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ABSTRACT

Short-wave infrared (SWIR) band in wavelength near 1.6 pm is one of the key bands used
for satellite observation of Carbon Dioxide (CO,). However, one major uncertainty to use
this band for the CO, retrieval is the scattering by cloud and aerosol particles. To better
understand the scattering properties of soot-containing particles in this band, this paper
studied the scattering properties for three typical types of soot-containing particles in
China: (I) internal mixture, (II) pure soot aggregate, and (IlI) semi-external mixture.
Assumed as single non-spherical particle for type I, its scattering property is computed
using the T-matrix method combined with the Maxwell-Garnett effective medium theory
and the hygroscopic growth theory. For types II and IIl, a particle-cluster aggregation
algorithm is employed to generate fractal-like aggregates, and their scattering properties
are computed using the Core-Mantle Generalized Multi-sphere Mie-solution method
combined with the hygroscopic growth theory of both monomers and aggregated particles.
The simulated results demonstrate that their scattering properties are quite different and
strongly impacted by the levels of relative humidity (RH). For type I, the RH plays a much
more important role than the morphology in impacting the scattering properties, and the
scattering phase functions among different shaped particles have a larger difference for
larger particles and higher RH. For type II, both the RH and morphology significantly affect
its scattering properties. The single scattering albedo () can be underestimated up to ~50%
without considering the effects of RH and morphological changes. For type I, its scattering
properties mainly depend on the RH and the size of the large water-soluble particle.
Although the enlarged soot aggregate, which is attached to a water-soluble particle, almost
does not change the light direction, it can result in a significant reduction in o (~0.15) at
low RH for small particles. By comparing the scattering parameters of wet particles at a
certain RH level with the dry ones, the impact by the heterogeneity of aerosols generally
becomes larger with the increase of RH, but becomes smaller with the increase of particle
size. These results suggest that, although the water vapor absorption itself is small in 1.6 um
CO, band, it can significantly impact the scattering properties of these particles through its
effect on the hygroscopic growth of the non-spherical and heterogeneous aerosols. This
impact should be taken into account in the retrieval of CO, using 1.6 pm as well as other
related remote sensing applications.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

As space-based remote sensing has an advantage of
providing a huge number of CO, measurements on a
regional or global scale, satellite retrieval results of the
CO, column-average dry air mole fractions (XCO;) have the
potential to be used as a constraint for inverse modeling to
derive CO, fluxes across the surface-atmosphere bound-
ary, which in turn will foster insight into the related
biogeochemical cycles [1,2]. The weak CO, band near
1.6 um is selected as the primary candidate for CO,
measurement because it is relatively free of absorption
by other gases, and few of the spectral lines in this band
saturates by CO, absorption even at high solar zenith
angles [3-5]. However, one challenge for the satellite
measurements of XCO, using this SWIR wavelength range
is the impact of multiple scattering by aerosols, which
could result in large errors on the retrieved XCO, [6-8].
As a large source of anthropogenic aerosols as well as CO,
emission, China is experiencing a rapid development of
industrialization during the last three decades. More and
more frequent severe brown haze episodes have been
observed in recent years [9-11], and it was found that
the primary contributors to the haze formation are carbo-
naceous soot, secondary aerosol formation and their
hygroscopic growth, which strongly depend on the RH of
the ambient air [12-15]. Since the semi-external and
internal mixtures of soot with other aerosol components
(e.g. inorganic water-soluble particles) in the atmosphere
could impact the light transfer in 1.6 pm CO, band, an
accurate retrieval of CO, using SWIR band in China needs
to pay more attention to accurately estimate the scattering
properties of soot-containing particles, as well as their
impact by the RH in this band.

Aerosols are usually assumed to be spherical and
homogeneous particles in many climate and remote sen-
sing applications, thus their optical properties can be
easily computed using the Mie scattering [16,17]. However,
several studies using transmission electron microscopy
(TEM) on the size distribution, morphology and chemical
compositions of particles collected during some haze
events in China found that most particles have irregular
shapes and are heterogeneous [18-21]. For example, Li
et al. [19] conducted sample collections during brown haze
episodes in Beijing, northern China, and their TEM obser-
vations showed that approximately 90% of the collected
particles were covered by visible coatings. Moreover, soot
and soot-containing aggregated particles are commonly
formed due to biomass burning and fuel combustion,
which actually contain ten to hundreds of tiny, nearly
spherical particles. Hence an assumption of non-spherical
and heterogeneous aerosols is more appropriate and
should be used in computing their optical properties.

For irregularly shaped aerosols, like single non-
spherical particles and the fractal-like aggregates, various
methods have been developed and applied for calculating
their scattering properties. The scattering parameters of
single non-spherical particles can be calculated by solving
electromagnetic equations with rigorous methods, such as
the T-matrix method [22-25], the finite difference time
domain (FDTD) method [26,27] and the discrete dipole

approximation (DDA) method [28]. The T-matrix method
will be used in this study because of its high efficiency and
accuracy, especially for symmetric particles. Two methods
have ever been used to compute the scattering properties
of fractal-like aggregates, one is the Rayleigh-Debye-Gans
(RDG) theory [29], and the other is the coupled electric
and magnetic dipole (CEMD) method [30]. However, these
two methods, especially the RDG theory, are not accu-
rate enough to verify the scattering characteristics of
particle clusters because the multiple scattering within
the aggregates has not been taken into account. On the
basis of the work by Bruning and Lo [31,32], two more
accurate methods have been developed to compute the
radiative properties of aggregates formed by non-over-
lapping spherical particles, one is the cluster T-matrix
method (CMT) [33,34] and the other is the generalized
multi-sphere Mie-solution (GMM) [35,36]. One significant
difference between them is that the GMM straightly
manages precise phase relations of both incident and
scattered waves, while the CTM expresses both phase
factors in terms of infinite series expansions. Compared
to the CTM, GMM can handle a wider range of ensemble-
sizes [37]. Moreover, Xu and Khlebtsov [37] used an
improved GMM method to directly compute the scattering
properties of the aggregates with coated inhomogeneous
monomers, which is referred to as the core-mantle GMM
(CMGMM) method, and this method will be used for
aggregated particles in this study.

