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Abstract

The modelling of aerosol radiative forcing is a major cause of uncertainty in the as-
sessment of global and regional atmospheric energy budgets and climate change.
One reason is the strong dependence of the aerosol optical properties on the mix-
ing state of aerosol components like black carbon and sulphates. Using a new column
version of the aerosol optical properties and radiative transfer code of the atmospheric
chemistry-climate model EMAC, we study the radiative transfer applying various mix-
ing states. The aerosol optics code builds on the AEROPT submodel which assumes
homogeneous internal mixing utilising the volume average refractive index mixing rule.
We have extended the submodel to additionally account for external mixing, partial
external mixing and multi-layered 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, corroborat-
ing 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 simulation for
the year 2005 we calculate that the global aerosol direct radiative-forcing for homoge-
neous internal mixing differs from that for external mixing by about 0.5 Wm™2.

1 Introduction

The limited quantitative understanding of aerosols chiefly contributes to uncertainty in
radiative forcing estimates and climate simulations. The industrial era forcing (relative
to the year 1750) by their direct radiative effect is estimated at —-0.27 W m~2 with a 90 %
uncertainty interval of ~0.77Wm~2t0 0.23Wm™ (IPCC, 2013). The direct forcing is
complemented by the indirect effects via cloud adjustment through the aerosol particles
acting as cloud condensation nuclei, which is estimated at —-0.55 W m~2 (-1.33W m~2
to —0.06 Wm‘z) (IPCC, 2013). Despite the large uncertainty, the increase of the cloud
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droplet number due to growing aerosol concentrations is generally recognized to ex-
ert a negative forcing and cooling effect by enhancing the reflection of solar radiation.
While the indirect effects may have been large during the early period of industrial-
ization and pollution emissions, their significance has probably been smaller in recent
decades and will be in future (Carslaw et al., 2013). On the other hand, predominantly
reflecting aerosol components 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
forcing of atmospheric black carbon has been proposed to be as high as 0.71 Wm™2
(0.08Wm‘2 to 1.27Wm'2) (Bond et al., 2013), which compensates to large extent
the negative contributions of mineral dust, sulphate, nitrate and organic carbon. Thus,
even to qualitatively capture the sign of 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, strong spatial and temporal variations of the aerosol con-
centrations, 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 components. 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 like the ECHAM/MESSy Atmospheric Chemistry model (EMAC) (J6ckel et al.,
2005, 2006).

Most climate models assume the atmospheric aerosol mixture of chemical con-
stituents to be either internal, assuming homogeneous particles, or external (Fig. 1).
Generally, external mixtures are less absorbing than internal mixtures, as the increased
cross section affected by absorbing components in an internal mixture outweighs
the decreased absorption efficiency. Therefore, external and internal mixtures typi-
cally under- and overestimate, respectively, absorption of solar radiation, if not used
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appropriately. Only few global simulations consider core-shell particles, e.g., Jacobson
(2000, 2001); Kim et al. (2008).

Here we use the EMAC model, which includes the aerosol optical-properties sub-
model AEROPT (Lauer et al., 2007; Pozzer et al., 2012), which primarily mixes dif-
ferent aerosol components internally, assuming a homogeneous mixture. This rather
idealised mixing state is probably representative of chemically aged particles and used
for simplicity, but, as mentioned above, can overestimate aerosol absorption. Aerosol
particles in reality form coated spheres or are externally mixed, especially close to the
emission sources. ldeally, the model provides all mixing 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 atmo-
spheric transport. For this study, we have extended AEROPT by external mixing, partial
external mixing, multi-layered particles and two alternative mixing rules. At this stage,
the mixing state within each mode is chosen offline ahead of each simulation, whereas
interactive 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 transition from
external to internal mixing is already accounted for, similarly as in Ghan et al. (2012).

