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Effects of the shape distribution of aerosol
particles on their volumetric scattering
properties and the radiative transfer through
the atmosphere that includes polarization
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In this paper, we investigate the effects of shape distribution of aerosol particles on the volumetric scattering
properties, as well as the radiance and polarization distributions of skylight, by numerical simulations. The results
demonstrate that the shape distribution indeed exerts a significant influence on the skylight degree of linear
polarization. The skylight polarization calculated assuming the microscope-measured shape distributions is dis-
tinct from that using the inversion-based shape distributions. The significant effects will influence the retrieval of
the sphericity of aerosols based on the sun—sky radiometer measurements. Our results suggest that using rep-
resentative shape distributions obtained by direct microscopic observations of aerosol samples captured in the

natural atmosphere has a high potential to improve the retrieval of the aerosol shape parameter.
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1. INTRODUCTION

Atmospheric aerosol particles modify the radiative energy
budget of the Earth—atmosphere system by scattering and ab-
sorbing solar radiation [1]. The particle shape has a significant
influence on the aerosol light-scattering process. Therefore, the
accurate characterization of the particle shape is a key issue for
both the realistic representation of light-scattering processes by
nonspherical particles (such as dust) to quantify their influence
on the energy budget, and for considering the nonsphericity
effects in remote-sensing techniques [2,3].

The so-called particle aspect ratio, defined as the ratio of the
largest to the smallest particle dimensions [2], quantifies the
degree of nonsphericity of aerosol particles. This parameter
can be obtained by direct microscopic observation or indirect
inversion from light-scattering measurements [4]. The method
of direct microscopic observation requires the collection of
atmospheric aerosol particles on filters. The particle aspect ratio
will then be measured by electron or optical microscopy.
Subsequently, the shape distribution, expressed as the aspect
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ratio number distribution or aspect ratio distribution, is derived
as the normalized number of the aspect ratio occurrences of a
large sample of individual particles [4].

Okada et al. [5] collected mineral dust samples from three
arid regions in northern China and measured the average aspect
ratios and the shape distributions by electron microscopy. The
shape distribution was modeled as the harmonic mean of two
exponential functions. Kandler ez al. [6] collected dust storm
samples in Spain. More than 22,000 individual dust particles
were analyzed by scanning electron microscopy (SEM), and
nearly 200 particles were investigated by transmission electron
microscopy (TEM) to obtain representative average shape dis-
tributions. A modified lognormal function was applied to pa-
rameterize the shape distributions. Kandler ez 2/ [7,8] collected
samples of dust particles and mixtures of dust and marine aero-
sols in Morocco and Cape Verde during the Saharan Mineral
Dust Experiments (SAMUM) in 2006 and 2008. Based on the
modified lognormal model established by Kandler ez a/. [6], the
shape distributions of these cases were fitted with high
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accuracy. The shape distributions for different size ranges were
also given to indicate the dependence of the shape distribution
on the particle size [7-9]. Previous studies have concluded that,
unlike the aerosol particle size distribution, the shape distribu-
tions were relatively stable for different samples of Saharan
dusts [8]. The shape distributions measured at different loca-
tions during the SAMUM-2008 observations were very similar,
and they were also not much different from the earlier measure-
ments conducted during the SAMUM-2006 [8]. Thereby, the
shape distributions measured during the SAMUM-2006 were
implemented into the new version of the Optical Properties of
Aerosols and Clouds (OPAC) 4.0 database as the representative
shape distributions of the nonspherical mineral aerosols [7,10].

