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Mixing states of aerosol components significantly influence the optical, physical and radiative
properties of ambient aerosols. The five-component aerosol composition model, including
black carbon (BC), brown carbon (BrC), mineral dust (DU), ammonia sulfate (AS) and aerosol
water (AW), is improved with considering different mixing rules in this paper. Then we
retrieve the volume fractions and column mass concentrations of these aerosol components at
Beijing from ground-based AERONET remote sensing measurements, such as refractive index,

Keywords: N size distribution, and single scattering albedo. A residual minimization method is used to
Aerosol composition derive aerosol composition difference under dust, haze and clean conditions at Beijing in 2011.
gﬂ’;?é?:e Three mixing rules including Maxwell-Garnett (MG), Bruggeman (BR) and Volume Average

(VA) are demonstrated to have significant influences on the aerosol component retrievals. We
find that over 50% difference of volume fraction of DU occurs by switching between MG and BR
rules. Therefore, applicability of each mixing rule is also investigated. We propose that BR is
more suitable for the dust case, MG is better than other two rules for the haze case, and VA is
the best choice for the clean case. We also discuss the application scopes of different mixing
rules by comparing the recovered aerosol optical parameters with AERONET observations.

© 2014 Elsevier B.V. All rights reserved.

Ground-based remote sensing

1. Introduction their capability of providing a wide spatial and fine temporal

estimate (Wang et al, 2013a). However, inevitable large

Aerosol is considered to have significant impacts to global
climate and atmosphere environment. It affects climate in both
direct and indirect ways (Haywood and Boucher, 2000).
Although aerosol scattering at short wavelength is believed to
have cooling effects on atmosphere, absorption of aerosols
cannot be ignored because the cooling effect of aerosol radiative
forcing at the top of atmosphere may change to warming with
highly absorbing aerosols (Schuster et al., 2005; Haywood and
Shine, 1995; Charlock and Sellers, 1980). Atmospheric models
are widely used in estimating global aerosol radiative forcing for
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uncertainties have limited their application (Bond and
Bergstrom, 2006; Park et al, 2003). Sato et al. (2003) found that
models might need 2-4 times increase for BC emission
inventories to match single scattering albedo (SSA) measure-
ments by AERONET (AErosol RObotic NETwork) (Holben et al.,
1998). Aerosol is a mixture of solid and liquid components
suspended in the atmosphere and radiative impacts of aerosol
components are widely varying (Alam et al.,, 2011), making it
difficult to accurately estimate the total aerosol radiative impact.
Therefore studies on aerosol component and composition
become more and more important for the estimation of aerosol
radiative forcing. For example, Srivastava et al. (2012a) derived
aerosol optical parameters that are important to radiative forcing
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such as aerosol optical depth (AOD) and SSA by aerosol chemical
composition measurements and ambient meteorological param-
eters, and then used them to estimate aerosol direct radiative
forcing.

Satellite remote sensing technology provides global aerosol
products like AOD and size distribution (Kaufman et al., 2002),
but so far it cannot effectively acquire aerosol composition
(Ganguly et al., 2009). In situ sampling and laboratory analysis
can provide accurate aerosol composition but it is difficult to
maintain the natural status of ambient aerosols. Besides, the
high time and money cost due to its complexity have limited
the application of this technology. In the field of identifying
aerosol types and inferring aerosol composition, ground-based
remote sensing measurements are becoming promising in
recent years for their global coverage and continuous auto-
matic observation, for example, the AERONET. Lee et al. (2010)
employed SSA at 440 nm and fine mode fraction (FMF) at
550 nm derived by AERONET to classify global aerosol into
several classes. Srivastava et al. (2012b) used the same method
to discriminate aerosol types according to their size and
radiation absorptivity, and investigated diurnal and spatial
variation of aerosol types. Srivastava et al. (2014) also
quantified the possible radiative implications of different
aerosol types. Aerosol optical and physical properties such as
AOD, SSA, refractive indices and size distribution are also useful
for aerosol composition retrieval. Schuster et al. (2005) used a
three-component aerosol model including black carbon (BC),
ammonia sulfate (AS) and water to infer the content and spe-
cific absorption of BC. He also investigated the sensitivity of BC
content to optical properties. Dey et al. (2006) supplemented
partly absorbing components (organic carbon (OC) or mineral
dust (DU), depending on observation period) to the model and
inferred BC and its specific absorption. Arola et al. (2011)
extended the model analogously to acquire absorbing organic
carbon (also called as brown carbon, BrC) content. These
studies usually ignore DU considering that the spectra of
imaginary refractive index of DU and BrC are quite similar.
Li Z Q et al. (2013) and Wang et al. (2013a) simulated
SSA of BrC and DU and found that differences of SSA spectra in
670-1020 nm can be used to distinguish these two absorbing
components. They added SSA information to the inversion
scheme and established a five-component model, inferring BrC
and DU simultaneously. They further applied this model to the
serious haze episodes in Beijing in January 2013, and acquired
aerosol composition in haze episodes (Wang et al., 2013b).

