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To improve the modeling accuracy of radiative transfer, the scattering properties of aerosol particles with irregular
shapes and inhomogeneous compositions should be simulated accurately. To this end, a light-scattering model for non-
spherical particles is established based on the pseudo-spectral time domain (PSTD) technique. In this model, the perfectly
matched layer with auxiliary differential equation (ADE-PML), an excellent absorption boundary condition (ABC) in the
finite difference time domain generalized for the PSTD, and the weighted total field/scattered field (TF/SF) technique is
employed to introduce the incident light into 3D computational domain. To improve computational efficiency, the model is
further parallelized using the OpenMP technique. The modeling accuracy of the PSTD scheme is validated against Lorenz—
Mie, Aden—Kerker, T-matrix theory and DDA for spheres, inhomogeneous particles and nonspherical particles, and the
influence of the spatial resolution and thickness of ADE-PML on the modeling accuracy is discussed as well. Finally, the
parallel computational efficiency of the model is also analyzed. The results show that an excellent agreement is achieved
between the results of PSTD and well-tested scattering models, where the simulation errors of extinction efficiencies are
generally smaller than 1%, indicating the high accuracy of our model. Despite its low spatial resolution, reliable modeling
precision can still be achieved by using the PSTD technique, especially for large particles. To suppress the electromagnetic
wave reflected by the absorption layers, a six-layer ADE-PML should be set in the computational domain at least.

Keywords: nonspherical aerosol, light scattering, pseudo-spectral time domain, atmospheric radiative transfer
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1. Introduction

To improve the precision of climate modeling and at-
mospheric remote sensing, radiative transfer models (RTMs)
that can accurately calculate the radiation transferred through
the atmosphere with aerosols and clouds are required.'=3] As
fundamental input parameters for the radiative transfer sim-
ulation, the light-scattering properties of aerosols (especially
those in the solar spectrum) should be accurately modeled.[*7!
However, owing to the irregular shapes and inhomogeneous
compositions of aerosol particles (such as mineral dust and
soot), their light-scattering processes are not adequately under-
stood, and substantial uncertainties still remain in their optical
properties.[®] To simplify the scattering process of aerosol
particles in the RTMs widely used at present, nonspheri-
cal aerosol particles are usually taken as spherical ones with
equivalent volumes or surface areas, which will definitely de-
crease the computational accuracy of radiative transfer.[6-10-121
Many researchers have also found that nonspherical aerosol
particles exert a significant influence on the polarized compo-
nents of radiation, 62131

With the awareness of the importance of the scattering
properties of nonspherical particles, many scattering calcula-
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tion models have been established.®!%!15] According to the
size parameter ranges applicable to these models, they can be
classified into three theoretical branches: the models in the
Rayleigh regime, semi-classical scattering models, and mod-
els in the geometric-optics (or physical optics) regime. Models
in the Rayleigh regime and geometric-optics regime include
the Rayleigh approximation, the Rayleigh—Gans—Stevenson
approximation (RGA), the anomalous diffraction theory, the

16,171 and the geometric optics approxima-

bridging method, !
tion (GOA).[313] Limited to their physical essence, they are
mainly applicable to particles with sizes much smaller or
larger than the light wavelength.®! However, because the size
of aerosol particles is comparable to the light wavelength in
the solar spectrum, these models cannot be applied to calcu-
late their light-scattering properties. For semi-classical scat-
tering models, a particle’s scattering properties are obtained
by solving Maxwell’s curl equations and Helmholtz equa-
tions analytically or numerically. Models of this type can
be grouped into three categories, i.e., field expansion models,
volume integral methods, and microelement models. The 7-
matrix method (TMM), 1921 separation of variables method
(SVM),11 and point matching method (PMM)[??] belong to

the first category, where TMM has become a widely tested
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model for the improvements made by Mishchenko, Bi, and
other researchers.[®1923-231 By using these models, high cal-
culation precision can be easily achieved with low memory
consumption and high computational efficiency.!® However,
owing to the limitation of the boundary conditions for nu-
merical calculation, most of these models can only be ap-
plied to particles with regular shapes. Moreover, their numer-
ical simulation processes become nonconvergent for particles
with large sizes, large refractive indices, or extreme shapes.
The volume integral methods include the method of moments
(MoMs)[?91 and discrete dipole approximation (DDA).[?7-29]
The main advantage of DDA and the MoMs is that they can
be applied to particles with any irregular shapes and inhomo-
geneous compositions. However, it should also be noted that
although simulation accuracy will be improved with increas-
ing dipoles, the matrix equations that need to be solved will
become larger as well. Therefore, to ensure stability and ef-
ficiency of the computational process, DDA and the MoMs
are mainly applicable to small particles.*°! With the develop-
ment of computational electromagnetics, such micro-element
models as the finite difference time domain (FDTD) and finite
element method (FEM) have gradually been introduced into
the light-scattering simulation of nonspherical aerosols.?!3%]
The main advantage of these methods is that they can over-
come the singularity of volume integral methods; thus, they
are more suitable for particles with complex shapes and large
sizes. However, owing to the constraints of numerical dis-
persion and the Courant stability condition, the spatial res-
olution of the computational domain should be smaller than
A /10 (where A is the light wavelength); therefore, the time
and memory consumed would be huge for the light-scattering
simulation of large particles. [*!

To overcome this problem, the pseudo-spectral time do-
main (PSTD) was introduced into the numerical simulation of
the light-scattering process by Liu and Yang. 33! In this model,
the Fourier-transform-based pseudo-spectral method and the
finite difference technique are used to calculate the spatial and
temporal derivatives of Maxwell’s equations, respectively. 34l
Because of the excellent performance of the Fourier transform,
this method can achieve very high simulation accuracy with
a relatively coarse spatial resolution, and therefore it can de-
crease the computational time and memory dramatically. 3]
Despite the excellent performance of PSTD, there are two as-
pects that need to be improved: first, owing to the specificity of
its discretization form, the incident field is mainly introduced
by a pure scattering field technique in the PSTD scheme now,
which is difficult and time-consuming for particles with large
size and complex shapes; second, the absorption boundary
conditions (ABCs) employed in the PSTD scheme are mainly
limited to Berenger’s perfectly matched layer (BPML) and
uniaxial perfectly matched layer (UPML), whose performance
is relatively low compared to convolution perfectly matched

layer (CPML) and ADE-PML for the FDTD scheme.!*! To
improve model’s performance, Sun et al.!* generalized the
CPML for the PSTD model. Here, we generalize the weighted
total field/scattering field (TF/SF) technique!*®) and ADE-
PML for the 3D-PSTD scheme and an improved PSTD scatter-
ing model of our own is established. In our scattering model,
not only can the simulation errors caused by the wave reflec-
tion of ABC be reduced, but the incident wave can also be
introduced without considering the actual shapes and sizes of
the scatters.