In the aforementioned studies, electron microscopy tech-
niques were commonly adopted to measure the acrosol shape
distribution. The size resolution of SEM scans is better than
1 nm, whereas the one of the TEM technique is even higher
(up t0 0.1-0.2 nm). Thus, the TEM can be used to observe the
structure of tiny particles that cannot be resolved by SEM.
However, it is very time consuming to measure tens of
thousands of aerosol particles to obtain a statistically significant
particle shape distribution with a very high resolution by elec-
tron microscopies [4]. Furthermore, previous studies have
shown that fine aerosol particles smaller than approximately
500 nm are rather spherical compared to larger particles
[7,8]. The characteristics of nonspherical particles with
medium or large aspect ratios are more significant for coarse
particles. The resolution of some optical microscopes can reach
up to tens of nanometers. They can also be applied for observ-
ing the coarse-mode dominant nonspherical acrosol particles.
Li et al. [4] employed a high-resolving fluorescence microscope
to observe the coarse-mode dominant aerosol samples collected
in northern China. The particle shape distribution was well
parameterized by harmonic means of two exponential functions
through fitting the aspect ratios of more than 9500 particles.

Inversion techniques based on measurements of scattered
light represent an indirect method to obtain the shape infor-
mation on aerosol particles, in contrast to direct microscopic
observations. Some techniques, such as two-dimensional angu-
lar optical scattering patterns, acquire shape information by
emitting laser radiation and analyzing the angular distribution
of the radiance scattered by the nonspherical particles [11,12].
In addition to the active approach, the passive remote sensing
can also be applied to derive shape parameters through observ-
ing the scattered skylight. One of the typical passive instru-
ments is the ground-based sun—sky radiometer [13,14],
which can also be equipped with polarization detection consid-
ering that polarization is more sensitive to particle shape in
comparison with the total radiance [15,16]. Dubovik ez al.
[15] developed a method to characterize sphericity (i.e., the
percentage of spherical particles) from skylight polarization data
measured by the sun—sky radiometer operated within the
Aerosol Robotic Network (AERONET). The parameter of
sphericity or nonsphericity is a simplification for the complex
retrieval of shape distribution, where the nonspherical particles
are modeled as a mixture of spheres and spheroids with an «
priori fixed dust shape distribution [15]. The inversion of
scattering data measured by the sun—sky radiometer can deliver
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the shape information of aerosol particles averaged over the
entire atmosphere column.

At present, the AERONET operational retrieval algorithm
represents the aerosol population as a mixture of spherical
and nonspherical aerosol fractions. The shape distribution of
particles in nonspherical components is fixed 2 priori to the
shape distribution, which is derived from the laboratory mea-
surements of scattered light [15,17]. Such a strategy didn’t show
any evident deficiency, and it was therefore also applied in nu-
merous satellite retrieval algorithms [18,19]. At the same time,
there are only very limited efforts regarding the investigation of
potential limitations, as well as uncertainties that could be re-
lated with the deviation of the assumed shape distribution from
real ones. Indeed, the fitting [15] was done for phase matrices
measured in the laboratory for Feldspars dust samples originat-
ing from soil and proceeded into fine powder [17]. Those
particles were not directly sampled from the atmosphere [17]
and therefore were unlikely to realistically represent the diversity
of the ambient dust particle distribution. For example, the de-
rived shape distribution of Feldspar samples showed different
features compared to the atmospheric dust shape distributions
measured by direct microscopic observations [4-6,8,20]. Thus,
although the measurements of atmospheric radiance and linear
polarization can apparently be well fitted by using the fixed dust
shape distribution [15,21], and the sensitivity of retrieval to de-
tails of shape distribution is often limited [15], the fundamental
uncertainty associated with the fixed single shape distribution in
the retrieval remains and needs to be thoroughly investigated.

