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distribution from angular light-scattering measurement signals*
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The angular light-scattering measurement (ALSM) method combined with an improved artificial bee colony algorithm
is introduced to determine aerosol optical constants and aerosol size distribution (ASD) simultaneously. Meanwhile, an
optimized selection principle of the ALSM signals based on the sensitivity analysis and principle component analysis (PCA)
is proposed to improve the accuracy of the retrieval results. The sensitivity analysis of the ALSM signals to the optical
constants or characteristic parameters in the ASD is studied first to find the optimized selection region of measurement
angles. Then, the PCA is adopted to select the optimized measurement angles within the optimized selection region obtained
by sensitivity analysis. The investigation reveals that, compared with random selection measurement angles, the optimized
selection measurement angles can provide more useful measurement information to ensure the retrieval accuracy. Finally,
the aerosol optical constants and the ASDs are reconstructed simultaneously. The results show that the retrieval accuracy
of refractive indices is better than that of absorption indices, while the characteristic parameters in ASDs have similar
retrieval accuracy. Moreover, the retrieval accuracy in studying L-N distribution is a little better than that in studying
Gamma distribution for the difference of corresponding correlation coefficient matrixes of the ALSM signals. All the
results confirm that the proposed technique is an effective and reliable technique in estimating the aerosol optical constants
and ASD simultaneously.

Keywords: angular light-scattering measurement method, aerosol optical constants, aerosol size distribution,

inverse radiation problem
PACS: 91.67.gp, 65.80.—g, 92.60.Mt, 43.20.Ye

1. Introduction

Aerosols play a crucial role in atmospheric radiative
transfer by absorbing and scattering solar radiation, which re-
sults in climate degeneration, the greenhouse effect, etc. So,
obtaining accurate and reliable data of the aerosol absorption
and scattering properties is a prerequisite for studying the at-
mospheric radiative energy balance effectively.!'=>! Aerosol
absorption and scattering properties depend on aerosol opti-
cal constants, aerosol size distribution (ASD), and morphol-
ogy. Generally, the aerosol optical constant, a function of the
chemical, phase composition and their mixing state, describes
the optical properties and the interaction of the aerosol with ra-
diation, while the ASD affects the meteorological phenomena
and climatic trends.[6-10]

Generally, the aerosol optical constants and ASD can-
not be obtained directly and often need to be retrieved with
the help of some experimental data and corresponding inverse
theories. Recently, coupled with some intelligent optimiza-
tion algorithms, the optical measurement method, e.g., spec-
tral extinction measurement, angular scattering measurement,
optical depth measurement, or any combination of these, is
regarded as a fast, nonintrusive, and convenient method to re-
trieve the ASD and aerosol optical constants.>!1=181 However,
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accurate prediction of the optical constants and ASDs simul-
taneously is still regarded as a very challenging problem and
needs further research.

In the present paper, the angular light-scattering measure-
ment (ALSM) method, which has satisfactory performance in

1519201 i3 proposed to es-

studying particle size distribution,!
timate the aerosol optical constant and the ASD simultane-
ously. The inverse problem is solved by using an improved
artificial bee colony (IABC) algorithm, which has been suc-
cessful in solving the problem of retrieving the aerosol optical
constants in our previous work.!'!l Moreover, an optimized
selection principle of measurement angles on the basis of the
sensitivity analysis and principle component analysis (PCA)
is proposed to improve the retrieval accuracy. The remainder
of this paper is organized as follows. First, the principles of
the ALSM method and the optimized selection principle of
measurement angles are introduced. Then, the aerosol optical
constants available on the AERONET and two common ASDs
are estimated simultaneously under different random measure-
ment errors. Finally, the main conclusions and prospects for

further research are provided.
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2. Direct problem

