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ABSTRACT

The morphology, mixing state and hematite content of polluted mineral dust are not well accounted in the
optical models and this leads to uncertainty in the radiative forcing estimation. In the present study, based on
the morphological and mineralogical characterisation of polluted dust, the three-sphere, two-sphere and two-
spheroid model shapes are considered. The optical properties of the above model shapes are computed using
Discrete Dipole Approximation code. The single scattering albedo, w,, was found to vary depending on
hematite content (0—6%) and model shape. For the two-sphere BC-mineral dust system, hematite was found to
be a dominating absorber compared to that of black carbon as the Rgc/Ryus decreases. The wy of the polluted
dust system is larger if polluted dust is considered as pure dust spheroid (with 4% hematite) while smaller value
is observed for Q... Among all the systems, the @, of BCBCD (two BC spheres attached to one dust sphere)
system showed the maximum departure (40 and 35% for polluted dust with 0 and 6% hematite, respectively)
from that of pure dust spheroid with 0 and 6% hematite. For the Asian region (pollution-prone zone), the
modelled polluted dust optics will help to trace the optical and radiative properties of dust.
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1. Introduction

The main sources of the mineral dust are the deserts which
inject mineral dust in the atmosphere (Goudie et al., 2003;
Xuana et al.,, 2004). The Sahara Desert is the major
contributor to nearly half of the total dust load at a global
scale. It not only influences the aerosol loading to Africa,
the Atlantic Ocean, South America and the East coast of
USA but also to that of Europe. However, the radiative
effect of mineral dust is not well quantified (Kalashnikova
and Sokolik, 2004; Durant et al., 2009). The global
radiative forcing due to dust is numerically estimated to
be negative (Myhre et al., 2003). The pure mineral dust,
which is absorbing in UV and VIS because of hematite
content (Fe,O3) present in the dust, is transported to long
distances (Afeti and Resch, 2000; Chin et al., 2007) where it
interacts with the carbonaceous species like black carbon
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(BC) and organic carbon (OC) emitted from anthropogenic
activities over a polluted place. This gives rise to complex
agglomerates which can be stated as polluted dust
(Lelieveld et al., 2002; Sullivan and Prather, 2007; Yang
et al., 2009b). The sources of carbonaceous pollutants are
very diverse, which include biomass burning, industrial and
vehicular emissions. These sources give rise to various light-
absorbing components like BC, brown carbon (BrC)
(Alexander et al., 2008; Yang et al., 2009a; Chakrabarty
et al., 2010) and OC comprising HULIS. HULIS is
basically HUmic-Llke Substances (Dinar et al., 2008) in
the atmosphere. This resembles with humic substances
from terrestrial and aquatic sources and is a major fraction
(>50%) of water-soluble organic carbon (WSOC)
composed of high molecular weight multifunctional com-
pounds (Seinfeld, 2006) containing aromatic, phenolic and
acidic functional groups (Varga et al., 2001; Graber and
Rudich, 2006). Among the carbonaceous components, BC
and OC are thought to be major components
(Liousse et al., 1996) which mix with the accumulation
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mode (0.1-1 um radius) mineral dust during transport over
the polluting zone. Among the carbonaceous components,
BC is the highest absorbing whereas OC is the least and
BrC (BrC is nothing but the OC which is mild absorbing at
visible wavelength) lies in between.

The BC particles warrant special attention because of
their complex role in climate (Ackerman et al., 2001;
Menon et al., 2002; Koch and Genio, 2010), long-range
transport (Subramanian et al., 2010) and large surface area
that may facilitate heterogeneous reactions (Chughtai
et al., 2002). The BC aerosols are generated in the atmo-
sphere due to incomplete combustion of fuel oil, coal and
biomass (Griffin and Goldberg, 1979). The composite
mixture of pure mineral dust with carbonaceous pollutants
differs from pure mineral dust in terms of particle
morphology, chemical composition (governing refractive
index), hygroscopicity and cloud condensation nuclei.
These characteristics of the polluted mineral dust govern
the deviation in optical properties and radiative forcing
compared to that of pure mineral dust.

The radiative effect of dust systems is evaluated by
feeding their physical and chemical properties in the
radiative models (Tegen et al., 1996; Liao and Seinfeld,
1998). The sources of uncertainties in the radiative forcing
estimation include mineral aerosol shape (Kalashnikova
and Sokolik, 2002; Wang et al., 2003; Volten et al., 2005),
proportion of hematite content in mineral dust (Mishra
and Tripathi, 2008) and their mixing states with carbonac-
eous components (Bauer et al., 2008). The radiative forcing
imposed by the atmospheric aerosols can be computed by
summing over the entire aerosol population. The assump-
tions about the proportions are made on the basis of how
different aerosol components are mixed together in
the mixture. The optical properties of polluted aerosols
are numerically estimated on the assumptions that either
the particles are mixed externally (where various aerosol
species exist independently) (e.g. Tegen et al., 1997; Lesins
et al., 2002; Stier et al., 2005) or mixed internally (one or
several small aerosol particles are imbedded in a larger host
particle or making a homogeneous composite aerosol)
(Ackerman and Toon, 1981; Lesins et al., 2002). Core—
shell structure of the particle has also been considered in
many studies (Bond et al., 2006; Moteki et al., 2007,
Shiraiwa et al., 2007). The real mixed state can be expected
to lie somewhere in between the external and internal
mixing extremes. Based on the individual particle morpho-
logical analysis using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), high-resolution
transmission electron microscopy and X-ray analysis
(Clarke et al.,, 2004; Alexander et al., 2008 (science
supplement); Takahama et al., 2010), the semi-external
mixing state (two or more aerosol particles are in physical
contact and form an aggregate) can be inferred. The

climatic impact of aerosols is estimated using General
Circulation Model (GCM), where aerosol radiative forcing
is fed as input. The aerosol radiative forcing depends on the
optical properties which further depend on the mixing
states in case of polluted dust. In general, the external
mixing is being considered as the mixing state in GCM
(Adams et al., 2001; Koch et al., 2006; Shinozuka et al.,
2009), which leads to erroneous predictions. Some GCM
models also account for internal mixing and core—shell
mixing (Bauer et al., 2010). The optical properties of
external and internal mixture of mineral dust and BC
have been modelled by several scientists (Jacobson, 2000;
Lesins et al., 2002). Bond et al. (2006) estimated the optical
properties of core—shell structure, covering the whole range
of possible scenarios. In their study, they considered
core and shell to be composed of more absorbing carbon
and weakly absorbing carbon, respectively. Liu and
Mishchenko (2007) demonstrated the effects of aggrega-
tion, fractal morphology and refractive index on the optical
properties of soot aerosols. When the different aerosols
form an aggregate (semi-external mixtures) they lie in the
near field zone of each other, and their scattering and
radiative properties can differ from those of composition-
equivalent external mixtures. The differences may be so
large that it influences the results of remote-sensing studies
of tropospheric aerosols and their radiative forcing estima-
tions significantly (Sato et al., 2003 and references therein).
So, to address the radiative forcing uncertainties for the
polluted mineral dust, the mineral dust shapes, variation of
hematite content (Fe,O3;) and the mixing state with all
possible carbonaceous components should be accounted
for modelling the polluted dust optics.

To explore the physical, chemical and optical properties
of the mineral dust, Saharan Mineral Dust Experiment
(SAMUM) was conducted in two phases: SAMUM-1
(in 2006) and SAMUM-2 (in 2008). SAMUM-2 focused
on the far-transported, aged dust and on the mixtures of
the dust with marine, urban and biomass-burning aerosols.
The main scientific objectives of SAMUM-2 were the
impact of ageing and mixing processes on microphysical,
optical and radiative properties of Saharan dust. During
the winter campaign, Knippertz et al. (2011) showed the
layer of smoke/dust mixtures above a clean maritime
boundary layer together with pure smoke and dust layers.

During SAMUM-2, Gasteiger et al. (2011) numerically
estimated the lidar-relevant optical properties of mineral
dust aerosols and compared them with the optical proper-
ties derived from lidar measurements. They modelled the
mono-disperse optical properties using Discrete Dipole
Approximation (DDA) optical code. The optical properties
for the ensemble of the particles were expressed using
OPAC database (for the desert aerosol type) and some
assumed proportions of absorbing and non-absorbing
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mineral dust. Consideration of irregularly shaped dust
particles with typical refractive indices showed the higher
linear depolarisation ratios than that of spheroidal model
shapes. The consideration of irregular dust particles in the
simulation was found to improve the agreement with the
observations.

During SAMUM, for the first time, Wiegner et al. (2009)
measured the spectral dependence of particle linear depo-
larisation ratios using four lidar systems. The measurements
were compared with the modelled parameters. For simulat-
ing the lidar-derived optical properties, the T-matrix
method was used by feeding the in situ measurements —
size distribution and refractive index. The particle shape
was considered as spheroid for above simulation. In this
study, the lidar-related parameters such as lidar ratio and
the linear depolarisation ratio were found to be very
sensitive to the changes in the input parameters fed in the
T-matrix code. The simulated values of the linear depolar-
isation ratio was found in the range of 20 and 31% and
found to agree well with the measurements.

