
Vol.:(0123456789)1 3

Optical Review (2019) 26:319–331 
https://doi.org/10.1007/s10043-019-00505-7

REGULAR PAPER

Inversion algorithm for non-spherical dust particle size distributions

Siyu Cai1 · Jiandong Mao1  · Hu Zhao1 · Chunyan Zhou1 · Xin Gong1 · Hongjiang Sheng1

Received: 25 September 2018 / Accepted: 18 March 2019 / Published online: 1 April 2019 
© The Optical Society of Japan 2019

Abstract
Dust particles are the main aerosol component of the atmosphere, and can influence human, environmental, and ecological 
health. Particle size distribution is an important aerosol micro-physical parameter that denotes the concentration distribution 
of particles of different radii and can determine the extinction characteristics of these particles. In traditional inversion algo-
rithms, the aerosol is generally assumed to be spherical according to Mie theory, and the relationship between aerosol optical 
thickness and particle size distribution is described by the Fredholm integral equation of the first kind. For non-spherical 
dust particles, this spherical assumption is obviously unreasonable and yields unreliable results. Therefore, we developed 
an algorithm assuming non-spherical particles for inversion of dust particle size distributions. In the case of non-spherical 
particles, the extinction efficiency factor kernel functions of the ellipsoid were calculated using the anomalous diffraction 
approximation method, and the kernel function of Mie scattering theory was substituted with these new kernel functions. 
Moreover, the Phillips–Twomey method was employed to solve the Fredholm integral equation of the first kind using aerosol 
optical thickness data from a CE-318 sun photometer. To verify the feasibility of the anomalous diffraction approximation 
method, experiments were carried out under sunny, dusty, windy and hazy weather conditions. These experiments showed that 
the extinction kernel function for non-spherical particles obtained using the anomalous diffraction approximation method is 
suitable for inversion of non-spherical dust particle size distributions under different weather conditions in the Yinchuan area.
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1  1 Introduction

Aerosols are ubiquitous components of the atmosphere with 
no constant chemical composition. These aerosol particles 
influence energy exchange within the Earth’s atmosphere 
by absorbing and scattering solar radiation, which in turn 
affects its climate. In recent years, concurrent with the 
rapid development of China’s economy and acceleration 
of its urbanization, the quality of the atmospheric environ-
ment has obviously deteriorated, which has affected quality 
of life in urban environments. Research on the properties 
and characteristics of atmospheric aerosols has great practi-
cal significance to this pollution issue, making it a focus of 
atmospheric science [1].

Dust aerosol is an important part of the atmospheric 
aerosol. It has a crucial impact on human activities and the 
atmospheric environment, making it imperative to carry 
out research on dust aerosol [2]. Regarding global warm-
ing, the Earth appears to have an extremely complex feed-
back mechanism and dust storms may be the “refrigerant” of 
global warming. Dust particles have important effects on the 
Earth’s environment via three main processes: (1) blocking 
solar radiation from entering the Earth’s surface, known as 
the “parasol effect” [3]; (2) affecting the formation of cloud, 
radiation characteristics and precipitation by acting as cloud 
condensation nuclei, resulting in indirect climate effects, 
known as the “ice nucleation effect” [4]; and (3) increasing 
iron in the ocean through settling of transported dust, which 
can increase plankton populations and enhance the amounts 
of carbon dioxide consumed, leading to a decrease in global 
temperatures; this is known as the “iron fertilizer effect” [5].

Sun photometers and multi-wavelength lidar, as indispen-
sable tools and methods for atmospheric remote sensing, can 
facilitate effective real-time monitoring of aerosol param-
eters, such as aerosol optical thickness (AOT), extinction 
coefficients and particle size distributions.
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To study the characteristics of atmospheric aerosols in 
different regions of the world in detail, large-scale and multi-
band sun photometer observation networks have been estab-
lished, such as the AErosol RObotic NETwork (AERONET) 
[6], SKYradiometer NETwork (SKYNET) [7, 8], Global 
Atmosphere Watch Precision Filter Radiometer (GAW 
PFR) network [9] and the China Aerosol Research Network 
(CARSNET) [10]. In these networks, sun photometers are 
the main instruments of observation. They not only automat-
ically track the sun, making direct radiation measurements, 
but also measure sky radiance along the solar principle plane 
and along the solar almucantar. Because they obtain real-
time and long-term observations, they play an important role 
in atmospheric environmental and dust storm monitoring, in 
studies of aerosol–climate effects, as well as in verification 
of satellite remote sensing products.