A key aspect of this work is the comparison of internal and external mixing which we
study in regional case studies and a global simulation. It provides an envelope of optical
properties and their impact on the associated 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.
Section 3 describes 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 results for test cases and regional case studies in Sect. 4.1
and global results in Sect. 4.2. We conclude with Sect. 5.
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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 process can be simulated using three parameters, the extinction coefficient
o which is directly linked to the aerosol optical-thickness 7, the single-scattering albedo
® and the asymmetry factor y,

T=/O’d2

O,
®=—
o
1 1
V=§//J P()du, M)
21

where z denotes the vertical coordinate, o the scattering part of the extinction co-
efficient, u the cosine of the scattering angle and P the phase function. 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 com-
ponent. However, if more than one component is involved, certain assumptions 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, how-
ever, different particles may consist of different components (Fig. 1a). In this case, the
extinction coefficients of all components add up to the total extinction

o= o, (2)
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where the index / identifies the component. The same applies to the scattering coeffi-
cient 0. The ratio of the scattering coefficient and the total extinction coefficient yields
the single-scattering albedo,
_0Os _ 2i0si  2,0;®;
o 2,0 20
The flux scattered with angle arccos(u) by component / is proportional to P;(u) o ;, SO
that the corresponding flux scattered by all components is proportional to

> Piu) o5, = P(u) o,

(3)

where P is the combined phase function of which the first moment, according to Eq. (1),
yields the asymmetry factor of the mixture,

20, @; Y,
20 @;
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Once the three parameters o, ® and y have been calculated according to Egs. (2)—(4),
the radiative transfer equation can be solved as for an aerosol with only one compo-
nent.

2.2 Internal mixing

Internal mixing assumes that single aerosol particles themselves consist of different

components (Fig. 1b and c). The simplest variant of internal mixing is based on the

assumption that the different components are well mixed and form a homogeneous

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.
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2.2.1 Mixing rules

The mixing rules utilised in this work are:

1. Volume average refractive index mixing rule: the complex refractive index m of the
mixture is computed as an average of the indices m; of the components, weighted
with their volume fraction v;,

Jaded uoissnosI

m= v,m;. 5
> vm 6
! (2}
Q
2. Volume average dielectric constant mixing rule: the complex dielectric constant &
& = m? of the mixture is computed as an average of the constants ¢; of the com- =
ponents, weighted with their volume fraction v;, éo Title Page
()
- Abstract Introduction
£ = z Vigi' (6) -
i Conclusions References
)
3. Maxwell Garnett mixing rule (Garnett, 1904): the ansatz for the equation for the cc‘é’ Tables Figures
complex dielectric constant considers tiny inclusions embedded within a matrix of &
component M. Averaging the electric field over many inclusions yields the effective S U< L
dielectric constant éo 3 ’
3 ZI Vi g/’-|.2€'\:/| - Back Close
e=ey| 1+ pysrall I V-
— . . —I
1 Z Vi £,+2¢y, o Full Screen / Esc
Ngte that despite of thg spatial mhomogeneous ansatz, using this limit also im- £ Printer-friendly Version
plies homogeneously mixed aerosol particles. o,
o _ o _ _ < Interactive Discussion
The refractive index resulting from these mixing rules can be used as input fora Mie
computation to obtain the extinction coefficient o, single-scattering albedo @ and asym-

metry factor y.
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A mixture of strongly and weakly absorbing components generally absorbs stronger
if it is well mixed internally than if it is externally mixed, as the larger cross section
affected by the strong absorber in an internal mixture overcompensates the effect of
a reduced imaginary part of the refractive index.

2.2.2 Core-shell particles

Both, the external and homogeneous internal mixture are highly idealised models of
the atmospheric aerosol. In reality, we can assume that often different aerosol compo-
nents will neither coexist unaffected by each other, nor will they accumulate to homoge-
neous particles, but more likely form coated particles. Extensions of the Mie calculation
to coated spheres and multilayered spheres, respectively, are presented in Toon and
Ackerman (1981); Bohren and Huffman (2007) and Yang (2003).

The shell layers (including the core) themselves may consist of different, well mixed
components. In that case, a mixing rule is used to compute the complex refractive index
of each layer which then serves as input for the core-shell calculation.