For the heterogeneous aerosols, especially for the single
internally mixed particles, a difficulty in the simulation of
their scattering properties is how to determine their
effective complex refractive indices. Three effective med-
ium rules widely used are the Maxwell-Garnett (MG) rule
[38,39], the Bruggeman rule [40,41] and the coherent
potential approximation (CPA) rule [42,43]. By calculating
the effective permittivities of the mixed particles using
these mixing rules, we can obtain the effective complex
refractive indices. As the MG rule is independent on the
size of the inclusions, it is more suitable to the mixtures
whose inclusions have arbitrary shapes. The Bruggeman
rule is symmetric with respect to the influence by the
inclusion and its environment. And the CPA rule assumes a
full coupling between neighboring inclusions, and the
background permittivity is equal to the permittivity of
the mixture. It is found by Liu [44] that for water-coated
aggregates, the MG rule performed better than the Brugge-
man rule over a wide range of water coating thicknesses
and cluster sizes.

Based on the hygroscopic growth theory and the TEM
images of soot-containing aerosol particles from the
brown hazes in China, we considered the aerosols with
both the single non-spherical particles and the aggregates
and computed their scattering properties, with a focus on
the influence to these properties from RH in this study. For
the single non-spherical particles, the scattering para-
meters are calculated by combining the T-matrix method
and the MG effective medium rule. For the fractal-like
aggregated particles, a diffusion-limited particle-cluster
aggregation algorithm is firstly used to generate the
aggregates with different monomer numbers, morpholo-
gical structures and sizes of spherical monomers, and then
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the CMGMM method is used for computing their scatter-
ing parameters. Section 2 describes the methods and the
models to simulate three types of soot-containing aerosols
and compute the optical properties. The results of the
simulated scattering properties and their relation with RH
will be given in Section 3. Section 4 is a summary and
conclusions.

2. Method and model
2.1. Generation of fractal-like aggregates

As mentioned above, many aggregated soot aerosols
with complex structures cannot be successfully approxi-
mated as simple irregular shapes. The fractal-like nature of
such aggregates can be mathematically expressed through
the following statistical scaling law [45,46]:

N= k(Rg/adrop)Df (1)

where agp is the mean radius of spherical monomers
(assumed constant), k is the fractal prefactor, Dy is the
fractal dimension, N is the monomer number of the
aggregate, and Rg is the radius of gyration. The usual Rg
is defined via the mean square of the distances between
the spherical monomer centers and the geometrical center
of mass of the aggregate.

In this study, the sequential algorithm (SA) developed
by Filippov et al. [46] is selected. It is a tunable particle-
cluster aggregation method, where identical spherical
monomers are added iteratively, and each step exactly
satisfies the scaling law (Eq. (1)) for the fixed fractal
dimension and prefactor. From the step N—1 to N, the
center position ry of the Nth monomer must be situated
on the surface of the currently existed aggregate deter-
mined by the equation:

N?a® /N\?Pr Na? N—1\%Pr
(tn—1f_1)° = () - fNa2<—> )

N-1\k N-1 k

where 1§ , is the center of mass of the first N—1
monomers. As long as the new monomer is placed
randomly at the surface of the current aggregate with
the restrictions of not overlapping and having at least one
contact point with the previously attached N—1 mono-
mers, the procedure repeats for the next attaching
monomer.

2.2. Models of effective medium and hygroscopic growth

For the single non-spherical particles, the MG rule is
employed to obtain the equivalent optical constants of
complex heterogeneous particles, which is defined as
follows:

3f8drop(eincl - gdrop)
Eincl +28drop _f(fincl - Edrop)

3

Eoff = Edrop T

where the permittivities of the inclusion and its environ-
ment (drop) are denoted by &, and eq4r0p, respectively. f is
the volume fraction of the inclusions, and e is the effective
permittivity of the composite. Based on the interconversion
of permittivity and complex refractive index, the &g and
earop are initially derived from the complex refractive indices

of inclusion and its environment, respectively. The e can be
calculated by Eq. (3), and then it will be converted into the
effective complex refractive index as an input parameter for
the T-matrix method.

Most ambient aerosol particles experience a diameter
hygroscopic growth with increasing RH, which can be appro-
ximately simulated using the hygroscopic growth theory. The
hygroscopic growth factor (GF) at a certain RH is defined as
the ratio of the diameter of a humidified particle to that of the
corresponding dry one (RH=0%). Here, the empirical y-model
[47-50] is employed to describe the hygroscopic growth of
ambient aerosol particles, and a correction factor is introduced
after considering the differences between the modeled GF
and the experimental results [51]. The two-parameter func-
tional form is shown as follows:

GF = (1 —RH/100)~7 4

where y is the model parameter, and « is the correction factor.
In this study, we assume that the sizes of hydrophobic
inclusions of soot-containing particles (or the monomers of
aggregates) do not change, except the thickness of hygro-
scopic shells varies with RH. The shell thickness is set as O for
dry air with a RH of 0%.