2.1. The angular light-scattering measurement (ALSM)
method

According to the principle of the ALSM method, when
a non-polarized parallel incident light beam with intensity Iy
impinges on a suspension particle system with the optical con-
stants which are different from that of the medium (see Fig. 1),
if the radiative transfer process satisfies the following condi-
tions: 1) the particles distribute uniformly with random orien-
tation, 2) the optical thickness of the sample is thin and the
independent scattering of particles dominates, 3) the scatter-
ing phase function of the particle is symmetrical about the
azimuthal angle and only a function of the polar angles, the
light-scattering intensity at the angle 6 can be expressed as

follows: [15:19:21]

n'ND Dimax

1(9)*T D i<97m)LvDa)L)f(D)dDa (1)

min

where I(0) denotes the angular light-scattering intensity at
measurement angle 6, which can be measured by a neph-
elometer; Np is the total number concentration; f(D) and
m; denote the unknown ASD and the unknown aerosol op-
tical constants at wavelength A, respectively, which need to
be determined; D denotes the diameter of the aerosol parti-
cle; Dmax and Dy, are the upper and lower integration limits,
respectively; i(6,m,,,D, ) denotes the light-scattering inten-
sity of the aerosol particle with diameter D at measurement
angle 6 from the incident direction, which can be derived
in terms of the Mie scattering functions i;(6,m,,D,A) and
ir(0,my,D, 1) as!1322:23]

i1(97m17Dvl) +i2(97ml7Daa’)
812

i(6,my,D,A) = 2L, (2)

where I denotes the incident measurement laser intensity.

1(91\/9)

=

Fig. 1. Schematic model of the ALSM method.

In the present work, two common ASDs, i.e., the log-
normal (L-N) and Gamma distributions, are studied. The

mathematical representations of their volume frequency dis-

tributions are as follows: 24!
1 (InD —InD)*
ND)=——exp|——F—|, @3
") = e P 2(Ino)? )
fGamma(D) :Daexp(*ﬁDy)v (4)

where D and o are the characteristic diameter and narrowness
index in the L-N distribution function, respectively; o, 3, and
7 are the characteristic parameters in the Gamma distribution.
Usually, in the modified form, y = 1, so only parameters &
and f8 in the Gamma distribution need to be investigated. >’
The particle size range is set from 0.001 pm to 10.0 pm in this
study, which is the optimal measurement range in the optical
measurement method.[*%! The true values of the characteristic
parameters in ASDs studied here are listed in Table 1. The
optical constants of aerosol in this study obtained from the
AERONET are depicted in Fig. 2.
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Fig. 2.  (color online) Aerosol optical constants available on
AERONET.7]

Table 1. True values of characteristic parameters in the ASDs.

ASD functions Parameters True values
L-N (D,o) (0.6,2.5)
Gamma (a,B) (6.0,1.5)

2.2. An optimized selection principle of ALSM signals

Since the ALSM signals contain some important informa-
tion about the particle system, it is necessary to gain insight
into the influence of the ALSM signals on the retrieval accu-
racy in simultaneous retrieval of the aerosol optical constants
and ASDs. Usually, different measurement angles obtain dif-
ferent measurement signals, which will lead to different re-
trieval accuracy. So, selecting optimal measurement angles is
very important. In the present study, the sensitivity analysis
of the ALSM signals to the optical constants or characteristic
parameters in the ASDs at different measurement angles is em-
ployed to find the optimized selection region of measurement
angles. Then, the contribution rate of the ALSM signals based
on the PCA approach is studied to select the optimal measure-
ment angles within the optimized selection region obtained by
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the sensitivity analysis approach to improve the retrieval accu-
racy.

Usually, sensitivity analysis studies how the uncertainty
in the output of a mathematical model or system (numerical
or otherwise) can be apportioned to different sources of un-
certainty in its inputs. The sensitivity coefficient, which is the
first derivative of the ALSM signals 1(0) to the optical con-
stants or characteristic parameters in the ASDs at a certain
measurement angle 6, is proposed to carry out the sensitiv-
ity analysis of the ALSM signals. The sensitivity coefficient
%a(0) is defined as!!?28]
:81(a76):I(a—i-Aa,B)—I(a—Aa,G) 5)

)

