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Abstract. The modelling of aerosol radiative forcing is a ma-
jor cause of uncertainty in the assessment of global and re-
gional atmospheric energy budgets and climate change. One
reason is the strong dependence of the aerosol optical prop-
erties on the mixing state of aerosol components, such as ab-
sorbing black carbon and, predominantly scattering sulfates.
Using a new column version of the aerosol optical prop-
erties and radiative-transfer code of the ECHAM/MESSy
atmospheric-chemistry–climate model (EMAC), we study
the radiative transfer applying various mixing states. The
aerosol optics code builds on the AEROPT (AERosol OPTi-
cal properties) submodel, which assumes homogeneous in-
ternal mixing utilising the volume average refractive index
mixing rule. We have extended the submodel to addition-
ally account for external mixing, partial external mixing and
multilayered particles. Furthermore, we have implemented
the volume average dielectric constant and Maxwell Garnett
mixing rule. We performed regional case studies considering
columns over China, India and Africa, corroborating much
stronger absorption by internal than external mixtures. Well-
mixed aerosol is a good approximation for particles with
a black-carbon core, whereas particles with black carbon at
the surface absorb significantly less. Based on a model simu-
lation for the year 2005, we calculate that the global aerosol
direct radiative forcing for homogeneous internal mixing dif-
fers from that for external mixing by about 0.5 W m−2.

1 Introduction

The limited quantitative understanding of aerosols chiefly
contributes to uncertainty in radiative forcing estimates
and climate simulations. The industrial era forcing (rela-
tive to the year 1750) by the direct radiative effect is esti-
mated at−0.27 W m−2 with a 90 % uncertainty interval of
−0.77 to 0.23 W m−2 (IPCC, 2013). The direct forcing is
complemented by the indirect effects via cloud adjustment
through aerosol particles acting as cloud condensation nu-
clei; this forcing is estimated at−0.55 W m−2 (−1.33 to
−0.06 W m−2) (IPCC, 2013). Despite the large uncertainty,
the increase in the cloud droplet number due to growing
aerosol concentrations is generally recognised to exert a neg-
ative forcing and cooling effect by enhancing the reflection
of solar radiation. While the indirect effects may have been
large during the early period of industrialisation and pollu-
tion emissions, their significance has probably been smaller
in recent decades and will be so in future (Carslaw et al.,
2013).

On the other hand, predominantly scattering aerosol com-
ponents are competing with absorbing carbonaceous compo-
nents (black carbon) in the direct effect, and at present the
uncertainty range does not rule out a net warming. Recently,
the best estimate for the industrial era direct radiative forc-
ing of atmospheric black carbon has been proposed to be
as high as 0.71 W m−2 (0.08 to 1.27 W m−2) (Bond et al.,
2013), which, to large extent, compensates for the negative
radiative forcing contributions of mineral dust, sulfate, ni-
trate and organic carbon. Thus, even to capture the sign of
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the net direct effect, the uncertainties need to be drastically
reduced in model simulations.

The large uncertainties have multiple origins, including
insufficient knowledge of the emitted aerosol particles and
their gaseous precursors, strong spatial and temporal varia-
tions of the aerosol concentrations, and complex chemical
ageing and coagulation processes transforming the aerosol
particles during their lifetime in the atmosphere. A major
source of uncertainty is the strong dependence of the aerosol
optical properties on the mixing state of the aerosol com-
ponents. This demands a better understanding of the mixing
state found in atmospheric aerosols on the one hand, and on
the other hand the implementation of realistic mixing states
in climate models, in particular in global chemistry–climate
models, such as the ECHAM/MESSy (ECMWF model Ham-
burg version/Modular Earth Submodel System) atmospheric-
chemistry–climate model (EMAC) (Jöckel et al., 2005,
2006).

Most climate models assume the atmospheric-aerosol
mixture of chemical constituents to be either internal, as-
suming homogeneous particles, or external (Fig.1), possi-
bly allowing a combination of both.Easter et al.(2004) list
16 models, five using external mixing, two internal mix-
ing and the remaining models using a combination of both.
EMAC also uses a combination by assuming internal mixing
within externally mixed modes, similarly to, e.g., ECHAM–
HAM (Hamburg aerosol model) (Zhang et al., 2012) and
MIRAGE (Model for Integrated Research on Atmospheric
Global Exchanges) (Easter et al., 2004). Generally, external
mixtures are less absorbing than internal mixtures, as the in-
creased cross section affected by absorbing components in
an internal mixture outweighs the decreased absorption per
cross section. Therefore, external and internal mixtures typi-
cally under- and overestimate, respectively, absorption of so-
lar radiation if not used appropriately. Only few global sim-
ulations consider core-shell particles, e.g.Jacobson(2000,
2001) andKim et al. (2008).