Xie et al. (2008) measured the aerosol optical properties
using compact Raman lidar over Beijing, China. In the
moderate pollution episode, the averaged aerosol extinc-
tion below 1km height was found to be 0.394+0.15km '
and the lidar ratio was 60.8 +13.5 sr; in heavy pollution
episode, they were 1.97+0.91 km ~ ' and 43.7+8.3 sr; in an
Asian dust episode, they were 0.33+0.11km~' and
38.3+9.8 sr. The total depolarisation ratio was found to
be less than 10% in the pollution episode, whereas it was
more than 20% in the Asian dust episode. More insight of
the sensitivity of lidar-related optical properties could be
explored by simulation of polluted dust optics accounting
for mixing of dust with the carbonaceous species.

During SAMUM, in 2008, Petzold et al. (2011) used a
nadir-looking high spectral resolution lidar (HSRL)
equipped in the German research aircraft Falcon to study
the mixing of the urban pollution plume of Dakar (Senegal)
with mineral dust. In this experiment, the mineral dust
layer as well as the urban pollution plume was probed
remotely by the HSRL. Back trajectory analysis was used
to identify the source. The emission from the region of
Dakar was found to increase the aerosol optical depth (at
A=532nm) from approximately 0.30 over sea and over
land (East of Dakar) to 0.35 in the city outflow. In the dust
layer, the single-scattering albedo at 530 nm was 0.96-0.99,
whereas the same has been found to be 0.908 +0.018 for the
aerosol dominated by urban pollution. The variation in
single-scattering albedo could be better understood by
doing sensitivity analysis in optical model after accounting
for various particle mixing states.

To date, there is no rigorous and comprehensive
polluted dust optical model available, which deals with the
semi-external mixing of mineral dust with all kinds of

carbonaceous components together with particle non-
sphericity and hematite variation (0-6%). The optical
properties of semi-externally mixed polluted mineral dust
are rarely modelled and limited to two-sphere particle system
with strong size gradient between the spheres (Mishchenko
et al., 2004). The optical properties of such particle systems
have been found to be the same as that of bigger sphere in the
two-sphere system.

The hematite contribution from the mineral dust is
found to vary largely (Koven and Fung, 2006; Formenti
et al., 2011). On the basis of this hematite variation, the
hematite fraction in pure mineral dust is constrained
between 0 and 6% in the present study. The information
on morphological and mineralogical characterisation of the
polluted dust [Clarke et al., 2004; Alexander et al., 2008
(science supplement); Takahama et al., 2010] led to
consider the three-sphere, two-sphere and two-spheroid
model shapes for polluted dust particle system. All the
above-discussed model shapes were considered for the
mineral dust getting polluted with (1) BC, (2) OC (espe-
cially HULIS) and (3) BrC by making a semi-external
mixture with the considered hematite content. The model
shapes for the polluted dust systems considered are shown
in the Fig. 1. Table 1 shows the abbreviations of the
considered model shapes. The polluted dust morphology is
discussed in the morphology section (Section 2). The
feasibility of considered mixing combinations and
the optical constants for the components are discussed in
the polluted dust composition section (Section 3).

For computation of optical properties of the non-
spherical particles, T-matrix (Mishchenko and Travis,
1998; http://www.giss.nasa.gov/ ~crmim) and DDA code
(Draine and Flatau, 2004; http://arxiv.org/abs/astro-ph/
0409262v2) are very popular amongst the available codes.
T-matrix method computes light scattering for poly-
disperse, randomly oriented, rotationally
particles such as sphere, spheroid, cylinder and chebyshev
particles while the DDA method computes light scatter-
ing for randomly oriented, spherical and non-spherical
particles such as spheroids, rectangular solids, cylinders,
hexagonal prisms, etc. The volume equivalent radius of the
non-spherical particle (rs), refractive index, wavelength
(um), particle shape and the particle shape parameters are
the inputs to the DDA code. The rey is the volume
equivalent radius of the composite particle. The shape
parameters govern the aspect ratio and extent of the target
in X, Y and Z directions whose optical properties are to
be modelled. The outputs of the code are extinction, scat-
tering and absorption efficiencies (Qext, Osca and Qaps),
asymmetrical parameter (g) and the scattering matrix
elements. The DDA works well in the size parameter

symmetric

regime, o <15 while the T-matrix works well for o <40
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Fly-ash

The pure mineral dust (shown with yellow sphere) mixed with the carbonaceous components like organic carbon (OC), brown

carbon (BrC) and black carbon (BC) shown with pink, dark tan and black spheres, respectively (first column, top to bottom). Semi-
externally mixed polluted mineral dust two-sphere and two-spheroid model shapes consisting of mineral dust with OC, BrC and BC,
respectively (second and third columns, top to bottom). BrC mineral dust two-spheroid model shape has not been modelled as BrC occurs
in spherical form. The three-sphere model shape of mineral dust with OC, BrC and BC, respectively (fourth column, top to bottom). Some
of the three-sphere systems were modelled with fly-ash (shown with grey sphere) based on the experimental observations.

where « is the ratio of the perimeter of the particle to the
wavelength of the incident light (o0 =2%pi*reg/A).

2. Dust morphology

In general, the mineral dust particles are not spherical. The
particle non-sphericity is characterised by the aspect ratio
(Reid et al., 2003), which is defined as the ratio of major
axis length to minor axis length. The aspect ratio is a
measure of the asphericity of a particle. It is equal to one
for a spherical particle and greater than 1 for elongated
particles such as ellipsoids.

Chou et al. (2008) collected the mineral dust particles in
Niger (northern Saharan Desert) for their physical and
chemical characterisation. The dust morphology was
studied using a combination of SEM and TEM equipped
with an energy dispersive X-ray detection system. The
particles have been analysed using the HISTOLAB pro-
gram. The aspect ratio of about 31000 sampled particles
was studied and found to be practically independent of size
for particles of diameter ranging 0.1-10 um. The upper
limit of the aspect ratio was found to be 5, whereas the
median was 1.7. Kandler et al. (2007) reported the aspect
ratio to be 1.64 for the Saharan mineral dust at Izana,
Tenerife (Spain). Reid et al. (2003) showed a higher value

of aspect ratio (1.9) for African mineral dust collected over
the Caribbean after being transported over the North
Atlantic Ocean. Okada et al. (2001) studied the shape of
atmospheric mineral particles collected in three Chinese
arid regions. They reported the median aspect ratio to be
1.4 for mineral particles with radius ranging 0.1-6 pm.
Kandler et al. (2009) reported the median aspect ratio to be
1.6 for the dust particles (sized >0.5um) from West
Sahara. The latest retrieval results of the column volume
distribution based on Aerosol Robotic Network (AERO-
NET) Sun-photometric measurements indicate that non-
spherical particles with AR > 1.5 dominate in desert dust
plumes (Dubovik et al., 2006). The dust morphological
study of Parungo et al. (1997) on Asian dust storms also
revealed the aspect ratio to be 1.5. From the foregoing
discussion, it can be concluded that a reasonable value of
aspect ratio is 1.5 for dust particles collected from global
deserts. Therefore, this value is used in all the calculations
wherever spheroidal shape is assumed in the study.

On the basis of the particle images [Clarke et al., 2004;
Shi et al., 2005; Alexander et al., 2008 (science supplement);
Arimoto et al., 2006; Derimian et al., 2008; Takahama
et al., 2010], the model shapes representing the polluted
dust are considered as two-sphere, two-spheroid and three-
sphere system as shown in Fig. 1.
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Table 1. The considered model shapes with their abbreviations

Shape abbreviations Interpretations

ocC Organic carbon sphere

BrC Brown carbon sphere

BC Black carbon sphere

D’-4 Dust spheroid with 4% hematite content

D’-6 Dust spheroid with 6% hematite content

OCD-0 Organic carbon sphere attached to dust sphere with 0% hematite content

OCD-6 Organic carbon sphere attached to dust sphere with 6% hematite content

BrCD-0 Brown carbon sphere attached to dust sphere with 0% hematite content

BrCD-6 Brown carbon sphere attached to dust sphere with 6% hematite content

BCD’-0 Black carbon spheroid attached to dust spheroid with 0% hematite content

BCD’-6 Black carbon spheroid attached to dust spheroid with 6% hematite content

OCD’-0 Organic carbon spheroid attached to dust spheroid with 0% hematite content
OCD’-6 Organic carbon spheroid attached to dust spheroid with 6% hematite content
BCDF-0 Black carbon sphere attached to dust (with 0% hematite content) and fly-ash spheres
BCDF-6 Black carbon sphere attached to dust (with 6% hematite content) and fly-ash spheres
BCDD-0 Black carbon sphere attached to two dust spheres with 0% hematite content
BCDD-6 Black carbon sphere attached to two dust spheres with 6% hematite content
BCBCD-0 Two black carbon spheres attached to one dust sphere with 0% hematite content
BCBCD-6 Two black carbon spheres attached to one dust sphere with 6% hematite content
BCBCBC Three black carbon spheres attached to each other