When determining aerosol optical and micro-physical 
properties, the inversion of non-spherical particle size dis-
tributions is a frontier issue that needs to be studied in detail 
[11]. Currently, when using traditional particle size distribu-
tion inversion algorithms based on classical Mie scattering 
theory to calculate extinction efficiency factor kernel func-
tion [12], we need to assume that the particle is spherical. 
For a regular spherical aerosol particle, the inversion error 
based on this assumption is small, but for non-spherical dust 
aerosols, there is large error involved in inversion of the 
particle size distribution.

For SKYNET, Olmo et al. (2005) substituted the kernel 
based on Mie scattering theory in the SKYRAD.PACK algo-
rithm by one derived for spheroidal particles, and retrieved 
aerosol optical properties using direct and sky-radiance meas-
urements of a sun photometer [13]. In 2010, Kobayashi et al. 
also used ellipsoid particle approximation in the SKYRAD.
PACK algorithm, which markedly improved the algorithm 
[14]. To improve aerosol inversion of AERONET observa-
tion network data, Dubovik and King (2000) established the 
Dubovik algorithm using sky radiation measurement data. 
This algorithm uses an ellipsoid to represent non-spherical 
particles and distinguishes between fine- and coarse-mode 
particles. It can be used to retrieve the columnar particle size 
distribution, refractive index, single scattering albedo, vol-
ume backscattering and extinction coefficient [15]. Although 
both the Dubovik and the improved SKYRAD.PACK algo-
rithm incorporate ellipsoidal particles and provide some 
research results, the specifications of these algorithms are 
not publicly available and cannot be used directly.

In recent years, some researchers have carried out limited 
theoretical studies of the light scattering properties of non-
spherical particles, and proposed several calculation methods 
to determine the non-spherical particle extinction efficiency 
factor, including the anomalous diffraction approximation 
(ADA) method, Rayleigh approximation method, T matrix 
method, finite difference time domain method, and discrete 

dipole approximation method. As one of the most effective 
methods, the ADA method based on Fresnel diffraction theory 
can be used to calculate the extinction kernel function of ellip-
soidal and cylindrical particles in random orientations. Van 
de Hulst (1981) originally introduced the ADA method (also 
known as the van de Hulst approximation) to calculate light 
scattering by particles, which is valid for optically soft parti-
cles. In this case, the extinction and absorption efficiencies of 
randomly oriented particles can be determined using the ratio 
of particle volume to the projected area [16]. Franssens (2001) 
presented a new analytical inversion formula that allows the 
direct computation of the size distribution as an integral over 
the spectral extinction function, as well as an indirect inver-
sion algorithm that can be used for scarce and noisy extinction 
measurements [17]. Sun and Fu (2001) compared a simplified 

0 5 10 15 20 25 30
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5
Mie extinction efficiency factor,m=1.55-0.01 i

Scale parameter x

Ex
tin

ct
io

n 
ef

fic
ie

nc
y 

fa
ct

or

Qext
Qsca

Fig. 1  Relationship between extinction and scattering efficiency fac-
tor and the scale parameter. m is the complex refractive index

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Radius r/μm

Ex
tin

ct
io

n 
ef

fic
ie

nc
y 

fa
ct

or

Mie extinction efficiency factor,m=1.55-0.01 i

340nm
670nm
1640nm

Fig. 2  The extinction efficiency factors derived from Mie scattering 
theory for spherical particles at 340, 670 and 1640 nm wavelengths