Atmospheric particles are a mixture of different compo-
nents during complex atmospheric chemical and physical
processes such as nucleation and condensation. Mixing states
of aerosols have significant impacts on light extinction and
thus radiative forcing (Lesins et al., 2002; Li L et al., 2013). For
example mass absorption efficiency of BC aerosol varies with
its mixing state, geometrical morphology and density (Fuller
et al., 1999; Schuster et al., 2005; Dey et al., 2006). There are
mainly two assumptions of aerosol mixing. One is external
mixing in which each aerosol component is physically
separated with the others, ie. each individual particle
contains only one type of component. The other is internal
mixing, assuming at least two types of aerosol component
included in one particle, and the mixture comprehensively
reflects physical and chemical properties of all components.
Pure external mixing is rare in realistic aerosol. Field

measurements show that most aerosol components are
internally mixed with others (Lesins et al, 2002) and
telescope data illustrates that over 50% of soot and ammonia
sulfate aerosols are internally mixed (Schuster et al., 2005).
Sometimes initial aerosols are single particles at the source
and then develop to internal mixtures during atmospheric
chemical reactions. For example, BC, OC and sulfate could be
originated from the same combustion process (Yang et al.,
2009); however, they might aggregate into a new internal
mixture later. Therefore natural aerosol is generally believed
to be internally mixed, and varies with its composition,
morphology of particles and relative humidity of atmosphere
(Schuster et al., 2009; Lesins et al., 2002; Xue et al., 2011).

Internal mixing states of aerosols (here we mainly focus
on the mixing rules) have significant impacts on optical and
physical properties of aerosol but have not been given
adequate attention. Some studies employed one mixing rule
to infer aerosol composition. For example, Arola et al. (2011)
applied Maxwell-Garnett (MG) effective medium approxi-
mation to the retrieval of four-component aerosol model,
Wang et al. (2013a) used Volume Average (VA) mixing rule
to calculate refractive indices of aerosol mixture in their
five-component model. Some studies investigate the differ-
ences between mixing rules. For example, Dey et al. (2006)
compared Bruggeman (BR) effective medium approximation
and MG in composition retrieval but BR was only applied to a
two-component model (BC and AS). Schuster et al. (2005)
compared external mixing, MG and concentric sphere models
and chose MG to infer BC content. Lesins et al. (2002)
systematically analyzed the impacts of aerosol mixing states
on radiative forcing and compared refractive index simula-
tion under MG, BR and VA mixing rules, but did not applied
their results to actual aerosol composition retrieval.

Based on the assumption of internal mixing aerosol, this
paper improves the five-component model described in
previous work (Li Z Q et al., 2013; Wang et al., 2013a,b) by
applying different mixing rules (MG, BR and VA). We then
utilize AERONET observation of Beijing site in 2011 to retrieve
aerosol composition under selected typical cases (i.e. dust,
haze and clean day). We focus on the comparison of retrievals
between these mixing rules, and then use simulated refrac-
tive index spectra and aerosol absorption optical depth to
investigate the applicability of these mixing rules.

2. Data
2.1. AERONET products

AERONET is composed of over 500 observation sites of
sun-sky photometer instruments all over the world (until the
end of 2012), providing high quality aerosol products (Holben
et al,, 1998). Sun-sky photometer is capable of automatic
observation of direct solar irradiation and also sky radiation
with ALMucantar (ALM) and Solar Principle Plane (SPP)
geometries. Retrieval results such as refractive indices and
size distribution are acquired by ALM geometry, which
supplies sky radiation measurements at 28 relative azimuth
angles but a fixed solar zenith, almost covering the entire
almucantar. Symmetry criteria of ALM might screen some
invalid measurements but at least 21 azimuth angles are
needed for the retrieval accuracy. AERONET inversion method



Y. Xie et al. / Atmospheric Research 145-146 (2014) 267-278 269

(Dubovik and King, 2000; Dubovik et al., 2006) acquires
aerosol optical properties by measuring direct solar irradia-
tion and sky radiation at multi scattering angels. Based on
optimal matching spectral and angular sky measurements
this method can simultaneously solve imaginary and real
refractive indices at the scanning wavelengths (440, 670, 870
and 1020 nm) and volume size distribution for 22 particle
radii between 0.05 and 15 pum. The accuracy of fine mode
dominated (0.1-7.0 um) size distribution is 15-25%, while for
size less than 0.1 or larger than 7.0 um the accuracy is 25-
100%. The accuracy of real refractive index is expected to
be 0.04; the accuracy of imaginary refractive index is 30-50%
for AOD at 440 nm larger than 0.4 (Dubovik et al., 2000). We
use quality assured AERONET level 2.0 products (AOD at
440 nm > 0.4) in this work to retrieve aerosol composition,
including refractive index, volume size distribution, and SSA.