Here, we use the EMAC model, which includes the aerosol
optical properties submodel AEROPT (AERosol OPTical
properties) (Lauer et al., 2007; Pozzer et al., 2012), which
primarily mixes different aerosol components internally, as-
suming a homogeneous mixture. This rather idealised mixing
state is probably representative of chemically aged particles
and used for simplicity but, as mentioned above, can over-
estimate aerosol absorption. In reality, aerosol particles form
coated spheres or are externally mixed, especially close to
the emission sources. Ideally, the model provides all mix-
ing states from external mixing through core-shell mixing
to well-mixed internal mixtures and calculates the optimal
configuration online, depending on chemical processing and
coagulation during atmospheric transport. For this study, we
have extended AEROPT by external mixing, partial exter-
nal mixing, multilayered particles and two alternative mix-
ing rules. At this stage, the mixing state within each mode is
chosen offline ahead of each simulation, whereas interactive

Figure 1.Schematic illustration of three mixing states. In externally
mixed aerosols different types of particles coexist, each consisting
of a single component(a), whereas in internally mixed aerosols the
particles consist of a combination of components(b, c). An inter-
nal mixture can be either inhomogeneous, e.g. having a core-shell
structure(b), or homogeneous(c). External mixtures(a) are least
absorbing, as the increased cross section affected by absorbing com-
ponents in an internal mixture(b, c) outweighs the decreased ab-
sorption efficiency.

computations are planned for future applications. However,
as fresh black carbon is emitted into hydrophobic modes
where it is separated from components in the hydrophilic
modes to which it can subsequently be transferred, a tran-
sition from external to internal mixing is already accounted
for, similar toGhan et al.(2012).

A key aspect of this work is the comparison of internal and
external mixing within the aerosol modes, which we study in
regional case studies and a global simulation. It provides an
envelope of optical properties and their impact on the asso-
ciated climate forcing by anthropogenic aerosol constituents
for several mixing states. In addition, we address alternative
mixing rules and core-shell particles, for which we present
regional results.

This article is structured as follows: we briefly review the
relevant mixing states in Sect.2, including the equations used
in our aerosol optical property code AEROPT; Sect.3 de-
scribes how the aerosol optical properties are processed in
EMAC and introduces a column version of the submodels
involved; model results are presented in Sect.4, including
column calculations for test cases and regional case studies
in Sect.4.1 and global results in Sect.4.2; and we conclude
with Sect.5.

2 Aerosol mixing states

In the presence of multiple aerosol components it becomes
challenging to compute the optical parameters of the aerosol.
The main characteristics of the scattering and absorption pro-
cess can be simulated using three parameters: the extinction
coefficientσ , which is directly linked to the aerosol optical
thicknessτ ; the single-scattering albedoω and the asymme-
try parameterg.
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τ =

∫
σ dz,

ω =
σs

σ
,

g =
1

2

1∫
−1

µ P(µ)dµ, (1)

wherez denotes the vertical coordinate,σs the scattering part
of the extinction coefficient,µ the cosine of the scattering
angle andP the phase function. For a given extinction co-
efficient σ , the fraction of absorbed radiation 1− ω is pro-
portional to the absorption efficiency. Assuming spherical
particles, if there is only one component, these parameters
can be computed straightforwardly using Mie theory and the
corresponding refractive index of the component. However,
if more than one component is involved, certain assump-
tions about the mixing state have to be made. The mixing
states can be classified as either external (Fig.1a) or internal
(Fig. 1b and c).

2.1 External mixing

In an external mixture, each aerosol particle consists of only
one component; however, different particles may consist of
different components (Fig.1a). In this case, the extinction
coefficients of all components add up to the total extinction

σ =

∑
i

σi, (2)

where the indexi identifies the component. The same applies
to the scattering coefficientσs. The ratio of the scattering co-
efficient and the total extinction coefficient yields the single-
scattering albedo,

ω =
σs

σ
=

∑
i σs,i∑
i σi

=

∑
i σi ωi∑

i σi

. (3)

The flux scattered with angle arccos(µ) by componenti is
proportional toPi(µ)σs,i , so that the corresponding flux scat-
tered by all components is proportional to∑

i

Pi(µ) σs,i = P(µ) σs,

whereP is the combined phase function of which the first
moment, according to Eq. (1), yields the asymmetry param-
eter of the mixture,

g =
1

2

1∫
−1

µ

∑
i Pi(µ) σs,i

σs
dµ =

∑
i σi ωi gi∑

i σi ωi

. (4)

Once the three parametersσ , ω andg have been calculated
according to Eqs. (2)–(4), the radiative-transfer equation can
be solved at the same level as for an aerosol with only one
component.

2.2 Internal mixing

Internal mixing assumes that single aerosol particles consist
of different components (Fig.1b and c). The simplest vari-
ant of internal mixing is based on the assumption that the
different components are well mixed and form a homoge-
neous mixture inside the particles (Fig.1c). In this case, the
problem boils down to computing the refractive index of the
mixture. Homogeneous internal mixing is a very common as-
sumption, and various mixing rules to compute the refractive
index have been defined.

2.2.1 Mixing rules

The following mixing rules are utilised in this work (for ad-
ditional details and rules seeChýlek et al., 1988):

1. Volume average refractive index mixing rule: the com-
plex refractive indexm of the mixture is computed as an
average of the indicesmi of the components, weighted
with their volume fractionvi ;

m =

∑
i

vimi . (5)

2. Volume average dielectric constant mixing rule: the
complex dielectric constantε = m2 of the mixture is
computed as an average of the constantsεi of the com-
ponents, weighted with their volume fractionvi ;

ε =

∑
i

viεi . (6)

3. Maxwell Garnett mixing rule(Garnett, 1904): the ansatz
for the equation for the complex dielectric constant con-
siders tiny inclusions embedded within a matrix of com-
ponent M. Averaging the electric field over many inclu-
sions yields the effective dielectric constant;

ε = εM

(
1+

3
∑

i vi
εi−εM
εi+2εM

1−
∑

i vi
εi−εM
εi+2εM

)
. (7)

Note that despite the spatially inhomogeneous ansatz,
using this limit also implies homogeneously mixed
aerosol particles.