The structure of our paper is as follows: in Section 2,
the basic structure and principle of our PSTD model are intro-
duced. In Section 3, the precision of the PSTD model is val-
idated against the well-tested scattering theories for particles
with different shapes and inhomogeneous compositions, and
the influence of the spatial resolution and thickness of ADE-
PML on the calculation accuracy of PSTD model is analyzed.
In Section 4, the computational efficiency of our model is dis-
cussed. Finally, a brief summary is given in Section 5.

2. Design of the parallelized PSTD scattering
model

2.1. Structure of the PSTD scattering model

The basic structure of the PSTD scattering model is pre-
sented in Fig. 1. As shown in this figure, the PSTD model is
comprised of three modules, i.e., the preprocessing module,
the electromagnetic field computational module, and the scat-

tering parameter calculation module.

The preprocessing module is employed to prepare the in-
put parameters for the light-scattering computation. These in-
put parameters include the propagation direction and polariza-
tion states of incident light, the refractive index of the aerosol
particle, and the particle’s shapes discretized by a grid mesh.
The electromagnetic field computational module is designed
to calculate the electromagnetic field in the near- and far-field
regions. There are three key techniques in this module, i.e.,
the ADE-PML technique for the truncation of the computa-
tional space, the weighted TF/SF technique for the introduc-
tion of the incident wave and the near-to-far transformation
technique, where the near-to-far transformation is performed
in the frequency domain, while the others are implemented in
the time domain. The scattering parameter calculation mod-
ule is applied to calculate a particle’s scattering parameters
based on the near and far electromagnetic field components;
these scattering parameters include the absorption and extinc-
tion cross-sections, the scattering phase matrix and single scat-

tering albedo.
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Fig. 1. (color online) Basic structure of the parallelized PSTD light-scattering model for nonspherical aerosol particles.

2.2. Basic principle of the PSTD model

In the PSTD model, the scattering process is simulated by
numerically solving Maxwell’s equations, where Maxwell’s
equations in an isotropic medium have the following form:

VxH:sa—E+GE,
ot

VxE:—/.Lga—I;[—GmH,

D
2

in which E = (E,,E,,E;) and H = (H,,H,,H;) refer to the
electric and magnetic field; € and p are the permittivity and
permeability of the medium; ¢ and oy, represent the electric
and magnetic conductivities, respectively. If the aerosol parti-
cle has a refractive index of m = m; — jm;, then the permittivity
and electric conductivity can be obtained from the refractive
index m by & = gy(m? — mlz), o = 20mm;& (o is the angular
frequency). Because most aerosol particles are in a nonferro-
magnetic dielectric medium, their permeability and magnetic
conductivity are set as 4 = 1 and o, = 0 in our model.

In contrast to the FDTD scheme, in the PSTD model,
the pseudo-spectral method is applied to calculate the spatial
derivatives of Maxwell’s equations, whereas the time deriva-
tive is discretized by a central differential scheme. The basic
principle of the pseudo-spectral method is to use Fourier inte-
grals to obtain the derivatives of the field components, where
the Fourier integrals are carried out by using the fast-Fourier-
transform (FFT) algorithm. Because of the high-precision
reconstruction ability of the FFT/IFFT technique, the spa-
tial derivatives can be calculated accurately with a relatively
coarse grid mesh. According to the idea of the PSTD scheme,
the derivatives of the electromagnetic components along the

x-, y-, and z-axes can be presented as

JF (i, j k) 1 MNlom, 2mil .
Dy(F) = = -
«(F) dx  NAx Ef) N PN
Ne—1
< 2nml
x Y F(m, j.k)exp (-”’”1), 3)
m=0 Ny
8F i7j>k 1 Nyilzﬂ:l, 271:]1
Dy(F) = (8 ) = N.A VICXP (N 1)
y yaY Zo My ¥
Nyt 21ml
X Z F(i,m,k)exp <mi>, )
m=0 Ny
IF (i, j,k) 1 Nolom (2nk1,>
D,(F) = = —1exp | —1
Z( ) aZ NZAZ P Nz p Nz
N,—1
< 2wml
X Z F(iaj7m)exp (_mni>a (5)
m=0 Nz

where i = \/—1 is the imaginary unit, (i, j, k) are the discrete
coordinates of the field components; the algorithm operators
D.(F), Dy(F), and D, (F) refer to the first derivatives with re-
spect to x, y, and z. Ny, Ny, and N, denote the grid numbers
along the x-, y-, and z-axes, and Ax, Ay, and Az are the grid
size sin the different directions. Because the particularity of
the discretization form of the pseudo-spectral method, the Yee
cell for the FDTD scheme is no longer applicable to the PSTD;
therefore, in our model, all the electric and magnetic compo-
nents are assigned to the center of grid cells, rather set them at
the edges and face centers of the cells.

Because of the abrupt changes in the optical properties at
the surface of aerosol particles, the electric and magnetic field
will be discontinuous at the interface between the scatterer and
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the ambient medium, which will result in unnecessary high-
the “Gibbs
phenomenon”). In order to suppress the generation and accu-

frequency components in the FFT process (i.e.,

mulation of the unnecessary signals, the high-frequency com-
ponents in the frequency spectrum are directly truncated be-
fore the IFFT process, which is similar to the method adopted
by Liu et al.!’3! Taking the derivatives along the x-axis for
example, after the improvement, the calculation equation for
D,(F) can be rewritten as

IF (i, j k)
ox

1 Nx/i N 2ml 27
N, & N,

=0

Dy(F) =

Ne—1
X F (m, J, k)exp( )
NX 2m (27:11 )
_l’_
=Ny /7N —1 TV

Ny—1

< 2
< Y Flm,j.0)exp (— Z’"ZQ}; ©
m=0 x

where D,(F) is the modified algorithm operator and N; is
the number of the truncated terms. To obtain the best per-
formance, N, is usually set to be an integer ranging from
[0.05 x N;] to [0.1 x N;] ([.] means the integer conversion).
Based on the theoretical analysis above, Maxwell’s equa-
tions can be easily discretized by replacing the spatial deriva-
tives with D, (F)(u = x,y,z) and using the finite difference
technique for the temporal derivatives. Then, the time-

updating equations can be derived as

1 n+1/2
Ext —CA,]kEJk—&—CB,]k[ (Hiﬁ /)

o (#717)], (M
Ef = CARES], +CBy i [ D: (B2
D (H7)] ®
Eff" = CARES], + OBy [ Do (HI1?)
-, (H7717)] ©)
Hfj"]jl/z—cpl;k lx,”k 1/2+CQ1.7.].’,([ (Efj"k)
D, (Efj",()} (10)
H2 = oyt cQu o (B
_D, (Efj”k” (11)
lejn;rl/Z_CP lejnk 1/2 +CQM7,¢{ (E;V’]k)
-D, (E;ffk)} . (12)