2.2. Case selection

We select Apr 16, Oct 29 and Dec 19 of 2011 respectively
as typical dust, haze and clean condition cases in this paper
by considering some criteria and employ AERONET products
on these days in our retrieval. For selection of dust case,
we apply the criterion proposed by Dubovik et al. (2002):
Angstrém Exponent (AE) < 0.6 and AOD (1020 nm) > 0.3. For
selection of haze case, we use the three-parameter criterion
proposed by Li Z Q et al. (2013): relative humidity (RH) <90%,
AOD (440 nm) > 1.0 and AE > 1.0. And for selection of clean
case, we simply use AOD as the criterion: AOD (440 nm) < 0.7,
the multi-year average of AOD (440 nm) from 2001 to 2012 in
AERONET Beijing site, and AOD (440 nm) > 0.4 (for assuring
retrieval quality of urban-industrial aerosol).

Fig. 1 shows daily average lognormal volume size dis-
tribution of the typical dust, haze and clean case and Table 1
shows related AERONET retrieval parameters, demonstrating
good representativeness of the selected cases. The dust case
has similar size distribution and SSA spectra (not shown
here) to dust aerosol model derived at Cape Verde site
(Dubovik et al., 2002) where AE was 0.36, close to our dust
case. The size distribution of the selected haze case is quite
close to that of haze episodes in Beijing winter as described

Table 1
AERONET retrievals on the selected cases (daily average). “+” indicates
standard deviation.

Selected case Apr 16 2011  Oct 29 2011 Dec 19 2011
Aerosol condition Dust Haze Clean
Number of measurements 7 3 5

AOD (440 nm) 093 + 021 193 +£ 039 048 + 0.04
FMF (440 nm) 041 4+ 0.07 0.94 4+ 0.01 0.89 + 0.01
AE (440-870 nm) 044 +0.12 1.26 +£ 0.08 1.39 4 0.02
SSA (440 nm) 0.83 £ 0.03 0.94 + 0.01 0.87 + 0.01
Total volume (um?/um?) 072 &+ 0.08 041 + 0.07 0.13 & 0.02
VFMF 0.06 + 0.01 0.64 4+ 0.03 0.46 + 0.03

by Li Z Q et al. (2013), ignoring the differences of total
volume concentration of aerosol (related to AOD). Both haze
cases have similar aerosol parameters such as SSA, AE and
fine-mode fraction of AOD (FMF), which indicates aerosol
absorbing/scattering properties, particle size, and extinction
ratio of fine mode aerosol, respectively. The size distribution
of clean case is quite like that of Mexico City model (Dubovik
et al.,, 2002) which also belongs to urban/industrial aerosol
type only with larger AOD. Besides, the fine-mode fraction in
volume (VFMF) of the clean case is similar to VFMF in clean
condition of Beijing winter (e.g. Xie et al., 2013).

In dust case AE is 0.44 4 0.12 and VFMF is 0.06 + 0.01,
indicating the dominated coarse-mode aerosol of size distri-
bution (Eck et al., 2005), as also shown in Fig. 1. The relatively
low FMF (0.41 £ 0.07) illustrates the stronger extinction of
coarse-mode aerosol than fine-mode in dust case. Aerosol
absorption of dust case is the strongest among the three cases,
indicated by the small SSA (440 nm), about 0.83 + 0.03. On
the contrary, AE (as well as VFMF and size distribution) and
FMF in haze case show clearly fine-mode aerosol dominating
both size distribution and light extinction (Kang et al., 2013).
Also, the large SSA of haze case (0.94 + 0.01) indicates the
relatively weak absorption (probably due to the much faster
growth of scattering coefficient than absorbing coefficient),
in accordance with other studies (Yan et al., 2008; Min et al.,
2009; Liu et al, 2013). In clean case VFMF is about 0.46 +
0.03, showing that volume concentrations of both modes are

0.6

—=— Dust case - Apr 16 2011
—&— Haze case - Oct 29 2011
0.5 —&— Clean case - Dec 19 2011

dvrdinr (pm*/um?)

Radius (um)

Fig. 1. Aerosol volume size distributions of the three typical cases. Error bar shows standard deviation of daily average.
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comparable although coarse-mode aerosol is slightly stronger,
agreeing with some previous studies (Yu et al.,, 2012; Xie et al.,
2013). We notice that light extinction of aerosol in haze case
is much larger than that in other two cases, which can be
explained by the dramatically increased scattering aerosols.
Note that the total volume concentration of aerosol in dust
case exceeds that of haze case due to much larger size of dust
particles.
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3. Retrieval method
3.1. Aerosol composition model

Black carbon, mineral dust, organic materials and scatter-
ing matters are common components of continental aerosols.
Sea salt is also a part of aerosol composition at submari-
time regions. Aerosol water is another significant component