%a(6) da 2Aa

where A represents a tiny change and is set 0.5% in this study;
and a denotes the independent variable which stands for the
optical constants or characteristic parameters in ASDs, a = n,
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k,D,oro. According to the definition of the sensitivity coef-
ficient, it is obvious that the optimal measurement angles are
in the region with larger absolute value of sensitivity coeffi-
cient generally. Figure 3 depicts the sensitivity coefficients of
the ALSM signals to the optical constants or characteristic pa-
rameters in the L-N distribution. It is obvious that for the char-
acteristic parameters in the L-N distribution and the optical
constants, the sensitivity coefficients at forward scattering an-
gles and backward scattering angles, i.e. 6 < 40° or 140° < 0,
are satisfactory as a whole. So, to ensure the retrieval accu-
racy in studying the L-N distribution, the optimal measure-
ment angles are selected within [0°,40°] U [140°,180°]. Simi-
lar conclusion can be obtained in studying the Gamma distri-
bution, and the corresponding optimal measurement angles are
selected within [0°,60°] U [160°,180°]. The sensitivity analy-
sis for the Gamma distribution is not shown here and interested
readers can contact us for the details.
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Fig. 3. (color online) Sensitivity coefficients of ALSM signals to optical constants or characteristic parameters in L-N distribution at

different measurement angles.

The PCA approach is a feature extraction method com-
monly used in pattern recognition. Its basic idea is to con-
vert a set of observations of possibly correlated variables into
a new set of values of linearly uncorrelated variables called

principal components, each of which is a linear combination

of the original variables. Each of the principal components
contains different amount of information, which can be mea-
sured by their contribution rate. Therefore, the original vari-
ables can be replaced by several principal components with

highest contribution rates, achieving the purpose of dimen-
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sion reduction.'?”! Moreover, the contribution rate of the orig-
inal variables to these principal components can be calculated
by using a formula suggested by Chiang et al.'*°! The PCA
approach was used by Tang to study the optimized selection
method of measurement wavelengths to improve the retrieval
accuracy of particle size distribution.?!]

To provide the optimized selection measurement angles
and improve the accuracy in simultaneous retrieval of the
aerosol optical constants and ASDs, the PCA approach is
proposed to study the contribution rate of the ALSM sig-
nals at different measurement angles within the optimized se-
lection region obtained by the sensitivity analysis. Accord-
ing to the PCA approach, various possible combinations of
the optical constants and characteristic parameters are con-
sidered and form an ALSM signals matrix. In the present
study, the measurement angles in studying the L-N distribu-
tion vary from [0°,40°] U [140°,180°] in steps of 5° (18 de-
grees), and those in studying the Gamma distribution vary
from [0°,60°] U [160°,180°] in steps of 5° (18 degrees). The
refractive indices n vary from 1.3 to 2.1 in steps of 0.05 (17
values), and the imaginary indices k vary from 0.00001 to 0.5
in steps of 0.05 (11 values), which means that there will be
about 17 x 11 = 187 combinations of the optical constants.
The characteristic parameters in the ASDs, e.g., D and o, are
assumed to vary from 0.1 to 10.1 in steps of 0.5 (21 values),
which means that there will be about 21 X 21 = 441 combina-
tions of the characteristic parameters in the ASDs. As the opti-
cal constants and characteristic parameters in the ASDs are in-
dependent from each other, there are about 187 x 441 = 82467
combinations of n, k, D, and ©. So, a 18x82467 ALSM sig-
nals matrix [ for the L-N distribution and Gamma distribution
can be constructed as follows:

1(6:); 1(6s)1
1(61)2 1(6;) j—1
I= D H(6i1); 1(6); 1(6:41); , (6)
S (A
1(61)g2467 1(6s)s2467

where S denotes the number of measurement angles, S = 18.
In matrix I, each column is an observation at a particular an-
gle 6;, and each row represents a kind of combination of op-
tical constants and characteristic parameters in the ASDs. To
highlight the difference among the contributions of the com-
ponents, the Savitzky—Golay smoothing is applied to each col-
umn of matrix I. According to matrix I, the correlation coef-
ficient matrix R between the column vectors can be obtained

as follows: 32

R = (R;j) = corrcoef(I), i,j=1,2,...,S, @)

where R;; denotes the correlation coefficients between the col-
umn vectors /(6;) and 1(6;); corrcoef is a function for calcu-
lating the correlation coefficient matrix. Figure 4 depicts the

correlation coefficient matrix of ALSM signals matrix I, and
the color in each cell indicates the magnitude of the correla-
tion coefficient. The blue color denotes a perfect correlation
and red denotes no correlation. The range of R;; is [0, 1] with
1 being a perfect correlation and O being no correlation. The
diagonal line indicates the highest correlation 1, which is rep-
resented in blue. The redder the tone is, the lower the abso-
lute value of the correlation will be. The correlation matrix is
always symmetrical with the values in the lower left always
being a mirror of the values in the upper right. The red color
box expresses the low correlation between the adjacent two ex-
tinction column vectors, which demonstrates little information
redundancy at the two extinction data.