BrCBrCBrC Three brown carbon spheres attached to each other

BrCDD-0 Brown carbon sphere attached to two dust spheres with 0% hematite content
BrCDD-6 Brown carbon sphere attached to two dust spheres with 6% hematite content
BrCBrCD-0 Two brown carbon spheres attached to one dust sphere with 0% hematite content
BrCBrCD-6 Two brown carbon spheres attached to one dust sphere with 6% hematite content
OCDF-0 Organic carbon sphere attached to dust (with 0% hematite content) and fly-ash spheres
OCDF-6 Organic carbon sphere attached to dust (with 6% hematite content) and fly-ash spheres
OCDD-0 Organic carbon sphere attached to two dust spheres with 0% hematite content
OCDD-6 Organic carbon sphere attached to two dust spheres with 6% hematite content
OCOCD-0 Two organic carbon spheres attached to one dust sphere with 0% hematite content
OCOCD-6 Two organic carbon spheres attached to one dust sphere with 6% hematite content

On the basis of the rigorous analysis of the particle images
(discussed earlier), it has been observed that there exist
combinations of sizes for the individual spheres/spheroids,
which form the two-sphere, two-spheroid or three-sphere
systems. So, to simplify the problem and to reduce the
computational burden, the model shapes considered in the
Fig. 1 are assumed to be comprised of same size individual
spheres/spheroid except in the case of two-sphere BC-
mineral dust system. The two-sphere BC-mineral dust
system comprises spheres of varying sizes. The above system
is considered to quantify the effect of Rpc/Ryust (Rpc and
Rguse are the radii of individual BC and dust spheres,
respectively) on the optics of composite two-sphere system.
The Rpc/Rgus 1s constrained from 0.9 to 1.5. The ratio
could not be further reduced due to code limitations.

The three-sphere system comprises three spheres of same
size and attached to each other. Takahama et al. (2010)
analysed particle morphology and distribution of chemical
species within individual particles using the spectroscopic
techniques. In their study, they employed scanning trans-

mission X-ray microscopy with near-edge X-ray absorption
fine structure spectroscopy with image analysis and pattern
recognition techniques. They characterised the chemical
structure of 636 particles collected on six field campaigns in
the Western Hemisphere between 2004 and 2008. Most of
the particles were found to be chemically heterogeneous.
Several particles (106) were traced as a dust system
comprising mineral dust as host and organic clumps
attached to host. The majority of polluted particles lie in
the radius range of 0.1-1um. But the mixing of mineral
dust with the carbonaceous species is not limited to the
accumulation mode only. The bigger size dust particles
have also been found to mix with carbonaceous species. As
the DDA code, which is used to calculate the optical
properties, is limited to particle effective radius of 1.0 pm,
the computations could only be performed and results
presented for the accumulation mode aerosols. To our
knowledge, there is no robust optical code which can
account for all the polluted dust systems (what have been
discussed in the present work using DDA) in a bigger sized
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regime. Therefore, the present work is limited to the study
of polluted dust optics in the accumulation mode only. The
two-spheroid system comprising two spheroids of same size
is considered to attach with each other at 30° orientations
(here, contact angle = 30°).

3. Composition of polluted dust

The polluted dust is considered to be a semi-external
mixture of the pure mineral dust with the carbonaceous
components shown in Table 3. The optical constants for
the pure mineral dust, at 0.550 pum wavelength, are taken
from the study by Mishra and Tripathi (2008). They varied
the hematite percentage to check its effect on the optical
properties, as hematite is the major absorbing component
in the pure mineral dust. The hematite fraction in the
global dust has been inferred to be 3.75-11.97% (Koven
and Fung, 2006). In the present study, to check the
sensitivity of the dust optical properties to the hematite
content, the optical constants for 0-6% hematite variation
are considered from Table 2. The optical constants from
Tables 2 and 3 are used to model the polluted dust optics.

A considerable part (up to 50% or in specific cases, e.g.
biomass burning aerosols, >50%) of the atmospheric OC
is found as WSOC (Facchini et al., 1999; Kanakidou et al.,
2000; Agarwal et al., 2010; and reference therein). Dinar
et al. (2008) measured the refractive indices of the HULIS
substance extracted from air pollution particles which were
sampled from 18 May 2006 till June 2006 during daytime in
an urban location (Weizmann Institute, Rehovot, Israel).
index (m=1.595 4+ i0.049) has been
measured at 532 nm using a dual-wavelength Cavity Ring
Down Aerosol Spectrometer. This HULIS compound has
been considered as the representative of aged OC coming
from pollution. In the present study, for modelling the
semi-externally mixed OC-mineral dust systems, the above-
mentioned HULIS (i.e. the major fraction of OC) is
considered and represented as OC.

On the basis of electroscopic studies [Clarke et al., 2004;
Shi et al., 2005; Arimoto et al., 2006; Alexander et al., 2008
(science supplement); Derimian et al., 2008; Moffet et al.,

The refractive

Table 2. Optical constants (at 4=0.550 um) of mineral dust
component for varying hematite percentage obtained from Mishra
and Tripathi (2008)

Composite particle

component Hematite (%) N K

Mineral dust 0 1.510 0.0001
2 1.540 0.0039
4 1.570 0.0080
6 1.600 0.0125

Table 3. Optical constants of carbonaceous components and
fly-ash

Composite particle

component Reference N K 2 (um)
Organic carbon Dinar et al. 1.595  0.0490 0.532
(00) (2008)
Brown carbon Alexander 1.670  0.2700 0.550
(BrC) et al. (2008)
Black carbon Hess et al. 1.750  0.4400 0.550
(BO) (1998)
Fly-ash Liu and 1.500  0.0000 0.550
Swithenbank
(1996)

2010] for the mineral dust polluted with BC and fly-ash,
various mixing scenarios are accounted for by considering
different combinations (spheres with different composition).
One BC sphere attached to two dust spheres (denoted as
BCDD), two BC spheres attached to one dust sphere
(denoted as BCBCD), one BC sphere attached to dust and
fly-ash spheres (denoted as BCDF) and the three BC spheres
attached to each other (denoted as BCBCBC) are the
possible BC-dust three-sphere systems. The possibility of
three dust spheres attached to each other (denoted as DDD)
is not supported through the chemistry involved in the
system formation, so this system is ignored.

On the basis of the studies (Takahama et al., 2010;
Moffet et al., 2010), the mineral dust polluted with OC is
considered with set of combinations (spheres of different
composition). One OC sphere attached to two dust spheres
(denoted as OCDD) and two OC spheres attached to one
dust sphere (denoted as OCOCD) are OC-dust three-sphere
systems. As fly-ash is also the major outcome of combus-
tion processes, so the probability of fly-ash to attach the
OC-mineral dust system cannot be ignored. One fly-ash
sphere being attached to one dust and one OC sphere
(denoted as OCDF) formulates another combination. To
the best of our knowledge, there is no literature available to
date which could support the existence of three OC spheres
being attached to each other (denoted as OCOCOC).
The modelled optical properties for the OCOCOC system
will not make the major change, as OC is the weak
absorber. Therefore, OCOCOC system is not considered
for simulation.

The studies (Alexander et al., 2008; Yang et al., 2009a;
Chakrabarty et al., 2010) highlighted the existence of BrC
in the atmosphere in the spherical form. The BrC is
classified as a special class of OC which is highly absorbing
at short wavelengths. Likewise OC, the BrC is expected to
attach with the mineral dust to form various BrC-mineral
dust systems. One BrC sphere attached to two dust spheres
(denoted as BrCDD) and two BrC spheres attached to one
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dust sphere (denoted as BrCBrCD) are the BrC-dust three-
sphere systems. The three BrC spheres attached to each
other (denoted as BrCBrCBrC) are modelled to compare
with the conjugate BCBCBC system. To the best of our
knowledge, no particle image of BrC is available to support
the BrCBrCBrC model shape. One BrC sphere attached to
dust and fly-ash spheres (denoted as BrCDF) is not
modelled because of unavailability of the particle images
to support the model composition.

Thus, using morphological distribution of chemical
composition and the mixing state information, model
shapes are decided (as shown in Fig. 1 and described in
Table 1) for the numerical estimation of the polluted dust
optics using DDA model.

4. Results and discussion

The optical properties (single scattering albedo, wy;
asymmetrical parameter, g; and extinction -efficiency,
Q.xp) are the function of particle size, shape and refractive
index (governed by chemical composition) together with
complex mixing states.

In situ, point measurement of wy is carried out using a
combination of various instruments such as Nephelo-
meter, Aethalometer, Photo Acoustic Soot Spectrometer.
Alternatively, one can calculate wy by feeding measured
morphological, mixing states and chemical composition
information. To date there are limited experimental ob-
servations of g. Similar to @y and g, Qe 1S an important
parameter for determining the optical and radiative
properties.

4.1. Optics of two-sphere/spheroid system

4.1.1. Two-sphere  BC-mineral  dust system  (system
comprising of varying size BC and dust spheres). The optical
properties of the two-sphere BC-mineral dust system are
modelled for varying sizes of BC and mineral dust. The
morphology of such system is already discussed in Section 2.

Figure 2 shows the w, of the two-sphere BC-mineral dust
system for varying effective radius and with hematite
variation from 0 to 6%. The w, of two-sphere BC-dust
system is modelled for decreasing Rpc/Rgus (from 1.5—
to 0.9) with increasing effective radius (from 0.1 to
0.8 um) of the composite particle. The ratio, Rgc/Rguse> 18
1 for the effective radius of 0.64 um of the BC-mineral dust
system.