321Optical Review (2019) 26:319–331 

1 3

ADA with the original ADA for randomly oriented particles 
with different shapes and found some significant differences 
in extinction and absorption efficiencies [18]. Xu and Lax 
(2003) showed that ADA of extinction of light by soft par-
ticles was determined by a statistical distribution of the geo-
metrical paths of individual rays inside the particles; they 
derived analytical formulas for this extinction using a Gauss-
ian distribution of the geometrical paths of the rays [19]. Tang 
and coworkers investigated the feasibility and limitations of 
using the ADA to calculate the extinction efficiency of non-
spherical particles; they used ADA instead of Mie extinction 
efficiency to retrieve the particle size distributions based on a 
genetic algorithm [20, 21]. Paramonov (2012) proved there is 
an optical equivalence of randomly oriented ellipsoidal parti-
cles and polydisperse spheroidal and spherical particles using 
the analytical potential of Rayleigh–Gans–Debye theory and 
ADA; these results were used to develop an optical classifica-
tion of isotropic ensembles of ellipsoidal particles [22].

In the context of scattering theory, the extinction ker-
nel function of the spherical particles from Mie scattering 
theory can be substituted by the new kernel function for 
non-spherical particles derived from the ADA method. 
Moreover, the functional relationship between the extinc-
tion efficiency factor and particle size distribution remains 
the Fredholm integral equation of the first kind, for which 
the Phillips–Twomey (P–T) method is the most appropriate 
solution method [22, 23]. Undoubtedly, using both ADA 
and P–T methods, it is feasible to retrieve non-spherical dust 
particle size distributions using AOT data from a sun pho-
tometer or multi-wavelength lidar.

2  2 Light scattering theory

2.1  Mie scattering theory

At the beginning of the twentieth century, to solve the scat-
tering problem of uniform spherical particles, the German 
scientist Mie established a scattering theory based on elec-
tromagnetic theory, which is also known as coarse-particle 
scattering theory. Mie scattering theory provides an exact 
solution to the scattering of planar waves by uniform spheri-
cal particles in an electromagnetic field, derived from Max-
well’s equations. In addition, Mie scattering theory defines 
scattering laws for uniform spherical particles of arbitrary 
diameter and arbitrary composition.

According to classical Mie scattering theory [16], we 
can determine the scattering particle’s scale parameter, the 
radius of particle; the complex refractive index of the scat-
tering particle, and both real and the imaginary parts of com-
plex refractive index.

In this paper, the complex refractive index m is assumed 
to be 1.55–0.01i [24, 25], and the scale parameter range 

is assumed to be 0–25. Figure 1 shows the relationship 
between the extinction and scattering efficiency factor and 
the scale parameter x = 2πr/λ, where r is the particle radius 
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Fig. 3  Comparison of the extinction efficiency factors and relative 
errors for spherical particles using the Mie scattering theory and 
the ADA method for (a) an incident light wavelength of 870 nm and 
complex refractive index of 1.01–0.1i, (b) 340  nm and 1.55–0.01i, 
and (c) 870 nm and 1.55–0.01i 
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and λ is the wavelength of incident light. Clearly, the extinc-
tion efficiency factor is positively correlated with the scatter-
ing efficiency factor [16]. Moreover, it should be pointed out 
that because complex refractive index is a function of wave-
length, the wavelength affects complex refractive index to 
a large extent. The real part of the refractive index has little 
change in the visible wavelength, but the imaginary part of 
the refractive index varies greatly in the visible and infrared 

wavelengths, even with an order of magnitude difference, 
which is mainly related to the existence of absorption bands 
in these wavelengths.

Figure 2 shows the extinction efficiency factors of spheri-
cal particles at 340, 670 and 1640 nm wavelengths, based on 
Mie scattering theory. In Fig. 2, the maxima of the extinc-
tion efficiency factors of these three wavelengths are con-
centrated within the particle size range of 0.2–1.0 µm. As 

Fig. 4  The radius dependence 
of the extinction efficiency 
factors for each wavelength 
derived from ADA for (a) long 
ellipsoidal particles, and (b) flat 
ellipsoidal particles with differ-
ent aspect ratios
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the wavelength increases, the maximum peak moves in the 
direction of increasing particle size (radius). The extinction 
efficiency factors show oscillation in their convergence pro-
cess, which gradually tends to a value of two; the smaller 
the wavelength, the faster the convergence, and the weaker 
the oscillation [16].