Different aerosol particle shape distributions may modify
the volumetric scattering properties and the radiative transfer
through the atmosphere, and then affect the retrieval of the
shape parameter from the skylight measurements. A discussion
on the effects of aerosol particle shape distributions derived
from diverse approaches on the polarization of skylight will
help to improve the retrievals of the sphericity parameter
and other simultaneously derived aerosol properties, and it will
further improve the estimation of nonspherical aerosol radiative
forcing. In this study, the effects of different aerosol shape dis-
tributions on the aerosol volumetric optical properties (e.g.,
volumetric extinction coefficient, scattering coefficient, single
scattering albedo, and scattering matrix) and the distributions
of the total radiance, the degree of linear polarization, and the
angle of polarization of skylight in the celestial hemisphere are
analyzed by numerical simulations. The aim is to discuss how
much the calculation of skylight polarization is affected by the
different shape distribution assumptions obtained from direct
microscopical observations, or the commonly used hypothetical
distributions with respect to the a priori dust shape distribution
adopted in the sun—sky radiometer retrievals.

2. PARAMETERIZATION OF THE AEROSOL
PARTICLE SHAPE DISTRIBUTION

The aerosol particles in the atmosphere are characterized by a
wide variety of shapes that makes it a challenge to model the
natural atmospheric aerosols accurately [4]. Although many
complex shape types (e.g., Chebyshev particles with rough
surfaces, porous particles, aggregates) have been successfully as-
sumed in fundamental light-scattering studies, the application
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Fig. 1. Six different particle shape distributions of atmospheric acro-
sols adopted in simulation. The Li2017, Okada2001, and OPAC4.0
shape distributions are unilateral distributions; the Dubovik2006,
equal probability, and power law shape distributions are bilateral dis-
tributions with an equal presence of oblate and prolate spheroids with
the same axis ratios [15].

of the highly simplified spheroid model is preferable, because
it is more practical for aerosol remote-sensing techniques
[2,3,15,16,22]. Only one shape parameter (i.e., the aspect ratio
or axis ratio) needs to be additionally considered for the ran-
domly oriented polydisperse spheroids compared with spherical
particles [15]. Previous research has shown that the spheroidal
shape model with a mixture of spheres and spheroids with dif-
ferent aspect ratios has obvious advantages in describing the
volumetric optical properties of nonspherical particles in the
atmosphere [23,24]. Thus, the spheroid and corresponding
shape distribution of the particle dispersion are adopted to
model the optical properties of a volume of atmospheric par-
ticles in this study. In case of a spheroid model, the shape dis-
tribution corresponds to the axis ratio distribution of the
particle population d/V(e)/dIn(e), with IV being the number
of particles for a specified axis ratio . The axis ratio represents
the ratio of the rotational semi-axis to the horizontal semi-axis
of the spheroid [15]. It is equal to the aspect ratio for the prolate
spheroid (i.e., € > 1).

Several shape distributions, including the fixed one for dust
particles derived from light-scattering measurements (i.e.,
Dubovik2006) [15], three shape distributions obtained by di-
rect microscopy (i.e., Li2017, Okada2001, and OPACA4.0)
[4,5,10], as well as two commonly applied hypothetical aerosol
shape distributions (i.e., equal probability and power law dis-
tributions) [2,15,25-27], have been used (Fig. 1). Among
them, the Li2017, Okada2001, and OPACA4.0 distributions
[4,5,10] consider prolate spheroids only (i.e., € > 1), whereas
both cases of prolate and oblate spheroids (i.e., € > 1 and
0 < & < 1) are applied in the Dubovik2006 [15], the equal
probability, and the power law distributions [2,15,25-27].
The six shape distributions are normalized to 1.

3. SIMULATIONS OF VOLUMETRIC OPTICAL
PROPERTIES AND SKYLIGHT POLARIZATION

A. Volumetric Optical Properties of Spheroids
The conversion from incident to scattered radiation through
light scattering of randomly oriented spheroid particles can
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be described by the Stokes vectors and the scattering matrix

as [1,15,17,25]

I F1(®) F5(0) 0 0 1

Q| o [F12(®) Fx(©) 0 0 Q

U’ 0 0 F3(0) Fyu@©) (| U )

V' 0 0 -F3(0) Fu@®) ] \V
(1)

where (1,Q, U, V)T and (I',Q',U’,V')T are the Stokes
vectors of incident and scattered radiation, respectively. The
superscript T indicates transposition. Fiy, Fiy, Fay, F33,
F34, and F 4y are the six angular-dependent nonzero elements
of the scattering matrix. © represents the scattering angle that is
defined as the angle between the directions of incident and scat-
tered radiation within the scattering plane.