In many cases, the calculations of aerosol optical properties for core-shell particles
are limited by the results for external 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 external mixture of the same components. This
is due to lensing by the shell which effectively increases the cross section of the core.
The lensing effect can result in absorption that is even stronger than of a well mixed
internal mixture of the same components, depending on the Mie size-parameter under
consideration.

3 Aerosol optical properties in EMAC

The model setup used in this work involves three submodels in the computation of the
aerosol radiative-effect: GMXe, AEROPT and RAD4ALL. The aerosol model GMXe
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(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 accounted for by RAD4ALL (Jockel et al., 2006) when solving the
radiative-transfer equation and computing heating rates.

AEROPT computes for each cell of the grid representing the atmosphere and ev-
ery RAD4ALL wavelength-band the aerosol optical-thickness 7, the single-scattering
albedo @ and the asymmetry factor y. To do so, AEROPT combines data for six
aerosol modes, the Aitken, accumulation and coarse mode, all of which are treated
separately for hydrophilic and hydrophobic components. The nucleation mode addi-
tionally accounted for by GMXe is neglected in AEROPT due to its insignificant impact
on the radiative transfer. Besides combining the modes, AEROPT integrates the dif-
ferent components in each mode as well as four sub-bands per RAD4ALL shortwave
band (cf. Fig. S1 in the Supplement).

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 refractive index mixing rule Eq. (5) is used.

In this work we use a modified version of AEROPT in which we have addition-
ally implemented the volume average dielectric constant mixing rule Eq. (6) and the
Maxwell Garnett mixing rule Eq. (7). Our code provides the option to use external
mixing also within each mode. Moreover, we have substituted the Mie code used by
standard AEROPT, BHMIE (Bohren and Huffman, 2007) as implemented in the libRad-
tran package (Mayer and Kylling, 2005), with SCATTNLAY (Pefa and Pal, 2009), which
computes the scattering functions also for coated spheres with multiple layers of coat-
ing according to Yang (2003). SCATTNLAY allows the use of a large number of shells
so that it essentially covers the most general case of spherical symmetric particles.
Configured to perform standard AEROPT mixing, our mixing algorithm is equivalent to
that of AEROPT in MESSy version 2.42.
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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 compute aerosol optical proper-
ties, radiative fluxes and heating rates for a vertical column of the atmosphere. The
computational resources required for the column model are modest so that it can run
on a common PC. Once implemented and tested in the column model, new features
are immediately available for global model simulations.

4 Model results
4.1 Column model

411 Test cases

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

Large differences in aerosol absorption for internal and external mixtures, respec-
tively, 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 “plack” 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 col-
umn model with the input used by Bohren and Huffman: for the black component the
refractive index m = 1.7 +/ 0.7 is used, for the white component m = 1.55 + i107°. The
volume mixing ratio of the black component is assumed to be 1 %. The particle radius
is varied, however in case of the external mixture the black particle radius is fixed at
0.05 pm.

Figure 2 shows the consistency of the single scattering albedo computed with
AEROPT and the results of Bohren and Huffman (2007). Over the full range of radii,

3376

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/3367/2014/gmdd-7-3367-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/3367/2014/gmdd-7-3367-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

well mixed particles absorb much more efficiently than externally mixed particles. Only
for very small particles this efficiency is exceeded by core-shell particles, which for
intermediate radii yield results between the well and externally mixed results. With in-
creasing radius, the single scattering albedo of the external mixture is increasingly
dominated by the black particles 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 ac-
cording to a log-normal distribution with geometric standard deviation oy = 1.59, using
the average mass particle radius for the abscissa and accordingly an average mass
particle radius of 0.05 um for black particles in the external mixture. Employing modes
instead of single size particles has the side effect of smoothing the small scale vari-
ations of the result. As in the full EMAC computation, in the following test case, we
exclusively consider log-normal modes.