2.2  ADA theory

2.2.1  Comparison of spherical particle extinction efficiency 
factors

According to ADA theory [12–18] for spherical particles, 
the extinction efficiency factor is given by [16–23, 26]:

where w = kD(m − 1)∕� , � is the wavelength of incident 
light; D is the diameter of the spherical particles; and k is 
the wave number in a vacuum.

To establish any inversion effect of using the ADA method, 
the extinction efficiency factors were calculated using Mie 
scattering theory and the ADA method, respectively. Figure 3 
shows the comparison of extinction efficiency factors and rela-
tive errors for spherical particles, based on these two methods. 
In Fig. 3 (1), the complex refractive index is 1.01–0.1i and 
the incident light wavelength is 870 nm. It is obvious that for 
spherical particles the inversion results of these two methods 
are in good agreement for effective particle radii of 0.01–5 µm. 
Therefore, the extinction kernel function derived from the 
ADA method can be used to replace the corresponding kernel 
function from Mie theory, providing a reliable basis to carry 
out this process with non-spherical particles.

In Fig. 3b, c, the relative complex refractive indices are all 
1.55–0.01i, while the incident light wavelengths are 870 and 
340 nm, respectively. The oscillating convergence of extinc-
tion efficiency factors retrieved using the ADA method and 
Mie scattering theory are basically the same, although their 
relative error curves fluctuate slightly. The difference between 
the two methods for radii from 0 to 0.5 µm is obvious, after 
which this difference gradually approaches zero. Although 
the error fluctuates with increasing wavelength, these fluctua-
tions are within a reasonable range, suggesting that the new 
extinction kernel function calculated from the ADA method 
can effectively replace the extinction kernel function from Mie 
scattering theory.

2.2.2  Extinction efficiency factor of ellipsoidal particles 
using the ADA method

When the angle � between the rotation axis of the ellipsoi-
dal particle and the direction of incident light is arbitrary, the 

(1)Qad = 4Re

[

1

2
− i

exp(−iw)

w
+

1 − exp(−iw)

w2

]

,

extinction efficiency factor of an ellipsoidal particle can be 
retrieved using the ADA method [16–23, 26], as follows:

where � = 2ka(m − 1)∕�g ; g =
√

cos2(�) + r2sin2(�) ; and a 
is the half shaft length of the ellipsoidal particle’s rotation 
axis. The ellipsoidal particle boundary term is given by

where g =
√

cos2(�) + r2sin2(�) ; q = (sin2� + g2cos2�)1∕2 ; 
� is the angle between the incident light direction and the 
rotation axis of the ellipsoidal particle; χ is the parametric 
angle of the penumbral ellipse; b is the length of the semi 

(2)Qade = 4Re
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axis of the ellipsoidal particle; s = a/b is the aspect ratio, i.e., 
for a long ellipsoid, s > 1, and for a flat ellipsoid, s < 1; and 
c0 is a constant equal to 0.99613.

Thus, the average extinction efficiency factor Q̄ext of an 
ellipsoidal particle in any direction is given by [16–23, 26]: 

where S2 is the projected area of ellipsoidal particles in the 
direction perpendicular to the incident light. 

Figure 4 shows the radius dependence of the extinction effi-
ciency factors for each wavelength derived from ADA for long 
and flat ellipsoidal particles having different aspect ratios. In 
Fig. 4, the complex refractive index is 1.55–0.01i, the incident 
light wavelengths are 1640, 670 and 340 nm, while the angles 
between the incident light and ellipsoidal particle rotation axes 
are all 90°. When the ellipsoidal particles maintain a fixed 
aspect ratio and the incident light has different wavelengths, 
the extinction efficiency factors from the ADA method have 
similar characteristics to these derived from Mie scattering 
theory. In both cases, increases in the length of the half shaft 
cause the extinction efficiency factors to oscillate faster, while 
the amplitude rapidly converges to a value of two and becomes 
stable.