The Mie theory is applicable to the scattering of homo-
geneous spherical particles [28-30]. For nonspherical,
randomly oriented spheroids, other approaches such as the
T -matrix, discrete dipole approximation, and geometric optics
methods have often been used to calculate the light scattering
by spheroids with different particle sizes and axis ratios
[31-33]. The volumetric optical properties of spheroids with
specific particle size and shape distributions are obtained by
integration of the single scattering properties [1,15,16].

Assuming that the aerosol shape distribution is the same at
different particle sizes, the integrated volumetric properties (ex-
tinction and scattering coefficients, i.e., (6o (1)) and (b, (1))
are obtained from the weighted volume size distribution and
shape distribution as [1,2,15,16]

Ineny [Inr C. (4, €,
(b (D)) = / / Coulhre,7)
| o(r)

d.N(e) dV(r)
“din e dlnrdln rdln &, (2)
In €, In 7 Csca(/l g, y)
SC& l
an=[" L L
dN(e)dV(r)
“dn e dlnrdln rdln &, (3)

where the brackets (...) denote the volumetric optical proper-
ties [1]. Ce and C, are the extinction and scattering cross
sections, respectively. A is the wavelength, € is the axis ratio,
and 7 is the radius. v(7) denotes the particle volume with a
radius of . dN(¢)/dIn edN(¢)/dIn € and dV(r)/dIn 7 re-
present the shape distribution and the volume size distribution
of spheroidal particles, respectively. The ranges of the particle
size and the axis ratio for integration are consistent with the
inversion algorithm of the sun—sky radiometer (i.e., the particle
sizes range from 0.05 pm to 15 pm, and the axis ratios range
from 0.3 to 3.0).

In a similar manner, the integrated, volumetric single
scattering albedo (w(4)) can be calculated as

Inéne [In7me @, e,7)-Co(A,8,7) dN(s) dV(r)
(w(ﬂ)) _ Iney; JInrg, v(r) "dine dln~ dln rdln e

( ext (A) )

(4)
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The angular-dependent elements of the volumetric scattering
matrix are calculated as

In ey (07 (4 0,67)-Cia(he, ) dN(e) dV(r)
In & ﬁnrmin - v(r) "dine din 7 dln rdln &

( bsca (ﬂ) ) '
(5)

where 7,j = 1,2,3,4 corresponding to the subscripts of six
nonzero elements of the scattering matrix. The spheroid kernel
database precalculated by the 7™-matrix and geometric optics
methods was employed to simulate the volumetric optical prop-
erties [15,16]. The results of the scattering function Fy; are
normalized to 1 at the scattering angle of 30° to facilitate
comparisons with the laboratory measurements and other
light-scattering calculations [17]. The remaining five nonzero
elements of the scattering matrix are shown relative to the
corresponding scattering function [17].

B. Simulation of Skylight Polarization

The skylight becomes partially polarized after the interactions
of the nonpolarized solar radiation incident at the top of the
atmosphere with the molecules, aerosol particles, water drop-
lets, ice crystals, and precipitation elements in the atmosphere.
The component of circular polarization of skylight can often be
neglected [34]. Hence, the polarization characteristics of sky-
light are described by the total radiance 7, the degree of linear
polarization DoLP, and the angle of polarization AoP. The
DoLP and AoP can be calculated as

DolLP = 7'Q2[+U2 , ()

Aol = 1atang. (7)
2R

In this paper, the skylight polarization in the celestial hemi-
sphere is simulated by the successive order of scattering
(SOS) vector radiation transfer model [35]. The input param-
eters adopted in the simulation are listed in Table 1. The volu-
metric optical properties of spheroids assuming different shape
distributions calculated in the previous step are put into the