For large particles (Mie size parameter x > 1) core-shell particles typically absorb
less efficiently than internally mixed particles (though more efficiently than externally
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 also Fuller et al., 1999). The single scattering albedo
is shown for a mixture of two components, one with refractive index m = 1.75 +/ 0.43
(“black”) resembling black carbon and the second with refractive index m = 1.5+/ 0.02
(“white”) resembling a mixture of various scattering components typically found in the
atmosphere. The black component is assumed to account for 2 % of the aerosol par-
ticle volume, the particle size is distributed according to a log-normal distribution with
geometric standard deviation o, = 1.59 and the same median radius is used for all
mixing states. For size parameters x < 5 the result for core-shell particles with a black
core is very similar to that for well mixed particles with a slightly smaller single scat-
tering albedo for size parameters x S 2. Since atmospheric aerosol size parameters
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both above and below the 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 comparison of well mixed to black coated spheres: in this ex-
ample, 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 in Hong 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 scattering
albedo more drastically than changing the mixing state.

Figures 4 and 5 show that qualitatively the result in Fig. 3 also applies if the mixing
ratio and standard deviation are varied. The relative difference of absorption efficiency
for well mixed and core-shell particles, (@ yeil mixed = @core shell)/ (1 = @well mixed)» 1S Shown
for black-core particles (Fig. 4) and black-coated particles (Fig. 5). Only the location of
the intersection in the former case and the value of the difference plotted in both cases
varies. For a fixed geometric standard deviation of o, = 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 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 homogeneously mixed particles.

The refractive index m =1.75+/ 0.43 of the black component corresponds to the
black carbon value (at 600 nm wavelength) in the OPAC 3.1 database (Hess et al.,
1998) which is used by EMAC. In the literature, larger values for both, real and imag-
inary part, have been suggested (Bond and Bergstrom, 2006). As Fig. 6 shows, the
above results change mostly quantitatively when changing the refractive indices. How-
ever, increasing the imaginary part of the refractive index 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 transfer computation considering
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many different Mie size parameters it cancels to a lesser extent the effect of the re-
maining parameter range, 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. Con-
sequently, more elaborate case studies are required to extent our reasoning to atmo-
spheric aerosols, which will be addressed in the following section.

4.1.2 Regional sensitivity studies

To study regional mixing-state sensitivity under realistic conditions, we employ the
column model and introduce aerosol concentrations from a global simulation for the
year 2005 using the same model setup as Pozzer 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 computation is taken from the model time step with the small-
est zenith angle. The radiative flux is evaluated every 18 min so that all case studies
are performed within nine minutes of solar noon. The geometric standard deviation of
the hydrophilic and hydrophobic coarse mode is oy = 2.2 and ¢4 = 2, respectively, and
04 = 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 the HITRAN 2004 database (Rothman et al., 2005)
(organic carbon, sea salt, ammonium sulphate, water). The mineral dust and organic
carbon values have been complemented by data from I. N. Sokolik (unpublished data,
2005) and Kirchstetter et al. (2004), respectively. The data for ammonium sulphate
also serves as default for other components. The indices are plotted in Fig. S1 in the
Supplement.
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Northern China

The high aerosol concentrations and abundance of aerosol components make the
coastal areas in northern China particularly interesting for studying mixing state sen-
sitivity. One may assume that especially close to the source regions aerosols are not
homogeneously mixed. We focus on a model column centred at 38.7°N, 117.0° E ad-
jacent to Bohai Bay southeast of Beijing in October. For the given model resolution this
column covers the area between 38.1°N, 116.4°E and 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 particular 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 significant fraction of black carbon.

The resulting optical properties, radiative flux and temperature tendency are shown
in Fig. 8. In the leftmost panel, the aerosol optical depth (AOD) 7 is shown for internal
mixing 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 and shell, respectively, where the rest of the components 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 spec-
trum (0.25-0.69 um) dominates not only because it accounts for almost 50 % of the
incoming energy but also the corresponding aerosol optical depth is largest. For clar-
ity, the single scattering albedo in the second panel is shown for this band only. In
contrast to the optical depth, the single scattering albedo of the internal mixture dif-
fers 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 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 fraction of the total
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particle volume as illustrated in Fig. 7. Assuming that black carbon forms the core of
the aerosol particles yields a single scattering albedo only marginally larger than the
result for well mixed particles. In contrast, assuming black carbon to coat the rest of the
components results in significantly less absorption.