3  Inversion of particle size distributions 
using the Phillips–Twomey method

King et  al. (1978) proposed that the atmospheric AOTs 
obtained by measuring the direct solar radiation intensity of 
the whole atmosphere can be used to retrieve particle size dis-
tributions [27]. Under the assumption of spherical particles, 
given the small change of the refractive index m of aerosol in 
visible and near-infrared wavelengths, it can be defined as a 
constant. Therefore, the relationship between AOTs and par-
ticle size distribution can be expressed as [28–33]:

(4)Q̄ad =
∫ 𝜋∕2

0
Qadsin

2(𝜃)d𝜃

∫ 𝜋∕2

0
sin2(𝜃)d𝜃

,

(5)Q̄edge =
∫ 𝜋∕2

0
QedgeS2 sin(𝜃)d𝜃

∫ 𝜋∕2

0
S2 sin(𝜃)d𝜃

,

(6)Q̄ext = Q̄ad + Q̄edge.

where Qext is the extinction efficiency factor, r is the parti-
cle radius, r0 and rM are the upper and lower limits of the 
radii, N(r, z) is the local aerosol spectrum distribution, and 
N(r) = ∫ zM

0
N(r, z)dz is the particle size distribution to be 

solved. Clearly, this relationship is described by the Fred-
holm integral equation of the first kind.

(7)
�i(�) = ∫

ZM

0
∫

rM

r0

�r2Qext(r, �i,m)N(r, z)drdz

= ∫
rM

r0

�r2Qext(r, �i,m)N(r)dr,

Table 1  The center wavelength and bandwidths of the CE-318 sun photometer

Central wavelength, nm 340 380 440 500 670 870 1020 1640
Bandwidth, nm 2 2 10 10 10 10 10 60
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Fig. 6  Diurnal variation in aerosol optical thickness (AOT) under 
sunny conditions on (a) 1 November 2017; and (b) 5 November 
2017 at selected local times (see figure legend)
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Generally, continental dust particle size distributions can 
be described using a Junge distribution:

Thus, when v is determined, the particle size distribution 
N(r) can be obtained.

Because actual particle size distributions are not smooth 
functions, they change greatly with r, leading to instability 
of the solution. Using the method proposed by Herman et al. 
(1971) [34], the size distribution N(r) can be decomposed into 
the product of the fast variable function h(r) and the slow vari-
able function f (r) [34], i.e., N(r) = h(r)f (r) . Now, Eq. (7) can 
be written as

(8)N(r) = Cr−(v+a).

(9)gi = ∫
rM

r0

Ki(r,m)h(r)f (r)dr,

where gi corresponds to the AOT and Ki(r,m) is the kernel 
function, corresponding to �r2Qext(r, �i,m) . Eq. (9) can be 
converted to matrix form [27]:

where 
←

f  is the vector to be solved, 𝜀 is the error vector, g⃗ 
is the known vector, and A is the coefficient matrix, having 
elements defined by

When the P–T method is applied to this constrained lin-
ear inversion equation, the smooth constraint of the second 
derivative is introduced. Therefore, the solution of Eq. (10) 
is

(10)g⃗ = Af⃗ + 𝜀,

(11)

Aij = ∫
rj+1

rj

Ki(r,m)hj(r)dr, i = 1, 2… ,N, j = 1, 2,…M.

(12)f⃗ = (ATA + 𝛾H)−1ATg⃗,
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where 
←

f  and g⃗ are column vectors; A and AT are the coef-
ficient matrix and its transposed matrix, respectively; � is 
the Lagrange smoothing factor; and H is a smoothing matrix 
[27–33].