Table 1. Input Parameters Adopted in Simulation

Parameter Value
Wavelength (4) 0.44 pm

Particle size distribution Bi-model lognormal size
(dV/dlnr) distribution

for background dust [36]
Dubovik2006 [15]

Equal probability [15]
Power law [26]

Li2017 [4]

Okada2001 [5]

OPAC4.0 (r > 0.5 pm) [10]
1.566 + 0.007:7 [7]

Particle shape distribution

(dN/dlne)

Refractive index (2)

Aerosol optical depth 0.2785 [30]
Molecular optical depth 0.243

Solar zenith angle 45°

Surface albedo 0.15
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Fig. 2. Bi-model lognormal size distribution for background dust
aerosols [36].

SOS model to simulate the radiative transfer through the
atmosphere. The output of the first three components of
the Stokes vector of skylight are normalized by the extraterres-
trial solar irradiance F (i.e., n//Fy, nQ/F,y, and nU/Fy).
Then, the degree of linear polarization and the angle of
polarization are derived from the normalized 7, Q, and U.

The acrosol optical thickness and the volume size distribu-
tion are the multi-year average values based on long-term
measurements at the typical desert station Mingin within
the Sun-Sky Radiometer Observation Network (SONET,
www.sonet.ac.cn) from 2012 to 2016, see Fig. 2 [36]. The vol-
ume size distribution at Minqin is a representative distribution
of background dust dominated by coarse-mode particles, which
is similar to size distributions at the adjacent Zhangye site and
in the clear case of the Beijing-RADI site of SONET [4,36].
The volume-weighted, effective complex refractive index de-
rived from chemical measurements at Tinfou, Morocco, is
adopted as the typical dust refractive index, considering that
multiple chemical measurements have reported a real part of
the dust refractive index larger than the one commonly re-
trieved from the sun—sky radiometer and adopted in the basic
dust aerosol model (e.g., 1.53) [7,8,37,38].

4. RESULTS

A. Effects of the Particle Shape Distribution on
Aerosol Volumetric Optical Properties

The volumetric optical properties, including the extinction and
scattering coefficients, as well as the single scattering albedo for
aerosol particles with different particle shape distributions, are
listed in Table 2. It appears that the changes in particle shape
distributions have little effect on the volumetric extinction (less
than 3.5%) and scattering (less than 4%) coefficients, as well as
on the single scattering albedo (less than 0.6%). Although the
particle shape distributions change significantly (see Fig. 1), the
maximum difference in the volumetric single scattering albedo
is only 0.0052. The volumetric extinction and scattering coef-
ficients show similar variations with the changes of different
particle shape distributions. The maximum differences for
(beye(A)) and (b, (1)) are 0.0112 m™" and 0.0117 m™!, re-
spectively. Therefore, the influences of different particle shape
distributions on the aerosol particle volumetric extinction and
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Table 2. Extinction Coefficient, Scattering Coefficient,
and Single Scattering Albedo of a Volume of Aerosol
Particles with Different Shape Distributions

Volumetric Optical Properties

Aerosol Shape

Distribution (b)) (@) (b(V))(m™)  (w(A))
Dubovik2006 0.3302 0.2980 0.9026
Equal probability 0.3295 0.2972 0.9021
Power law 0.3345 0.3029 0.9054
Li2017 0.3233 0.2912 0.9005
Okada2001 0.3237 0.2914 0.9002
OPAC4.0 0.3252 0.2930 0.9008

scattering coefficients, as well as on single scattering albedo, are
negligible in the cases studied here.