2.3. T-matrix method

The T-matrix method originally developed by Water-
man [22] is used to calculate the scattering properties of
single non-spherical particles in this study. Owing to the
linearity of Maxwell's equations and boundary conditions,
the relation between the scattered field coefficients p,,
and ¢, and the incident field coefficients a,, and b,
must be linear and can be expressed by a transition matrix
(T matrix) T as follows [22-25]:

0 n
DPmn = Zl Z [Tt]nlnm'n’ Am +T}nznm’n’bm’n’] (5)
n=1m=—-n
00 n
qmn = Z ; 2 [Tﬂnm’n’ A + Trznznm’n'bm’n’] (6)
n=1m=—-n

Egs. (5) and (6) can be rewritten as

a 1 127,
P =T = T21 Tzz @

q b ™ T b
Eq. (7) is the basis of the T-matrix method. If the T
matrix for a given scatter is known, the scattered field can
be computed easily, as a,,, and b,,, of the incident plane
wave can be simply calculated using closed-form analytical

expressions. Consequently, the amplitude matrix can be
obtained.

2.4. Core-mantle Generalized Multi-sphere Mie-solution
(CMGMM) method

Due to the interaction and far-field interference among
scattered waves from individual particles, scattering prop-
erties of an aggregate may differ significantly from those of
a single particle. By combining the GMM method with the
core-mantle sphere Mie theory, the CMGMM method
rigorously accounts for the multiple scattering within the
aggregate, and provides a strict and complete solution to
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the lighting scattering problems of core-mantle fractal-like
aggregates. The key steps include (1) expending the scat-
tered, internal, and incident electromagnetic fields in terms
of spherical vector wave functions, (2) forming the partial
scattered field at each monomer in the aggregate and
establishing a large-dimensional linear system derived from
the boundary condition, (3) using the addition theorems to
transform the waves scattered by an individual monomer
into the incident waves of other monomers of the aggregate,
and (4) solving for the scattering interactive coefficients in
the linear system by an asymptotic iteration method. The
amplitude scattering matrix was given by Xu [37]. The
CMGMM method can also be applied to the aggregated
particle containing irregularly homogeneous monomers,
in which the T-matrix method is used to calculate the
T-matrices of these monomers in the overall particle refer-
ence system.

2.5. Particle types and complex refractive indices used in
simulation

Because the TEM gives a resolution less than nanometer
scale, many previous studies have used the TEM to investi-
gate the detailed information on size, composition, morpho-
logy, and mixing state of soot-containing particles collected
in China during brown haze/fog episodes [18-21]. According
to these previous TEM analyses, we grouped atmospheric
soot-containing particles from China into three typical types,
as shown in Table 1 and Fig. 1. Type I particle is defined as
the soot particle encapsulated by water-soluble (nitrate and/
or sulfuric) coating (Fig. 1(a) and (b)). Type II particle is the
pure soot aggregate (Fig. 1(c)), and type III particle is the soot

Table 1
Classification criteria for different soot-containing particle groups.

aggregate semi-externally mixed with other relatively large
water-soluble particle (Fig. 1(d)). Fig. 2 displays five examples
of type I particles (Fig. 2(a)-(e)), and aggregate realizations of
type II (Fig. 2(f)-(k)) and type III (Fig. 2(1)) particles simulated
using the sequential algorithm.

The complex refractive indices at 1.6 pm (Table 2) used for
scattering property simulations are obtained via interpolation
from the following two databases: Optical Properties of
Aerosols and Clouds (OPAC) package [52] and HITRAN2008
database [53]. Here, both the coating of the type I particle and
the extra particle of type III are treated as the water-soluble
material, which usually originates from the gas to particle
conversion and consists of various kinds of sulfates, nitrates,
organic, and other water-soluble substances [52]. The OPAC
package supplies the refractive indices of water-soluble
component with RH between 0% and 95%.

3. Results and discussion
3.1. Soot with water-soluble coating (type I particle)

The coefficients of GF model (Eq. (4)) for type I particles
are taken from the study of Hanel [54| where y=—0.25
and a=1. It can be expressed

GFtype 1= Rwet/Rdry = Rdrop/Rincl = (1 - RH/IOO)_ 025 (8)

where Ry is the wet particle radius, Rgy, is the dry particle
radius, Ri,q is the radius of hydrophobic inclusion, and
Rarop is the radius of the entire individual drop. Rwes=Rarop
and Rgry =Rinc, because we assume that the radius of the

Particle groups Particle types Physical characteristics of particles

Type 1 Internal mixture

Type 11 Pure soot

Type 111 Semi-external mixture

a. No distinct shapes, sensitive to strong electron beam;
b. Soot aggregates embedded by complex secondary particles.

a. Chain-like aggregates.

a. No distinct shapes, sensitive to strong electron beam;
b. Soot aggregates semi-externally mixed with other relatively large particles.