Figure 2 shows that the wq of the two-sphere systems
is nearly independent of hematite content for the effective
size less than 0.4 pm, where Rpc/Rguse tends to 1.5 with
decreasing size. The w, was found to increase with
increasing effective size in the above size domain. As the

o0
0.40).45).50 0.55 0.60 0.65 \ /
0.65 0.65
0.70 0.70
4 0.40 .45 .50 0.55 0.60 0.65 0.65

0.70

Hematite (%)
w

2 0.40.45.50 0.55 060 065
070/
1 0.70
0.40.45.50 0.55 060 0.65 0-75\
0 i I ) N I

01 02 03 04 05 06 0.7 0.8

Effective radius (um)

” Rp/Raust decreasing —> C)

Fig. 2. The w, of the BC-mineral dust two-sphere system for the
effective volume equivalent radius of the two-sphere system with
the varying hematite percentage in the mineral dust.

Rpc/Rgus: decreases with increasing size (i.e. dust sphere
size increases compared with BC sphere in the composite
two-sphere system), hematite starts playing role compared
to that of BC. The sensitivity of hematite content to w is
significant when both of the spheres (i.e. mineral dust and
BC) in the two-sphere system are nearly of same size. For
two-sphere systems with effective size greater than 0.4 pm,
the wg reduces with increasing hematite. In general, w, was
found to increase with size with a maximum in size window
ranging 0.55-0.65 pm for each hematite content; however,
the maxima is somewhat skewed towards lower sizes for
higher hematite content.

Figure 3 shows the variation of g for varying effective size
of the composite particle with hematite varying from 0 to
6%. Like wy, g is also found to be independent of hematite
content for the effective size less than 0.4 pm. g increases with
size with a first maximum at 0.48 um effective size; beyond
that it reduces and attains a second maximum at 0.8 pm size
for 6% hematite content. The second maximum is the general
feature of particle optics, where g increases with size while
the first maxima is due to optimised condition of particle
effective size and absorbance. For the two-sphere system of
0.48 um size, the BC sphere is bigger than dust sphere and
leads to higher absorbance of the system. As the hematite
content decreases, the second maximum starts diminishing.
For the system size greater than 0.7 um, the g was found to
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Fig. 3. The asymmetrical parameter, g, of the BC-mineral dust
two-sphere system for the effective volume equivalent radius of the
two-sphere system with the varying hematite percentage in the

mineral dust.

increase with increasing hematite content, whereas in the size
window from 0.4 to 0.7 pm, the variation of g with hematite
content is not significant.

Figure 4 shows the variation of Q. for varying effective
size of the particle with hematite varying from 0 to 6%. The
Qext Increases with size for each hematite content and
attains a maxima at 0.5 um effective particle size.

4.1.2. Two-sphere  (OC-dust and  BrC-dust)  and
two-spheroid (OC-dust and BC-dust) particle systems (for
system comprising same sized individual sphere/spheroid).
Figure 5 shows the w, of the two-sphere and two-spheroid
systems comprising OC, BrC, BC and mineral dust with
hematite content of 0 and 6%. The computations are also
performed for the hematite percentage 2 and 4, but are not
shown in Fig. 5. The two-sphere OC-dust and BrC-dust
systems for 0 and 6% hematite are represented as OCD-0,
BrCD-0 and OCD-6, BrCD-6, respectively. The two-
spheroid OC-dust and BC-dust systems for 0 and 6%
hematite are represented as OCD’-0, BCD’-0 and OCD’-6,
BCD’-6, respectively. The two-spheroid BrC-dust system
could not be considered because of lack of observational
support for the spheroidal morphology of BrC. For the
comparison purpose, the optical properties of independent

Qext (Extinction efficiency)

6
A | | ]
2.0 25 3.0 3.5 35 3.0
5 | \ \
§ 4 1 20 25 3.0 3.5 3.5 3.0
2
= 3
£
o 2.0 25 3.0 3 3.5 3.0
1 ! \
1.5
20 25 3.0 3.5 3.5 3.0
0 I I S
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Effective radius (um)

” Ry /R g5 decreasing —> C)

Fig. 4. The extinction efficiency, Qcx, of the BC-mineral dust
two-sphere system for the effective volume equivalent radius of the
two-sphere system with the varying hematite percentage in the
mineral dust.

homogeneous spheres (of OC, BrC and BC) and pure dust
spheroid (with 4% hematite content, D’-4) are also
considered. The comparison will be helpful in determining
the effect of particle non-sphericity (as the composite two-
sphere and two-spheroid systems are non-spherical) and
semi-external mixing of heterogeneous components on the
optical properties. In general, the satellite retrieval algo-
rithms account for the external mixtures of BC and dust
homogeneous spheres.

The wy was found to vary depending on hematite content
(0-6%) for any class of the system while different classes of
system showed the variation due to their semi-externally
mixed combinations as discussed earlier. For all hematite
percentage, the OCD systems show the higher scattering
compared to that of BrCD-6 system. The w, of the pure dust
spheroid with 4% hematite content (D’-4) showed the
highest scattering compared to that of any particle system.
wy of all the particle systems is found in the range which is
constrained by that of pure dust (D’-4), pure BC and pure
BrC spheres. The BC and BrC spheres show nearly same
scattering pattern for the effective radius > 0.4 um. Among
all the systems, the w, of the BrCD-6 system significantly
differs from that of independent mineral dust, D’-4 (~32%
wo variation) for effective particle radius of >0.5pum
while the same is true for BCD’-0 system for <0.3 pm.
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Fig. 5.

The w, of the two-sphere OC-dust, BrC-dust and two-spheroid OC-dust, BC-dust systems for the effective volume equivalent

radius. The two-sphere OC-dust and BrC-dust systems are denoted as OCD and BrCD, respectively, while the two-spheroid systems OC-
dust and BC-dust are denoted as OCD’” and BCD’, respectively. Each above-mentioned nomenclature is followed by the hematite
percentage. The two-sphere/spheroid systems are compared with that of homogeneous spheres of organic carbon (OC), brown carbon

(BrC), black carbon (BC) and dust with 4% hematite (D’-4).

The BrCD-0 system shows the w, pattern which could be
generated by averaging the w, of the D’-4 spheroid and BrC
sphere for >0.3 um effective radius. The @, is found to vary
by ~ 5% due to change in shape (from OCD to OCD’) while
the same is found to vary by ~14% due to change in
hematite content (from OCD-0 to OCD-6). This shows that
the w, is more sensitive to hematite content compared to
that of particle shape. Contrary to OC spheres, BC and BrC
spheres show nearly size independent .

Figure 6 shows the asymmetrical parameter, g, for the
OCD, BrCD, OCD’ and BCD’ systems for the hematite
content 0 and 6%. The g of OC, BrC, BC and D’-4 is
considered for the reasons discussed earlier. The BrC
independent sphere shows the highest g which tends to
0.9 with increasing size. The g of independent OC and D’-4
are more sensitive to the particle size compared to that of
OCD, BrCD, OCD’ and BCD’ systems. In general, the g of
the all the systems and independent spheres (except D’-4)
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° : ——BC

C % D-4

E 07}
G : —=— 0CD-0
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034
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Fig. 6.

The asymmetrical parameter, g, for all the particle systems discussed in Fig. 5.
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are found to be in the range 0.6—0.9. For all the considered
hematite range, the g of OC-dust systems (except OCD’-6)
is found to be higher compared to that of independent OC
and D’-4 for the effective size of <0.5 um. This shows that
in the above size regime the g value of semi-externally
mixed OC-dust systems will be smaller if we consider an
external mixture of OC and D’-4 in the aerosol optical
model. The OCD’-6 spheroid system showed the maximum
deviation in g (i.e. ~12%) compared to the OCD-6 sphere
system while OCD’-0 system showed the maximum varia-
tion (13%) compared to that of OCD-0. This indicates that
compared with wy, g is more sensitive towards the particle
shape. Increase in hematite from 0 to 6% caused maximum
deviation of ~14% in g for OCD and OCD’ system.

Figure 7 shows the extinction efficiency, Qe for the
systems discussed in Figs. 5 and 6. No regular pattern of
Qext With effective size could be observed for the considered
two-sphere and two-spheroid systems.

In general, in acrosol community, there is a consensus on
the choice of aspect ratio as 1.5 for estimating the optical
properties of non-spherical dust particles. This has already
been discussed in Section 2 in detail. We conducted a
sensitivity study of aspect ratio and contact angle on BC
and dust spheroid system (BCD’-4, 4% hematite) of an
effective particle radius of 0.3 um. With increasing contact
angle from 30° to 90° between BC and dust spheroid, for
fixed AR of 1.5, the Q.. was found to increase by 5%, wy
by 4%, but g was unchanged compared to those at 30°
contact angle. For the same system, for a fixed contact
angle of 30°, the increase in aspect ratio from 1.5 to 2.5 of
individual spheroid led to an increase of 5 and 4% in Qg
and g, respectively, whereas @, was found to decrease by
2% compared to the aspect ratio of 1.5.