To verify the reliability and feasibility of obtaining extinc-
tion efficiency factors from the ADA method, some simula-
tions were carried out using theoretical AOTs obtained from 
the Standard Atmospheric Model of the US (1976). In these 
simulations, the particle size distribution was inverted using 
both ADA and P–T methods for long ellipsoidal particles 
with aspect ratios of two and a complex refractive index 
of 1.55–0.01i. To estimate the adaptive capacity of these 
methods to error, 10%, 20% and 30% random errors were 
superimposed on the theoretical AOTs. Figure 5a shows 
the particle size distributions and error bars retrieved from 

theoretical AOTs with 10%, 20% and 30% random errors. 
Figure 5b shows the absolute errors between theoretical par-
ticle size distributions and those retrieved from AOTs with 
10%, 20% and 30% errors, respectively. It is clear that with 
increasing error components, the relative errors and absolute 
error also increased. In the cases of 10% and 20% random 
errors, the absolute error was minimal, but at a 30% error 
level, the absolute error was obvious.

It is clear that with the increase of particle radii the 
retrieval absolute errors gradually decrease, and especially 
for the small particles with radii smaller than 0.1 µm, the 
particle size distribution has very large absolute errors. 
Moreover, from Figs. 1, 2, 3 and 4, for the extinction and 
scattering efficiency factor, the smaller the radii is, the 
more serious the oscillation is. Therefore, in this paper, 
when the particle size range is larger than 0.1 µm, the 
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retrieval results are relative reliable. In fact, the optical 
observation is not sensitive for those particles with radii 
smaller than 0.1 µm.

4  Analysis of experiment results

Some experiments were performed under dusty, hazy and 
sunny weather conditions in the Yinchuan area. This area is 
in northwestern China. It has a mid-temperate semiarid con-
tinental climate, with a long winter, warm spring, short hot 
summer, and cool autumn. It is characterized by large diur-
nal temperature differences. It often experiences drought. 
There are four deserts, namely the Badain Jaran, Ulan Buh, 
Tengger and Mu Us deserts, to the northwest, west, and east 
of the Yinchuan area. Therefore, the Yinchuan area is the 
main source of mineral dust particles in northwest China, 
with dust particles dominating the atmosphere. The AOT 
data were measured by a CE-318 sun photometer (Cimel 
Electronique S.A.S, Paris, France), placed on the roof of 
the five-floor no. 17 teaching building of the North Minzu 
University in Yinchuan (38°29′49″N, 106°06′12″E). These 
data were used to retrieve particle size distributions. The 
CE-318 model makes direct spectral solar radiation meas-
urements within a 1.2° full-field of view every 3 min at 
wavelength bands of 340, 380, 440, 500, 670, 870, 1020 and 
1604 nm. It has automatically detected AOTs for these dif-
ferent bands from sunrise to sunset since September 2012. 
Table 1 lists the center wavelength and bandwidths of the 
CE-318 model.

Herein, the Langley plot calibration method was employed 
to obtain the AOTs. According to the Beer–Lambert–Bouguer 
law [35]:

where V(�) is the measured irradiance (in arbitrary units) 
at wavelength λ, V0(�) is the calibration coefficient, ds is 
the correction factor for the Sun–Earth distance, M is the 
optical air masses, �(�)atn is the Rayleigh scattering optical 
thickness of atmospheric molecules and AOT, excluding the 
effect of absorption gases, while tg(�) is the transmittance of 
the absorption gas.

Taking the logarithm of Eq. (13) yields

Under very clear atmospheric conditions, some observa-
tions were undertaken over a range of air masses (M) dur-
ing which the optical depth τ remained constant. According 
to Eq. (14), the values of lnV(�) − ln ds − ln tg(�) versus 
M were plotted as a straight line, having ln[V0(�)] as the 
intercept and −�(�) as the slope. In this case, m can be cal-
culated for a given date, time and location (latitude and lon-
gitude). In fact, the calibration of CE-318 sun photometer is 

(13)V(�) = V0(�)ds exp(−M�atn(�))tg(�),

(14)lnV(�) − ln ds − ln tg(�) = lnV0(�) − m�atn(�).

performed by an agency of Cimel Company in Beijing with 
1-year interval.