1.0
BC == This work
—&— OPAC (soot)
%2 0.9 —4A— Bond and Bergstrom, 2006
= —w— Stier et al., 2007
§ 0.8 —4— Krekov, 1992
‘© «——
> ————¢
s 0.7 ) ¢ v
'8 —=____i
® . = —a
=
2 o6
2
g
&> 054
g a
£ ___—————.7.__——-.
0.4+
a
0.3 T T T T T T T
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)
0.35
BrC == This work
0.30 —w— Kirchstetter et al., 2004
gy | —— Sun et al., 2007 - max
= ° —aA— Sun et al., 2007 - min
L 0254
£
2 0201
S
s
"qé 0.154
2
2 o010+
(=]
@
£ 005
0.00 4 ] | = b
T T T T T T T
300 400 500 600 700 800 9200 1000 1100
Wavelength (nm)
0.012 0.06
DU === This work
a —8— Dubovik et al., 2002 - Saudi Arabia
0010+ \ —A— Kinnie et al., 2003 10.05
S 0O Krekov, 1992 - Hematite
2 0.008 O Krekov, 1992 - Quartz 40.04
© Krekov, 1992 - Silicate
2
‘g 0.006 - H0.03
=
e
> 0.004 -+ 0.02
@
£ ®
g 0.002 4 -0.01
go :
0.000 4 [ D , E—— - .49 C 40.00
T T T T T T T T T T T T T T T T T
300 400 500 600 700 800 900 1000 1100 1200
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except for aerosols at drought and desert regions. Fossil
combustion and motor vehicle exhaust are the main sources
of black carbon (BC) (Safai et al, 2013), which is an
important absorbing component of Beijing aerosol. Scattering
aerosols contain sulfate and nitrate, large part of which come
from gas-to-particle conversion of polluting gases like sulfur
dioxide and nitric oxide mainly from anthropogenic activities
(e.g. fossil combustion) (Kai et al., 2007). Note that scattering
aerosol is often composed of many species, whose real re-
fractive indices mainly distribute from 1.51 to 1.55. Ammonia
sulfate (AS) takes up about 16-54% of submicron aerosol
mass and its real refractive index is 1.53 (Wang et al., 2013a),
thus we can simply use it as delegate of scattering aerosols.
Mineral dust (DU) mainly comes from remote dust sources
and local fly ash emission (e.g. construction and traffic dust).
Beijing is located near Otindag Sandy Land, one of the main
dust sources of North China. Volume fraction of coarse-mode
aerosol of Beijing is generally 50% (Eck et al, 2010) and
surface sampling research shows similar results (Yuan et al.,
2008). Therefore mineral dust should be treated as an im-
portant component of Beijing aerosol (Zhao et al., 2007).
Organic matters have complex origins (Bi et al., 2008), such as
combustion products, volatile organic compound (VOC) and
natural organic matter (e.g. pollen). Industrial combustion
emission and biomass burning emission are the main sources
of BrC (Bahadur et al, 2012), which can be used as
representation of absorbing organic aerosols in Beijing
(Wang et al, 2013a). Aerosol water (AW) is a critical
component of urban type aerosol, especially under haze
pollution, when atmospheric water content is considerably
high (Wang et al.,, 2013b). Sea salt can be safely ignored in our
model because Beijing is far from sea and there's almost no
southeast monsoon bringing sea salt component to Beijing
during the research periods. According to the above analysis of
aerosol sources, the aerosol composition model used in this
paper contains five components: BC, BrC, DU, AS and AW.

3.2. Optical properties of aerosol components

BC, BrC and DU are absorbing aerosols (Arola et al., 2011).
BC is an extremely strong absorbing component that has big
influence on aerosol optical properties although it generally
occupies no more than 5% of atmospheric aerosol in mass
(Lesins et al., 2002). BC is very important as it may reduce
the direct radiative effect of sulfate aerosols by 50-100%
(Schuster et al., 2005). Imaginary refractive index (k) of BC is
much larger compared with other components, for example,
k at 440 nm is 0.66 (Bergstrom, 1972), about 10 times than
that of BrC (0.063) and 60 times than that of DU (0.01) at
same wavelength. Another obvious absorbing characteristic
of BC is that its k shows very little spectral dependency, as
shown in Fig. 2(a).

Increased absorption at 440 nm, often found in ground-
based aerosol observation, can be attributed to the existence
of partly absorbing components like BrC and DU, considering
the k spectral independency of BC (Derimian et al., 2008). BrC
has relatively weak absorption compared to BC, however,
its k spectra show a prominent increase at short wavelength,
i.e. from ultraviolet to blue (Wagner et al., 2012; Bahadur et al,,
2012; Feng et al., 2013), as shown in Fig. 2(b). DU is another
partly absorbing aerosol component existing extensively in the

global atmosphere. Fig. 2(c) shows that k spectra of DU are
similar to BrC except for much smaller values. The increased
absorption at 440 nm of DU is due to hematite, the absorbing
constituent in dust particles. The k at 440 nm of hematite is
about 0.054, much larger than other constituents like quartz
and silicate (0.0005) (Koven and Fung, 2006). The spectral
dependency of hematite and that of quartz and silicate is
contrastively shown in Fig. 2(c).

AS is a typical scattering aerosol component that has almost
no absorption at all wavelengths, illustrated by its extremely
low imaginary refractive index (the order of 10~7). The strong
scattering of solar direct irradiation makes AS a cooling aerosol
(Haywood et al., 1997; Penner et al.,, 1998). AW does not have
light absorption (imaginary refractive index is zero), showing
only scattering effect to light.