In the iterative equations above, n is the time step, CA and CB
are the iterative coefficients for the electric components, and

they can be calculated by

2e — oAt 2At

G| Y 13
2e+ oAt’ bk e T oAt a3

CAijx=
where At is the discrete time interval. Similarly, the iterative
coefficients for the magnetic components, CP and CQ, can be
expressed as
2 — oAt 2At
e Q= e (4

U+ omAt 21 + oAt
Stability condition of the PSTD scheme Similar to
the Courant stability condition of the FDTD scheme, the dis-
crete time interval and spatial resolution for the PSTD scheme

CPi,j,k =

should satisfy certain constraints in order to guarantee the sta-
bility of its iteration process. According to the derivation of
Liu,[*4 the stability criterion for the PSTD scheme can be
written as

2
Ar < ———Ax, 15
S 2e/D 15)

where D is the dimensionality of the computational space; in
our model, D is set to 3. From the equation above, it can be
found that the requirement of the discrete time interval of the
PSTD scheme is higher than that of the FDTD scheme, but
because the grid size needed for the PSTD scheme is much
coarser than the FDTD scheme, the corresponding time step
will be larger than that of the FDTD scheme.

2.3. Design of the ADE-PML absorption boundary condi-
tion

Although the electromagnetic scattering process is an
open-space problem, the calculation of the PSTD should be al-
ways implemented in a finite computational domain owing to
the limitations of the computer memory and CPU. Therefore,
approximate ABCs have to be imposed to truncate the compu-
tational domain in order to suppress wave reflections back into
the domain and permit all outward-propagating wave analogs
to exit the domain, almost as if the domain were infinite.

In our model, the ADE-PML, an excellent ABC used
in the FDTD scheme is generalized and applied to the 3D-
PSTD scheme. The main advantage of the ADE-PML is
that its implementation is completely independent of the
ambient medium and high absorption performance can be
achieved without increasing the memory consumption. Sim-
ilar to CPML, the ADE-PML can be derived from modified
Maxwell’s equations in the frequency domain!*”}

jw8E+GE=<1 J +lay+laz)xH (16)

Sx ox sy dy s, 0z

—j(o,uH—c,va:<1 J T+ — LJ +1&2>><E,(17)
Sy o Sy 8y s, 0z

where s; (i = x, y, or z) is called the stretched-coordinate met-
ric. If the expression of s; is defined as s; = k; + o;(@; +
joeo) !, =
k' + o (af +joel)”

then the reciprocal of s; can be written as s;

! where ol =—o;, € = &)Kiz, o =

054215-4



Chin. Phys. B Vol. 27, No. 5 (2018) 054215

k?0;+ kioi(Kk; > 0, 0 > 0, and k; > 1);137] the setting of these
parameters is similar to that of the FDTD scheme, and the
reader can refer to the literature!** for details. Considering
the similarity of derivations for the different field components,
here we only take E, as an example to present the implemen-
tation of the ADE-PML.

Substituting sf' into Eq. (16) and using two auxiliary
variables Wy, and V,,, for simplification, then Maxwell’s
equations for the component E, can be rewritten as

1 0H, 1 9H,
=7 = j0eE, + OE 18
K, (9)7 K, 0z +chy Yexz = _]0)8 + 0Ly, (18)
o, a o, 0
Y Z
Ve = o) +jwe] dy By Yex: o +jwel dz (19

Furthermore, transforming Eqs. (18) and (19) into the
time domain, a group of equations describing the light propa-
gation in ADE-PML layers can be derived as

1 0H, 1 JH, J

PR T Yoo ~ Ve =5 Ext 0F, (20)
) 0 / oy 9

8), E Yexy + ay Wexy = a - -H, 81 ot Vexz + o 2 Yexz

— o2 H, @)

Similar to the method adopted in Section 2.2, discretizing
the differential equations above by using the pseudo-spectral
method for spatial derivatives and the finite differential tech-
nique for the time domain, then the iterative equations for

El Ui Wexy and y,,, can be derived as
E)fjnlj_ = =CA,j, kEzX ]nk
et [, 5 Lo )
+CBit1/2,j (vé;m L2k~ e;;’jjl /z,j,k) . (22)
‘ij’;ﬂ K =by V/ec)glr,i,j,k +ayDy (lejnljl/z) ) (23)
‘I/evx;l-:;k =b; Véxgz jk T aDy (Hz) jn]j 1/2) ) (24)
where CA; ; x and CB; ;4 are the iterative coefficients for Efj"k,

which have the same form as Eq. (13), a; and b;(i = x,y,z) ar

the iterative coefficients for Y., and ¥,,;, which can be calcu-
lated by

2¢l —ajAt
2¢/ + afAt’

20]At

—— 25
2¢] + o At ()

i = a; =

The implementations of the ADE-PML for the other elec-
tromagnetic field components can be similarly obtained, and
thus their derivations are not presented here.

2.4. Weighted TF/SF technique

The introduction of an incident wave is another key tech-
nique in the PSTD scattering model. Because the spatial distri-
bution of the electromagnetic field components is not defined

by Yee cells, the traditional TF/SF technique for the FDTD
scheme is no longer applicable to PSTD. Therefore, in our
model, the weighted TF/SF technique proposed by Gaol*¢! is
generalized and applied to the 3D-PSTD scheme.

Similar to the traditional TF/SF technique, the weighted
TF/SF technique introduces an incident wave by adding inci-
dent terms into the connection region between the total field
and the scattered field. As shown in Fig. 2, the computational
domain for the PSTD model is divided into four parts: the total
field region, the connection region, the scattering field region
and the ADE-PML region. Within the connection region, the
incident field Ej,. and Hj,. are weighted by the window func-
tion £, and the modified total field E/ | and H{, are regarded
as the sum of the scattering field and weighted incident field,

, , (26)
H H: +Hsc:CHinC+HSC'

tol = *Finc

{Et/ol Ellnc +Ey = CEinC + Escv

The purpose of this design is to guarantee that the electromag-
netic field components can vary smoothly from the scattering
field region to the total field region so that the incident wave
can be introduced without causing large Gibbs errors.

