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A tool that simulates realistic aerosol scenarios for climatic

applications is presented and discussed.

erosols have an uncertain effect on climate

(Alexander et al. 2013) and serious impacts on

human health (Nel 2005). Aerosols directly affect
climate by modifying Earth’s energy budget, known as
radiative forcing. A net positive forcing tends to heat
Earth, while a negative forcing tends to cool it down.
Aerosols also modify cloud microphysical properties
and albedo and thus impact precipitation (indirect ra-
diative effects). For example, Saharan and Asian dust
and biological aerosols probably serve as ice nuclei
and play an important role in orographic precipitation
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processes over the western United States (Creamean
et al. 2013). In addition, aerosols interact with other
elements of the Earth system. For instance, mineral
dust aerosols are a source of iron for ocean biogeo-
chemistry, the deposition of mineral dust and black
carbon (BC) aerosols decreases the albedo of snow
and ice, and aerosol influences vegetation growth by
modifying the photosynthetically active radiation
[Bellouin et al. (2011); and references therein].
Because aerosols are not well mixed throughout
the atmosphere, simulations are one of the only
methods of estimating their average climate effect
(Myhre et al. 2013), the other method involving
interpretation of satellite and ground-based mea-
surements (Holben et al. 1998; Remer et al. 2008).
The radiative forcing of the total aerosol effect
in the atmosphere, which includes cloud adjust-
ments due to aerosols, is —0.9 W m~? (from -1.9
to —0.1 W m™?) (medium confidence). There is a
negative forcing from most aerosols and a positive
contribution from black carbon absorption of solar
radiation (Alexander et al. 2013). The main cause of
the uncertainty is the differences between estimates
from global aerosol models and observation-based
estimates, with the latter tending to have stronger
(more negative) radiative forcing (Myhre 2009).
Since radiative forcing estimates from observational
data are currently not possible, they must, at least
partly, rely on global aerosol models (Myhre 2009).
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An additional source of uncertainty is the aerosols’
altitude. Samset and Myhre (2011) analyzed the sen-
sitivity with the aerosol vertical distribution of the
normalized direct radiative forcing (NDRF)—that
is, direct radiative forcing divided by the burden
(mg m). The authors found a tenfold increase in
the NDRF for BC close to the surface and the lower
part of the stratosphere.

On the other hand, aerosols experience physical
and chemical transformations in the time they spend
in the atmosphere, known as aging, which modi-
fies their optical properties. In particular, aerosols
change their mixing state as they age. Aerosols can be
externally mixed, which means that different aerosol
components exist separately. In other words, there
is no physical or chemical interaction between the
aerosol components. Alternatively, aerosols can be
internally mixed when they interact with other par-
ticles during their residence time in the atmosphere.
Internal mixture can be described as an absorbing
core surrounded by a shell of negligibly absorbing
material. This approach is particularly relevant for
internally mixed BC particles, since they are esti-
mated to be the second most significant component
of global warming after CO, in terms of modifying
the energy balance at the ground level (Ramanathan
and Carmichael 2008). Moreover, the knowledge of
the aerosol mixing state provides information on
sources, transformation, and aging processes of the
aerosol population. For instance, Wang and Martin
(2007) detected that the change from internal to ex-
ternal mixing for the insoluble and soluble materials
changed the single-scattering albedo, the aerosol
optical depth, and the aerosol radius.