There is no diagnostic spectral characteristic of real
refractive indices (n) of these five components (Wang et al.,
2012). BC, BrC, DU and AS are further respectively composed
of some species, and fortunately for each type the n values of
these species are considerably close, for example, n values of
AS species vary from 1.51 to 1.55. The real refractive indices
of AW at four wavelengths are as low as 1.33 among obser-
vation wavelengths. Table 2 lists refractive indices acquired
from literatures.

3.3. Retrieval of aerosol components

3.3.1. Mixing rules

Refractive indices of mixed aerosol can be computed by
the index of each component in the model according to a
certain mixing rule (Chylek et al., 2000). A suitable mixing
rule is selected according to the geometric arrangement of
the components in the mixture (Lesins et al., 2002). Different
mixing rules have their own applications and sometimes
reach to very different refractive indices and thus optical
properties. Based on different assumptions of aerosol mixing
states, we apply three mixing rules, Maxwell-Garnett (MG)
effective medium approximation, Bruggeman (BR) effective
medium approximation and Volume Average (VA) mixing
rule respectively to investigate their applicability to various
situations.

(1) Maxwell-Garnett effective medium approximation
should be used for the case of insoluble small particles
suspended in solution, which can be modeled as
insoluble inclusions embedded within a matrix
(Bohren and Huffman, 1983). For example, in the
case of black carbon in sulfate haze, sulfate solution is
assumed to be matrix which contains separated BC
inclusions. Note that matrix could be either liquid
or solid particles (Schuster et al., 2005). In our MG
aerosol model, AW is treated as the matrix and the
other four components are inclusions. We compute
MG effective dielectric function &y by

£\ —En(N)
2.5 <s] smm)
EnoN) = (V) |1+ N

X
- Zf’<] T2 sm(x)>
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Table 2
Refractive indices of five components used in the retrieval (Li Z Q et al,,
2013).

Real refractive
index n

Component Imaginary refractive index k

440 nm 670 nm 870 nm 1020 nm 440-1020 nm

BC 0.66 0.66 0.66 0.66 1.95
BrC 0.063 0.005 0.001 0.001 1.53
DU 0.01 0.004 0.001 0.001 1.57
AS 1077 1077 1077 1077 1.53
AW 0 0 0 0 133

where A is the available wavelengths of AERONET
products, i.e. 440, 670, 870 and 1020 nm, f; indicates
the volume fractions of the four inclusions, and &, and
g are dielectric constants of matrix and inclusions,
respectively. Real refractive index n and imaginary
refractive index k at each wavelength can be computed
by dielectric constant (complex number), following

nA) = 2)

k(A) = 3)

where ¢, and ¢; are real and imaginary parts of dielec-
tric constant.

(2) Bruggeman effective medium approximation treats all
components in the mixture equally and does not
distinguish inclusions and matrix. It is suitable for the
case of a mixture of random insoluble particles where
the dry components are interspersed (Bohren and
Huffman, 1983). BR dielectric function &gz can be
calculated by solving the equation

£;—¢&pp
TR, 4
I @

(3) Volume average mixing rule, which can avoid complex
computation of dielectric function, is based on the
assumption that all components are uniformly mixed.
The simplicity makes VA as the first choice to calculate
refractive indices of mixed aerosol in many studies
(Wang et al.,, 2013a; LiZ Q et al., 2013; Koven and Fung,
2006). Refractive index of each component is weighed
by its volume fraction and then summed up to acquire
the refractive indices of aerosol mixture as the follow-

ing:
n(\) = fini(\) ()
k(X) = ijkj()\) (6)

where n;j and k; respectively indicate real and imaginary
part of refractive index of each component.

3.3.2. Residual minimization method

Residual minimization is to search for the optimal combi-
nation of volume fractions of the five components according to
the comparison between the simulation and the AERONET
observation. We first assume volume fraction of each compo-
nent and compute real and imaginary refractive indices based
on a mixing rule as described in Section 3.3.1. Then we acquire
different value of SSA between 670 and 870 nm, dSSA, which
helps to distinguish BrC from DU (Wang et al., 2013a), using
mass absorption efficient (MAE) and mass density (p) (both
shown in Table 3) of absorbing components and also AOD and
total volume. We compare the simulated n, k, and dSSA with
the corresponding AERONET observation, and when residual
° between simulation and observation is minimized, the
components are considered as retrieval results:

4 nmeas_ncal 2 4 kmeas_kcal 2 dSSAmeas_dSSAcal 2
}(2 :Z( - nmeass ) +Z( - - ) ( |dSSA™eS | )

s=1 S s=1

k;nEUS +
7

where the superscripts meas and cal denote AERONET ob-
served and simulated parameters respectively, and subscript s
indicates the wavelengths used in the retrieval process. The
retrieved volume fraction of each component can be further
transformed to column mass concentration col_mass (in g/m?)
as

dv
col.mass; = f* Vi % pj = f % pj % / md Inr (8)

where Vo is the total volume of aerosol by integrating the
volume size distribution (dV/dInr), and p; denotes densities of
five components. The detailed process of retrieval method has
been described in previous publications (Li Z Q et al., 2013;
Wang et al.,, 2013a), and this paper improves the inversion
scheme by applying different mixing rules, as shown in Fig. 3.