In Eq. (26), the window function ¢ should satisfy the fol-
lowing constraints: in the connection layers, { should change
smoothly from 0 to 1.0; while in the total field region and scat-
tering field region, { should be set as 1.0 and 0, respectively
(as shown in Fig. 2).

connection field region

/\

total field region

scattering field L W\’ ADE-PML

region <

region
1.0 &

Fig. 2. (color online) Conceptual diagram of the connection layer and
weighting function.

The wave propagation equations in the connection region
can be derived by substituting E! . = { Ei,c and H/ . = { Hjy
into Maxwell’s equations, written as (see Ref. [36])

0H|,
0 = VX By~ OnHiy +V{ X Eine,
OF 7)
€ atm‘ Vx H},—6E! +V{ x Hi.

The incident wave can be properly introduced by solv-
ing the equations above. However, from these equations, two
problems remain to be dealt with in order to solve the equa-
tions above numerically, i.e., the selection of the window func-
tion { and the discretization of the modified Maxwell’s equa-
tions.
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In the weighted TF/SF technique, the selection of the win-
dow function is very important, because weighing the inci-
dent field with window functions in time domain means the
convolution operation between the incident wave and window
function in frequency domain. In our PSTD model, the IBH
function (the integral form of the Blackman—Harris function)
is set as the window function (the IBH function is widely ap-
plied to the digital signal processing field and shows the best
performance 3¢,

To meet the requirements of sampling accuracy, the num-
ber of sampling points in the connection layer should equal
or larger than 2(M + 1). For example, if M is set as 3, then
an eight-layer connection region should be set at least. Be-
cause the computational space of the PSTD scattering model
is three-dimensional, then the window functions should be ex-
panded to 3D space correspondingly. In our model, the 3D
window function is constructed by the product of the window
functions in different directions, expressed as

E(x,3,2) = &(0) & () & (2). (28)

After the window function is determined, another prob-
lem is the discretization of the modified Maxwell’s equa-
tions. Similar to the method introduced in Section 2, the time-
updating equations for different electromagnetic components
can be easily derived by discretizing Eq. (27) by the pseudo-
spectral method for space derivatives and using the central dif-
ferential scheme for the time derivatives. For the sake of sim-
plicity and generality, we only take E, and H, as an example
to present their time-updating equations

E;'H/z:CA( )En—1/2
+CB(m ( (Hf]",j]ﬂ)—DZ(H;"]?f,jl/z))
— CB(m ( Him H> (29)
HIV? Z Cp(myr
- cQum) (o, (£,) -0 (£171))
+CQ(m)(3§E;“C 3§E‘“C) (30)

where m = (i, j, k), is the discrete position coordinate. From
the equations above, it can be found that the incident field can
be easily introduced into the computational space by modi-
fying the field components in the connection region with the
incident field.

2.5. Near-to-far transformation and the calculation of
scattering properties

2.5.1. Near-to-far transformation and the calculation
of the phase matrix

Similar to the FDTD scheme, the calculation of the scat-
tering amplitude matrix and phase matrix should be based on

the far electric fields obtained for two incident waves with or-
thogonal polarization states.
method based on the Huygens principle is employed to trans-
form the near-field components to their far-field in our model.

Therefore, the surface integral

In the surface integral method, the far-field scattered by
the aerosol particles is regarded as the field radiated by the
equivalent electric and magnetic currents at a closed surface
in the scattering field region with the scatterer inside. Accord-
ing to the electromagnetic equivalence theorem, the equivalent
electric and magnetic currents can be calculated from the elec-
tric and magnetic components at the extrapolation surface

J =en X Hyyf, (31)
I = —en X Egyy, (32)

where J and Jp, denote the equivalent electric and magnetic
currents, Hy,r and Eg, are the electromagnetic components
at the extrapolation surface and e, is the normal unit vector of
the surface.

With the equivalent electric and magnetic currents ob-
tained, the far electric field can be calculated by the following
equations:

E

1
—-VxF+—VxVxA
iwe

1
—VxF—iouA+-—V(V-A), 33
iOpA+ -V (V-A) 33)
where A and F are the Hertz vectors of the equivalent currents

r)= //S (enx H)-G(r,r")d*r, (34)

r)://S(Exen)~G(

in which G(r,7’) is the Green function for 3D space. In the

r,r')d%r, (35)

frequency domain, we can replace V with ik, and then the
scattered electric field can be modified as

1
=ikx F—iouA—-——k(k-A 36
ik x iou e ( )s (36)

where k is the normalized wave vector along the scattering di-
rections. By using Eq. (36), the electric field in the far-field
region can be calculated from the field components at the ex-
trapolation surface. If the far electric field is obtained for the
incident waves with transverse electric (TE) and the transverse
magnetic (TM) modes, respectively, then the scattering phase
matrix S can be calculated by

S1 S4
so.0) =3 3]
. 1 1
e K A
expi(—kr+z) | Ej, | Ei 0 E,.|’

where (0, @) are the scattering directions, E;.. and EI‘LC

the amplitude of the incident wave perpendicular and parallel
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to the scattering plane, ESJ(_:a | and EbHCa | are the vertically po-
larized and horizontally polarized components of the scatter-
ing field for Ej. , while E_:, ) and Ei‘ca_H are scattered electric

nc’ s
fields for E.H

nc*
matrix, the phase matrix can be calculated from S (6, ¢)!

According to the definition of scattering phase
8,15]

directly.

2.5.2. Calculation of integral scattering parameters

The integral scattering properties of aerosol particles
include absorption cross-sections, extinction cross-sections,
scattering cross-sections and single scattering albedo. These
parameters reflect the total ability of the aerosol to absorb
and scatter electromagnetic waves. The calculation models for
these parameters are similar to those designed for the FDTD
and the MRTD,!"#! where the absorption cross-section Cy, can
be computed by normalizing the energy depleted by aerosols

with the total energy of the incident wave!!*!

Zo///‘;G(’I")E(T) -E*(r)d’r
o Bl

; (38)

where Z is the wave impedance of vacuum, and Ej, is the
intensity vector of the incident electric field. » is the posi-
tion vector of the electric components, and the operator (.)x*
denotes the conjugation of a complex number.

The extinction cross-section Cex¢ can be calculated by the
volume integral of the extinction Poynting vector Sex(r) =
(Einc('r) x H*(T> + E(T) x H;IC(T)) /2[14]

Coxt = _Eiif{///vlm [(D (8 —& — i%) Ein(r)-E*(r)
><d37"}, (39)

in which Im(.) denotes the imaginary part of a complex num-
ber and ® is the angular frequency of an incident wave. Once
Cext and Cyp are obtained, the scattering cross-section Cy. can
be calculated by Cge = Cexy — Cap.