The effects of different shape distributions on the six inde-
pendent, nonzero elements of the aerosol particle scattering ma-
trix are illustrated in Fig. 3. It is apparent that the changes of the
normalized scattering function F;/F; (30°) with different
particle shape distributions are small. More obvious differences
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for F1y/Fy; (30°) appear at the scattering angles from 150° to
180° in comparison with the forward and sideward scattering
directions. The particle shape distributions have a modest im-
pact on F33/F), and Fy/F,,. The extents and trends of
variations for F33/Fy; and Fy/F;; are similar, assuming
the same particle shape distribution. That is, F33/F;; and
F 44/ Fy; for the Li2017 and the Okada2001 distributions have
larger values; the curves for the power law shape distribution
have lower values; and the values for other shape distributions
are in the middle at most of the scattering angles from 0° to
180°. Conversely, the effects of the particle shape distributions
are pronounced with respect to -Fy,/Fy1, Fy/F;;, and
F34/F 1. Among them, the curves of -F,/F; and F34/F;
change gradually with different shape distributions. The largest
difference occurs between the curves of Li2017 and power
law shape distributions at most of the scattering angles.
Moreover, the differences between the unilateral distributions
(i.e., Li2017, Okada2001, and OPACA4.0) and the bilateral dis-
tributions (i.e., Dubovik2006, equal probability, and the power
law distributions) are obvious for —-F,/F1;, Fy/F1;, and

0.8

0.6

-0.2 T T
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Independent non-zero elements of scattering matrix for atmospheric aerosols with different particle shape distributions.
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F34/F1y. It is associated with the fact that the weights of the
particles with extreme axis ratios are large in the bilateral dis-
tributions, while the unilateral distributions are dominated by
the particles close to sphere (see Fig. 1). According to Eq. (1),
the changes of -F,/F; and F,,/F/; can contribute to the
measurements of linear polarization for the passive remote sens-
ing of the sun—sky radiometer with the unpolarized incident
light and the active remote sensing of Lidar with linearly po-
larized incident light. Therefore, the influences of different
shape distributions on the measurements of skylight polariza-
tion are not negligible.

In general, the elements of the scattering matrix calculated
by the Li2017 scenario and the Okada2001 distribution based

0

90+ I (a)

38 b Normalized /

70+ .

604 Dubovik2006

504 300

40 0.10

30 017

20 0.25

10+ 0.32

0-270 90 0.40

10 | 0.47

20- 0.55

30 0.62

40 0.70

50- 240 120

60 -

70

80 -

90 -

0

9 T ©

80 Diff %_normalized /

70 Power law

60 -
(%)
-8.0
-4.0
-2.0
-1.0
0.0
1.0
2.0
4.0
8.0

° (e)
Diff %_normalized /
Okada2001
(%)
-8.0
-4.0
-2.0
-1.0
0.0
1.0
2.0
4.0
8.0

=

180

Research Article

on direct microscopy are close, which is possibly because the
sampling regions are all in northern China [4,5]. The elements
of the scattering matrix calculated by the Dubovik2006 distri-
bution and the hypothetical equal probability distribution are
almost equivalent, which is consistent with the results from pre-
vious research [15]. Correspondingly, the curves calculated
with the OPACA4.0 shape distribution based on direct micro-
scopic measurements of the Sahara dust samples are in the
middle. However, the curves calculated with the hypothetical
power law distribution deviate from the results of other distri-
butions. As can be seen in Figs. 1 and 3, the curves of scattering
matrix calculated with more similar distributions are closer.
Meanwhile, the shape distributions for the samples collected

0
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Fig. 4. Effects of aerosol shape distribution on the normalized radiance 7 of skylight in the celestial hemisphere.
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in the same region (e.g., Li2017 and Okada2001) have similar
features. Consequently, representative dust-like aerosol shape
distributions could be obtained by multiple measurements in
different typical regions, which can be applied in the light-
scattering calculation of nonspherical aerosols.