Fig.1. TEM images of aerosol particles collected from China during haze e
with (NH4),SO4 in the strong electron beam, (c) soot aggregate, and (d)

vents [18-21]. (a) A (NH4)2SO4 particle in the weak electron beam, (b) soot coated
a (NH4),S04 particle semi-externally mixed with soot aggregate.
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Fig. 2. Simulated soot-containing particles. (a)-(e) Coated single particles. (a) and (b) Spheroids with axial ratio a/b=1and 2, respectively; (c) cylinder with
diameter/height ratio D/L=1; (d) and (e) Chebyshev particles with polynomial of degree n=2 and deformation parameter ¢=0.1 and —0.1, respectively.
(f)-(k) Fractal-like soot aggregates with N=150 monomers and characterized by k=1.19 with different values of D;=1.82, 1.91, 2.09, 2.21, 2.43 and 2.7 for
corresponding RH=0%, 50%, 70%, 80%, 90% and 95%, respectively. (1) Soot aggregate (k=1.19, D;=1.82, N=150) semi-externally mixed with an extra
Chebyshev particle (n=2 and ¢=0.1). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Table 2
Complex refractive indices of soot, water and water-soluble component at different RH levels for 1.6 pm.
Soot Water-soluble (RH=0%) Water-soluble (RH=50%) Water-soluble (RH=70%)
Real 1.778 1.53 1411 1.391
Imaginary 0.468 0.00598 0.01093 0.00853
Water-soluble (RH=380%) Water-soluble (RH=90%) Water-soluble (RH=95%) Water
Real 1.376 1.357 1.344 1.317
Imaginary 0.00692 0.00476 0.00321 0.0000855

soot do not change with the increasing RH. Therefore, the
volume fraction of the inclusions f in Eq. (3) for the MG
rule can be given by

f = (Rim:l/Rdrop)3 = ]/GF?ype 1 ©)

Based on Egs. (8) and (9), the scattering properties of
five irregularly shaped type I particles as shown in Fig. 2
(a)-(e) (the spheroid with axial ratio a/b=1, 2; cylinder
with diameter/height ratio D/L=1; Chebyshev particles
with deformation parameter e= + 0.1 and polynomial of
degree n=2) in 1.6 pm are simulated by combining the
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T-matrix method with the MG rule. The mean and
the coefficient of variation (CV, defined as the ratio of
the standard deviation to the mean) of the scattering
parameters for the above five shaped particles with the
same equal-volume sphere radius are used to assess their
sensitivity to shape parameters at different RH levels. Fig. 3
depicts the means and CVs of the scattering phase function
(SPF) for different R;, and RH, where the SPF hereinafter
satisfies the normalization condition. As the RH increases,
the scattering intensity increases in the forward scattering
directions, while in the backward scattering directions it
tends to roughly decrease. For small particles with
Rina=0.2 and 0.5 pm, the CVs are rather small both in
the forward and middle scattering regions (0-120°), indi-
cating the difference of the SPFs among five shaped
particles is small (Fig. 3(a) and (b)). However, the
CV becomes much larger when R;,q grows, and for
Rinci=2.0 pm, it even exceeds 100% in the scattering angles
between 20° and 40° (in the black box in Fig. 3(d)). In
general, the CV at a high RH is relatively larger than that at
a low RH, suggesting the impact of RH on the SPF is also
related to the shape, particularly for larger particles when
RH is high.

Tables 3 and 4 show the means and CVs of the
extinction cross section (Ce), Scattering cross section
(Csca), absorption cross section (Cgps), single scattering
albedo (w) and asymmetry factor (g) of the above five
shaped particles with Ri,=0.5 and 2.0 um, respectively.

a b
10’ 10°
——RH=0% ——RH=0%
. ——RH=50% . ——RH=50%
g 10 ——RH=70% g 1 —— RH=70%
g — RH=80% S — RH=80%
£ 10 RH=90% £ g RH=90%
g —— RH=95% g —— RH=95%
E" 10° E" 10°
€ —— £
-1 | £
=1 =
“ 10t “ 10t
107 1 10
+ 100
= 50 = f
Q | Q
1o Y, VAV
0 60 120 180 0 60 120 180

Scattering Angle (°)

Scattering Angle (°)

50

Scattering Phase Function

100

CV(%)

0
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Due to the changes in Ryp and complex refractive index
resulted from the hygroscopic growth of particles, there is
a significant growth trend for Cey, Cscq and Cgps With the
increase of RH. In the case of Ri;=0.5 pm, the Cexs, Cscar
Cabs and Rgrop at a RH of 95% are approximately 4, 7.5, 1 and
1.1 times larger than those under dry air condition
(RH=0%). For the » and g, they also slightly increase with
RH, but such increase is much larger for smaller particles.
For example, when the RH increases from 0% to 95%, the
increases in the » and g for Rj;=2.0 um are ~0.01 and
~0.05, respectively, while they are ~0.34 and ~0.18 for
Rinci=0.5 pm. According to the CVs in Tables 3 and 4, these
five scattering parameters of type I particles are less
sensitive to shape parameters as compared to RH, espe-
cially for particles with small-size inclusions (e.g. Rinq=
0.5 pm). The maximum CVs are 7%, 13%, 0.1%, 6%, 2% for
Cextr Csca» Cabs, @ and g when Rj,=2.0 um, respectively,
and they are only 1.1%, 1.3%, 1.4%, 0.6% and 0.7% when
R,-nd=0.5 pm.