L-N distribution

180 1.0

(2)

0.8
160 A

-0.6

140/40 1
-0.4

Angle 6/(°)

0.2

T T

140/40 20 0
Angle 0/(°)

Gamma distribution
1.00

Angle 6/(°)

0.60

0+ T T T y T
180 160/60 40 20 0
Angle 6/(°)

Fig. 4. (color online) Correlation coefficient matrix of the ALSM sig-
nals for different combinations of the optical constants and character-
istic parameters in different ASDs: (a) L-N distribution, (b) Gamma
distribution.

The eigenvectors and eigenvalues for the correlation co-
efficient matrix R are derived as. %%

Ry, =yv;, i=1,...,h, ®)

where the eigenvalues attained by descending order are y; >
Y > -+ > Y, and the corresponding eigenvector matrix is

V =[vy, va, ..., vp], his the dimension of matrix R. Then,
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the accumulated contribution ratio of the former z principal
components can be obtained as!3?!

b4 h
Vo=Y 1%/} % ©)

1.1 7F
L-N distribution (a)

09} o

Contribution rate
o

0.7F

1 1 1 1 1 1 1 1 VSl 1 1 1 1 1 1 1 1
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0.6
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Gamma distribution (b)
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Fig. 5. (color online) Contribution rates of the ALSM signals to the
principle components for different ASDs: (a) L-N distribution, (b)
Gamma distribution.

According to Tang’s work, ! 7 is determined by letting
V, not less than 90%, which denotes that the original data
can be represented well with the new z principal components.
Therefore, the contribution rate of the ALSM signals at mea-
surement angle 6; to the overall z principal components is ex-
pressed as!3?!

Z
yi= Y Wi/ o, (10)
j=1

where ®;; denotes the value in the principal diagonal of R.
For different ASDs, the values of z are 5 (L-N distribution)
and 3 (Gamma distribution), and the contribution rates of the
ALSM signals at different measurement angles to the princi-
ple components for different ASDs are depicted in Fig. 5. Ac-
cording to the PCA approach, the ALSM signal with larger
contribution rate will be given priority to retrieve PSDs, and
the corresponding wavelength will be selected more likely as
the optimal measurement wavelength. For the L-N distribu-
tion, the former 7 angles with the highest contribution rate

are 6=0°,5°,150°,30°,180°,10°,40°; for the Gamma distri-
bution, the former 7 angles with the highest contribution rate
are 6 = 30°,165°,180°,115°,25°,35°,60°. The measurement
angles used in the following study are selected according the
optimized selection principle mentioned above.

2.3. The inverse problem model

The improved artificial bee colony algorithm is proposed
as the inverse problem method, which has been used to study
the optical constants successfully. The detail procedure of the
IABC is not available in this paper and can be found in our
previous work. !

For simultaneous estimation of the aerosol optical con-
stants and ASD, there are four parameters to be determined,
i.e., the refractive and absorption indices of optical constants
(n and k) and the characteristic parameters in the ASDs (D and
o or a and ). Usually, increasing the number of measure-
ment angles Ng and the scale of swarm size SN will increase
the retrieval accuracy as well as the cost of calculation and
experiment. So, to improve the retrieval accuracy while re-
ducing costs, the number of measurement angles and the scale
of swarm size should be studied first.

Usually, the inverse problem is solved by minimizing the
objective function Fopj, which is defined as the sum of the
square residual between the simulated and the measured sig-
nal ratios. The mathematical expression of Fqp; is derived as
follows:

N o ) 2
1 < (I(ei)mm I(Gz)mea> ) (1])