The difference between single scattering albedo for internal and external mixing is
much more evident than that between the different variants of homogeneous inter-
nal mixing 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 matrix (black and organic carbon in the insoluble 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 aver-
age refractive index mixing rule. In contrast, the average dielectric constant mixing rule
yields stronger absorption and deviates more strongly from the result obtained using
the average refractive index mixing rule. The difference is comparable to that for black
carbon coated particles, but has the opposite sign. We conclude that it is most relevant
to correctly apply internal or external mixing. The results are less, but still significantly
sensitive to the choice of the internal 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 atthe top of the atmosphere and —20 W m=2
at the surface, whereas the longwave flux is essentially unaffected. As a consequence,
for internal mixing additionally 33Wm™ 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 troposphere
at noon of up to 2.9Kday'1.

3381

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction

Conclusions References

Tables Figures
R ] >l
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/3367/2014/gmdd-7-3367-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/3367/2014/gmdd-7-3367-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The two main effects of increasing aerosol absorption are shown by the right two
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 section Sect. 4.2.

Sahara

The exceptionally high aerosol concentrations found over northern Africa are domi-
nated by Saharan mineral dust. Consequently, despite a strong aerosol radiative effect,
we expect a small mixing state sensitivity. Figure 9 shows the aerosol concentrations
in a column over the Niger—Chad border (centred at 19.63° N, 15.75°E, see inset in
Fig. 9) by the end of June. By far the highest concentration is found in the hydrophobic
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 correspond-
ingly a small Angstrém exponent. Thus, larger wavelengths are more strongly affected
by extinction than in the previous example 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 oc-
curs at high altitudes where the dust concentration vanishes does not appear in the
flux profile and the heating rate.

Sichuan Basin, Gangetic Plain, eastern Niger Delta

Figure 11 combines results for three regions with high sensitivity 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 organic carbon, and in the eastern Niger
Delta black and organic carbon are combined with large amounts of mineral dust.
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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 example, 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 reality, black carbon inclusions at
the edge of aerosol particles have been observed (Adachi et al., 2010) and made
responsible 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 particle 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 as found in
Jacobson (2001) might be attributed to a different black carbon refractive index and
particle size distribution.

Generally, the sensitivity of the shortwave flux at the surface is higher than at the
TOA. This difference increases with decreasing single scattering albedo. The more
strongly absorbing the aerosol, the less scattered radiation reaches the TOA, decreas-
ing the sensitivity of the TOA flux. In addition, the sensitivity at the surface is higher with
a larger total amount of absorbed radiation, 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, respectively, differs by —25 W m™2 which
is twice as large as the difference at the TOA (12 W m‘z).

4.2 Global sensitivity

To estimate the mixing state sensitivity of the global radiative forcing by aerosols, we

simulate the year 2005 using the model version employed in Pozzer et al. (2012),

where the setup is described extensively. In EMAC the version MESSy 1.9 is utilised
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in combination with ECHAM 5.3.01 using the horizontal resolution T106 (~ 1.1° x 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 properties for different mixing states. Accordingly, we use
multiple diagnostic calls to the radiation submodel RAD4ALL to evaluate the corre-
sponding fluxes and heating rates, thereby obtaining instantaneous radiative forcings
not including dynamical feedbacks.

Figure 12 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 top of the atmosphere (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 between the TOA flux for internal and external mixing
Fint — Foxt reaches values in excess of 8 W m™. While the sensitivity is largely corre-
lated to the AOD as published in Pozzer et al. (2012), there are noticeable exceptions.
Most strikingly, northern Africa shows very little sensitivity, whereas the AOD in that
region is among the highest worldwide. As demonstrated with the Saharan column in
Sect. 4.1.2, the reason is that the AOD in northern Africa is dominated by mineral 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 — dif-
ference in the surface flux with opposite sign. As the difference in flux absorbed by
the atmosphere thus regionally exceeds 18 Wm™2 on the annual average, we expect
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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, also globally the mixing
state sensitivity is mostly related to black carbon. The difference between the TOA
flux for internal mixing and the intermediate mixing state F,; — Fyce,¢ 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 7 W m~2 over China. This is consistent with
our results for the regional single scattering albedos in Figs. 8 and 11.