The refractive index resulting from these mixing rules can
be used as input for a Mie computation to obtain the extinc-
tion coefficientσ , single-scattering albedoω and asymmetry
parameterg.

A mixture of strongly and weakly absorbing components
generally absorbs more strongly when it is well mixed inter-
nally instead of externally mixed, as the larger cross section
affected by the strong absorber in an internal mixture over-
compensates the effect of a reduced imaginary part of the
refractive index.
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2.2.2 Core-shell particles

Both the external and homogeneous internal mixture are
highly idealised models of the atmospheric aerosol. In re-
ality, we can assume that different aerosol components will
neither coexist unaffected by each other, nor will they accu-
mulate to homogeneous particles, but will more likely form
coated particles in the atmosphere. Extensions of the Mie cal-
culation to coated spheres and multilayered spheres are pre-
sented inToon and Ackerman(1981); Bohren and Huffman
(2007) andYang(2003).

The shell layers (including the core) themselves may con-
sist of different, well-mixed components. In this case, a mix-
ing rule is used to compute the complex refractive index of
each layer, which then serves as input for the core-shell cal-
culation.

In many cases, the calculations of aerosol optical proper-
ties for core-shell particles are limited by the results for ex-
ternal and homogeneous internal mixing (Jacobson, 2000).
Core-shell particles with a strongly absorbing core coated by
a weak absorber generally absorb more sunlight than an ex-
ternal mixture of the same components. This is due to am-
plification by the shell, which effectively increases the cross
section of the core. The amplification effect can result in ab-
sorption that is even stronger than that of a well-mixed inter-
nal mixture of the same components, depending on the Mie
size parameter under consideration.

2.2.3 Non-spherical particles

Even though multilayered particle models can represent at-
mospheric aerosol particles more realistically than homoge-
neous spheres, common implementations still assume spher-
ical symmetry. While this approximation is well defined as
changing the order of averaging over many particles and
computing the optical properties, it is generally not well mo-
tivated physically but rather used for computational simplic-
ity.

In reality, dust particles can have irregular shapes which
may be better represented by spheroids, ellipsoids or even
more complex structures, possibly yielding, for the same par-
ticle volume, a higher optical thickness and single-scattering
albedo (Kalashnikova and Sokolik, 2004; Colarco et al.,
2014). Soot is known to form a variety of shapes by aggre-
gating into fractal-like chains (Adachi et al., 2010; Scarnato
et al., 2013). Even if liquid components lead to a spherical
particle surface, embedded solid components are not neces-
sarily distributed concentrically within the particle, and the
exact position affects the optical properties (Fuller et al.,
1999; Adachi et al., 2010).

The implementation of more detailed particle models
becomes increasingly important as the overall precision
of global climate models is improving. Introducing non-
spherical particles into EMAC remains the subject of future
work.

3 Aerosol optical properties in EMAC

The model setup used in this work involves three sub-
models in the computation of the aerosol radiative ef-
fect: GMXe (Global Modal-aerosol eXtension), AEROPT
and RAD4ALL. The aerosol model GMXe (Pringle et al.,
2010a, b) provides aerosol concentrations serving as input
for AEROPT (Lauer et al., 2007; Pozzer et al., 2012), which
computes the aerosol optical properties. These are then ac-
counted for by RAD4ALL (Jöckel et al., 2006) when solving
the radiative-transfer equation and computing heating rates.

For each cell of the grid representing the atmosphere and
every RAD4ALL wavelength band, AEROPT computes the
aerosol optical thicknessτ , the single-scattering albedoω
and the asymmetry parameterg. To do so, AEROPT com-
bines data for six aerosol modes: the Aitken, accumulation
and coarse modes, all of which are treated separately for
hydrophilic and hydrophobic components. The nucleation
mode additionally accounted for by GMXe is neglected in
AEROPT due to its insignificant impact on the radiative
transfer. Besides combining the modes, AEROPT integrates
the different components in each mode as well as four sub-
bands per RAD4ALL shortwave band (cf. Fig. S1 in the Sup-
plement).

Aerosols from different modes are considered externally
mixed, which is justified by the relatively small overlap of
the mode size distributions. In contrast, within each mode,
the aerosol components in the standard AEROPT version are
assumed to be internally mixed and the volume average re-
fractive index mixing rule Eq. (5) is used.