To evaluate the variation of scattering properties influ-
enced by the water-soluble coatings, we calculated the ratios
of scattering properties at a certain RH to the correspond-
ingly homogeneous soot particles with the same Rgy,p. We
noticed that the calculated ratios are similar to each other
for the five shape cases, so, for simplification, only the
results of Chebyshev particle with e=0.1 and n=2 are given.
As illustrated in Fig. 4, the differences of scattering property
ratios are obvious for different R, and RH. Generally, the

d
10° 10’
——RH=0% ——RH=0%
. ——RH=50% . ——RH=50%
10 —— RH=70% g 10 ——RH=70%
—— RH=80% 3 —— RH=80%
10° RH=90% £ g0 RH=90%
—— RH=95% g —— RH=95%
B
=)
10° § 10°
z
10" “ 10t
g
g
0 60 120 180 0 60 120 180

Scattering Angle (°) Scattering Angle (°)

Fig. 3. Means (top panels) and CVs (bottom panels) for scattering phase functions of five irregularly shaped type I particles at eight RH levels. (a)-(d) with a

Rinei 0f 0.2, 0.5, 1.0, and 2.0 pm, correspondingly.

Table 3

Means and CVs for the scattering properties of five shaped type I particles with Rj,=0.5 pm in 1.6 pm.

RH (%) Cext (nm?) Csca (HM?) Caps (nm?®) 2] g
Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

0 230 0.88 1.08 0.34 1.22 1.37 0.47 0.56 0.66 0.63
50 3.24 0.23 1.73 0.53 1.51 045 0.54 0.40 0.73 0.37
70 417 0.46 2.49 0.84 1.69 035 0.60 0.41 0.77 0.11
80 5.11 0.47 3.30 0.88 1.81 0.52 0.65 0.46 0.79 0.23
90 7.56 1.06 5.52 1.27 2.04 0.50 0.73 0.21 0.82 0.20
95 11.37 0.96 9.17 1.21 2.20 0.18 0.81 0.25 0.84 0.25
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Table 4
Means and CVs for the scattering properties of five shaped type I particles with Rj;=2.0 pm in 1.6 pm.
RH (%) Cext (Umz) Csca (sz) Cabs (Umz) & g
Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)
0 32.98 6.97 17.14 12.39 15.84 0.03 0.52 5.39 0.88 1.44
50 4428 3.80 21.99 3.87 22.29 0.04 0.50 0.17 0.91 0.16
70 56.72 3.77 28.10 3.92 28.62 0.04 0.50 0.17 0.92 0.29
80 69.15 3.70 34.43 3.98 34.72 0.03 0.50 0.35 0.93 0.39
90 96.96 3.75 49.57 431 47.39 0.03 0.51 0.58 0.94 0.46
95 133.64 4.66 71.18 6.22 62.46 0.03 0.53 1.71 0.93 0.59
a b C e
3 3 3 3
- - -R,~25m
—R, ~2.0pm
- - -R_=1.5mm
ol r p f —R:=|.n m
= 2 -?,' 2 J ”:I 2 E : -- »R_;o,s:m
H g . 2 | —R, ~02pm
Q Q Q 20
) = - = o0
5 1 g1 2 1 1 =
&) © )
0 0 J 0 { 0 J 0
0 50 70 809095 0 50 70 809095 0 50 70 809095 0 50 70 809095 0 50 70 809095

RH (%) RH (%)

RH (%)

RH (%) RH (%)

Fig. 4. Ratios of scattering properties of type I particles at a certain RH to the correspondingly homogeneous dry soot particles with the same Rg;, for the
case of Chebyshev particle (e=0.1, n=2). (a)-(e) Ratios of Cex, Cscar Caps, @ and g, correspondingly.

impact of water-soluble coatings for a small-size Rj,q is
stronger than that for a large-size R;,q, and is weaker for a
low RH than that for a high RH. When R;,;=0.2 pm, if we
only consider the hygroscopic growth in the simulation but
neglect the heterogeneity of particles, the  may be under-
estimated to ~50%, and the Cey, Cscar Caps and g can be
overestimated by ~70%, ~60%, ~90% and ~ 10%, respec-
tively. With the increase of Rj, the ratios of Cexs, Cscar Caps, @
and g all tend to oscillate around 1 at different RH. Therefore,
the hygroscopic growth of inhomogeneous type I particles
should be taken into account in the simulation of their
optical properties, particularly for the haze/fog particles,
because the haze/fog days are always associated with high
levels of RH. Although the volume fraction of inclusion
(soot), f, is fixed at a given RH, the scattering property ratios
are different for different Ry, (Or Rgrop). Even though the
particle with a small-size R;,q at a high RH can have the
same Ryop as the one with a large-size R;,q at a low RH, their
scattering property ratios are different, suggesting that both
the size of inclusion and RH impact the variation of the
scattering property ratios.

3.2. Soot aggregate with water-coated monomers (type Il
particle)

Because soot particles could support the surface ten-
sion of water as a film, soot aggregates frequently acquire
water coatings in humid atmospheric environments. To
some extent, the monomers always contact with each
other loosely enough for water infiltration, so the type Il
particle can be assumed as a pure fractal-like aggregate,
and each of its equal-size monomers is assumed to be a
spherical soot particle with water coating. Some other
forms of water coating that may be more realistic are
beyond the scope of this paper. In moist air, the surface

tension forces of water can reconstruct the particles by
collapsing the loose constructs and ultimately forming a
more dense globular shape (compact construct), and such
shrinking and restructuring with elevated RH have been
experimentally supported [55-58]. Here, the aggregate
diameter is defined as the maximum projected length.
Dy, is the diameter of a humid soot aggregate (red double-
sided arrows in Fig. 2), and Dy is the diameter of the
corresponding dry one. The core radius for each soot-
containing monomer is fixed as aj;g=15nm, a typical
value for flame-generated soot. Therefore, for monomers
in aggregates, observations from Khalizov (the diameter of
dry soot particle Dg=30 nm) [58], Gysel (Dg=30 nm) [59]
and D'Almeida [60] are used to fit the GF factors in Eq. (4)
(dotted line in Fig. 5), and we got:

GFtype I, monomer — adrop/aincl
1, RH < 50%
=1 0.934(1-RH/100)"%%7 RH > 50%

For the soot aggregates, the values of k and Dy for
freshly emitted soot aggregates are selected according to
the study by Sorensen and Roberts [61], in which k=119
and Dy=1.82. Since the mean D,, of freshly aggregates with
N=50 (based on 1000 cases) is ~360 nm, the GF model of

soot aggregates (solid line in Fig. 5) is obtained by fitting
the results of Khalizov (Dg=360 nm) [58] as follows:

(10

GFtype 1l, aggregate = Dp/DO = (1 - RH/‘IOO)O']63 (1 1)

Using the sequential algorithm with Eq. (10), 1000 cases
of aggregate with fixed N=50 and k=1.19 were generated
for each value of Dy from 1.82 to 3 in steps of 0.01 and a
certain level of RH from 0% to 95%. The Dy value for a
certain level of RH can be obtained by matching the means
of D, to the calculated ones from Eq. (11). Finally, we got
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1.6 T ;
X D0=30nm (Khalizov et al., 2009) ]
+ D0=30nm (Gysel et al. 2003)
141 0 DAlmeida et al. 1991 t
A D0=360nm (Khalizov et al., 2009) ;
1,2 | == y=0.934*(1-RH/100) ***7 o X"f |
—— y=(1-RH/100)"'® e + *

Hygroscopic Growth Factor (Dp/D0)

0.4

0 20 50 70 80 9095

RH(100%)
Fig. 5. Experimental results of hygroscopic growth factor of soot-contain-

ing aggregates for different Dy and RH, and the fitted curves (Do=30 and
360 nm).

Df=1.82,1.91, 2.09, 2.21, 2.43 and 2.7 for RH=0%, 50%, 70%,
80%, 90% and 95%, respectively.

In this paper, it is assumed that the Dfonly changes with
the RH, but does not change with N. Combining with the
hygroscopic growth model of monomer, the sequential
algorithm was used to generate the fractal aggregates
composed of 50, 100 and 150 monomers with fixed k=119
and Dy ranged from 1.82 to 2.7 for the corresponding RH
levels. The cases of type II particles with N=150 for the
increasing RH are shown in Fig. 2(f)-(k). Then the CMGMM
method was employed for calculating their scattering prop-
erties. Here, the complex refractive indices of both dry soot
core and wet water coating are separate input parameters in
the CMGMM method. Unlike type I particles, the SPFs of type
Il particles monotonically decrease with the RH in the
forward scattering directions, and increase in the backward
scattering directions, as shown in Fig. 6 (top row). The SPF is
less affected by RH for smaller particles. However, the impact

a b c
_s 5 = RH=0% RH=50% g 5 = RH=0% RH=50% g 5 ——— RH=0% RH=50%
b5 ——RH=70% RH=80% =] ——RH=70% RH=80% = ——RH=70% RH=80%
g RH=90% —— RH=95% 2 RH=90% —— RH=95% 2 RH=90% —— RH=95%
= 25/ £ 25 Z 25
2 2 2
£ £ £
- = =
g £ ¥ g
£ _ £ i £ i
£ 075 g 0751 2 0751
= R
% s A 05 A 05
0 60 120 180 0 60 120 180 0 60 120 180
Scattering Angle (°) Scattering Angle (°) Scattering Angle (°)
d e f
_E S Q— 7 — T g S R — 7 — T g ST —rwon RH=50%
5 ——RH=70% RH=80% > ——RH=70% RH=80% s ——RH=70% RH=80%
£ RH=90% RH=95% =2 RH=90% RH=95% = RH=90% RH=95%
= 2.5 g 25/ £ 25
= =
A A~ A~
g z z
£ 14 £ 14 / £ 14
= 0.75 1 £ 0.75 4 £ 0.751
] s
2 05 i . % 05 i . A 05 . i
0 60 120 180 0 60 120 180 0 60 120 180
Scattering Angle (°) Scattering Angle (°) Scattering Angle (°)
g h i
g 5 = RH=0% =———RH=50% ,E 5 = RH=0% =———RH=50% _g 5 = RH=0% =——RH=50%
k> ——RH=70% RH=80% bt ——RH=70% RH=80% > ——RH=70% RH=80%
£ RH=90% RH=95% g RH=90% RH=95% £ RH=90% RH=95%
= 2.5 = 2.5 = 2.5
3 g g
S = =
= A =™
) =) =T}
= £ £
£ 1 £ 1 £ 1
= 0.75 4 £ 0.75 1 £ 0.75 4
% 0.5 . : & 0.5 . . & 0.5 : :
0 60 120 180 0 60 120 180 0 60 120 180
Scattering Angle (°) Scattering Angle (°) Scattering Angle (°)

Fig. 6. Scattering phase functions of type II particles at different RH levels at 1.6 pm for k=1.19. The Dy values for top row are 1.82,1.91, 2.09, 2.21, 2.43 and
2.7 for RH=0%, 50%, 70%, 80%, 90% and 95%, respectively. And Dy for middle and bottom rows are set fixed values 1.82 and 2.7, respectively. The monomer
numbers for left, middle and right column are N=50, 100 and 150, respectively.
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of RH becomes significant for larger particles, particularly in
the forward scattering. To evaluate the impact of shape on
type Il particles, the scattering properties of fractal aggre-
gates with fixed D;=1.82 and 2.7 for different RH were also
calculated. It is remarkable that the variation trend of SPFs
with RH for a fixed Dy (Fig. 6(d)—(i)) is completely opposite to
that for changed Dy (Fig. 6(a)-(c)), indicating that the shrink
and restruction of type II particles with RH is one
of the most critical factors influencing their scattering pro-
perties. If the increase of Dy with RH is ignored, the scattering
intensity will be overestimated in the forward scattering, and
underestimated in the backward scattering.