In this paper, we present a simple and fast-running
software package to compute the aerosol optical
properties. This tool can help to simulate realistic
aerosol scenarios and to improve the global aerosol
models that are very expensive in computation time.
The software package AEROgui includes the more
relevant models for external and internal mixing
and offers the flexibility to include user-defined size
distributions and refractive indices of aerosols. We
have used AEROgui to carry out several sensitivity
analyses that stress the importance of internal mixing
in absorption and scattering of aerosols. Model
outputs concur with measurements for several aerosol
scenarios. In particular, we have examined the sulfate
modulation of BC absorption on coastal environ-
ments. The supplemental material (available online
at http://dx.doi.org/10.1175/BAMS-D-13-00162.2)
also includes more comparisons, including the aging
of mineral dust.
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OVERVIEW OF THE GRAPHICAL USER
INTERFACE. The AEROgui graphical user inter-
face presented here has been developed in MATLAB
R2013b. The interface can run in two different ways:
atmosphere mode and batch mode. The output
properties are extinction, scattering, and absorption
coefficients; single-scattering albedo; asymmetry
parameter; and aerosol optical depth (in the atmo-
spheric mode). The outputs are described with more
detail in the section on output optical properties.
The interface includes the possibility of internally
mixing the aerosol components, meaning that the
two components are contained in a single particle.
The software package includes several procedures to
describe the internal mixture. For more details, see
the section on aerosol mixing.

The atmosphere mode allows modeling the optical
properties of a combination of aerosol components,
which can be combined internally or externally, in up
to four atmospheric layers. The user has to supply the
particle density of the selected aerosol components.
The atmospheric mode has four parts: (i) atmospheric
layer selection, (ii) external mixture selection, (iii)
internal mixture selection, (iv) relative humidity
selection, and (v) output selection. The layer selec-
tion allows inputting aerosol information in up to
four strata: the mixing layer, dust layer (included to
account for the mineral dust transported over long
distances), free troposphere, and stratosphere. The
user has to select the components of each layer, and
whether they are in external or internal mixture.
Once the component is selected, the user has to select
its particle density. The interface includes for each
component a preset refractive index, as well as radius
and width of alognormal size distribution. Moreover,
the user can also include custom values of the refrac-
tive index and the lognormal size distribution in up
to nine possible size bins.

Alternatively to the atmospheric mode, the user can
work in batch mode to automate the execution. The
outputs of the batch mode are the optical properties
of the internally mixed aerosols, as well as the absorp-
tion amplification—that is, the ratio of the absorption
coefficient of the internally mixed aerosol and the
absorption coefficient of the pure core component.
The batch mode permits the exhaustive calculation of
the optical properties of several aerosol components
in internal mixture for sensitivity studies. Moreover,
the batch mode could also be used to invert the Mie
model to infer properties of the atmospheric aerosols
by using measured optical properties.

The user can select between the output units
in meters squared per gram or meters squared per
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kilometer. In the first case, the user has to provide the
particle density of each selected component, so that
the total sum for all components will be normalized
to 1. Alternatively, the user has to supply the particle
density per centimeters cubed, if units per kilometer
are selected.

The aerosol software package that we present is an
update of the aerosol module of Optical Properties
of Aerosols and Clouds (OPAC) (Hess et al. 1998).
OPAC consists on a dataset of optical properties
of 10 aerosol components, which were considered
as typical, and stored as ASCII files. A FORTRAN
program serves to extract the optical properties of
the components, which were previously computed
using the Mie scattering of homogenous spheres. The
aerosols components can only be externally mixed
and are predefined, so the size distribution param-
eters and the refractive index cannot be changed.
Notwithstanding this, OPAC is a valuable tool to
model the optical properties of aerosols and is still
used in many domains such as remote sensing, air
quality, photobiology, or astrophysics.

Levoni et al. (1997) also presented a database of
optical properties of several components in external
and internal mixing. Nevertheless, the aerosol com-
ponents were predefined and the internal mixing
only included the volume-weighted linear average
of refractive indices. Similarly, other authors have
developed their own tools to model aerosol opti-
cal properties by choosing particular mixing rules
and selecting the size distribution parameters and
refractive indices (e.g., Ramachandran and Srivastava
2013; Ma et al. 2012; Yu et al. 2012; Aquila et al. 2011;
Aouizerats et al. 2010; Bauer et al. 2008; Stier et al.
2007) but not making these tools available to the
scientific community.