In this work we use a modified version of AEROPT in
which we have additionally implemented the volume aver-
age dielectric constant mixing rule Eq. (6) and the Maxwell
Garnett mixing rule Eq. (7). Our code provides the option of
using external mixing also within each mode. Moreover, we
have substituted the Mie code used by standard AEROPT, the
Bohren and Huffman Mie subroutine (BHMIE;Bohren and
Huffman, 2007) as implemented in the libRadtran (library
for radiative transfer) package (Mayer and Kylling, 2005),
with SCATTNLAY (Peña and Pal, 2009). The latter com-
putes the scattering functions also for coated spheres with
multiple layers of coating according toYang(2003). SCAT-
TNLAY allows the use of a large number of shells so that it
essentially covers the most general case of spherical symmet-
ric particles. Configured to perform standard AEROPT mix-
ing, our mixing algorithm is equivalent to that of AEROPT
2.0 in MESSy version 2.42 (Jöckel et al., 2010).

To perform regional sensitivity studies and to easily test
new mixing states and other developments in the EMAC
aerosol and radiation code, we have implemented a column
model which calls the original EMAC subroutines to com-
pute aerosol optical properties, radiative fluxes and heating
rates for a vertical column of the atmosphere. The computa-
tional resources required for the column model are modest
so that it can run on a common PC. Once implemented and
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tested in the column model, new features are immediately
available for global model simulations.

4 Model results

4.1 Column model

4.1.1 Test cases

To evaluate the functionality of the extended AEROPT code
and to obtain a qualitative understanding of the optical prop-
erties of core-shell particles, we use the column model to
consider two test cases.

Large differences in aerosol absorption for internal and ex-
ternal mixtures have been reported (Bohren and Huffman,
2007; Jacobson, 2000). Bohren and Huffman(2007) use an
analytic approximation to illustrate that an internal mixture
of a “black” and a “white” component can absorb more than
twice as efficiently as an external mixture. As a benchmark
for our extended AEROPT code, we provide the column
model with the input used by Bohren and Huffman: for the
black component the refractive indexm = 1.7+i 0.7 is used;
for the white componentm = 1.55+i10−6. The volume mix-
ing ratio of the black component is assumed to be 1 %. The
particle radius is varied; however, in the case of the external
mixture, the black particle radius is fixed at 0.05 µm.

Figure 2 shows the consistency of the single-scattering
albedo computed with AEROPT and the results ofBohren
and Huffman(2007). The smallest radii plotted are just be-
low the validity limit of the analytic approximation which
does not reproduce the drop in the single-scattering albedo
for very small radii. Over the full range of radii, well-mixed
particles absorb much more efficiently than externally mixed
particles. Only for small particles is this efficiency exceeded
by core-shell particles, which, for intermediate radii, yield
results between the well- and externally mixed results. With
increasing radius, the single-scattering albedo of the exter-
nal mixture is increasingly dominated by the black parti-
cles because, due to their constant radius, their total cross
section remains constant, whereas it decreases for the white
particles. As a result, the single-scattering albedo becomes
smaller than that of core-shell particles, which would not be
the case if equal radii for black and white particles had been
assumed.

Figure 2 includes results obtained considering particles
with sizes distributed according to a log-normal distribution
with geometric standard deviationσg = 1.59, using the aver-
age mass particle radius for the abscissa and, accordingly, an
average mass particle radius of 0.05 µm for black particles
in the external mixture. Employing modes instead of single
size particles has the side effect of smoothing the small-scale
variations of the results. As in the full EMAC computation, in
the following test case, we exclusively consider log-normal
modes.
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Figure 2. The single-scattering albedo of a mixture of a “black”
component (m = 1.7+ i 0.7, 1 % of the particle volume) and a
“white” component (m = 1.55+ i10−6, 99 % of the particle vol-
ume), assuming homogeneous internal mixing (red), external mix-
ing (green) and core-shell particles (blue). The abscissa denotes the
radius of the internally mixed particles and, in the case of the ex-
ternal mixture, the white particles; the radius of the black parti-
cles is 0.05 µm. The results have been calculated using our new
SCATTNLAY-based AEROPT mixing algorithm for single size par-
ticles (solid) and log-normal size distributions (σg = 1.59, dash-
dotted). In the latter case, average mass radii are used. Also shown
are analytic approximations (dashed) and numeric results (circles)
from Bohren and Huffman(2007) for homogeneous internal and
external mixtures. The wavelength is 0.55 µm.

For large particles (Mie size parameterx = 2πr/λ � 1),
core-shell particles typically absorb less efficiently than in-
ternally mixed particles (though more efficiently than exter-
nally mixed particles of the same size). However, in the Mie
regime (x ≈ 1) this is not true in general, as can be seen from
the leftmost part of Fig.2 and more clearly in the test case
shown in Fig.3 (see alsoFuller et al., 1999). The single-
scattering albedo is shown for a mixture of two components:
one with refractive indexm = 1.75+ i0.43 (“black”) and re-
sembling black carbon, and the second with refractive in-
dex m = 1.5+ i 0.02 (“white”) and resembling a mixture
of various scattering components typically found in the at-
mosphere. The black component is assumed to account for
2 % of the aerosol particle volume, the particle size is dis-
tributed according to a log-normal distribution with geomet-
ric standard deviationσg = 1.59, and the same median radius
is used for all mixing states. For size parametersx . 5 the
result for core-shell particles with a black core is very sim-
ilar to that for well-mixed particles with a slightly smaller
single-scattering albedo for size parametersx . 2. Since at-
mospheric aerosol size parameters both above and below the
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Figure 3. Single-scattering albedo of a mixture of 2 % strongly ab-
sorbing matter with refractive indexm = 1.75+i0.43 and 98 % less
absorbing material withm = 1.5+ i0.02. The particle radius is dis-
tributed according to a log-normal mode with geometric standard
deviationσg = 1.59. Over the entire median Mie size parameter
range, the internal mixtures with well-mixed (volume average re-
fractive index mixing rule) and core-shell particles absorb more effi-
ciently than the external mixture. Depending on the median Mie size
parameterxmedian, absorption by core-shell particles with a black
core is more (xmedian. 2) or less (xmedian& 2) efficient than by
well-mixed particles. For all mixing states, left and right of the max-
imum, the single-scattering albedo is very sensitive to the median
Mie size parameter. Black coated spheres yield values between the
result for internal and external mixing.