Fig. 7 reveals that the Cex, Cscar Caps and w of the type II
particles with changed Dy increase with RH. And the
impact of RH on the Cey, Csca, Caps and o for small particles
(N=50) is smaller than that for relatively large particles
(N=150). By comparing with corresponding results of
soot-containing aggregates with fixed D;=1.82 and 2.7
(blue and black solid lines in Fig. 7), it is evident that
these scattering parameters will be underestimated if the
impacts by RH and morphological changes are not taken
into account. Taking the » as an example, the o for
RH=95%, D;=2.7 is as much as ~2 times of that for
RH=0%, Dy=1.82 when N=150. With the increase of RH,

2500 4000 6000
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Fig. 7. The extinction cross section (top row), scattering cross section (second row), absorption cross section (third row), single scattering albedo (forth
row) and asymmetry parameter (bottom row) of type II soot-containing particles with k=1.19 as the functions of RH at 1.6 pm. The monomer numbers for
left, middle and right column are N=50, 100 and 150, respectively. (For interpretation of the references to color in this figure, the reader is referred to the

web version of this article.)
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g of type II particles decreases from 0.054 to 0.027 for
N=50, and from 0.17 to 0.06 for N=150 resulted from the
shape of soot aggregate changing from loose construct to
compact construct. However, the g increases monotoni-
cally with RH for a fixed Dy. Overall, the scattering proper-
ties of type II particles are primarily impacted by the RH,
followed by the morphology. The impact of morphology
should not be neglected for a high RH.

The ratios of scattering properties of type II particles
with changed Dy to those of corresponding aggregates
composed of homogeneous soot monomers with the same
size and morphology are shown in Fig. 8. The ratios of Ceyy,
Cseq and Cgps reduce significantly as the RH increases, but
they are almost insensitive to the particle size at a fixed RH
(Fig. 8(a)-(c)). All of these three parameters reach to about
0.4 when RH=95%. The ratio of » has a positive relation to
the size, and decreases with RH while RH is less than 90%
but increase when RH is larger than 90% (Fig. 8(d)). The
ratios of g are all larger than 0.95 for RH between 0% and
95%, suggesting that they are nearly unaffected by both the
RH and N (Fig. 8(e)). Although the equal-volume radii of
the type Il soot-containg aggregates are always quite small,
the ratio changes for type Il particles are not entirely
similar to type I particles with small-size Rj,q (€.g. Rinci=
0.2 pm in Fig. 4), especially for w.

3.3. Soot aggregate semi-externally mixed with large water-
soluble particle (type IIl particle)

For simplicity, it is assumed that the soot aggregate of a
type III particle (Fig. 2(1)) has the same chemical, physical
and morphological properties with the type Il aggregates
studied in Section 3.2, and the extra particle is only
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composed of homogeneous water-soluble material. The
GF model of extra particle obeys Eq. (8), and the models of
the soot aggregate and its monomers follow Eqs. (11) and
(10), respectively. Here, the radius of dry core of the extra
particle for RH 0% is denoted as Roser, ary- Similar to type II
particle, the cases of soot aggregate (N=50, 100, 150,
k;=1.19 and the changed D; with RH) semi-externally
mixed with large particle (Rother, ary=0.2 and 0.5 pm) are
generated by the sequential algorithm, and their scattering
properties are calculated by combining the CMGMM
method and the hygroscopic growth theory. For compar-
ison, the scattering properties of exclusively water-soluble
extra particles are also simulated. Because the scattering
properties of soot aggregates attached to extra particles
with different shapes are similar to each other, only the
results of soot aggregate attached to Chebyshev particle
(e=0.1 and n=2) are given. According to Fig. 9, the larger
value of Rosher, ary leads to higher scattering intensities in
the forward scattering, and smaller in the backward
scattering. It is notable that the angular dependence of
SPF of the type III particle with N=150 is very similar to
that for pure water-soluble extra particle. This means that
the soot aggregate attached to an extra particle has little
effect on the SPF, and the direction of light will not be
strikingly changed by the type III particles with different
number of N (from 50 to 150, or even large).

Comparison of scattering parameters of type IIl particles
with N=150, Rother, ary=0.2 and 0.5 pm (Fig. 10, the top
panels) shows that the elevated RH leads to larger differ-
ences in Cey, Cseq and Cyps among different type III particles
with different Rogper, ar, While the differences in w and g
become smaller. By subtracting the scattering parameters of
type Il particles with N=100, 50 and O from those of the
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Fig. 8. Ratios of scattering properties of type II particles at a certain RH to the corresponding dry aggregates composed of homogeneous soot monomers
with the same size and morphology. (a)-(e) Ratios of Cext, Csca, Caps, @ and g, correspondingly.
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Fig. 11. Ratios of scattering properties of soot aggregates semi-externally mixed with water-soluble Chebyshev particles (e=0.1 and n=2) at a certain RH to the
correspondingly dry particles with the same N, morphology and the radius of extra water-soluble particles. (a)-(e) Ratios of Ceys, Cscar Caps, @ and g, correspondingly.