Fob] - N ,:21 I(Gi)mea
where Ny denotes the number of measurement angles; and
I(6;)sim and 1(6;)mea denote the simulated and the measured
ALSM signals, respectively. Figures 6 and 7 compare the ob-
jective functions under different scales of swarm size and dif-
ferent numbers of measurement angles selected according to
the optimized selection principle in solving the problem of si-
multaneous retrieval of the aerosol optical constants for the
L-N distribution at wavelength A = 0.869 um (m = 1.399 +
0.006821). The system control parameters of the IABC are
listed in Table 2. The termination criteria are set as: 1) the it-
eration accuracy is 107'6 and 2) the maximum iteration times
are 3000. From Figs. 6 and 7, it can be found that the re-
trieval accuracy will be improved with increasing Ny and SN,
while the convergence speed is not the case. The satisfactory
retrieval accuracy and convergence speed can be obtained with
SN =40 and Ng = 5. A similar conclusion can be drawn in
studying the Gamma distribution. Therefore, the number of
measurement angles is set as 5 (i.e., 8 = 0°, 5°, 150°, 30°,
180° for the L-N distribution and 6 = 30°, 165°, 180°, 115°,
25° for the Gamma distribution ), and the scale of swarm size
is set as 40 in this study.
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Fig. 6. (color online) Comparison of objective function values under
different scales of swarm size.
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Fig. 7. (color online) Comparison of objective function values under
different numbers of measurement angles.

Table 2. System control parameters of the IABC algorithm.

Parameter Ny M & limit u F Cr
IABC 4 3000 10716 100 40 05 04

3. Numerical simulation

Considering that the inverse algorithm is a stochastic opti-
mization method and the optimization process has certain ran-
domness, all the calculations are repeated 30 times. The nu-
merical simulation procedure is illustrated in Fig. 8. The stan-
dard deviation of the inverse results of the optical constants
Nx is investigated to evaluate the reliability and feasibility of
the inverse results, and the mathematical expressions are de-
scribed as follows:

30
% 2
Nx = % ; (Xsim _Xsim,i) ’
_ 13
Xsim:%ZXsim,i; X =nork. (12)

i=1

In addition, the relative deviation of the ASDs, §, which means
the sum of the deviation between the probability distribution
estimated from the inverse calculation and the true ASDs in

every subinterval, is studied to evaluate the estimated quality
of the ASDs, and its mathematic expression is given as

N ) o 1/2
{Z [fest(Di) *ftrue(Di)] }
§=~= : (13)

{% [ true(bi)]z} 1/2

i=1

where N denotes the number of subintervals which the particle
size range [Dpin, Dmax] 18 divided into; D; is the midpoint of
the i-th subinterval [D;, Dis1]; firue(D;) is the true ASD in the
i-th subinterval; and fuq(D;) is the estimated ASD in the i-th
subinterval.

Final reiults: Output
n k,D,o
|r - _I:v;‘s:m_et;oz ____________ —:- Optimized selection of
| I measurement angles
| 4‘|EBC | Sensitivity
| | analysis
| | 1
| |
| Measured angular light- | Principle
: scattering signals : component analysis
| e =
| Output |
| Input Optimized !
L Mieth Eq. (1 pLmize
: ie theory & Eq. (1) selection angles :
e e |
Properties:
D, @ Input

Fig. 8. (color online) Flowchart of the whole numerical simulation pro-
cedure.

To demonstrate that the optimized selection principle of
measurement angles can improve the inverse accuracy effec-
tively, we show in Table 3 the comparison of retrieval re-
sults in simultaneously retrieving the optical constants at A =
0.869 um (m = 1.399 +0.00682i) and the characteristic pa-
rameters in the L-N distribution by using the optimized selec-
tion measurement angles and 15 groups of random selection
measurement angles. In Table 3, the zero group denotes the
optimized selection measurement angles, and the other ones
denote the random selected angles. The retrieval results for
the characteristic parameters in ASDs are also shown in Ta-
ble 3, and those for the aerosol optical constants are depicted
in Fig. 9. It is obvious that by using the optimized selection
measurement angles, the relative deviation 8 of the ASD is
no more than 1%, and the retrieval accuracy for the optical
constants is satisfactory. When the measurement angles are
selected randomly, the deviations between the true values and
the retrieval results are not controllable, and the largest rela-
tive error for the unsolved parameters reaches 16.86%, which
means that the simultaneous retrieval accuracy of the optical
constants and ASDs is uncontrollable. So, to ensure the re-
trieval accuracy, the optimized selection measurement angles
are proposed.

059101-6



Chin. Phys. B Vol. 27, No. 5 (2018) 059101

Table 3. Retrieval results of different measurement angles selected according to different selection principles.