intersection are relevant, only a full evaluation of all aerosol
modes and wavelength bands can reveal which mixing state
absorbs more efficiently. Less ambiguous is the compari-
son of well-mixed to black coated spheres: in this example,
even for small size parameters, the single-scattering albedo
of black-coated particles is larger. A comparison of black-
core and black-shell particles can also be found inHong et al.
(2008), from whom selected results have been re-evaluated
with our code, yielding good agreement.

Also apparent from Fig.3 is the strong dependence of
the single-scattering albedo on the aerosol mode median
Mie size parameter. Left and right of the curves’ maximum,
changes in the Mie size parameter, e.g. due to water uptake,
can alter the single-scattering albedo more drastically than
changing the mixing state.

Figures4 and5 show that, qualitatively, the result in Fig.3
also applies if the mixing ratio and standard deviation are var-
ied. The relative difference of absorption efficiency for well-
mixed and core-shell particles,(ωwell mixed−ωcore shell)/(1−

ωwell mixed), is shown for black-core particles (Fig.4) and
black-coated particles (Fig.5). Only the location of the inter-
section in the former case and the value of the difference plot-
ted in both cases varies. For a fixed geometric standard de-
viation ofσg = 1.59 (left panels), depending on the Mie size
parameter and the black volume fraction, black-core particles
can absorb 16 % less or 8 % more efficiently than well-mixed
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Figure 4. Relative difference of the absorption efficiency for
well-mixed and core-shell particles(ωwell mixed−ωcore shell)/(1−

ωwell mixed). The same components as in Fig.3 are considered
where the stronger absorbing component forms the core. In the left
panel, the geometric standard deviationσg = 1.59 is used, whereas
the mixing ratio is varied. In the right panel, the standard deviation
σg is varied and the mixing ratio is the same as in Fig.3. The solid
red line in the left panel marks the mixing ratio used in the right
panel; the solid red line in the right panel marks the standard de-
viation used in the left panel. For well-mixed particles, the volume
average refractive index mixing rule is used.

particles. Black coated particles, the absorption of which in
this example never exceeds that of well-mixed particles, can
absorb up to almost 20 % less efficiently than the homoge-
neously mixed particles.

The refractive indexm = 1.75+ i 0.43 of the black com-
ponent corresponds to the black-carbon value (at 600 nm
wavelength) in the OPAC (Optical Properties of Aerosols
and Clouds) 3.1 database (Hess et al., 1998) which is used
by EMAC. In the literature, larger values for both the real
and the imaginary part have been suggested (Bond and
Bergstrom, 2006). As Fig.6 shows, the above results change
mostly quantitatively when changing the refractive indices.
However, increasing the imaginary part of the refractive in-
dex for the black particles reduces the Mie size parameter
range where core-shell particles absorb more efficiently than
well-mixed particles. Consequently, in a full radiative trans-
fer computation considering many different Mie size param-
eters it cancels the effect of the remaining parameter range to
a lesser extent, decreasing the absorption efficiency of core-
shell particles relative to that of well-mixed particles.

Different mixing ratios, refractive indices, median Mie
size parameters, mode widths and wavelengths are relevant to
the single-scattering albedo in the atmosphere. Consequently,
more elaborate case studies are required to extend our rea-
soning to atmospheric aerosols, which will be addressed in
the following section.

Geosci. Model Dev., 7, 2503–2516, 2014 www.geosci-model-dev.net/7/2503/2014/



K. Klingmüller et al.: Mixing-state sensitivity of aerosol radiative effects in EMAC 2509

Core volume / particle volume

M
ed

ia
n 

M
ie

 s
iz

e 
pa

ra
m

et
er

 −0.18 

 −0.16 

 −0.14  −0.12 

 −0.1 
 −0.08 

 −0.06  −0.04 

 −0.02 
 0

 

0.0 0.2 0.4 0.6 0.8 1.0

0.
5

1
2

5
10

0 0.5 0.75 0.9 1

Core radius / particle radius

σg

 −0.08 

 −0.07 

 −0.07 

 −0.06 

 −0.05 
 −0.04 

 −0.03 
 −0.02 
 −0.01 

1.5 2.0 2.5 3.0

Figure 5.Same as Fig.4 but with the stronger absorbing component
coating the less absorbing component.