AEROSOL COMPONENTS. Aerosol particles
result from different sources and processes. At any
place in the atmosphere there exists a mixture—or
composite—of particles of different origin. To de-
scribe the wide range of possible compositions, the
aerosol particles are modeled as a combination of
basic elements or components. The external mixture
selection permits combining several aerosol com-
ponents without physical or chemical interaction
between them. The aerosol components we consider
are BC, hydrophilic and hydrophobic organic carbon
(OQ), nitrate, sulfate, sea salt, biomass burning (BB),
and dust. Each aerosol component is described by
an individual particle size distribution and spec-
tral refractive index. The number size distribution
is considered in two lognormal modes—fine and
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coarse—with two relevant parameters each: the
geometric-mean radius and the geometric standard
deviation. Biomass is the exception of the fine and
coarse modes, since we consider in this case fresh and
aged particles. The atmosphere mode of the interface
includes literature values for the size distribution
parameters, although the user can input different
ones in up to nine size bins.

The particles are considered to be spherical so
that the classical Mie theory can be applied, although
it is known that the exact shape and the orienta-
tion of the particles can significantly influence the
radiative properties. Some results show that ignoring
nonsphericity will lead to underestimation of the
regional warming and dust absorption efficiency
(Mishra et al. 2008). Notwithstanding, the results
should not be completely misguided for the bigger
dust radii, since in this case the difference between
spherical and nonspherical absorption cross sections
are calculated to be only about 2% (Mishchenko et al.
1997). We will consider aerosol nonsphericity in the
near future, taking advantage of the existing data-
bases available in the literature (e.g., Meng et al. 2010).

Water is important too, since it is ubiquitous in the
atmosphere and interacts with aerosols. Therefore,
the aerosol effects on climate also depend on the
aerosol interaction with water and on its availability.
For this, the relative humidity change has been taken
into account in the interface. Relative humidity in-
creases affect hygroscopic aerosols—nitrate, sulfate,
sea salt, and a fraction of the organic carbon—in a
two fold way. On the one hand, an increase in rela-
tive humidity makes the particle size grow. On the
other hand, it affects the hygroscopic aerosols optical
properties by modifying the refractive index. As a
result, the extinction coefficient increases with rela-
tive humidity (Bellouin et al. 2007). Hence, hydrated
aerosols will exert larger radiative perturbation than
their dry counterparts. The hygroscopic growth of
sea salt is described using a parameterization as a
function of relative humidity by Gerber (1985). For
the rest of hydrophilic components (sulfate, nitrate,
and hydrophilic OC), the growth is described with
the Kohler equation (Kéhler 1936; Chylek and Wong
1998; Wex et al. 2008). The approach for the varia-
tion in the refractive index has been either based on
measurements (sea salt, sulfate, and nitrate) or using
the volume-weighted average of the refractive indices
of pure water and the dry aerosol (hydrophilic OC).
Alternatively, the interface incorporates the pos-
sibility to include a user-defined growth value and
refractive index. Hygroscopic growth also affects
the mass density of the aerosol component. The mass
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density increase with relative humidity is calculated
using a volume-weighted average of the densities of
the component and pure water.

More details on the aerosol components have been
included in the online supplemental information.

AEROSOL MIXING. Aerosols can be externally
mixed, which means that different aerosol compo-
nents exist separately. In other words, there is no
physical or chemical interaction between the aerosol
components. The radiative properties in this case are
modeled on the basis of weighted sums of the radia-
tive properties of the individual aerosol components.

Alternatively, aerosols can be internally mixed,
with climate-relevant effects. For instance, internally
mixed BC particles are estimated to be the second
most significant component of global warming
after CO, in terms of direct radiative forcing
(Jacobson 2001; Ramanathan and Carmichael 2008).
Nevertheless, the term internal mixture has several
meanings. It can represent a homogeneous popula-
tion of homogeneous particles, where the strongly
absorbing material is perfectly mixed with other
material at the molecular level (also named volume
mixing). An internal mixture may also refer to an
absorbing core surrounded by a shell of negligibly
absorbing material. Such descriptions imply a con-
centricity that may not exist (Bond and Bergstron
2006). Notwithstanding, Jacobson (2000) and Bond
etal. (2006) have suggested that for internally mixed
BC particles a concentric sphere geometry is more
plausible.