3. Model validation and result analysis

The PSTD scattering model for nonspherical aerosol par-
ticles was coded by Fortran 90, and the OpenMP technique
was employed for the parallelization of the model. To quan-
titatively evaluate the performance of the PSTD scattering
model, the results of this model are compared with those
obtained from the well-tested models such as the Lorenz—
Mie theory, Aden—Kerker theory and TMM in this section for
spherical particles, inhomogeneous particles and nonspherical
particles.

3.1. Model validation for spherical particles

The scattering phase matrices simulated by the PSTD
scattering model is first validated against Lorenz—Mie theory
for two spherical particles, a small one and a large one.

Figure 3 shows the phase matrices simulated by PSTD
and Lorenz—Mie scattering theory for a small particle with
a radius of 1 pum. In this figure, the simulation accuracy of
the phase function (i.e., F11) is evaluated by the relative er-
rors, whereas for the ratios, Fi2/Fi1, F33/F11, and Fi4/Fi1,
their computational precision is presented by absolute errors.
In this simulation, the wavelength of incident light is set as
A = 0.5 um, the refractive index of the particle is set as
m = 1.33 —0.0008i and the computational space is discretized
by a grid mesh with a spatial resolution of 4 /24.

As can be seen from the figures, the nonzero phase ma-
trix elements obtained by PSTD closely agree with the exact
solutions given by the Lorenz—Mie theory well, where in for-
ward directions (0 < 6 < 90°), the maximum simulation er-
ror of F; is just 2.43%, and the absolute errors of Fi,/Fii,
F33/F1], and F34/F1] are only 0023, 00284, and 0022, re-
spectively, indicating the high precision of the PSTD model.
The simulation accuracy at large scattering angles is relatively
low compared to that in the forward directions and the simu-
lation errors of Fi1, Fia/Fi1, F33/Fi1, and F34/F; are up to
11.2%, 0.065, 0.0577, and 0.0581. This phenomenon can be
explained by stair approximation errors, because the particle
is approximated by cubic cells in the PSTD model, the con-
structed shape for calculation is slightly different from the ac-
tual sphere we have assumed; furthermore, because the scat-
tering phase matrices are more sensitive to a particle’s shape
in backscattering directions than in forward directions, larger
simulation errors will occur at large scattering angles corre-
spondingly.

The precision of the PSTD model is further validated for
a large spherical particle with a size parameter of nearly 100.
In this test, the light wavelength and the refractive index are
the same as those for the small one; the radius of the particle
is set as 8 um and is discretized by a grid mesh of 1 /12. Sim-
ilarly, the scattering phase matrices are calculated by different
models, and the simulation errors of the phase matrix elements
are also calculated and presented in Fig. 4.

From the figure, it can be found that the results of the
PSTD scheme show excellent consistency with those of the
Lorenz—Mie theory in terms of their overall variation patterns,
illustrating that our PSTD model can simulate the scattering
properties of large particles with reasonable precision. For
the scattering phase function, its simulation errors fluctuate
with scattering angle notably with their values ranging from
near-zero in forward directions to 38.5% at the scattering
angle near 180°. For Fi3/F1, F34/F11, and Fy4/Fy1, the ab-
solute simulation errors are less than 0.2 for scattering angles
smaller than 100°, however for the backward scattering di-
rections, their simulation errors are much larger though the
variation patterns of the curves of different models are similar.
Compared with the results of the small particles, it can also
be found that the simulation accuracy for large particles is no-
tably lower than that for the small ones, which is similar to the
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Fig. 3. (color online) Comparison between the scattering phase matrices simulated by PSTD and Lorenz—Mie theory for a small spherical
particle (r = 1.0 pm, m = 1.33 — 0.0008i). ((a), (b)) Curves of Fj; and its relative simulation errors; ((c), (d)) curves of Fi»/Fj; and
its absolute simulation errors; ((e), (f)) curves of F34/F; and its absolute simulation errors; ((g), (h)) curves of Fy4/ Fj; and its absolute

simulation errors.

conclusion drawn by other researchers. 3%

To validate the PSTD model’s ability to calculate the in-
tegral scattering properties of aerosol particles, the extinction
efficiency Qex:, absorption efficiency Q,, and single scattering
albedo o are calculated for particles with different sizes, and
the results are listed in Table 1. In this test, the light wave-
length is set as 0.5 pum, the refractive indices of these parti-
cles are all set as 1.30 —0.0005i, and their size parameters
are taken to be 6.28, 10, 20, 40, 60 and 80, respectively. As

can be seen, a good agreement is achieved between the results
of the PSTD model and Lorenz—Mie theory, indicating that the
PSTD model can calculate particles’ integral scattering param-
eters with high precision, where the simulation errors of Qex¢
and o are generally smaller than 1%. On the whole, the cal-
culation accuracy of Qe is higher than that of Q,,, and the
single scattering albedo achieved the smallest simulation er-
rors among the three parameters. With the increase of particle
size, the simulation accuracy of our model is reduced as well.
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Fig. 4. (color online) Comparison between the scattering phase matrices simulated by PSTD and Lorenz-Mie theory for a large spherical
particle (r = 8.0 pm). (a) Curves of Fj; and its relative simulation errors; ((b), (c)) curves of Fi2/Fj; and its absolute simulation errors; ((d),
(e)) curves of F34/Fy; and its absolute simulation errors; ((f), (g)) curves of Fi4/F; and its absolute simulation errors.

Table 1. Comparison of the integral scattering parameters simulated by Lorenz—Mie theory and the parallelized PSTD scattering model.

Grid size

Extinction efficiency Qext

Absorption efficiency Q.

Single scattering albedo

! Lorenz-Mie =~ PSTD  Re/% Lorenz-Mie ~ PSTD Re /% Lorenz-Mie =~ PSTD  Re/%
6.28 A/24 3.7725 3.7732  0.0203 0.0207 0.0202  —2.1432 0.9945 0.9946  0.0132
10 A/24 2.6677 2.6793  0.4354 0.0349 0.0342  —1.7328 0.9869 0.9871  0.0304
20 A/24 2.4800 2.4854  0.2213 0.0714 0.0692  —2.9901 0.9712 0.9721  0.0960
40 A/24 2.3392 2.3492  0.4295 0.1131 0.1102  —2.5366 0.9516 0.9531  0.1553
60 A/16 2.2617 2.2850  1.0321 0.1659 0.1596  —3.7400 0.9266 0.9301  0.3791
80 A/12 2.1810 22240  1.9732 0.2110 0.2022  —4.1443 0.9033 0.9090  0.6376