4.1.2 Regional sensitivity studies

To study regional mixing-state sensitivity under realistic con-
ditions, we employ the column model and introduce aerosol
concentrations from a global simulation for the year 2005
using the same model setup asPozzer et al.(2012), which is
also used in Sect.4.2. For each region, we consider days on
which the corresponding column is cloud free at noon local
time. The concentrations and additional data required for the
flux and heating rate computations are taken from the model
time step with the smallest zenith angle. The radiative flux is
evaluated every 18 min so that all case studies are performed
within 9 min of solar noon. The geometric standard deviation
of the hydrophilic and hydrophobic coarse mode areσg = 2.2
andσg = 2, respectively, andσg = 1.59 for all other modes.

The refractive indices are taken from the OPAC 3.1
database (Hess et al., 1998) (black carbon, mineral dust)
and HITRAN 2004 (high-resolution transmission molecular
absorption database) (Rothman et al., 2005) (organic car-
bon, sea salt, ammonium sulfate, water). The mineral dust
and organic-carbon values have been complemented by data
from I. N. Sokolik (unpublished data) andKirchstetter et al.
(2004), respectively. The data for ammonium sulfate also
serve as default for other water-soluble components. The in-
dices are plotted in Fig. S1; the numerical values can be
found in Table S1 (real partn) and Table S2 (imaginary part
κ) in the Supplement.

Northern China

The high aerosol concentrations and abundance of aerosol
components make the coastal areas in northern China partic-
ularly interesting for studying mixing-state sensitivity. One
may assume that, especially close to the sources, aerosols
are not homogeneously mixed. We focus on a model column
centred at 38.7◦ N, 117.0◦ E, adjacent to Bohai Bay south-
east of Beijing in October. For the given model resolution,
this column covers the area between 38.1◦ N, 116.4◦ E and
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Figure 6. Relative difference of the absorption efficiency for well-
mixed and core-shell particles as in Fig.4 for the geometric stan-
dard deviationσg = 1.59, 2 % black volume and varying refractive
indicesmblack= nblack+iκblackandmwhite = nwhite+iκwhite. The
solid red lines mark the refractive indices used in the previous fig-
ures. For well-mixed particles, the volume average refractive index
mixing rule is used.

39.3◦ N, 117.6◦ E (see inset in Fig.7). The vertical profiles of
the concentrations in each mode are shown in Fig.7. In par-
ticular in the accumulation mode, which is the most relevant
for solar radiation scattering, the concentrations are high, and
various components are accompanied by a small but signifi-
cant fraction of black carbon.

The resulting optical properties, radiative flux and temper-
ature tendency are shown in Fig.8. In the leftmost panel,
the aerosol optical depth (AOD)τ is shown for internal mix-
ing using the average refractive index, external mixing and
an intermediate mixing state in which only black carbon is
externally mixed with an internal mixture of the remaining
components. Also shown are the results for particles with
a black-carbon core or shell where the rest of the compo-
nents are well mixed using the average refractive index. The
sensitivity to the mixing state appears to be small.

The RAD4ALL shortwave band covering the lower end of
the solar wavelength spectrum (0.25–0.69 µm) dominates not
only because it accounts for almost 50 % of the incoming en-
ergy but also because the corresponding aerosol optical depth
is largest. For clarity, the single-scattering albedo in the sec-
ond panel is shown for this band only. In contrast to the opti-
cal depth, the single-scattering albedo of the internal mixture
differs significantly from that of the external mixture. This
is primarily related to the black-carbon component as can be
seen from the intermediate mixing state (dashed line): even
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though only black carbon is externally mixed, we compute
an effect comparable to that for the external mixture. This is
even more remarkable considering the fact that the volume
of the black-carbon particles accounts for only a small frac-
tion of the total particle volume as illustrated in Fig.7. As-
suming that black carbon forms the core of the aerosol parti-
cles yields a single-scattering albedo only marginally larger
than the result for well-mixed particles. In contrast, assum-
ing black carbon to coat the rest of the components results in
significantly less absorption.

The difference between single-scattering albedo for in-
ternal and external mixing is much more evident than that

between the different variants of homogeneous internal mix-
ing in the centre panel, namely the average refractive index
mixing rule, the average dielectric constant mixing rule and
the Maxwell Garnett mixing rule. For the latter we consider
water as a matrix (black and organic carbon in the insolu-
ble Aitken mode are well mixed using the average refractive
index; in the other two dry, insoluble modes there is only
one component). It yields slightly less absorption than the
average refractive index mixing rule. In contrast, the aver-
age dielectric constant mixing rule yields stronger absorp-
tion and deviates more strongly from the result obtained us-
ing the average refractive index mixing rule. The difference
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is comparable to that for black-carbon-coated particles, but
has the opposite sign. We conclude that it is highly relevant
to correctly apply internal or external mixing. The results are
less, but still significantly, sensitive to the choice of the in-
ternal mixing state (well mixed or core shell) and the mixing
rule, which are both about equally relevant.

The lower single-scattering albedo of the internal mixtures
is reflected by the radiative-flux profile in the fourth panel.
The stronger absorption in the atmosphere leads to a larger
net downward shortwave flux at the top of the atmosphere,
whereas this flux is reduced at the bottom of the atmosphere.
In this example, switching from external to internal mixing
alters the flux by 13 W m−2 at the top of the atmosphere and
−20 W m−2 at the surface, whereas the longwave flux is es-
sentially unaffected. As a consequence, for internal mixing
an additional 33 W m−2 are absorbed within the troposphere.
This increases the heating rate within the troposphere, as
shown in the rightmost panel. Here, internal mixing yields
an additional contribution to the heating of the lower tropo-
sphere at noon of up to 2.9K day−1.

