixing state, allowing the concurrent
investigation of these mechanisms. Our findings demon-
strate their significance on the global scale, with a regional
character depending on the distance from the aerosol
sources.
[23] The effects of anthropogenic sulfate are isolated as

the difference between a year 2000 simulation with the
complete year 2000 emissions and an identical simulation
without SO2 emissions from fossil fuel use, industry, and
biofuels. In the reference scenario the mode effective
refractive indices are calculated on the basis of volume
averaging of the component refractive indices and residual
scavenging efficiencies for the hydrophobic modes are
assumed, accounting for unresolvable subgrid-scale aging
and the neglect of chemical aging processes.
[24] The introduction of anthropogenic sulfate enhances

the microphysical aging and, owing to increased wet depo-
sition, reduces the atmospheric burden of black carbon.
Consequently, the clear-sky atmospheric absorption in the
remote transport regions is decreased by up to 1.6 W m�2,
regionally allowing more radiation to reach the surface,
constituting a positive surface forcing. However, internal
mixing of black carbon with anthropogenic sulfate and the
associated enhancement of the absorption efficiency in-
crease clear-sky atmospheric absorption in the source
regions by up to 7.6 W m�2, despite a concurrent decrease
of the black carbon burden. A comparable enhancement is
also simulated employing a more elaborate approach for the
calculation of the effective mode refractive indices, the
Bruggeman [1935] mixing rule.
[25] In the global annual mean, the net effect of anthro-

pogenic sulfate on atmospheric absorption by black carbon
is a decrease of 0.2 W m�2, indicating that, globally, the
effect of the reduced black carbon burden overbalances the
absorption enhancement due to internal mixing. However,
anthropogenic sulfate introduces significant regional pertur-
bations and gradients of absorption, with potential effects on
regional climate.
[26] While the general impact of anthropogenic sulfate on

atmospheric absorption, the enhancement close to the
source regions and the reduction in the remote transport
regions, appears to be a robust feature, the magnitude of the

demonstrated effects and the regional distribution of the
transition between the two regimes are sensitive to the
scavenging efficiency difference between the hydrophobic
and hydrophilic aerosol modes. In a sensitivity study with
the (unphysical) assumption of identical scavenging effi-
ciencies for the hydrophobic and hydrophilic modes of the
same size class, the effect of anthropogenic sulfate on
the black carbon burden is significantly reduced. Therefore
the associated absorption reduction becomes in the global
annual mean balanced by the absorption enhancement by
internal mixing. Contrary, for a sensitivity study maximiz-
ing the susceptibility of the black carbon burden to anthro-
pogenic sulfate by assuming zero scavenging efficiency for
the hydrophobic modes, the black carbon burden and
absorption reductions are significantly enhanced relative
to the reference scenario so that the effect on the atmo-
spheric absorption is intensified to �0.6 W m�2, compared
to �0.2 W m�2 in the reference scenario. Consequently, the
absorption reduction in the remote transport regions out-
weighs the dimming of solar radiation by anthropogenic
sulfate resulting in large areas of positive surface forcing so
that the global annual mean surface forcing by anthropo-
genic sulfate is reduced to �0.2 W m�2, compared to
�0.5 W m�2 in the reference scenario. While the neglect
of subgrid-scale and chemical aging processes let the
assumption of zero scavenging efficiencies for the hydro-
phobic modes seem a strong assumption, it is in line with
previous modeling studies [e.g., Cooke et al., 1999].
[27] Advanced parameterizations, applicable at the scales

of global modeling, as well as more detailed information
about the near-source aerosol mixing state are required to
improve the quantitative estimate of the impact of anthro-
pogenic sulfate on atmospheric absorption. Additional
uncertainties include the fact that in this study secondary
aerosols other than sulfate are represented by a primary
equivalent (organic matter) or neglected (nitrate), leading to
an underestimate of the amount of condensable vapors of
both natural and anthropogenic origin. The relevance of the
enhancement of black carbon absorption by the internal
mixture with secondary organic aerosol (SOA) has been
demonstrated in a laboratory study by Schnaiter et al.
[2005]. The microphysical aging of atmospheric aerosols

Table 3. Annual Global Mean Clear-Sky Shortwave Forcings Due to the Addition of Anthropogenic Sulfatea

Referenceb Bruggeman Mixing Rulec All Hydrophilic Scavengingd No Hydrophobic Scavenginge

Top of the atmosphere forcing �0.72 �0.70 �0.68 �0.74
Atmospheric forcing �0.20 �0.18 �0.02 �0.57
Surface forcing �0.52 �0.52 �0.66 �0.17

aUnit is W m�2.
bReference scenario with volume-weighted averaging of refractive indices and reduced scavenging efficiency for the hydrophobic modes.
cCalculation of mode effective refractive indices based on the Bruggeman mixing rule.
dHydrophobic modes with scavenging efficiency of hydrophilic modes.
eZero scavenging efficiency for the hydrophobic modes.