4. Results
4.1. Impacts of mixing rules to the retrieval

In this section we show the retrieved volume fraction and
column mass concentration (in mg/m?) of aerosol compo-
nents in the typical cases. Dust condition is characterized by
high level of dust particles and low water content. As shown
in Fig. 4(a) and (d), in dust case the retrieved AW contents
under the three mixing rules are all equal to zero. For BR and
VA rules, volume fraction of BC is about 0.1%, while for MG

Table 3
Physical parameters of components in the retrieval process (Li Z Q et al., 2013).

Aerosol Density Mass absorption efficiency (m?/g)

component  (g/cm?)

440 nm 675 nm 870 nm 1020 nm
BC* 2.0 125 8.14 6.32 /
BrC* 1.8 0.921 0.067 0.050 /
DU? 2.6 0.104 0.045 0.045 /
AS 1.76 / / / /
AW 1.0 / / / /

2 Denotes absorbing components.
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Fig. 3. Flowchart of the improved aerosol component retrieval method.

rule BC content is a little higher, about 0.49%. Volume fraction
of BrC is about 3-6% for the three mixing rules, showing
no significant difference. The main composition differences
related to mixing rules are found to be DU and AS. The frac-
tion of coarse-mode particles can be related to DU content to
a certain extent considering that the majority of DU aerosols
are coarse particles with radius larger than 1 pum (Dubovik
et al.,, 2002). The retrieved volume fractions of DU are 80%
(BR), 61% (VA) and 25% (MG) while the coarse-mode fraction
of dust case is 94%. Therefore we think that BR is better than
VA and MG for dust case. The retrieved DU content by BR is
consistent with the four-component aerosol model study
(Wang et al., 2012). We notice that the retrieved AS content
under MG is abnormally high (about 70%) compared with
other two cases, and this can be attributed to MG's large
underestimation of DU as shown by Fig. 4(a).

Compared with dust case, AW and AS contents in haze
case are significantly increased (Li Z Q et al., 2013; Xie et al.,
2013). From Fig. 4(b) and (e) we can see that BC content is
about 0.6% (5 mg/m?) under MG and VA in haze case, higher
than those in dust case. The BrC content acquired by MG and
VA is about 2-4% (17-30 mg/m?), equivalent to the BrC level
of other researches (Arola et al., 2011; Wang et al., 2013b).
However, BC retrieved from BR is smaller (1.58 mg/m?) while
BrC is larger (57 mg/m?). Some researches indicate that DU
occupies a considerable large fraction at haze episode in Beijing,
about 30-40% (Li Z Q et al, 2013; Wang et al., 2013b), in
accordance with DU retrieved from MG and BR but far larger
than that from VA (only 5%) in the present study. Under haze
pollution the scattering aerosol AS has an obvious increase (Yan
etal., 2008; Wei et al., 2013). Our retrieval of AS is 133, 335 and
279 mg/m? respectively for MG, BR and VA, and MG retrieval
shows good consistency with the AS content at haze episodes in

Jan 2013 in Beijing (~132 mg/m? from Wang et al., 2013b)
while BR and VA seem to overestimate it. Increased water
content is another significant feature of haze as proved by some
studies (Yuetal.,,2012; Min et al., 2009). AW retrieved from MG
and VA is about 45% that relates to high RH, much larger than
that in dust and clean cases. However, AW is substantially
underestimated by BR according to which AW is only 10%, even
lower than the level on clean day. From above analysis we
conclude that MG mixing rule is better than the other two for
aerosol composition retrieval in haze case.

In clean case both AOD and total volume of aerosols are
relatively small, as shown in Table 1, thus the absolute mass
differences between mixing rules are small compared to
those in other two cases, although volume fraction of com-
ponents shows some obvious deviations. From Fig. 4(c) and
(f) we can see that BC contents from different rules are
similar, about 1.2% (3 mg/m?), agreeing well with Wang et al.
(2013b), who claimed that BC was about 4 mg/m? on clean
days of Beijing. BrC retrieved from MG and VA is about
20 mg/m?, close to the lower limit of heavy haze pollution.
But BR retrieval of BrC (51 mg/m?) is highly overestimated,
more than twice the values of other cases, almost reaching to
the typical level of heavy haze pollution. DU is a common
aerosol component in Beijing and there are a certain amount
of dust particles even in clean condition (Yuan et al., 2008).
The volume fraction of DU retrieved under MG and VA is
respectively 62% and 43%, close to the coarse-mode fraction
of this case (54%). However, BR retrieval of DU is only 25%,
which is probably attributed to its overestimation of BrC.
Scattering aerosols make important contributions to mass of
urban aerosols and to the light extinction. The VA and BR
retrievals of AS contents are about 70 mg/m? which matches
AS content of other study (Wang et al, 2013b), and MG
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Fig. 4. Retrieval of volume fractions (left panels) and mass column concentrations (right panels) of aerosol components using different mixing rules.

retrieval of AS is slightly smaller. In clean case, AW content
(about 12-20%) lies between haze and dust cases, and there is
no obvious deviation between the mixing rules. As we have
discussed above, VA is the most appropriate choice for
composition retrieval for clean case.