The two main effects of increasing aerosol absorption are
shown by the two right-hand profiles. Firstly, the stronger
heating of the troposphere impacts the regional dynamics of
the atmosphere. Secondly, the increased downward flux at
the top of the atmosphere increases the warming. We will
quantify this effect on larger scales in Sect.4.2.

Sahara

The exceptionally high aerosol concentrations found over
northern Africa are dominated by Saharan mineral dust. Con-
sequently, despite a strong aerosol radiative effect, we expect
a small mixing-state sensitivity. Figure9 shows the aerosol
concentrations in a column over the Niger–Chad border (cen-
tred at 19.63◦ N, 15.75◦ E; see inset in Fig.9) at the end of
June. By far the highest concentration is found in the hy-
drophobic coarse mode, exclusively represented by mineral
dust.

This dominance of large aerosol particles is reflected by
an almost negligibly small wavelength dependence of the
aerosol optical depth, shown in Fig.10, and, correspondingly,
a small Ångström exponent. Thus, larger wavelengths are
more strongly affected by extinction than in the previous ex-
ample, and, therefore, the single-scattering albedo is shown
for all shortwave bands. Like the optical depth, the single-
scattering albedo shows very little sensitivity to the mixing
state. The minor sensitivity, which mostly occurs at high alti-
tudes where the dust concentration vanishes, does not appear
in the flux profile and the heating rate.

Sichuan Basin, Gangetic Plain, eastern Niger Delta

Figure11combines results for three regions with high sensi-
tivity to the aerosol mixing state: over the Sichuan Basin in
southwestern China aerosol compositions are similar to that
over the coastal areas in northern China but with even higher
concentrations; the Gangetic Plain shows a larger fraction of
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organic carbon; and in the eastern Niger Delta black and or-
ganic carbon are combined with large amounts of mineral
dust.

As in the northern-China example, the single-scattering
albedo for particles with a black-carbon core is very close
to that for homogeneously internally mixed particles. It can
be both slightly smaller and larger, similar to the result in
Fig. 3. In contrast, absorption by particles coated with black
carbon is always smaller than by well-mixed particles. The
single-scattering albedo over the eastern Niger Delta, for ex-
ample, shows that the difference can be almost half as large
as that between the result for externally mixed black carbon
and well-mixed particles. While spherical symmetric coating
of particles by black carbon is unlikely to be found in real-
ity, black-carbon inclusions at the edge of aerosol particles
have been observed (Adachi et al., 2010) and made responsi-
ble for reduced absorption enhancement in internal mixtures
(Cappa et al., 2012). Typically, the specific absorption tends
to decrease if the black carbon is further away from the parti-
cle centre and closer to the surface (Fuller et al., 1999). Small
differences between the radiative forcing of well-mixed and
black-carbon core particles have been reported previously
(Kim et al., 2008), and larger differences, found byJacob-
son (2001), might be attributed to a different black-carbon
refractive index and particle size distribution.

Generally, the sensitivity of the shortwave flux at the sur-
face is higher than at the TOA (top of the atmosphere).
This difference increases with decreasing single-scattering
albedo. The more strongly absorbing the aerosol, the less the
scattered radiation that reaches the TOA, decreasing the sen-
sitivity of the TOA flux. In addition, the sensitivity at the
surface is higher with a larger total amount of absorbed radi-
ation, i.e. a smaller single-scattering albedo. Over the eastern
Niger Delta, with a relatively low single-scattering albedo of
about 0.7, the surface flux for internal and external mixing

differs by−25 W m−2, which is twice as large as the differ-
ence at the TOA (12 W m−2).

4.2 Global sensitivity

To estimate the mixing-state sensitivity of the global radia-
tive forcing by aerosols, we simulate the year 2005 using
the model version employed inPozzer et al.(2012), where
the setup is described extensively. In EMAC, the version
MESSy 1.9 is utilised in combination with ECHAM 5.3.01
using the horizontal resolution T106 (≈ 1.1◦

× 1.1◦) and 31
vertical layers up to 10 hPa in the lower stratosphere. The
model dynamics are nudged to meteorological analyses of
the European Centre for Medium-Range Weather Forecasts
(ECMWF), and the prognostic radiative-transfer calculation
uses the Tanre aerosol climatology (Tanre et al., 1984).

In each model time step, we call our modified AEROPT
routine multiple times to compute the aerosol optical prop-
erties for different mixing states. Accordingly, we use multi-
ple diagnostic calls to the radiation submodel RAD4ALL to
evaluate the corresponding fluxes and heating rates, thereby
obtaining instantaneous radiative forcings not including dy-
namical feedbacks.

Figure12 compares the annual average of the shortwave
fluxes for internal (int) and external (ext) mixing as well as
the intermediate mixing state from Sect.4.1.2, in which only
black carbon is externally mixed (bcext).