Figure 6. Annual mean change of black carbon column burden (mg m�2), absorption optical depth (�104) at � = 550 nm,
clear-sky shortwave atmospheric forcing (W m�2), and clear-sky shortwave surface forcing (W m�2) due to the addition of
anthropogenic sulfate. Reference, reference scenario with volume-weighted averaging of refractive indices and reduced
scavenging efficiency for the hydrophobic modes; Bruggeman Mixing Rule, calculation of mode effective refractive indices
based on the Bruggeman mixing rule; All Hydrophilic Scavenging, hydrophobic modes with scavenging efficiency of
hydrophilic modes; No Hydrophobic Scavenging, zero scavenging efficiency for the hydrophobic modes.
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by SOA has been investigated in a measurement study by
Maria et al. [2004]. Their derived microphysical aging
timescale owing to SOA of about 4–8 days is significantly
slower than model derived estimates of the microphysical
aging timescale owing to sulfate, that range in order of 0.3–
1.7 days [Wilson et al., 2001; Riemer et al., 2004; Stier et
al., 2005]. While these results indicate a prominent role of
sulfate for microphysical aging, differences in the method-
ologies and definitions as well as the fact that the Maria et
al. [2004] estimate is based on a very limited sample size
need to emphasized. Additional direct measurements of the
evolution of the atmospheric black carbon mixing state are
essential to constrain and improve model estimates of
aerosol absorption. Finally, observations show that black
carbon particles have complex nonspherical morphologies
upon emission, depending on the source type and combus-
tion temperature [Mikhailov et al., 2006; Andreae and
Gelencsér, 2006], affecting microphysical aging [van
Poppel et al., 2005] and radiative properties [Martins et
al., 1998a]. Microphysical aging processes and subsequent
internal mixing transform these structures to more spherical
morphologies, supporting the spherical approximation and
application of Mie theory in large-scale modeling [Martins
et al., 1998b; Mikhailov et al., 2006]. Additional observa-
tional efforts are required to determine the atmospheric
evolution of the black carbon morphology and to quantify
the errors associated with the currently applied spherical
approximation in global forcing estimates. However, while
these uncertainties demand for continuous research, they do
not alter the qualitative understanding of the mechanisms
nor their large-scale regional patterns identified in this
study.
[28] Our findings have important implications for future

emission scenarios and mitigation strategies. Variations in
sulfur emissions affect atmospheric solar absorption despite
the fact that sulfate is virtually nonabsorbing. The effects
are spatially highly inhomogeneous; thereby the sulfur to
black carbon emission ratio plays an important role. The
processes involved are complex so that comprehensive
global microphysical aerosol models are required to con-
strain the regional and global implications of future emis-
sion changes.

Appendix A: Effective Medium Approaches

[29] In the standard setup of HAM [Stier et al., 2005] the
refractive indices for internally mixed modes are calculated
from volume-weighted averaging of the refractive indices of
the aerosol components. However, as discussed by Chýlek
et al. [1995] and Lesins et al. [2002] the volume-weighted
mixing of the refractive indices for strongly absorbing
inclusions, such as BC, in a less absorbing medium, such
as SU, results in an overestimation of the effective imagi-
nary part of the refractive index compared to an average of
explicit calculations over all possible positions of the
inclusion in the host medium. Improved approximations
of the mode effective refractive indices can be obtained
from mixing rules derived from effective medium
approaches, quantifying the macroscopic radiative proper-
ties as average over the microscopic arrangement of the
components.

[30] A general formulation for mixing rules of the dielec-
tric constants (square of the refractive indices) of n compo-
nents can be expressed as [Aspnes, 1982]:

"eff � "0
"eff þ 2"0

¼
Xn

k¼1

fk
"k � "0
"k þ 2"0

ðA1Þ

where "eff is the effective dielectric constant of the mixture,
"0 is the dielectric constant of the host medium, and "k and
fk are dielectric constant and volume fraction of the
component k, respectively.
[31] While the Maxwell-Garnet mixing rule [Garnett,

1904, 1906] is more accurate for the representation of an
insoluble core in a soluble host medium [Lesins et al.,
2002], it requires the explicit choice of a host and inclusion
medium and is not valid for cores with large volume
fractions. Thus the implementation for aerosol modules
with complex internally mixed modes of varying volume
fractions, such as HAM, is not straightforward.
[32] The Bruggeman [1935] mixing rule requires no

explicit choice of the core and host media as it is assumed
that the components are embedded in a host medium of the
effective dielectric constant, i.e., "0 = "eff, so that the left
hand side in equation (A1) vanishes, reducing it to an
implicit equation for "eff:

Xn

k¼1

fk
"k � "eff
"k þ 2"eff

¼ 0 ðA2Þ

The resulting real and imaginary parts of the refractive indices
lie generally in between the results of the two possible choices
of host and inclusion media of the Maxwell-Garnet mixing
rule [Chýlek et al., 2000] and both approaches, as well as
assumption of a concentric core shell structure, agree well
with results from more explicit calculations [Chýlek et al.,
1995]. For the application in the model, the complex
refractive indices of the components [Stier et al., 2005] are
converted to the corresponding complex dielectric constants
for which equation (A2) is solved iteratively employing the
Newton-Raphson method. From a one year test simulation it
was established that the method converges for every grid
point and time step after a maximum of 6 iterations, so that a
fixed number of 7 iterations is applied globally.
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