Number of Measurement Relative Number of Measurement Relative
solution angles 6/(°) deviation & solution angles 6/(°) deviation &
0 0,5,150,30,180 0.006104 8 134,3,65,71,94 0.143452
1 93,95,110,133,41 0.030237 9 153,63,91,111,78 0.007023
2 68,107,133,127,128 0.007569 10 170,178,105,54,88 0.002514
3 140,124,71,176,53 0.004792 11 151,107,122,136,144 0.027348
4 157,168,91,63,93 0.026655 12 178,69,51,166,102 0.149713
5 23,72,75,165,64 0.005843 13 79,5,112,54,36 0.222641
6 106,162,36,143,81 0.133768 14 158,71,167,169,73 0.015431
7 68,37,17,73,27 0.033487 15 174,21,109,163,17 0.024798
1.50 - 0.010
(a) o random selection angles (b)
* optimized selection angles
1.989 — true value 16.86%
1asp 198 \
o 0.008 °
o
R R e s = Q Q Q 2
o o ° o 000 )
o o 0.006} o o ° N
1.35} \ \ o
2.39% 13.4%
1.30 L L L 0.004 L L L
0 4 8 12 16 0 4 8 12 16

Number of solution

Number of solution

Fig. 9. (color online) Comparison of retrieval results by using the optimized selection measurement angles and those by using random
selection measurement angles: (a) refractive index n, (b) absorption index k.

With the help of the IABC algorithm and the optimized
selection principle of measurement angles, the optical con-
stants and the ASDs mentioned above are reconstructed simul-
taneously. The searching ranges of the refractive and absorp-
tion indices are set as [1.3, 2.1] and [0.00001, 0.5], respec-
tively, and the searching ranges of the characteristic parame-
ters in ASDs are all set as [0.1, 10.1]. The average retrieval
results of the optical constants are depicted in Figs. 10 and 11,
and standard deviations and relative errors of the retrieval re-
sults are also shown in the figures. The retrieval curves of the
ASDs are shown in Fig. 12. From Figs. 10 and 11, it is obvi-
ous that without random measurement error, the retrieval ac-
curacy for the optical constants is most satisfactory, especially
for the L-N distribution. The standard errors and relative errors
will become larger when more random measurement errors are
added to the measurement signals. Moreover, it can be found

1.44 m true values, L-N distribution 107
® retrieved results, Err =0% (a) 1. .
1,42 a retrieved results, Err = 3% 110°
e v retrieved results, Err =5% 3 °
w 140 ? {103 &
£t : {3
g 1.38¢ 410! =
9 E 9]
2 1.36f {10t ¢
q +
Z 1l {108 <
2 1. =
1.32 4105
1
1.30 ! ! ! ! ! 10-7
04 05 06 07 08 09 10 1.1

Wavelength A/pm

that the retrieval accuracy of the refractive index is better than
those of absorption index under the same random measure-
ment errors, which means that the monodromy characteristics
of the estimated results of the refractive index are better than
those of the absorption index. Figure 12 shows that the devia-
tion between the true curves and the simulated ones becomes
larger if the random measurement errors increase. Moreover,
under the same measurement errors, the retrieval accuracy of
ASD in studying the L-N distribution is little better than that
in studying the Gamma distribution, which could attribute to
the difference of the corresponding correlation coefficient ma-
trixes of the ALSM signals (see Fig. 4). As a whole, the
present methodology provides a very effective and promising
technique to solve the problem of simultaneous retrieval of the
aerosol optical constants and ASDs more accurately and reli-
ably.

8
0.03 [ m true values, L-N distribution 10
® retrieved results, Err =0% (b) 1 6
10-2L4 retrieved results, Err =3% 410
= E w. retrieved resulgs, Err = 5% i 1 o
D '} i i L PN
~
: 15
= 102 2
g 3
Qo 1
;a 10-3L 4100 .GEJ
- q +~
—% E 102 %
< 1 ~
410
104 . . . . . 310-6
04 05 06 07 08 09 10 11