4.2. Optics of three-sphere particle system

The optical properties of the three-sphere particle system
comprising BC, OC, BrC, fly-ash (F) and dust (D) with
hematite content 0-6% are modelled. The three spherical
particles forming a system are considered of same size in
this study.

Figure 8 shows the wq of the three-sphere systems
comprising OC, BrC, BC, fly-ash and dust with hematite
content of 0 and 6%. The OC, dust and fly-ash systems are
represented as OCDF-0 and OCDF-6 followed by hematite
content. One OC sphere and two dust spheres in a system
are represented as OCDD-0 and OCDD-6, while two OC
spheres and one dust sphere in a system are represented as
OCOCD-0 and OCOCD-6. One BrC and two dust spheres
are denoted as BrCDD-0 and BrCDD-6; two BrC spheres
and one dust sphere in a system are represented as
BrCBrCD-0 and BrCBrCD-6. The system comprising
three-sphere BrC is denoted as BrCBrCBrC. The systems
comprising BC, dust and fly-ash are represented as BCDF-
0 and BCDF-6 followed by their hematite content. One BC
sphere and two dust spheres in a system are represented as
BCDD-0 and BCDD-6, while two BC spheres and one dust
sphere in a system are represented as BCBCD-0 and
BCBCD-6. The system comprising three-BC spheres is
denoted as BCBCBC.

The wo of above-discussed systems is found to vary
depending on hematite content for every class of the
system, while different system classes showed the variation
due to their semi-externally mixed combinations as dis-
cussed earlier. The OCDF-0 system shows same scattering
pattern as that of OCDD-0 system. The same scattering
pattern of the above systems is due to the negligible
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4.0F —& BrC
: —0—BC
3.5} % D-4
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0.5f
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Fig. 7.

The extinction efficiency, Q. for all the particle systems discussed in Fig. 5.
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The @, of the three-sphere OC-dust-fly-ash, OC-dust, BrC-dust; three-sphere BrC, BC-dust-fly-ash, BC-dust and three-sphere BC

systems for the effective volume equivalent radius. The OC-dust-fly-ash and OC-dust systems are denoted as OCDF, OCDD and OCOCD,
respectively. The BrC-dust and BrC three-sphere systems are denoted as BrCBrCD, BrCDD and BrCBrCBrC, respectively. The BC-dust-
fly-ash, BC-dust and BC three-sphere systems are denoted as BCDF, BCDD, BCBCD and BCBCBC, respectively. Each above-mentioned
nomenclature is followed by the hematite percentage. The three-sphere systems are compared with that of homogeneous spheres of organic
carbon (OC), brown carbon (BrC), black carbon (BC) and dust with 4% hematite (D’-4).

difference between the refractive indices of fly-ash and dust
with 0% hematite content. For 6% hematite content, the
OCDF system shows higher scattering compared to that of
OCDD system. The replacement of one dust sphere from
OCDD system with one OC sphere reduces the scattering
of newly formed OCOCD system for the considered
hematite contents. The wy of the OCOCD system is also
found to be reduced with increasing hematite content. The
sensitivity of @, to hematite for all the OC-dust systems is
found to be significant with increasing size. Except for the
effective radius of 0.43—0.72 um, the D’-4 spheroid shows
the highest scattering compared to that of any particle
systems shown in Fig. 8. Among the BrC-dust systems, the
BrCDD systems show the higher scattering compared to
that of BrCBrCD systems for fixed hematite content. The
replacement of one dust sphere from BrCDD system with
one BrC sphere reduces the scattering of newly formed
BrCBrCD system for the considered hematite contents. The
o has been found to be sensitive to the number of spheres
in a system. This may be due to the fact that the surface
structure of the system (as attached spheres) is larger than
that of a single sphere of the same volume, which causes the
variation in scattering efficiency (wg). The wy becomes less
sensitive to hematite with reducing number of dust spheres
in a particle system.

Among the BC-dust systems, the BCDF-0 system
shows the same scattering pattern as that of BCDD-0.
The BCDF-6 system shows the higher scattering compared

to that of BCDD-6 system. The replacement of one dust
sphere from BCDD system with one BC sphere reduces the
scattering of newly formed BCBCD system for the
considered hematite contents.

Figure 9 shows the asymmetrical parameter, g, for all the
particle systems shown in Fig. 8. The BrCBrCBrC systems
together with BrC sphere show the highest g among the
considered systems. The BCBCBC system together with BC
sphere shows slightly lesser g values. First of all, we
consider the g of OC-dust systems. For the effective radius
of <0.6um, all the semi-externally mixed OCDF systems
show greater g than that of OC and D’-4 while the reverse
holds good for the size range of 0.73-0.90 um. Thus
neglecting the semi-external mixing and consideration of
independent component spheres will lead to smaller g
values for the effective radius of <0.6 um and larger value
for the radius range of 0.73-0.90 um. The asymmetrical
parameter of independent D’-4 spheroid is most sensitive to
the particle size compared to that of OCDF, OCDD and
OCOCD system.

Among the BrC-dust systems, for the effective radius
range of 0.72—0.90 um, BrCDD systems show the lesser g
values compared to that of BrC and D’-4. Thus neglecting
the semi-external mixing of BrCDD systems and considera-
tion of independent component spheroid will lead to larger
g values for the effective radius range of 0.72—0.90 um.

In case of BC-dust systems, for the effective radius range
of 0.75-0.90 um, the semi-externally mixed BCDF and
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BCDD systems show the lesser g values than that of BC
and D’-4. This indicates that, for the effective radius range
of 0.75-0.90 um, the g values are larger if we replace the
semi-external mixing state (presented here in the form of
three-sphere systems) by external mixing of BC and D’-4.

Among all the systems shown in Fig. 9, the g for the
BCDD-0 (or BCDF-0) shows the highest deviation
of ~ 31% (compared to BC sphere), ~ 31% for BrCDD-0
system (compared to BrC sphere) and ~ 33% for OCDD-0
(or OCDF-0) system (compared to OC sphere).

Figure 10 shows the extinction efficiency, Q.y, for the
carbonaceous species and dust mixture model systems for

The asymmetrical parameter, g, for all the particle systems discussed in Fig. 8.

which w( and g are shown in Figs. 8§ and 9, respectively. As
has been observed in Section 4.1.2 for the two particle
systems, no regular pattern of Q. with effective size could be
observed for the considered three-sphere particle systems.

4.3. Size-averaged optical properties of polluted dust
systems

The normalised number distribution for the 250 m leg on
flight 13 for ACE-Asia (Clarke et al., 2004, Fig. Sc,
measured size distribution represented with green-coloured
square) is considered for calculation of size-averaged
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Fig. 10.

The extinction efficiency, Q. for all the particle systems discussed in Fig. 8.
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optical properties of all the dust systems. The distribution
measured by Clarke et al. (2004) was for optical equivalent
size (OES); however, the optical properties are calculated
for individual particles characterised by volume equivalent
size (rep). Therefore, the distribution of Clarke et al. (2004)
is converted for rqg using the experimental observations of
Binnig et al. (2007) (which has provided a relationship
between OES and rep) for calculating size-averaged optical
properties. The considered distribution is for the largest
dust concentrations during ACE-Asia.

wo and Q. are functions of particle size, shape and
refractive index, which depend on chemical composition.
Table 4 shows size-averaged wy and Q. for homogeneous
(comprising single chemical; for pure mineral dust we assume
an effective chemical composition) and heterogeneous
(comprising multiple chemical species such as pure mineral

dust mixed with OC, BrC and BC) systems and the
percentage deviation of the same with respect to D’-4 (pure
dust spheroid with 4% hematite) and D’-6 (pure dust
spheroid with 6% hematite). OC, BrC and BC are homo-
geneous spheres, while D’-4 and D’-6 are homogeneous
spheroids. The variation in @ and Q. for the former is due
to the variation in their chemical composition which changes
the refractive index, whereas for the latter it is due to the
variation in hematite content. The change in the optical
properties of OCD-6 system compared to OCD-0 is due to
the increase of hematite content. A similar explanation
applies for the difference between BrCD-0 and BrCD-6
systems.