We find significant impacts of mixing rules to the retrieval.
In dust case, the volume fraction difference of DU from MG
and BR retrievals is about 54% and that of AS is 55%. In haze
case, the volume fraction difference of AW from BR and VA
retrievals reaches to 40%, and the difference between MG and

BR retrievals of AS is 28%. In clean case, volume fraction
difference of DU from MG and BR retrievals is 37%. These
deviations indicate that DU and AS have largest difference
when employing different mixing rules, i.e. these two compo-
nents are the most likely to be affected by mixing rules. The
choice of mixing rules affects retrieval to a great extent because
they have significant influence on the calculation of refractive
indices, which provide much of the information to the inver-
sion, as Eq. (7) shown. The applicability of the mixing rules will
be further discussed in Section 5.
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4.2. Comparison to AERONET observation

In order to validate our results, we simulate refractive

indices and aerosol absorption optical

mixed aerosol using the retrieved volume fraction of com-
ponents, and compare them with corresponding AERONET

observation.
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Fig. 5 shows the observed spectra of imaginary (k) and

real (n) refractive index acquired by AERONET and the simu-

depth (AAOD) of the

lation using the retrieved component volume fractions, which
are calculated according to MG, BR and VA mixing rules,
respectively. We can see that the simulated k of different mixing
rules (Fig. 5, solid lines) shows similar spectral characteristics

with observation, i.e. high at 440 nm and low and invariant at
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the other wavelengths. In dust case, the k spectra acquired from
mixing rules are all very close to observation with deviations no
more than 10%. Note that we have stated the big underestima-
tion of DU of MG retrieval in dust case (about 55%) in
Section 4.2, but from Fig. 5(a) there is no notable k difference
between BR and MG retrievals. This can be explained by the
small overestimation of BC considering BC has much larger k
than DU. In haze case, VA and MG simulations have good
agreements and the deviations are 3% and 11%, respectively.
However, BR simulation leads to an extremely large deviation,
about 47%, which is probably caused by its misestimating
of other components. For example, the higher k at 440 nm is
due to overestimation of BrC and the low k values at other
wavelengths can be attributed to underestimation of BC. In
clean case, VA simulation has the best agreement with obser-
vation, and the simulating deviation is only 1%, much smaller
than MG and BR (about 35%).

We also notice some differences between mixing rules
from real refractive indices (Fig. 5, dash lines). In dust case,
the best match to observed n spectrum is BR simulation, and
the deviation is about 2.2%. The n values simulated by MG
and VA are slightly smaller with deviations of 3.3% and 2.5%,
respectively. In haze case the deviation between BR simula-
tion and observation is larger than that of MG and VA,
probably due to its underestimation of AW. In clean case, VA
simulates the best n spectra, while MG simulation is a little
higher (1.5%) and BR simulation is a little lower (1.0%).
We need to mention that our aerosol model assumes
spectrally independent real refractive index, thus the simu-
lated n at all wavelengths are almost the same. However, n
values of AERONET may have differences with wavelengths.
The comparison between observed and simulated refractive
index spectra illustrates the applicability of different mixing
rules, i.e. BR is more suitable for the dust case, MG has better
effect than the other two rules for the haze case, and VA is the
best choice for the clean case.

Simulated AAOD can be acquired by using the retrieved
mass concentration of absorbing components (BC, BrC and DU)
and their mass absorption efficiencies (Table 3). AERONET
AAOD is calculated using AOD and SSA. Fig. 6 shows the com-
parison between observation and simulations using different
mixing rules in different cases. We can see that the simulated

0.25

AAOD of the three mixing rules are generally close to
observation and accordingly could reflect optical absorption
of aerosols in the selected cases. MG simulation has the lowest
precision for dust case, about 33% deviated from observation,
probably due to its overestimation of BC, while BR and VA have
better performance (deviations are respectively 18% and 13%).
In the haze case, AAOD simulated by MG and BR are much
closer to observation (3% and 2% deviations, respectively) than
VA (12%), and the latter might have some underestimation of
DU. VA simulation, as expected, best matches observed AAOD
in clean case with the deviation of 19% while MG and BR
simulations are higher than observation (deviated from 33%
and 39% respectively), probably due to the overestimation of
DU and BrC. Note that the assessments based on AAOD are not
in the same parameter space with that based on refractive
index as discussed before, however, we still arrive at the same
conclusion that MG, BR and VA mixing rules are respectively
suitable for inferring the composition in the selected haze, dust
and clean case, as Section 4.1 concluded.