B. Effects of Particle Shape Distribution on Skylight
Polarization in the Celestial Hemisphere

The normalized total radiance of skylight in the celestial hemi-
sphere assuming the Dubovik2006 distribution, as well as the
percentage changes of the normalized radiance under other
aerosol shape distributions relative to that of the Dubovik2006
distribution, are presented in Fig. 4. It is evident that the nor-
malized radiance in the case of equal probability distribution
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Fig. 5. As Fig. 4, but for the degree of linear polarization of skylight.

is very close to that of Dubovik2006, with tiny relative changes
of only £1% in the entire hemisphere. However, the relative
changes are obvious for other shape distributions with respect
to the case of the Dubovik2006 distribution. The percentage
changes corresponding to the power law distribution are pos-
itive near the solar incident direction (i.e., SZA = 45° and the
relative azimuthal angle RAA = 0°). They vary from positive to
negative with an increasing scattering angle. Conversely, the
percentage changes corresponding to the distributions of Li
2017, Okada2001, and OPACA4.0 are negative near the solar
incident direction. They vary from negative to positive with
an increasing scattering angle, and they change to negative
again in some directions with the scattering angles exceeding
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approximately 80° ~ 115° The maximum absolute percentage
change is over 8% for the three cases, which appears near the
solar incident direction. Generally, the normalized radiances as-
suming the Li2017 and the Okada2001 distributions are more
significantly different from those with the Dubovik2006 distri-
bution; the relative changes of the equal probability and the
power law distributions are smaller; and the change of the
OPACA4.0 distribution is in the middle.

Figure 5 depicts the degree of linear polarization of skylight
in the celestial hemisphere assuming the Dubovik2006
shape distribution, as well as the differences of DoLP under
other aerosol shape distributions relative to that of the
Dubovik2006 distribution. Similar to the situation of the nor-
malized radiance, DoLP assuming the equal probability distri-
bution is not much different from that of the Dubovik2006
distribution, with differences within £=0.01 in the entire hemi-
sphere. DoLP of skylight under the distribution of power
law is greater than that of the Dubovik2006 distribution in
the celestial hemisphere, except for the angles around the solar
incident direction. In contrast, the values of DoLP under the
Li2017, Okada2001, and OPACA4.0 distributions are remark-
ably less than those under the Dubovik2006 distribution in the
celestial hemisphere, with the exception of angles around
the solar incident direction. The maximum absolute difference
is up to 0.05. Although the maximum differences of the DoLP
for the distributions of Li2017, Okada2001, and OPAC4.0
mainly occur near the scattering angle of 90°, the relative
changes are exceeding 20% in many observation directions.
Therefore, the degree of linear polarization is generally more
sensitive to the changes of acrosol shape distributions in com-
parison with the normalized total radiance of skylight in the
celestial hemisphere.

Figure 6 gives the corresponding results of the angle of
polarization. From Fig. 6(a), an obvious feature of the Aol
of skylight is that the angles of polarization are all equal to
90° in the solar principal plane (i.e., the plane containing both
the directions of incident sunlight and the local zenith), except
for the angles around the solar incident direction. Apart from
these angles, the differences of AoP for other acrosol shape dis-
tributions with respect to the distribution of Dubovik2006 are
all equal to 0 in the solar principal plane, which means that AoP
of skylight in the principal plane does not change with the aero-
sol shape distribution. Meanwhile, the changes of AoP in other
observation angles outside the principal plane are also not
significant, with the angle differences mostly within £0.5°.
The large differences appear at the relative azimuthal angles
of approximately 0° ~ 45° and 315° ~ 360° for the shape dis-
tributions of Li2017 and Okada2001 [see Figs. 6(d) and 6(e)].
It also should be noted that the errors resulting from the inter-
angle interpolation in the celestial hemisphere lead to some false
irregular changes of AoP.