For the given hematite content, the change in optical
properties of OCD system compared to that of BrCD is due
to the change in the chemical composition. For a given

Table 4. The size-averaged optical properties of single-sphere, two-sphere, two-spheroid and three-sphere systems for 0 and 6% hematite
and their percentage deviation compared to that of D’-4 and D’-6. The radius of individual sphere/spheroid is same for the considered dust

systems
Percentage of deviation in g Percentage of deviation in Qex

Shape wo Qext Compared to D’-4 Compared to D’-6 Compared to D’-4 Compared to D’-6
oC 0.7454 2.3917 - - - -
BrC 0.4929 2.4611 - - - -
BC 0.4631 2.5397 - - - -
D’-4 0.9423 2.4545 - - - -
D’-6 0.9125 2.4741 - - -
OCD-0 0.8841 2.7596 6 3 12 12
OCD-6 0.8546 2.8219 9 15 14
BrCD-0 0.6843 2.6578 27 25 8 7
BrCD-6 0.6860 2.8015 27 25 14 13
BCD’-0 0.6642 2.8292 29 27 15 14
BCD’-6 0.6460 2.8465 31 29 16 15
OCD’-0 0.8727 2.5972 7 6 5
OCD’-6 0.8444 2.6667 10 8 9 8
BCDF-0 0.7666 2.7443 19 16 12 11
BCDF-6 0.7461 2.7937 21 18 14 13
BCDD-0 0.7587 2.7088 19 17 10 9
BCDD-6 0.7374 2.9022 22 19 18 17
BCBCD-0 0.5965 2.9193 37 35 19 18
BCBCD-6 0.5976 2.9613 37 35 21 20
BCBCBC 0.4669 3.0019 50 49 22 21
BrCBrCBrC 0.5133 2.8894 46 44 18 17
BrCDD-0 0.7909 2.6794 16 13 9 8
BrCDD-6 0.7673 2.8813 19 16 17 16
BrCBrCD-0 0.6428 2.7867 32 30 14 13
BrCBrCD-6 0.6384 2.8948 32 30 18 17
OCDF-0 0.9210 2.6851 2 1 9 9
OCDF-6 0.9015 2.8016 4 1 14 13
OCDD-0 0.9213 2.7001 2 1 10 9
OCDD-6 0.8864 2.9339 6 3 20 19
OCOCD-0 0.8554 2.7850 9 6 13 13
OCOCD-6 0.8415 2.9050 11 8 18 17
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hematite content, the change in optics of OCD (two-sphere
system) compared to OCD’ (two-spheroid system) is due to
the difference in system configuration. This is also true for
the three-sphere systems as well.

From Table 4, we can also see that the wq of the polluted
dust system (with same sized individual sphere/spheroid in
the system) is larger if the polluted dust is considered as
D’-4 while smaller value is observed for Qey;.

The BCBCBC system shows strong departure in
compared to dust spheroid (for both 4 and 6% hematite)
followed by BrCBrCBrC, BCBCD and BrCBrCD, while
BCBCBC system shows strong departure in Q.x; compared
to dust spheroid (for both 4 and 6% hematite) followed by
BCBCD and OCDD-6.

The monodisperse optical properties of the two-sphere
BC and dust system (as already been discussed in Figs. 2—4)
for the effective radius of 0.1-0.8 um (corresponding to
Rpc/Rpus value from 1.5 to 0.9) are used for calculating
the size-averaged optical properties. From Table 5, we can
see the size-averaged optical properties of two-sphere
system (with varying radii of individual spheres) together
with their deviation (in percentage) to that of D’-4 and D’-6
spheroids. The percentage departure in wg of BCD system
(with varying BC and dust size) compared to dust spheroid
weakens as the hematite content in dust reduces while
departure in Q. remains nearly same.

Figure 11 shows the departure in size-averaged w, for the
polluted dust systems from that of pure dust spheroids with
0 and 6% hematite. The percentage departure in @, for the
polluted dust from the pure dust spheroid D’-0 is found to
be higher than that from D’-6. The BCBCD system showed
the maximum departure (40 and 34% for polluted dust
with 0 and 6% hematite, respectively) from the pure dust
spheroid among all the considered dust systems. OCDD-0
and OCDF-0 show nearly the same departure. OCDF-6
system shows the minimum departure from the D’-6 among
all the studied systems.

5. Conclusions

The simulation of optical properties of non-spherical
mineral dust aerosols is challenging because of the complex

morphological and mineralogical properties of natural dust
particles. This complexity further enhances when the dust
mixes with the other species present in the atmosphere. It is
very important to simulate the optical properties of
complex mixing states even if the experimental proof of
their existence is not available. In the sense of a sensitivity
study the consideration of (more or less) any (reasonable)
particle shape/composition would be beneficial to learn
about the optical properties.

The simulated optical properties of thus polluted mineral
dust, however, are required for a wide range of applica-
tions, for example, for the interpretation of remote-sensing
and optical in situ measurements, for modelling the
radiative properties of the atmosphere, for sensitivity
studies of climate and finally for the estimates of climate
impacts of dust aerosols. We model the optical properties
of mineral dust having semi-external mixture with carbo-
naceous species. In the study, the wqy is found to vary
depending on the hematite content (0—6%) for any class of
the system, while different system classes show the varia-
tion due to their semi-externally mixed heterogeneous
combinations. In general, the w, of the pure dust spheroid
with 4% hematite content (D’-4) is found to be highest
compared to all the systems considered in the study
throughout the considered size range. In view of effective
absorbance of two-sphere BC-mineral dust systems, hema-
tite starts playing the role compared to that of BC as the
Rpc/Rgus decreases (i.e. with increase of dust sphere size
compared with BC sphere in the composite two-sphere
system). Compared with @, g is more sensitive towards the
particle shape. Increase in hematite from 0 to 6% caused a
maximum deviation of ~14% in g for OCD and OCD’
system. The replacement of one dust sphere from OCDD
(BrCDD) system with one OC (BrC) sphere reduces the
scattering of newly formed OCOCD (BrCBrCD) system for
the considered hematite contents. The maximum deviation
in the size-averaged wq for all the systems considered in
Table 4 (compared to D’-4) is for BCBCBC followed by
BrCBrCBrC and BCBCD, while the same in the size-
averaged Q. is for BCDD-6 followed by BCBCD-6
(BCBCBC, OCDD-6) and BrCDD-6.

Table 5. The size-averaged optical properties of BC-dust two-sphere system (with varying radii of individual spheres) for hematite range
of 0-6% and their percentage deviation compared to that of D’-4 and D’-6

Percentage of deviation in w,

Percentage of deviation in Qg

Hematite (%) wo Qext Compared to D’-4 Compared to D’-6 Compared to D’-4 Compared to D’-6
0 0.6079 2.8621 35 33 17 16
2 0.606 2.8712 36 34 17 16
4 0.5944 2.8771 37 35 17 16
6 0.5877 2.8805 38 36 17 16
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Fig. 1.

The absolute departure in size-averaged w, for the polluted dust systems formed due to semi-external mixing of accumulation

mode mineral dust with (a) BC (b) OC and (c) BrC have been shown compared to pure dust spheroid with 0 (D’-0) and 6% (D’-6) hematite.

The modelled polluted dust optics can be used for lidar
applications. The Mueller matrix elements which are an
DDA computations, will be
additional information used for the remote-sensing ap-
plications. As the polluted dust optics has been modelled
for visible wavelength (0.55 pm) at which most of the
lidars operate.

intrinsic result of the

However, extension to further more
wavelengths will help to provide the necessary input for
radiative properties estimation. The modelled, size-aver-
aged optical properties of the accumulation mode pol-
luted mineral dust with hematite (0—6%) will be valuable
input in the GCM to further reduce the uncertainty in
the direct and indirect radiative forcing. To date no
GCM accounts for the semi-external mixing for the
radiative forcing estimation. The database of the optical
properties (such as g, g and Q) for the mono-disperse
particles can be used for the quantified radiative forcing
estimation corresponding to different types of composite

particle accounting for particle non-sphericity and hetero-
geneity. The above database for the mono-disperse
particle systems will be open to all for the above
remote-sensing purposes and many sensitivity studies
pertaining to particle optics.

6. Acknowledgement

This research is supported through grants from ISRO MT
and GBP and DST ICRP programmes.

References

Ackerman, T. P. and Toon, O. B. 1981. Adsorption of visible
radiation in atmosphere containing mixtures of absorbing and
non-absorbing particles. Appl. Opt. 20, 3661-3668.

Ackerman, A. S., Toon, O. B., Stevens, D. E., Heymsfield, A. J.,
Ramananthan, V. and co-authors. 2001. Reduction of tropical
cloudiness by soot. Science 288, 1042—1047.



16 S. K. MISHRA ET AL.

Adams, P. J., Seinfeld, J. H., Koch, D., Mickley, L. and Jacob, D.
2001. General circulation model assessment of direct radiative
forcing by the sulfate-nitrate-ammonium-water inorganic aero-
sol system. J. Geophys. Res. 106, 1097—1111.

Afeti, G. M. and Resch, F. J. 2000. Physical characteristics of
Saharan dust near the Gulf of Guinea. Atmos. Environ. 34,
1273-1279.

Agarwal, S., Aggarwal, S. G., Okuzawa, K. and Kawamura, K.
2010. Size distributions of dicarboxylic acids, ketoacids,
a-dicarbonyls, sugars, WSOC, OC, EC and inorganic ions in
atmospheric particles over Northern Japan: implication for
long-range transport of Siberian biomass burning and East
Asian polluted aerosols. Atmos. Chem. Phys. 10, 5839—5858.

Alexander, D. T. L., Crozier, P. A. and Anderson, J. R. 2008.
Brown carbon spheres in East Asian outflow and their optical
properties. Science 321, 833—-836.

Arimoto, R., Kim, Y. J., Kim, Y. P., Quinn, P. K., Bates, T. S. and
co-authors. 2006. Characterization of Asian Dust during ACE-
Asia. Global Planet Change 52, 23—56.

Bauer, S. E., Wright, D., Koch, D., Lewis, E., McGraw, R. and
co-authors. 2008. Matrix (multiconfiguration aerosol tracker of
mixing state): an aerosol microphysical module for global
atmospheric models. Atmos. Chem. Phys. 8, 6003—6035.