Note: Re denotes the relative errors in percentage, which are defined as: Re = (Lpstp — Lmie ) / Lmie» Where Lpstp is the results obtained by PSTD,

and Ly is the results obtained by the Lorenz—Mie theory.
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3.2. Model validation for particles with inhomogeneous
compositions

For the case of inhomogeneous particles, the PSTD model
is validated against the Aden—Kerker theory for a sphere with a
core—mantle structure. In this test, the wavelength of incident

light is set as A = 0.5 wm, the particle is taken as a concentric
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sphere with an inner radius of » = 1.0 pm and an outer radius
of R =2.0 um, and the refractive indices of core sphere and the
coated spherical shell are set as 1.52 —0.00i and 1.20 —0.001i,
respectively. The computational domain containing the parti-
cle is discretized by cubic cells with an edge length of A /24.
Then, the phase matrices are calculated by the PSTD model
and Aden—Kerker theory, and the results are shown in Fig. 5.
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Fig. 5. (color online) Comparison between the scattering phase matrices simulated by PSTD and Aden—Kerker theory for inhomoge-
neous particle (R = 2.0 um, r = 1.0 um). The pattern of this figure is the same as that of Fig. 3.
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The curves of the phase matrix elements obtained by the
PSTD model approximately coincide with those of the Aden—
Kerker theory, where the relative simulation errors of Fj; are

less than 10% for most scattering angles, and the absolute er-
rors of Fip/Fi1, F3a/F11, and Fu4/F; are generally less than
0.1. Overall, the simulation errors in the forward scattering
directions are much larger than those at large scattering an-
gles, which is similar to the conclusion we have drawn in Sec-
tion 3.1. In terms of the variation of the error curves, it can
also be found that the angular distribution of simulation errors

correspond to the variation patterns of the phase matrix ele-
ments, namely, large simulation errors usually appear in peaks
and troughs of the curves of matrix elements.
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3.3. Model validation for homogenous nonspherical parti-
cles

The precision of the PSTD model is also investigated for
nonspherical particles by comparing the scattering phase ma-
trix and integral scattering parameters calculated by the PSTD
model with the exact solutions of the T-matrix method.

To illustrate the performance of the PSTD in phase matrix
calculation, the nonzero phase matrix elements of a cylindrical
particle are given in Fig. 6. In this test, the light wavelength
is taken as 0.5 um, and its propagation direction is perpendic-
ular to the undersurface of the cylinder; the diameter (D) and
length (L) of the particle are all set as 2.0 wm, and its refractive
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Fig. 6. (color online) Comparison between the scattering phase matrices simulated by the PSTD model and the 7-matrix method for
a cylindrical particle (D = 2.0 um, L = 2.0 um). The pattern of this figure is the same as that of Fig. 3.
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index is taken as m = 1.33 —0.0001; the spatial resolution for
discretization is the same as that of the small sphere.

From the figure, it can be easily found that excellent
agreement is achieved between the results of the PSTD model
and the TMM, validating the precision and reliability of our
model. For the scattering phase function, its simulation errors
are generally smaller than 10% at scattering angles ranging
from 0° to 90°; in the backward scattering directions, the sim-
ulation accuracy is reduced to some extent, but its simulation
errors are smaller than 15% for most scattering angles. The an-
gular distribution of the simulation errors of Fi»/Fy1, F34/F1,
and Fjp/F; are similar to that of Fj;, namely, their modeling
accuracy in the forward directions is notably higher than that at

large scattering angles, where for F34/F, the maximum error
in 0°-80° is smaller than 0.05, while at scattering angle 121°,
the simulation error is up to 0.302. At the scattering angles
where the phase matrix elements fluctuate rapidly, the simula-
tion errors are also notably larger than those at other directions,
which is similar to the spherical and concentric particles.

To further test the modeling accuracy of the PSTD model
for integral scattering properties, the extinction efficiencies
(Qext), absorption efficiencies (Q,p) and scattering efficiencies
(Qsc) of the cylinders are also calculated by the PSTD model
and the TMM, respectively, and the results are listed in Ta-
ble 2.

Table 2. Comparison of the integral scattering parameters calculated by the PSTD model and the 7-matrix method.

m (D, L) Qext Qab Qsc

PSTD TMM Re /% PSTD TMM Re /% PSTD TMM Re /%

1.33 —0.0051 (1,1) 3.7243 3.7157 0.2314 0.0157 0.0158 —0.6329 3.7086 3.6999 0.2351
(1,2) 3.7527 3.7414 0.3020 0.0196 0.0201 —2.4876 3.7331 3.7213 0.3171

(2,1) 2.6408 2.6275 0.5062 0.0250 0.0254 —1.5748 2.6158 2.602 0.5304

1.52—0.00081 (1,1) 2.0848 2.0776 0.3466 0.0322 0.0325 —0.9231 2.0526 2.0451 0.3667
(1,2) 2.1327 2.1146 0.8559 0.0399 0.0407 —1.9656 2.0928 2.0738 0.9162

(2,1) 2.3523 2.3317 0.8835 0.051 0.0519 —1.7341 2.3013 2.2798 0.9431

Note: Re denotes the relative errors in percentage, which are defined as: Re = (Lpstp — Ltmm)/Ltmm, Where Lpsp are the results obtained by the

PSTD model, and Lty are the results obtained by the 7-matrix method.

It can be found that the relative errors of the extinction
and scattering are all smaller than 1% for particles with dif-
ferent shapes and refractive indices, and the errors of the cal-
culated absorption efficiencies are generally smaller than 2%,
indicating the high calculation accuracy of the PSTD model
for nonspherical particles. On the whole, the extinction ef-
ficiencies obtained by the PSTD model are larger than those
of the TMM, while the absorption efficiencies are generally
underestimated for most cases. From the variation of the sim-
ulation errors, it can be found that the simulation accuracy of
the integral scattering properties is gradually reduced with the
increase of refractive index.

3.4. Model validation for inhomogeneous nonspherical
particles

The model is further validated with the DDASCAT de-
veloped by Draine and Flatau.!?®! In this process, the parti-
cle is set as a spheroid with a spherical core, where the hor-
izontal axis and the rotational axis of the spheroid are set as
a=1.0 uym and b = 2.0 um, and the radius of the spherical
core is taken as r = 0.5 wm, and their refractive indices are
set as m; = 1.20 — 0.0008i and my = 1.44 — 0.0001, respec-
tively. The spatial resolution for PSTD calculation is the same

as cylinder particles, and the number of dipoles for DDA cal-
culation is set as 226088. The phase matrices simulated by
different models are shown in Fig. 7.