The global average of the TOA shortwave flux difference amounts to 0.53Wm™
when comparing the internal mixture to the fully external mixture and 0.35 W m~2 when
comparing to the intermediate mixing state. Being of the same order of magnitude as
current estimates for the aerosol direct radiative forcing, these values suggest a consid-
erable mixing state sensitivity of the global energy budget, in particular because it may
be assumed that black carbon is predominantly 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 forcing for externally mixed elemental carbon is estimated at 0.27 Wm™2 and
Jacobson (2000), estimating 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 various types of particle components worldwide.

The regional case studies performed with a new column version of the EMAC radia-
tion code as well as our global results reveal a significant sensitivity to a transition from
external to internal mixing, which increases aerosol absorption by black carbon. The
difference depends on the local concentrations of the aerosol components which can-
not be taken into account using a constant enhancement factor applied to the external
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mixing result. Our implementations of internal and external mixing yield results consis-
tent 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) and Chung and Seinfeld (2005).

In EMAC, the AEROPT submodel combines internal mixing within and external mix-
ing between the modes calculated with the GMXe submodel, and by allowing aerosol
particles to switch between modes the model captures the effect of changing optical
properties through chemical ageing and coagulation. Our results underscore the impor-
tance of modelling these processes with the appropriate level of detail to adequately
account for the aerosol radiative forcings and climate effects.

In our regional case studies, homogeneous internal mixing provides a good approx-
imation for the optical properties of particles with a strongly absorbing core. However,
it overestimates absorption by particles with strongly absorbing coating. Therefore, we
conclude that it is generally recommended to take the inner structure of internally mixed
particles into account.

Code availability

The Modular Earth Submodel System (MESSy) is continuously further developed and
applied by a consortium of institutions. The usage of MESSy and access to the source
code is licenced 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 Klingmuller (kling-
mueller@cyi.ac.cy) can be contacted directly.
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The Supplement related to this article is available online at
doi:10.5194/gmdd-7-3367-2014-supplement.
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A B C

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 internal 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
components in an internal mixture (B, C) outweighs the decreased absorption efficiency.
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Figure 3. Single scattering albedo of a mixture of 2 % strongly absorbing matter with refractive
index m = 1.75+/0.43 and 98 % less absorbing material with m = 1.5+/0.02. The particle radius
is distributed according to a log-normal mode with geometric standard deviation o, = 1.59. Over
the entire median Mie size parameter range, the internal mixtures with well mixed (volume
average refractive index mixing rule) and core-shell particles are absorbing more efficiently
than the external mixture. Depending on the median Mie size parameter X,.qian, @bsorption by
core-shell particles with a black core is more (Xpegian S 2) Or 1€5S (Xmedian = 2) €efficient than by
well mixed particles. For all mixing states, left and right of the maximum, 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.
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Figure 4. Relative difference of the absorption efficiency for well mixed and core-shell particles
(@well mixed = @core sheil)/ (1= @wel mixea)- The S@ame components as in Fig. 3 are considered where
the stronger absorbing component forms the core. In the left panel, the geometric standard
deviation 04=1.59 is used, whereas the mixing ratio is varied. In the right panel, the standard
deviation oy is varied and the mixing ratio is the same as in Fig. 3. The solid red lines mark
mixing ratio and variance, respectively, of the opposing panel. For well mixed particles, the

volume average refractive index mixing rule is used.
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Figure 9. Vertical profiles of the aerosol concentrations in six modes over the Sahara which
have been used as input for the column model when computing the optical properties in Fig. 10.
The red rectangle in the inset of the top right figure depicts the area covered by the model

column.
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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 concen-
trations, aerosol optical depth 7, single scattering albedo @, net shortwave flux F, temperature
tendency dT /dt. The optical depth is shown for each shortwave band, whereas the single scat-
tering albedo is shown only for the dominant band (0.25-0.69 um). The flux takes all solar bands
into account, the temperature tendency additionally the effects of terrestrial infrared radiation.
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