Bauer, S. E., Menon, S., Koch, D., Bond, T. C. and Tsigaridis, K.
2010. A global modeling study on carbonaceous aerosol
microphysical characteristics and radiative effects. Atmos.
Chem. Phys. 10, 7439-7456.

Binnig, J., Meyer, J. and Kasper, G. 2007. Calibration of an
optical particle counter to provide PM, s mass for well-defined
particle materials. J. Aerosol. Sci. 38, 325-332.

Bond, T. C., Habib, G. and Bergstrom, R. W. 2006. Limitations in
the enhancement of visible light absorption due to mixing state.
J. Geophys. Res. 111, D20211. DOI: 10.1029/2006JD007315.

Chakrabarty, R. K., Moosmiiller, H., Chen, L.-W. A., Lewis, K.,
Arnott, W. P. and co-authors. 2010. Brown carbon in tar balls
from smoldering biomass combustion. Atmos. Chem. Phys. 10,
6363-6370. DOI: 10.5194/acp-10-6363-2010.

Chin, M., Diehl, T., Ginoux, P. and Malm, W. 2007. Interconti-
nental transport of pollution and dust aerosols: implications for
regional air quality. Atmos. Chem. Phys. 7, 5501-5517.

Chou, C., Formenti, P., Maille, M., Ausset, P., Helas, G. and
co-authors. 2008. Size distribution, shape, and composition of
mineral dust aerosols collected during the African Monsoon
Multidisciplinary Analysis Special Observation Period 0: dust
and biomass-burning experiment field campaign in Niger,
January 2006. J. Geophys. Res. 113, D0O0C10. DOI: 10.1029/
2008JD009897.

Chughtai, A. R., Kim, J. M. and Smith, D. M. 2002. The effect of
air/fuel ration on properties and reactivity of combustion soots.
J. Atmos. Chem. 43, 21-43.

Clarke, A. D., Shinozuka, Y., Kapustin, V. N., Howell, S.,
Huebert, B. and co-authors. 2004. Size distributions and
mixtures of dust and black carbon aerosol in Asian outflow:
physiochemistry and optical properties. J. Geophys. Res. 109,
D15S09.

Derimian, Y., Karnieli, A., Kaufman, Y. J., Andreae, M. O.,
Andreae, T. W. and co-authors. 2008. The role of iron and

black carbon in aerosol light absorption. Atmos. Chem. Phys. 8,
3623-3637.

Dinar, E., Riziq, A. A., Spindler, C., Erlick, C., Kiss, G. and co-
authors. 2008. The complex refractive index of atmospheric and
model humic-like substances (HULIS) retrieved by a cavity ring
down aerosol spectrometer (CRD-AS). Faraday Discuss. 137,
279-295.

Draine, B. T. and Flatau, P. J. 2004. User Guide for the Discrete
Dipole Approximation Code DDSCAT 6.1. Online at http://
arxiv.org/abs/astro-ph/0409262v2.

Dubovik, O., Sinyuk, A., Lapyonok, T., Holben, B. N., Mis-
hchenko, M. and co-authors. 2006. Application of spheroid
models to account for aerosol particle nonsphericity in remote
sensing of desert dust. J. Geophys. Res. 111, D11208. DOI:
10.1029/2005JD006619.

Durant, A. J., Harrison, S. P., Watson, I. M. and
Balkanski, Y. 2009. Sensitivity of direct radiative forcing by
mineral dust to particle characteristics. Prog. Phys. Geogr. 33(1),
80-102.

Facchini, M. C., Fuzzi, S., Zappoli, S., Andracchio, A., Gelencsér,
A. and co-authors. 1999. Partitioning of the organic aerosol
component between fog droplets and interstitial aerosol.
J. Geophys. Res. 104, 26821-26832.

Formenti, P., Schiitz, L., Balkanski, Y., Desboeufs, K., Ebert, M.
and co-authors. 2011. Recent progress in understanding physical
and chemical properties of African and Asian mineral dust.
Atmos. Chem. Phys. 11, 8231-8256.

Gasteiger, J., Wiegner, M., GroB, S., Freudenthaler, V.,
Toledano, C. and co-authors. 2011. Modelling lidar-relevant
optical properties of complex mineral dust aerosols. Tellus 63B,
725-741.

Goudie, A., Washington, R., Todd, M. and Swann, M. 2003.
North African dust production: source areas and variability.
CLIVAR Exch. 27, 1-4.

Graber, E. R. and Rudich, Y. 2006. Atmospheric HULIS: how
humic-like are they? A comprehensive and critical review.
Atmos. Chem. Phys. 6, 729-753.

Griffin, J. J. and Goldberg, E. D. 1979. Morphologies and
origin of elemental carbon in the environment. Science 206,
563-565.

Hess, M., Koepke, P. and Schultz, I. 1998. Optical properties of
aerosols and clouds: the software package OPAC. Bull. Am.
Meteorol. Soc. 79, 831-844.

Jacobson, M. Z. 2000. A physically-based treatment of elemental
carbon optics: implications for global direct forcing of aerosols.
Geophys. Res. Lett. 27, 217-220.

Kalashnikova, O. V. and Sokolik, I. N. 2002. Importance of
shapes and compositions of wind-blown dust particles for
remote sensing at solar wavelengths. Geophys. Res. Lett.
29(10), 1398. DOI: 10.1029/2002GL014947.

Kalashnikova, O. V. and Sokolik, I. N. 2004. Modeling the
radiative properties of nonspherical soil-derived mineral aero-
sols. J. Quant. Spectrosc. Radiat. Transfer. 87, 137-166.

Kanakidou, M., Tsigaridis, K., Dentener, F. J. and Crutzen, P. J.
2000. Human-activity-enhanced formation of organic aerosols
by biogenic hydrocarbon oxidation. J. Geophys. Res. 105, 9243—
9254.


http://arxiv.org/abs/astro-ph/0409262v2
http://arxiv.org/abs/astro-ph/0409262v2

ACCUMULATION MODE POLLUTED MINERAL DUST 17

Kandler, K., Benker, N., Bundke, U., Cuevas, E., Ebert, M. and
co-authors. 2007. Chemical composition and complex refractive
index of Saharan Mineral Dust at Izana, Tenerife (Spain)
derived by electron microscopy. Atmos. Environ. 41, 8058—
8074. DOI: 10.1016/j.atmosenv.2007.06.047.

Kandler, K., Schutz, L., Deutscher, C., Ebert, M., Hofmann, H.
and co-authors. 2009. Size distribution, mass concentration,
chemical and mineralogical composition, and derived optical
parameters of the boundary layer aerosol at Tinfou, Morocco,
during SAMUM, 2006. Tellus 61B, 32—50.

Knippertz, P., Tesche, M., Heinold, B., Kandler, K., Toledano, C.
and co-authors. 2011. Dust mobilization and aerosol transport
from West Africa to Cape Verde: a meteorological overview of
SAMUM-2. Tellus 63B(4), 430—447.

Koch, D., Schmidt, G. A. and Field, C. V. 2006. Sulfur, sea salt
and radionuclide aerosols in GISS ModelE. J. Geophys. Res.
111, D06206. DOI: 10.1029/2004JD005550.

Koch, D. and Genio, A. D. 2010. Black carbon semi-direct effects
on cloud cover: review and synthesis. Atmos. Chem. Phys. 10,
7685-7696.

Koven, C. D. and Fung, 1. 2006. Inferring dust composition
from wavelength-dependent absorption in Aerosol Robotic
Network (AERONET) data. J. Geophys. Res. 111, D14205.
DOI: 10.1029/2005JD006678.

Lelieveld, J., Berresheim, H., Borrmann, S., Crutzen, P. J.,
Dentener, F. J. and co-authors. 2002. Global air pollution
crossroads over the Mediterranean. Science 298, 794—799.

Lesins, G., Chylek, P. and Lohmann, U. 2002. A study of internal
and external mixing scenarios and its effect on aerosol optical
properties and direct radiative forcing. J. Geophy. Res.
107(D10), 4094. DOI: 10.1029/2001JD000973.

Liao, H. and Seinfeild, J. H. 1998. Radiative forcing by mineral
dust aerosols: sensitivity to key variables. J. Geophys. Res.
103(D24), 31637-31645.

Liousse, C., Penner, J. E., Chuang, C., Walton, J. J., Eddleman, H.
and co-authors. 1996. A global three-dimensional model study
of carbonaceous aerosols. J. Geophys. Res. 101(D14), 19411—
19432.

Liu, L. and Mishchenko, M. I. 2007. Scattering and radiative
properties of complex soot and soot-containing aggregate
particles. J. Quant. Spectrosc. Radiat. Transfer. 106, 262-273.

Liu, F. and Swithenbank, J. 1996. The effects of particle size
distribution and refractive index on fly ash radiative properties
using a simplified approach. Int. J. Heat Mass Transfer. 36,
1905-1912.

Menon, S., Hansen, J., Nazarenko, L. and Luo, Y. 2002. Climate
effects of black carbon aerosols in China and India. Science 297,
2250-2253.