The scattering of a plane, monochromatic, electro-
magnetic wave by a homogeneous, dielectric sphere
is described by Mie’s solution to Maxwell’s equations
using the aerosol complex index of refraction and a
size distribution. We use the well-proven numerical
code for the Mie calculations by Bohren and Huffman
(1983) in its MATLAB implementation by Mitzler
(2002).

Another approach to describe internal mixing
is to consider mixing rules to calculate the effec-
tive refractive indices of the mixture and use Mie
scattering calculations. There are several mixing
rules commonly used in the literature: 1) molar re-
fraction and absorption, 2) volume-weighted linear
average of the refractive indices, 3) Maxwell-Gar-
nett rule, 4) dynamic effective approximation, and
5) Bruggeman rule (Abo Riziq et al. 2007; Stier et
al. 2007; and references therein). According to some
authors, the Maxwell-Garnett rule is appropriate for
the inclusion of an insoluble core in a liquid host, and
the Bruggeman rule is the more suited for internal
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mixtures of solid compounds (Chylek et al. 2000;
Lesins et al. 2002).

On the other hand, Abo Riziq et al. (2007) used
mixing rules 1-4 and the shell-and-core approach
to predict radiative properties of aerosols of mixed
composition and compared them with cavity ring
down spectrometry measurements. The results of
the comparison for nonabsorbing mixtures suggested
that the linear mixing rule is the best way to predict
the index of refraction. However, the other mixing
procedures also provided very good agreement with
the measured values. For absorbing mixture with
the low fraction of the absorbing material, all mixing
rules showed similar results, though the shell-and-
core model was slightly closer to the measured values.
Schuster et al. (2005) found similar agreement when
applying the shell-and-core and the Maxwell-Garnet
rules to urban-industrial climatologies. They found
higher absorption for the shell-and-core configura-
tion because this situation corresponds to small
absorbing cores, which are more efficient absorbers
than eccentric cores (Fuller et al. 1999). Regarding
absorbing mixtures with relatively high volume frac-
tions, Abo Riziq et al. (2007) found that no mixing
rule or model was an excellent match to measure-
ments. And, along the same line, Cappa et al. (2012)
pointed out that the shell-and-core internal mixture
might not be appropriate to model the optical proper-
ties of ambient BC particles. As a consequence, their
conclusions challenged the predictions of several
aerosol models (Jacobson 2001; Chung and Seinfeld
2005), which could overestimate the atmospheric
warming of BC by a factor up to 2.

We have included the five above-mentioned
mixing rules in the batch mode. Thus, the effec-
tive refractive indices calculated with these mixing
rules can be used to define a new component for the
atmospheric mode.

Besides choosing the most appropriate mixing ap-
proach, we have to bear in mind that the selection of
the density and refractive index of the component is a
major source of error in the climate modeling (Bond
and Bergstrom 2006). Therefore, the software package
includes the possibility of changing these parameters.

OUTPUT OPTICAL PROPERTIES. The
software package can calculate the following opti-
cal properties of aerosols: extinction coefficient,
scattering coefficient, absorption coefficient, single-
scattering albedo (SSA), asymmetry parameter, and
aerosol optical depth (AOD). The outputs are calcu-
lated in the wavelength range [0.3, 4.0] mm, in 0.05
steps below 1 ym, and 0.25 steps above 1 ym.



The scattering cross coefficient is related to the
probability of light being scattered by an aerosol.
Analogously, the absorption coefficient is related to
the probability of absorption. The sum of these coef-
ficients results in the extinction coefficient.

The internal subroutines of the interface calculate
the scattering, absorption, and extinction coef-
ficients (km™) normalized to a number density of
1 particle per cubic centimeter for each component.
The absolute values of the coefficients can be cal-
culated by multiplying them with the appropriate
particle density. When several aerosol components
are considered to form a composite aerosol in the
atmospheric layer, the resulting coefficient is the sum
of the absolute values of the component coefficients.
For this calculation, an aerosol component can be
a pure component but also the result of an internal
mixture of components.