5. SUMMARY AND CONCLUSIONS

An a priori fixed shape distribution of dust particles has widely
been applied in the inversion of aerosol particle properties based
on measurements collected with the sun—sky radiometers.
This dust particle shape distribution derived from laboratory
measurements shows different features compared to results

obtained by direct microscopic observations of aerosol particle
samples captured in the natural atmosphere. Therefore, we
compared the optical effects of the dust shape distribution
(i.e., Dubovik2006) with three shape distributions obtained
by direct microscopic observations (i.e., Li2017, Okada2001,
and OPAC4.0). Furthermore, two common hypothetical par-
ticle shape distributions (i.e., equal probability and power law
distributions) were considered in the comparison.

The sensitivities of the aerosol volumetric extinction and
scattering coefficients, single-scattering albedo, and the inde-
pendent nonzero elements of the scattering matrix to the par-
ticle shape distribution were discussed. The results of numerical
simulations illustrate that the influences of different particle
shape distributions on the integrated volumetric properties
(aerosol volumetric extinction coefficient, scattering coefficient,
and single scattering albedo) are small. However, the effects of
particle shape distributions on the angular-dependent, volu-
metric elements of the scattering matrix are distinct. Among
them, the influences on the normalized volumetric scattering
function Fy;/Fy; (30°) are not significant, except for the scat-
tering angles from 150° to 180°. F33/F;, and F4/F;, mod-
erately vary with the changes of the particle shape distributions.
In contrast, the particle shape distribution has a pronounced
influence on —F,/F 1, Fy/F;, and F34/F;.

In a second step, the impacts of the particle shape distribu-
tion on the angular radiance distribution and polarization prop-
erties of the skylight (including multiple scattering effects
simulated by a radiative transfer model) were quantified. In par-
ticular, the differences in the normalized total radiance, the de-
gree of linear polarization, and the angle of polarization of
skylight in the celestial hemisphere were analyzed assuming dif-
ferent particle shape distributions. The simulations indicate
that relative changes of the normalized radiance for the hypo-
thetical equal probability and the power law particle shape
distributions with respect to the fixed dust shape distribution
(i.e., Dubovik2006) can be neglected. However, the effects be-
come remarkable for the three particle shape distributions ob-
tained by direct microscopic observations. The maximum
absolute percentage change is greater than 8%. Compared with
the normalized radiance, the degree of linear polarization of
skylight is more sensitive to the changes of aerosol particle
shape distributions. The differences in DoLP for the shape
distributions obtained by three direct microscopic observa-
tions can exceed 20% with respect to the case when the
Dubovik2006 distribution is assumed. In contrast, the particle
shape distribution has almost no influence on the angle of
skylight polarization. The angle differences are mostly within
£0.05° in the celestial hemisphere. Moreover, the angle of
polarization does not change with the aerosol shape distribution
in the principal plane, except for the angles around the solar
incident direction.

The simulations reveal that the particle shape distribution
has a significant influence on the degree of linear polarization
of skylight. The a priori fixed dust shape distribution adopted
in the current inversion algorithm of the sun—sky radiometer
exerts a similar effect on skylight polarization as the hypotheti-
cal equal probability distribution, but it presents larger
differences with respect to the particle shape distributions
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Fig. 6. As Fig. 4, but for the angle of polarization of skylight.
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obtained by direct microscopic observations. That could be a
critical factor affecting the inversion of sphericity from the sun—
sky radiometer measurements. In addition, the results demon-
strate that the polarization of skylight assuming the Li2017 and
Okada2001 particle shape distributions obtained by micro-
scopic measurements in northern China are close to each other.
Thereby, it can be expected to obtain the representative dust-
like aerosol particle shape distributions through multiple mea-
surements by direct microscopy in different typical regions.
In future research, a database of light-scattering properties of
nonspherical aerosol particles should be complemented by typ-
ical directly measured particle shape distributions to improve
the retrievals of sphericity and corresponding microphysical

parameters (e.g., refractive index and particle size distribution)
of aerosol particles from the skylight polarization measurements
by the sun—sky radiometer.
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