Wavelength A/pm

Fig. 10. (color online) Retrieval results of aerosol optical constants under different random measurement errors in studying L-N

distribution: (a) refractive index n, (b) absorption index k.
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144 = true values, Gamma distribution (a) 10
o retrieved results, Err = 0% 1.
1.42 1 & retrieved results, Err =3% 110
e v retrieved results, Err =5% ¢ 1 o
é 1.40 . b {103 Zi
kel i 1 3
5 1.38 ¢ 4101 £
2 1
S 1361 1107! =2
8 1 ks
& 134 J10-3 E‘é
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1.32 J10-5
1
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0.03 [ true values, Gamma distribution (b) 108
o retrieved results, Err =0% L
10-2L 4 retrieved results, Err =3% 1106
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Fig. 11. (color online) Retrieval results of aerosol optical constants under different random measurement errors in studying Gamma

distribution: (a) refractive index n, (b) absorption index k.

0.6

L-N distribution (a)
0.5 —@— true value
T —a— retrieval curve, Err = 0%, § =0.006104
—A— retrieval curve, Err = 3%, § =0.059424
0.4} —s— retrieval curve, Err = 5%, § =0.110165
Q o3},
=
0.2
0.1
0 L L
0 2 4 6 8 10

D/um

18

Gamma, distribution

—@— true value
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—A— retrieval curve, Err = 3%, § =0.072399
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(b)

f(D)
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Fig. 12. (color online) Retrieval curves of different ASDs under different measurement random errors: (a) L-N distribution, (b)

Gamma distribution.

Figure 13 shows the distributions of 30 retrieval results
in retrieving the L-N distribution at A = 0.869 pm under dif-
ferent random measurement errors. It can be found that the
distributions of the estimated results disperse with increasing
random measurement errors; the larger the random error is,
the more dispersive the distribution will be. The relative error

0.025 = T
L-N distribution,; D = 0.6,;0 = 2.5 (a)
0.020 F A=0.869 um, n 1L— 1.399, k;:0,00682
’ O Err=5% i i
A Err=3% i 137.24%
0.015F % Err=0%
<
0.010
0.005 1
85.34%
o————— -y
1.2 1.3 1.6

of D is similar to that of ¢, while the largest relative error of
absorption index is 137.24%, which is much larger than that
of refractive index. A similar conclusion can also be obtained
in studying the Gamma distribution, and the details are not
shown for simplicity. All these phenomena also confirm the

results obtained above.

3.5 : :
[ i (b
28.27% i i
................... ?._._._._._._._._._1._._._._.
i i
3.0F : :
i O I
. Y I
I i3
251 i i
1 1
i i
1 1
[ 1813% - e
20 1 i 1 i
0.2 0.4 0.6 0.8
g

Fig. 13. (color online) Distribution of 30 retrieval results in retrieving the L-N distribution at A = 0.869 pm under different measure-

ment errors: (a) k, (b) D.
4. Conclusions

Combined with an improved artificial bee colony algo-
rithm, the angular light-scattering measurement method is ap-
plied to estimate optical constants and aerosol size distribution
simultaneously. Moreover, to improve the retrieval accuracy,

an optimized selection principle of the ALSM signals based
on the sensitivity analysis and principle component analysis
is proposed. The following conclusions can be drawn. (i)
To simultaneously estimate the aerosol optical constants and

size distribution accurately, the number of measurement an-
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gles and the swarm scale in the IABC algorithm would be bet-
ter set as 5 and 40, respectively. (ii) Comparing with random
selection measurement angles, the optimized selection mea-
surement angles can provide more useful information to en-
sure the accuracy of simultaneous estimation of the aerosol
optical constants and size distribution. (iii) The retrieval accu-
racy of refractive indices of optical constants is better than that
of absorption indices of optical constants, while the character-
istic parameters in the ASDs have similar retrieval accuracy.
(iv) The accuracy of the retrieval results in studying the L-N
distribution is a little better than that in studying the Gamma
distribution, which is attributed to the difference of the cor-
responding correlation coefficient matrixes of the ALSM sig-
nals.

Finally, as the aerosol particle is treated as a homogenic
spherical particle in this study, the methodology presented
here can also be used to study the simultaneous estimation
of the optical constants and size distribution of other spher-
ical particle dispersion medium, e.g., microalgae dispersion
medium. Furthermore, as more measurement signals can be
obtained by using the ALSM method, the methodology can
also be proposed to simultaneously predict the optical con-
stants and size distribution of non-spherical particles, which
will be studied in our future work.
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