Mishchenko, M. 1., Liu, L, Travis, L. D. and Lacis, A. A. 2004.
Scattering and radiative properties of semi-external versus
external mixtures of different aerosol types. J. Quant. Spectrosc.
Radiat. Transfer. 88, 139-147.

Mishra, S. K. and Tripathi, S. N. 2008. Modeling optical proper-
ties of mineral dust over the Indian Desert. J. Geophys. Res. 113,
D23201. DOI: 10.1029/2008JD010048.

Moffet, R. C., Henn, T. R., Tivanski, A. V., Hopkins, R. J.,
Desyaterik, Y. and co-authors. 2010. Microscopic characteriza-

tion of carbonaceous aerosol particle aging in the outflow from
Mexico City. Atmos. Chem. Phys. 10, 961-976.

Moteki, N., Kondo, Y., Miyazaki, Y., Takegawa, N., Komazaki,
Y. and co-authors. 2007. Evolution of mixing state of black
carbon particles: aircraft measurements over the western Pacific
in March 2004. Geophys. Res. Lett. 34, L11803. DOI: 10.1029/
2006GL028943.

Myhre, G., Grini, A., Haywood, J. M., Stordal, F., Chatenet, B.
and co-authors. 2003. Modeling the radiative impact of mineral
dust during the Saharan Dust Experiment (SHADE) campaign.
J. Geophys. Res. 108, 8579. DOI: 10.1029/2002JD002566.

Okada, K., Heintzenberg, J., Kai, K. and Qin, Y. 2001. Shape of
atmospheric mineral particles collected in three Chinese arid-
regions. Geophys. Res. Lett. 28, 3123-3126.

Parungo, F. 1997. Asian dust storms and their effects on radiation
and climate: part 4. Science and Technology Corporation
Technical Report for NOAA.

Petzold, A., Veira, A., Mund, S., Esselborn, M., Kiemle, C. and
co-authors. 2011. Mixing of mineral dust with urban pollution
aerosol over Dakar (Senegal): impact on dust physico-chemical
and radiative properties. Tellus 63B, 619-634.

Reid, E. A., Reid, J. S., Meier, M. M., Dunlap, M. R., CIiff, S. S.
and co-authors. 2003. Characterization of African dust trans-
ported to Puerto Rico by individual particle and size segregated
bulk analysis. J. Geophys. Res. 108(D19), 8591. DOI: 10.1029/
2002JD002935.

Sato, M., Hansen, J., Koch, D., Lacis, A., Ruedy, R. and co-
authors. 2003. Global atmospheric black carbon inferred from
AERONET. Proc. Natl. Acad. Sci. 100, 6319-6324.

Seinfeld, J. H. 2006. Final Technical Report: DE-FGO03-
01ER63099/DE-FG02-01ER63099, 1 March 2001 to 28 Febru-
ary 2005, Department of Energy, California Institute of
Technology, Pasadena, CA 91125. Online at http://www.osti.
gov/bridge/purl.cover.jsp;jsessionid =33DCDAIDAAOES71AE
143EF9ABOCEFB3F?purl =/877386-rVUGqH]/.

Shi, Z., Shao, L., Jones, T. P. and Lu, S. 2005. Microscopy and
mineralogy of airborne particles collected during severe dust
storm episodes in Beijing, China. J. Geophys. Res. 110, D01303.
DOI: 10.1029/2004JD005073.

Shinozuka, Y., Clarke, A. D., DeCarlo, P. F., Jimenez, J. L.,
Dunlea, E. J. and co-authors. 2009. Aerosol optical properties
relevant to regional remote sensing of CCN activity and links to
their organic mass fraction: airborne observations over Central
Mexico and the US West Coast during MILAGRO/INTEX-B.
Atmos. Chem. Phys. 9, 6727-6742. DOI: 10.5194.

Shiraiwa, M., Kondo, Y., Moteki, N., Takegawa, N., Miyazaki,
Y. and co-authors. 2007. Evolution of mixing state of black
carbon in polluted air from Tokyo. Geophys. Res. Lett. 34,
L16803. DOI: 10.1029/2007GL029819.

Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E. and co-
authors. 2005. The aerosol climate model ECHAMS-HAM.
Atmos. Chem. Phys. 5, 1125-1165.

Subramanian, R., Kok, G. L., Baumgardner, D., Clarke, A.,
Shinozuka, Y. and co-authors. 2010. Black carbon over Mexico:
the effect of atmospheric transport on mixing state, mass
absorption cross-section, and BC/CO ratios. Atmos. Chem.
Phys. 10, 219-237. DOI: 10.5194/acp-10-219-2010.


http://www.osti.gov/bridge/purl.cover.jsp;jsessionid=33DCDA9DAA0E871AE143EF9AB0CEFB3F?purl=/877386-rVUGqH/
http://www.osti.gov/bridge/purl.cover.jsp;jsessionid=33DCDA9DAA0E871AE143EF9AB0CEFB3F?purl=/877386-rVUGqH/
http://www.osti.gov/bridge/purl.cover.jsp;jsessionid=33DCDA9DAA0E871AE143EF9AB0CEFB3F?purl=/877386-rVUGqH/
http://www.osti.gov/bridge/purl.cover.jsp;jsessionid=33DCDA9DAA0E871AE143EF9AB0CEFB3F?purl=/877386-rVUGqH/
http://www.osti.gov/bridge/purl.cover.jsp;jsessionid=33DCDA9DAA0E871AE143EF9AB0CEFB3F?purl=/877386-rVUGqH/
http://www.osti.gov/bridge/purl.cover.jsp;jsessionid=33DCDA9DAA0E871AE143EF9AB0CEFB3F?purl=/877386-rVUGqH/
http://www.osti.gov/bridge/purl.cover.jsp;jsessionid=33DCDA9DAA0E871AE143EF9AB0CEFB3F?purl=/877386-rVUGqH/
http://www.osti.gov/bridge/purl.cover.jsp;jsessionid=33DCDA9DAA0E871AE143EF9AB0CEFB3F?purl=/877386-rVUGqH/
http://www.osti.gov/bridge/purl.cover.jsp;jsessionid=33DCDA9DAA0E871AE143EF9AB0CEFB3F?purl=/877386-rVUGqH/

18 S. K. MISHRA ET AL.

Sullivan, R. C. and Prather, K. A. 2007. Investigations of the
diurnal cycle and mixing state of oxalic acid in individual
particles in Asian aerosol outflow. Environ. Sci. Technol. 41(23),
8062-8069.

Takahama, S., Liu, S. and Russell, L. M. 2010. Coatings and
clusters of carboxylic acids in carbon-containing atmospheric
particles from spectromicroscopy and their implications for
cloud-nucleating and optical properties. J. Geophy. Res. 115,
DO01202. DOI: 10.1029/2009J7D012622.

Tegen, 1., Lacis, A. A. and Fung, 1. 1996. The influence on climate
forcing of mineral aerosols from disturbed soils. Nature 380,
419-421. DOI: 10.1038/38041900.

Tegen, 1., Hollrig, P., Chin, M., Fung, 1., Jacob, D. and co-
authors. 1997. Contribution of different aerosol species to the
global aerosol extinction optical thickness: estimates from model
results. J. Geophys. Res. 102, 23895-23916.

Varga, B., Kiss, G., Ganszky, 1., Gelencsér, A. and Krivacsy, Z.
2001. Isolation of water-soluble organic matter from atmo-
spheric aerosol. Talanta 55, 561-572.

Volten, H., Munoz, O., Hovenier, J. W., de Hann, J. F.,
Vassen, W. and co-authors. 2005. WWW scattering matrix
database for small mineral particles at 441.6 and 632.8 nm.
J. Quant. Spectrosc. Radiat. Transfer. 90, 191-206.

Wang, J., Liu, X., Christopher, S. A., Reid, J. S., Reid, E. and co-
authors. 2003. The effect of non-sphericity on geostationary
satellite retrievals of dust particles. Geophys. Res. Lett. 30, 2293.

Wiegner, M., Gasteiger, J., Kandler, K., Weinzierl, B., Rasp, K.
and co-authors. 2009. Numerical simulations of optical
properties of Saharan dust aerosols with emphasis on lidar
applications. Tellus 61B, 180—194. DOI: 10.1111/j.1600-0889.
2008.00381.x.

Xie, C., Nishizawa, T., Sugimoto, N., Matsui, . and Wang, Z.
2008. Characteristics of aerosol optical properties in pollution
and Asian dust episodes over Beijing, China. Appl. Optic. 47(27),
4945-4951.

Xuana, J., Sokolik, I. N., Hao, J., Guo, F., Mao, H. and co-
authors. 2004. Identification and characterization of sources of
atmospheric mineral dust in East Asia. Atmos. Environ. 38,
6239-6252.

Yang, M., Howell, S. G, Zhuang, J. and Huebert, B. J. 2009a.
Attribution of aerosol light absorption to black carbon, brown
carbon, and dust in China — interpretations of atmospheric
measurements during EAST-AIRE. Atmos. Chem. Phys. 9,
2035-2050.

Yang, F., Chen, H., Wang, X., Yang, X., Du, J. and co-authors.
2009b. Single particle mass spectrometry of oxalic acid in
ambient aerosols in Shanghai: mixing state and formation
mechanism. Atmos. Environ. 43, 3876—-3882.