On the other hand, the output can be mass coef-
ficients, also named specific coefficients or mass
efficiencies (m? g''). They correspond to optical
cross sections per mass of the particle or the core
particle when we consider the shell-and-core internal
mixture. The calculation requires the mass density of
the aerosol component—either the default value or a
user-supplied one.

The software package also supplies the SSA, which
is the key parameter to understanding the influence
of different aerosol types on the radiative balance
(Hansen et al. 1997). The SSA of a single particle is
defined as the ratio of the scattering coefficient to
the extinction coefficient. The SSA of the compos-
ite aerosol is obtained by the sum of those of the
aerosol components, weighted with the product of
each particle density and extinction coefficient, and
then normalizing to the extinction coefficient of the
composite. The interpretation of the SSA is that for
SSA =1 the aerosol is totally scattering. As a conse-
quence, the aerosol will tend to lower the global-mean
surface temperature. This is the case of sea salt and
sulfate aerosol. On the other hand, strongly absorbent
aerosols, such as BC, can have a value as low as 0.2.
The batch mode of the software package can be used
to perform sensitivity studies. As an example, we have
analyzed the SSA variation of the BC of two differ-
ent sizes when coated with OC in the shell-and-core
internal mixing. The SSA of OC-coated BC for core
radius 0.2 ym initially shows a steep increase when the
sulfate coating dwells. However, for a coating radius
of about 1 ym, the SSA remains fairly constant, and
very close to 1 (Fig. 1a), meaning that the aerosol is
almost totally scattering. On the other hand, when
the BC core radius is 2 ym, the SSA exhibits a certain
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FiG. I. SSA of sulfate-coated BC for several shell radii
for BC radius (a) 0.2 and (b) 2 um. The pure BC SSA
is shown for comparison in both panels as a cornice on
the left border of the surface. The relative humidity
is 50%.

variation, but the values are not very different from
those of pure BC (Fig. 1b). Additionally, the SSA is
nearly constant with the increase in relative humid-
ity, as the scattering increases and the absorption
decreases almost in the same proportion (not shown
in the figure). More sensitivity studies can be found
in the supplementary material available online.

The value of SSA is important as there is a thresh-
old SSA (King et al. 1999). Below that threshold,
aerosol will increase the global-mean surface tem-
perature. This lower threshold depends mostly on
the underlying surface reflectance (or brightness)
and less on the aerosol burden (Bellouin et al. 2007).
The brighter the surface, the larger the critical SSA
is. Therefore, it is easier to have positive radiative
perturbations over bright surfaces such as deserts,
ice-covered areas, and clouds.
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Another output of the interface is the asymmetry
parameter g. Since the radiation scattered by aerosols
is asymmetrical, the phase function describes the
angular distribution of radiation scattered by a par-
ticle or by particles composing an aerosol composite.
In practice, the phase function is parameterized with
only the parameter g, which is the mean cosine of the
scattering angle, found by integration over the com-
plete scattering phase function. The interpretations
of the asymmetry factor is that for g = 1, the aerosol
completely scatters in the forward direction, whereas
g=0denotes symmetric scattering. For spherical par-
ticles, g is related to particle size in a systematic way:
the larger the particle size, the more the scattering in
the forward hemisphere.

Finally, the AOD is considered to be the simplest
and most representative parameter for characterizing
the aerosols present in the atmosphere. The AOD
calculation, based on the Bouguer-Lambert-Beer
law, is the result of integrating the aerosol extinction
coefficient (per kilometer) over the entire atmosphere,
which is the sum of several possible layers. For this,
the distribution of aerosol particles with the height
for each layer is described by means of exponential
profiles given by

N(h) = N(0)e™™”, ¢))

0.20

[¢]
0.15-| East Asia BC (fossil fuel)

South Asia BC (biofuel)