corresponding ones with N=150 and the same Ryer, dary, as
shown in Fig. 10 (bottom panels), we can see that for Rygmer,
ary=0.2 pm, the soot-containing aggregate mainly impacts
Cex» Csca and Cyps of the entire type III particle. However, for
Rother, ary=0.5 pm, the aggregate mainly impacts the w and g.
Given a fixed Roner, ary, the Cext, Cscar Cans and g are enhanced
by the increasing N, but the @ is declined. Generally, variation
of Rother, ary Plays @ much more prominent role in influencing
the scattering properties of the entire mixture than the
change of N at a fixed RH level, which is consistent with
the study of Liu and Mishchenko [62]. From Fig. 10 we can
see that under the condition of RH=95% and N= 150, when
Rother, ary increases from 0.2 to 0.5 pm, Cey, Cseq and Cyps
increase by 10.6 pm?, 10.4 pm? and 0.2 pm?, respectively. In
contrast, under the condition of Roher, ary=0.2 pm, when N
increases from 50 to 150, they increase only by 0.006 pm?,
0.003 pm? and 0.003 pm?. Although N almost does not
impact the @ when Roher, ary=0.5 pm, it should be noted
that when the size of extra water-soluble particle is small
(i.e. Rother, ary="0.2 pm), the striking reduction of w (~0.15) by
the enlarged soot aggregates at low RH may lead to a large
error in CO, retrieval.

As shown in Fig. 11, the ratios of Cey, Cscq and Cgps for
type III particles relative to their corresponding dry ones
are mainly impacted by RH and Roer, ary, followed by N.
The effect of N is almost ignorable for larger particles,
except for Cgyps. For small particles (Roher, ary="0.2 pm), the
Cext» Csca and Cgps of the entire individual III particles are
significantly smaller than the corresponding dry ones,
especially at a high RH. However, for large particles (Ro¢ner,

ary=0.5 pm), the Cey and Cs, are enhanced at high levels
of RH, while the C,ps is enhanced at low levels of RH. The
ratios of » and g are barely impacted by RH and the
morphology of particles. Overall, both the water coatings
of soot aggregates and the chemical properties of the extra
water-soluble particles significantly impacted the scatter-
ing properties of type III particles, and the specific impact
mainly depends on the sizes of extra particles.

4. Summary and conclusion

Based upon previous aerosol observations during haze
events in China, there are three typical types of soot-
containing particles grouped in this study: internal mixtures
(type 1), pure soot aggregates (type II) and semi-external
mixtures (type III). Their scattering properties in 1.6 pm were
investigated by using the T-matrix method and the CMGMM
method combined with the effective medium rule, the
hygroscopic growth theory, and the particle-cluster aggrega-
tion algorithm, with a focus on their impact by RH. Here, not
only the growth of the single particles and the growth of
monomers with RH were considered in the hygroscopic
growth, but the shrinking and restruction of the aggregates
with RH were also investigated. According to the simulated
results, some characteristics of the scattering properties
variation are found:

(1) The scattering properties are significantly different
among these three types of aerosols at different levels
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of RH. Generally, the impacts of both the morphology
and the size of inclusions on their scattering properties
are larger at a higher RH.

(2) For the type I particles, the SPF grows up with the
increase of RH in the forward scattering directions, and
a large difference in SPF resulted from shapes occurred
to a large particle with a high RH. All of the Cey, Csca,
Caps, @ and g nearly increase at an elevated level of RH.
However, the increments of the Coy, Cseq and Cyps for
small particle are much smaller than those for rela-
tively large one. For Rj,=2.0 um, the CVs of Cexs, Cscas
Caps, @ and g among five shaped particles are less than
7%, 13%, 0.1%, 6%, and 2%, respectively, suggesting that
the RH has a much larger impact than shapes.
For the type II particles, both the RH and the morpho-
logy play important roles in the variation of scattering
characteristics. In contrast to the type I particles, the
SPF of type II decreases with the RH in the forward
scattering, and increases in the backward scattering.
When the morphology of aggregated particle exposed
to the elevated RH transforms from loose to compact
structure, the backward scattering intensities, Ceys, Cscas
Caps and o increase while the forward scattering
intensities and g decrease. The » can be obviously
underestimated by up to 50% if the impact of RH on
the morphology is not taken into account.
For the type III particles, the size of water-soluble
particle that is in touch with soot aggregate can strongly
influence, or even dominate, the overall optical charac-
teristics of the mixture at a fixed RH level. The increasing
RH leads larger differences in Cey, Csoq and Cgps among
type III particles with same N but different Roser, ary,» but
leads smaller differences in both » and g. Although the
scattering properties are almost insensitive to the size of
soot aggregate for large particles, it should be notable
that a significant reduction of » by the enlarged soot
aggregates can be up to ~0.15 at low RH when the size
of extra water-soluble particle is small.

(5) Comparison of the scattering parameters for soot-
containing particles at a certain RH level with the
corresponding particles with the same size and morphol-
ogy in dry air shows that the heterogeneity of particles
could introduce large differences in the scattering proper-
ties. Overall, the differences are larger for smaller particles
and higher RH levels, and they are very small among
particles with different morphologies.

3

~

(4

-

Although the water vapor absorption is very weak near
the spectra of 1.6um CO, band, RH could significantly
influence the scattering properties of aerosol particles
through the hygroscopic growth and the change of effective
particle compositions. These results suggest that the effect of
water vapor on the aerosols should be taken into account in
the CO, retrieval, and other remote sensing applications.
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