Figure 6 shows diurnal changes in AOTs on two sunny 
winter days during November 2017. The AOTs gradually 
decreased with increasing wavelength. In Fig. 6a, the diur-
nal change in AOT was unimodal, with a rise in the early 
stages of the day and a fall in the later stages of the day, 
with a peak value at about 09:30 (local time). In Fig. 6b, 
the AOT values were bimodal, with maxima at 12:00 and 
17:00 (local time), respectively. Under sunny conditions, 
the aerosol particles were assumed to be mainly produced 
by human activities.

Herein, the particle size distributions were obtained using 
the P–T method. Figure 7 shows the diurnal variation in 
the particle size distribution retrieved from AOTs shown 
in Fig. 6. The particle size distributions were retrieved 
with different kernel functions, calculated either from Mie 
scattering theory or from the ADA method, respectively. 
Under stable sunny conditions, the aerosol particles in the 
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atmosphere were relatively stable. In this case, the variation 
in particle size distributions retrieved using the two methods 
were also stable and the distributions derived from different 
methods showed good agreement. Clearly, the kernel func-
tion obtained from the ADA method could replace the kernel 
function from Mie scattering theory, which is valid only for 
spherical particles.

Therefore, we used the ADA method to retrieve non-
spherical dust particle size distributions, where non-spher-
ical particles were assumed to be ellipsoidal particles. The 
feasibility of this method was evaluated under variable 
weather conditions, including sunny, dusty, windy and hazy 
days. We used results of the sunny day to define background 
values.

Figure 8 shows the diurnal variation of AOTs under dif-
ferent weather conditions. The change in AOTs on dusty 
and windy days was similar, suggesting a similar content of 
dust in the atmosphere. In hazy weather, AOTs were mainly 

influenced by the exhaust emissions from motor vehicles and 
micron-sized particulate matter produced from other smoke 
emission sources in the morning. However, improvement of 
weather conditions in the afternoon led to AOT changes that 
were like those on sunny days.

Figure 9 shows the diurnal variation in the non-spheri-
cal particle number size distribution and volume size dis-
tributions retrieved from the AOTs shown in Fig. 8a on a 
sunny day. On sunny days, the composition of particles in 
atmosphere was relatively stable. It is clear from Fig. 9b that 
particle volume size distributions was bimodal with peaks 
located at about 0.5 µm and 2.3 µm, respectively. From the 
morning, with increase of human activities and strengthen-
ing of ground-air convection caused by air temperatures, the 
two peaks value gradually increase, reach to maximum at 
noon and then start to decrease at afternoon.

Figures 10 and 11 show the diurnal variation in parti-
cle size distributions under dusty and windy conditions. 
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On dusty days, the dust particles in the atmosphere were 
dominant. In this case, the particle size distributions were 
bimodal, with peaks concentrated around 0.8 µm and 2 µm; 
these peak locations changed over the course of the day. 
Under windy conditions, dust particles float in the atmos-
phere for a long time, accumulating gradually and markedly 
increasing the particle content of the atmosphere.

Figure 12 shows the diurnal variation in the particle size 
distribution on a hazy day. On hazy days, the air quality 
was poor, and the composition of the particles in the atmos-
phere was complex and variable. Peaks in the particle size 
distributions were mainly concentrated around 0.6 µm and 
1.0 µm. Over time, there was a shift to larger particle sizes, 
especially by mid-afternoon. Thus, particle concentrations 
reached the highest levels in the afternoon and gradually 
decreased as weather conditions improved towards evening.

5  5 Conclusions

The Mie scattering theory can be used to calculate extinc-
tion characteristics and retrieve particle size distributions for 
spherical particles. However, for non-spherical particles, the 
spherical assumption is obviously unreasonable. Herein, the 
ADA method was selected to calculate the extinction effi-
ciency factors kernel function of ellipsoidal particles instead. 
To verify the feasibility of the ADA method, non-spherical 
dust particle size distributions were retrieved from AOT 
data measured by a CE-318 sun photometer under differ-
ent weather conditions in the Yinchuan area. Experimental 
results show that the ADA method is better suited to inver-
sion of non-spherical dust particle size distributions than 
traditional methods.
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