As can be seen from these figures, the phase matrices ob-
tained by DDASCAT and the PSTD model show good con-
sistency, where the scattering phase functions obtained by the
two models almost coincide with each other and their relative
discrepancies are less than 10% for all directions; for Fi, /Fi1,
Fs4/Fy1, and Fu4/Fy;, their absolute discrepancy is smaller
than 0.1 for most scattering angles. From the results, we find
that our PSTD model is also effective for inhomogeneous non-
spherical particles.

The integral scattering properties obtained by the PSTD
model are also compared with those obtained by DDASCAT
for three inhomogeneous nonspherical particles, the results are
presented in Table 3. In this simulation, the shape and com-
positions of the particles are similar to those in the scattering
phase matrix simulation. From the table, we find that both Qex¢
and QO calculated by the PSTD model show good agreement
with those of DDASCAT, and the relative simulation errors
of Qext are less than 2%; the calculation accuracy of Qy, is
slightly lower than Qey, and its errors are smaller than 5%.

Table 3. Comparison of the integral scattering parameters calculated by the PSTD model and DDASCAT.

(a,b) Dipoles (DDA)  Grid size (PSTD) 557D DQDQX ReT% 557D ng: ReT%

(1,2) 226088 2/24 14401 14619  —1.4912 0.0401  0.0420  —4.5238
(1.5,1) 158320 1/24 23884 24278 —1.6228 0.0397  0.0410  —3.1707

2,1) 262000 A/24 45393 4.6297  —1.9526 0.0408  0.0429  —4.8951

Note: all particles are set as a spheroid with a spherical core (r = 0.5 um). The light wavelength and particle refractive indices are the same as

those in the scattering phase matrix simulation. The relative errors are calculated in the same way as in Tables 1 and 2.
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Fig. 7. (color online) Comparison between the scattering phase matrices simulated by the PSTD model and DDASCAT for an inho-
mogeneous nonspherical particle (¢ = 1.0 pm, b = 2.0 um, and r = 0.5 pm). (a) Curves of Fjj, (b) curves of Fi/Fjj, (c) curves of

F34/F11, and (d) curves 0fF44/F11.

3.5. Influence of parameter settings on the model’s perfor-
mance

3.5.1. Analysis of effect of the spatial resolution on the
model’s simulation accuracy

Spatial resolution is not only an important factor deter-
mining the construction accuracy of a particle’s shape, but it
is also a parameter influencing the discretization accuracy of
Maxwell’s equations. Owing to this reason, the influence of
the grid size on calculation accuracy is systematically inves-
tigated in this section. To quantitatively evaluate the model-
ing precision, we use the following parameters to evaluate the
performance of the PSTD model, i.e., the relative simulation
errors of integral scattering parameters, the square root error
of the scattering phase function and linear Fj/F;; (namely,
RSEF11 and RSEF12)

<F11(9i)PSTD — F11(6;)mie ) :
Fi1(6;)mie

1/2

N
1 ; (40)

2

i=1

RSEF11 =

1/2
1 N
RSEF12 = [N Z (Fi2(6¢)psTD —Flz(ek)Mie)zl .41
i=1

Table 4 lists the modeling accuracy of the PSTD model
for different spatial resolutions, in this case, the light wave-
length is set as 0.55 pum, and the particles are all taken as
spherical with a refractive index of m = 1.4 — 0.0008i.

As shown in the table, with the increasing spatial reso-
lution, the modeling accuracy of the phase function and inte-
gral scattering parameters are improved as well on the whole,
where for particles with a size parameter of 10, in case that the
grid size increases from A /8 to A /20, RSEF11 decreases from
11.6672% to 6.7534%, and RSEF12 is reduced by 0.1025.
It can also be found that even if the spatial resolution is
as low as A/8, very high calculation accuracy can still be
achieved by the PSTD model, especially for large particles.
This phenomenon can be explained by the high-precision re-
construction ability of the pseudo-spectral method, because
the FFT/IFFT technique is used in the PSTD model, very high
precision can be achieved even with a spatial resolution near
the Nyquist sampling limit, thus the spatial derivatives can be
calculated accurately with a relatively coarse grid mesh. When
the spatial resolution is given, the modeling accuracy is re-
duced as the increase of particle size. According to simulation
errors for particles of different size, if we take the required
precision criteria as follows: (i) the relative error of Qey; is
less than 1%, (ii) RSEF11 is less than 25%; then we can find
that, for particles with x < 40, a spatial resolution of A /24 is
enough for scattering simulation, for particles with x > 40, a

spatial resolution of A /16 is enough.
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Table 4. Influence of grid size on the simulation accuracy of aerosol scattering properties.

x (x = 27r/A) /5 8 12 16 24 40 50
x=6 Ocxt/% 1.2027 0.4902 0.1584 0.0398 0.0313 0.0288
Qun/% ~0.5326 —0.4859 ~1.0786 ~1.9905 ~1.6098 ~2.1003
RSEF11/% 8.8354 6.6530 5.9885 5.0703 5.3287 4.4453
RSEF12 0.1252 0.0839 0.0518 0.03955 0.0351 0.0330
x=10 Oext/ % 1.5537 0.6831 1.6964 0.7158 0.5386 0.4205
Qun/% ~0.8812 ~0.5302 ~1.2934 ~2.7149 —3.1149 —2.9749
RSEF11/% 11.6672 8.9074 7.8307 6.7534 4.2976 3.8321
RSEF12 0.1527 0.1092 0.0622 0.0530 0.0497 0.0502
x=20 Oext/ % 1.6634 0.7326 0.5326 0.4620 —0.4881 ~0.3619
Qu/% —2.9656 —3.1442 —3.6934 —4.5883 —3.8723 —4.7842
RSEF11/% 20.4392 17.8552 13.8733 11.0361 9.0005 8.3073
RSEF12 0.1354 0.1034 0.0769 0.0573 0.0504 0.0478
x=40 Qext/ % 1.5464 ~0.9804 1.3875 0.5409 0.4386 0.3765
Oun/% ~3.0761 —2.4508 ~7.1019 —8.0873 —6.5468 ~7.5923
RSEF11/% 26.0083 23.8768 20.7351 18.4362 17.7361 15.9880
RSEF12 0.1401 0.1121 0.0803 0.0648 0.0561 0.0402
x=060 Oext/ % 1.4875 0.9765 0.9342 0.8652 0.7993 -
Oun/% —6.2658 —6.0452 —6.4753 ~7.3076 —8.0148 -
RSEF11/% 30.3202 24.8594 21.7720 19.8816 18.9034 —
RSEF12 0.2003 0.1623 0.1031 0.0832 0.0793 -
x=80 Oext/ % 0.9861 0.6877 0.4443 0.4803 - -
Oun/% ~3.9736 —4.7334 —4.5855 —5.0648 - -
RSEF11/% 32.6723 29.5336 24.6770 23.7535 — —
RSEF12 0.1849 0.1498 0.0964 0.0803 - —

Note: in case that x = 60 and A /3 = 50, because the grid number is too large to be calculated by our computer, the performance of PSTD

is not evaluated; the same is for the case x = 80, 1 /8 = 40 and 50.