0.10

Solar-absorption efficiency

0.05

T
0.10 0.15 0.20

BC/sulphate ratio

Fic. 2. BC-to-sulfate mass concentration vs aerosol
solar absorption efficiency at the wavelength 0.550 ym.
The solid dots correspond to the measurements taken
from Ramana et al. (2010). The continuous lines are
the best-fit lines for these measurements. The open
dots correspond to the model runs, consisting of an
internal mixing of sulfate with different cores: I) for
the black open dot, the core is BC; 2) for the red open
dot, the core is palm oil biofuel; and 3) the red-circled
dot corresponds to a core of aged biomass fuel.
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where h is the altitude (in kilometers) of the layer, N(0)
is the particle density at the bottom of the layer, and
Z tis he scale height in kilometers, which describes
the particle vertical distribution. The AOD is then

calculated according to
h

AoD=Y 0, [ e “dh, 2)

where b, is the bottom height of each atmospher-
iclayer, b, is the top height of each layer, and's .
is the extinction coefficient of the layer. To compute
the AOD, the user should provide the Z value and
the minimum and maximum heights for each layer.
If the scale height is Z = 99 km™, the software pack-
age will consider that the layer is homogenous.

Next, we present a comparison of model runs and
actual measurements of how the warming effect of
BC on the atmosphere is modulated by the ambi-
ent concentration of sulfates. In particular, we have
selected a coastal environment, where BC and sulfates
are expected to be more numerous. Sulfate strongly
reflects solar radiation, whereas BC strongly absorbs
solar radiation. Thus, the net radiative forcing is deter-
mined by the relative amount of BC and sulfate. When
BC and sulfate are in internal mixture, the absorption
is amplified with respect to BC alone. Ramana et al.
(2010) measured the influence of the BC-to-sulfate
mass concentration ratio on the solar absorption ef-
ficiency at 0.55 ym, «, during the Cheju ABC Plume-
Asian Monsoon Experiment (CAPMEX) in the Yellow
Sea. This efficiency is related to the SSA through the
equation a = 1 - SSA. For comparison, we analyze the
measurements for two types of plumes: 1) East Asia
BC, whose main source is fossil fuel combustion, and
2) East Asia BC, with biomass fuel as the main source.

For the model input parameters, we consider that
BC is invariably internally mixed with sulfate, as sug-
gested by Ramana et al. (2010). The relative humidity is
assumed to be 50%, though it plays a minor role in the
results. To model East Asia BC, we consider that the
BC core is in the coarse mode. The coating size is cal-
culated from the BC-to-sulfate mass ratio by consider-
ing concentric sphere geometry and the mass densities
for BC and sulfate. Although the chosen parameters
are the default ones, the values of a are consistent with
those of Ramana et al. (2010) (see Fig. 2).

With respect to South Asian BC, we have also
considered internal mixing with sulfate. To the best
of our knowledge, an exhaustive characterization of
the complex refractive index of biofuel has not been
carried out. Therefore, we show for comparison the
results for a core of palm oil biodiesel, m = 1.436243
—0.002 (Sadrolhosseini et al. 2011) and a core of aged



biomass, m = 1.54 - i0.018 (Haywood et al. 2003). The
resulting values of a enclose those of South Asian BC,
even though the actual refractive index is unknown
(see Fig. 2).

CONCLUSIONS. AEROgui is a software pack-
age intended to help in the description of the optical
properties of aerosols. The components can be both in
external mixture—that is, two separate components—
or internal mixture. AEROgui includes various
approaches for internal mixture: the shell-and-core
model, as well as several mixing rules. Since the re-
fractive index is one of the parameters that cause more
uncertainty in the prediction of the aerosols effect, the
user can supply values different from those included
by default. The interface can run in two modes. One
mode is to compute the optical properties of the
aerosols in an atmosphere divided into four layers.
The other mode, a batch processing, can be used to
extensively compute the properties of aerosols. It can
also be used to invert the Mie model to infer properties
of aerosols with measured optical properties.

To show the potential of the tool, several sensitivity
studies have been presented. In particular, we have
analyzed the effect on the scattering of the internal
mixing of sulfate and BC. We have successfully com-
pared model outputs with actual measurements on
the effect of sulfate as a modulator of BC absorption.
More examples can be found in the supplemental
material available online.

The software package is also available online (at
www.uv.es/pedrose/aerogui).
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