The TOA forcing is affected by the mixing state most sig-
nificantly over China and the Ganges–Brahmaputra–Meghna
basin. Over China, the annual average of the difference be-
tween the TOA flux for internal and external mixing,Fint −

Fext, reaches values in excess of 8 W m−2. While the sensi-
tivity is largely correlated to the AOD as published inPozzer
et al. (2012), there are noticeable exceptions. Most strik-
ingly, northern Africa shows very little sensitivity, whereas
the AOD in that region is among the highest worldwide. As
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Figure 11. Column model results over (from top to bottom) the Sichuan Basin in China (29.72◦ N, 104.62◦ E; April), the Gangetic Plain
in India (26.35◦ N, 84.37◦ E; November) and the eastern Niger Delta in Nigeria (5.05◦ N, 7.87◦ E; January). From left to right: aerosol
concentrations, aerosol optical depthτ , single-scattering albedoω, net shortwave fluxF , temperature tendency dT/dt . The optical depth is
shown for each shortwave band, whereas the single-scattering albedo is shown only for the dominant band (0.25–0.69 µm). The flux takes all
solar bands into account; in addition, the temperature tendency takes the effects of terrestrial infrared radiation into account.

demonstrated with the Saharan column in Sect.4.1.2, the rea-
son is that the AOD in northern Africa is dominated by min-
eral dust, while other aerosol components, including black
carbon and thus aerosol mixing, play a minor role. The same
applies to the Taklamakan Desert in northwest China. In cen-
tral Africa, on the other hand, biomass burning aerosols are
important and, again, the contribution by black carbon gives
rise to a significant effect by the mixing state.

The change in TOA flux goes hand in hand with an even
slightly larger difference in the surface flux with opposite
sign. As the difference in flux absorbed by the atmosphere

thus regionally exceeds 18 W m−2 on the annual average, we
expect the regional atmospheric dynamics to be sensitive to
alterations of the aerosol mixing scheme.

As in the regional case studies described in Sect.4.1.2,
the mixing-state sensitivity is mostly related to black carbon
globally, too. The difference between the TOA flux for in-
ternal mixing and the intermediate mixing stateFint − Fbcext
shows, to a large extent, the same pattern as that between
the flux for internal and external mixing. Even though the
difference is smaller, black carbon generally accounts for
more than half of the total effect, with the difference reaching
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7 W m−2 over China. This is consistent with our results for
the regional single-scattering albedos in Figs.8 and11.

The global average of the TOA shortwave flux difference
amounts to 0.53 W m−2 when comparing the internal mix-
ture to the fully external mixture and 0.35 W m−2 when com-
paring to the intermediate mixing state. Being of the same
order of magnitude as current estimates for the aerosol di-
rect radiative forcing, these values suggest a considerable
mixing-state sensitivity of the global energy budget, in par-
ticular because it may be assumed that black carbon is pre-
dominantly of anthropogenic origin. This supports results of
prior studies: the global average of 0.35 W m−2 is between
that in Chung and Seinfeld(2005), where the difference of
the forcing for the well-mixed internal mixture and the forc-
ing for externally mixed elemental carbon is estimated at
0.27 W m−2, andJacobson(2000), who estimated this to be
0.51 W m−2.

5 Conclusions

We have implemented revised aerosol mixing states in the
EMAC submodel AEROPT to study the sensitivity for vari-
ous types of particle components worldwide.

The regional case studies performed with a new column
version of the EMAC radiation code as well as our global re-
sults reveal a significant sensitivity to a transition from exter-
nal to internal mixing, which increases aerosol absorption by
black carbon. The difference depends on the local concentra-
tions of the aerosol components, which cannot be taken into
account using a constant enhancement factor applied to the
external mixing result. Our implementations of internal and
external mixing yield results consistent with calculations by
Bohren and Huffman(2007), and the strong sensitivity of the
global radiative forcing to excluding black carbon from the
otherwise internal aerosol mixture supports the findings by
Jacobson(2000) andChung and Seinfeld(2005).

In EMAC, the AEROPT submodel combines internal mix-
ing within and external mixing between the modes calcu-
lated with the GMXe submodel, and, by allowing aerosol
particles to advance from hydrophobic to hydrophilic modes,
the model captures the effect of changing optical properties
through chemical ageing, hygroscopic growth and coagu-
lation. Our results underscore the importance of modelling
these processes with the appropriate level of detail to ade-
quately account for the aerosol radiative forcings and climate
effects.

In our regional case studies, homogeneous internal mixing
provides a good approximation for the optical properties of
particles with a strongly absorbing core. However, it overes-
timates absorption by particles with strongly absorbing coat-
ing. Therefore, we recommend taking the inner structure of
internally mixed particles into account.

Code availability

The Modular Earth Submodel System (MESSy) is continu-
ously further developed and applied by a consortium of insti-
tutions. The usage of MESSy and access to the source code is
licensed to all affiliates of institutions which are members of
the MESSy Consortium. Institutions can be a member of the
MESSy Consortium by signing the MESSy Memorandum
of Understanding. More information can be found on the
MESSy Consortium Website (http://www.messy-interface.
org). The submodel AEROPT is part of MESSy. Regarding
the column model and mixing rules used in this study but not
yet included in released MESSy versions, the author Klaus
Klingmüller (klingmueller@cyi.ac.cy) can be contacted di-
rectly.

The Supplement related to this article is available online
at doi:10.5194/gmd-7-2503-2014-supplement.
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