5. Discussion

It is illustrated that differences between mixing rules can
cause important uncertainties to the retrieval in Section 4.1.
Lesins et al. (2002) showed that the difference between these
mixing rules is related to the disparity in the individual
refractive indices. And this can partly explain the significant
differences in the retrieved composition between mixing
rules, since the real and imaginary parts are highly varying in
the model (at 440 nm, the extreme values of refractive
indices are 1.57 (DU) and 1.33 (AW) for real part, while 0.66
(BC) and 0 (AW) for imaginary part). It is necessary to choose
a proper mixing rule for aerosol composition model because
in the calculation of aerosol optical properties it determines
the refractive indices and probably the optically equivalent
size of particles. They could seriously affect extinction coeffi-
cient and scattering coefficient, and thus have significant
impacts on optical properties of aerosol mixture such as AOD,
SSA and asymmetry parameter. In addition, uncertainties of
these radiatively important optical properties are one of the
possible error sources of radiative forcing estimation. Atmo-
spheric radiative forcing is therefore highly associated with
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Fig. 6. Comparison between simulated and observed AAOD (440 nm) under different mixing rules.
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mixing state of aerosols (Srivastava et al., 2014). For example,
Lesins et al. (2002) tested impacts of aerosol mixing states on
radiative forcing through a simplified aerosol composition
model and concluded that the radiative forcing was so
sensitive to the mixing state assumption that the difference
caused by mixing state alone can be comparable to the level
of anthropogenic aerosol direct forcing.

The comparisons of retrievals show that the performance
of each mixing rule could be varying under different aerosol
mixing states. Model assumptions of each mixing rule
probably cause these differences. The applicable conditions
of MG are: i) insoluble particles with random distribution
embedded in homogeneous matrix, ii) spherical inclusions
and particles, and iii) clear definitions of inclusions and
matrix, noticing that &, and ¢ are not interchangeable in
Eq. (1). Thus MG is suitable for the cases where RH is
relatively high or matrix material is significantly more than
inclusions. Haze case matches well with MG conditions that
the high water content in haze can be effective matrix with
inclusions like BC and BrC embedded in and particles are
closer to sphere at high RH condition (noting the increased
sphericity of haze aerosol). However, MG does not perform
as good in dust case, and this is probably due to the very low
RH (also can be seen from the retrieved water content in
Fig. 4), while Eq. (1) requires considerable amount of aerosol
water. The applicable conditions of BR are: i) dry and insolu-
ble particles and ii) randomly inhomogeneous distribution.
Note that it's not necessary to clearly define inclusions and
matrix for BR mixture and thus &; in Eq. (4) is interchange-
able, and BR does not have any restriction to particulate
shapes. BR is suitable for the case of low RH and dry com-
ponents interspersed in the mixture (but are not embedded
in a matrix). Dust case applies to BR conditions well thanks to
the very low RH and randomly mixed dry particles with
various shapes. Unlike MG, BR does not strictly apply to a
particulate medium given that it's difficult to decide which
component is the inclusion and which component is the
surrounding medium in the mixture (Bohren and Huffman,
1983). Therefore BR does not work well for haze case
considering the relatively high RH and the dominant
particulate medium. VA is suitable for a homogeneously
mixed aerosol case in which neither dry/wet status of aerosol
nor particulate shape is strictly required, in accordance with
situation of the clean case in our research. And that is why VA
has better performance for clean case than MG and BR. We
can also conclude from comparisons between mixing rules
(as shown in Figs. 5 and 6) that VA has wider application
range than the other two rules, while MG and BR are more
efficient respectively for haze and dust case. We should
choose the appropriate mixing rule before investigating
aerosol optical and radiative properties, and a prior knowl-
edge of aerosols, for example the major types of aerosol (e.g.
DU or AS dominating) and status of ambient atmosphere
(like RH), can be very helpful.

6. Conclusion

Based on aerosol optical and physical properties acquired
from AERONET, we employ the five-component aerosol
model that contains BC, BrC, DU, AS and AW to retrieve
volume fraction and column mass concentration of aerosol

components, under three selected typical cases at Beijing
in 2011, which effectively represent the corresponding am-
bient aerosol conditions. We improve the retrieval model by
applying different mixing rules according to a prior knowl-
edge to illustrate the impacts of mixing rules on the aerosol
component retrieval. We find that mixing rules have sig-
nificant impacts on composition retrieval due to the different
calculation methods of refractive indices. In dust case, there is
over 50% difference of DU volume fraction between MG and
BR retrievals. In haze case AW retrieved from BR and VA has a
deviation of 40% in volume. In clean case the volume fraction
difference of DU between MG and BR retrievals is about 37%.
The simulations of aerosol optical parameter are em-
ployed to evaluate application scopes of the mixing rules as
well. For real part of refractive index in dust case BR performs
better than MG and VA, while for imaginary part all rules
obtain similar k spectra versus the observation. In haze case,
VA and MG simulations, for both real and imaginary refrac-
tive index parts, are better than BR. And in clean case re-
fractive indices simulated by VA are closest to the observed
ones. From aerosol absorption characteristic, AAOD, we also
obtain the similar conclusion that MG, BR and VA mixing
rules are suitable for composition retrieval respectively in
haze, dust and clean case. In addition, it is illustrated that VA
has a wider application while MG and BR are mainly suitable
for haze and dust case respectively. The next work will focus
on developing an automatic mixing rule choosing strategy
applied to current aerosol composition retrieval scheme
based on observation quantities like absorbing Angstrom
exponent (Bergstrom et al., 2007) and size distribution.
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