3.5.2. Analysis of effect of the thickness of the ADE-
PML on the model’s simulation accuracy

The performance of ABC is also an important factor influ-
encing modeling accuracy, because the electromagnetic field
reflected by ABC layers can alter the exact distribution of the
field components. Generally, the thicker the ADE-PML is, the
better the absorption ability of ADE-PML can be achieved, but
the computational burden will be increased as well. Therefore,
it is necessary to analyze the ADE-PML performance and de-
termine the optimal thickness of the ADE-PML for the PSTD
scattering calculations.

For this purpose, the simulation accuracy of a scattering
phase matrix for ADE-PML layers with different thickness is
first investigated and their performance is compared with that
of a six-layer BPML (BPML is widely applied in the tradi-
tional PSTD model). In this simulation, the light wavelength
is set as A = 0.5 um, the particle is taken as a sphere with a
radius of r = 1.0 um, and a refractive index of 1.33 — 0.00081,
the grid size for the particle discretization is set as A /24, and
then the calculation errors of the nonzero phase matrix ele-
ments are calculated by comparing the results with Lorenz—
Mie theory, as shown in Fig. 8.

As can be seen, with the increasing thickness of the ADE-
PML, the calculation accuracy is improved correspondingly,
where when the thickness of the ADE-PML is larger than
six layers, the error curves are almost coincident with each
other, indicating that the modeling accuracy is not affected
by the electromagnetic reflection of the ADE-PML. Simula-

tion errors were mainly caused by the starting approximation

of particle shape and the discretization of Maxwell’s equa-
tions. Therefore, we can conclude that an ADE-PML with
a thickness larger than six layers is enough for a scattering
simulation. Comparing the results of the six-layer ADE-PML
and BPML, it can be found that although their variation pat-
terns are similar, the simulation errors of ADE-PML is slightly
smaller than that of BPML, indicating that the performance of
ADE-PML is better than BPML in PSTD calculation.

The performance of the ADE-PML was also investigated
for integral scattering properties, and the results are demon-
strated in Table 5. From the table, it can be found that the per-
formance of the six-layer BPML and ADE-PML are similar in
integral scattering parameter calculation, both their simulation
errors are less than 1%. As the thickness of the ADE-PML
increases, the simulation precision of the extinction cross-
section Cex(, absorption cross-section Cyp, and scattering cross-
section Cy. are improved as well, where in case that the ADE-
PML increases from four layers to six layers, the calculation
errors of Cex; and Cc are reduced by 0.4376% and 0.448%.
When the number of ADE-PML layers is larger than six, the
improvement in the modeling accuracy is gradually reduced as
the number of ADE-PML layers increase, and the simulation
errors tend to be a relatively stable value, which is similar to
the results of phase matrix simulation.

The performance of the ADE-PML is further evaluated
for spheroidal particles, and the results are shown in Fig. 9.
In this case, the light wavelength and spatial resolution are set
as A /24, and the horizontal axis and rotational axis are set
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as 0.5 um and 1.0 pum, respectively. Similar to the spheri-
cal particle case, when the ADE-PML is thicker than six lay-

ers, the simulation accuracy of the phase matrix elements is

no longer improved, indicating that a six-layer ADE-PML is
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Fig. 8. (color online) Performance of the PSTD model with BPMLs and ADE-PMLs with different thicknesses (spheroid case). In
this test, the thickness of the ADE-PML layer is set to 4, 6, 8 and 10 layers. (a) The relative simulation errors of Fij; (b) the absolute
simulation errors of Fi,/F)1; (c) the absolute simulation errors of F34/F;; (d) the absolute simulation errors of Fis /Fj;.
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Table 5. Influence of the thickness of ADE-PML layer on the modeling
accuracy of the integral scattering properties (spheroid case).

ABC Cext/ um? Cav/ pm? Cse/ pm?
PSTD Re/% PSTD Re/% PSTD Re/%
6-BPML 6.0651 09134 0.1363 —2.013  5.9288 0.9845
4-ADE-PML 6.0746 1.0749 0.1364 —2.0115 5.9382 1.1618

6-ADE-PML 6.0483 0.6373
8-ADE-PML 6.0513 0.6872
10-ADE-PML 6.0535 0.7238

0.1363 —2.0833
0.1366 —1.8678
0.1368 —1.7241

59119 0.7138
5.9146 0.7598
5.9167 0.7956

4. Analysis of the model’s computational effi-
ciency

The parallel computational efficiency of the PSTD model
is evaluated in this section. In this test, the light wavelength
is 0.5 um and the particles for calculation are taken as spheres
with a size parameter of 10, 20, 40, and 80, respectively. To
quantitatively evaluate the model’s efficiency, the simulation
processes are performed in serial mode and parallel mode, and
their computational time is compared with that of the tradi-
tional PSTD model designed by Berenger and the pure scat-
tering field technique; during the calculations, the CPU time,
parallel acceleration ratio S, and computational efficiency for
a single processor 7 is are recorded and calculated, as pre-
sented in Table 6. All the simulations are performed on the
same computer, whose CPU is an Intel(R) Xeon(R) CPU E5-
2630 v4 (2.2 GHz).

From the table, we find that the computational time of the
PSTD model is reduced dramatically after the parallelization
design, where for a particle with a size parameter of 20, the
parallel acceleration ratio S, reaches 3.8148 when six proces-
sors are used. It also can be found that 17 decreases as the
number of processors increases; this can be explained by the
increase of the communication time between different proces-
sors. Compared with the traditional PSTD model, it is also
found that the improved PSTD model can reduce the compu-
tational time to some extent, where for the particle with a size
parameter of 40, the time needed can decrease by approxi-
mately 9%.

Table 6. Parallel computational efficiency of the PSTD scattering model.

PPSTD PSTD serial PTPSPD
x n Grid computational computational S, n  computational
time/s time/s time/s

3.7729 x 10° 3.4446 57.41% 1.0874 x 103
1.9963 x 10* 3.8148 63.58% 5.8389 x 10°
1.7910 x 10° 4.9904 62.38% 3.8876 x 10*
5.3963 x 10° 5.9928 49.94% 1.0534 x 10°

10 6 A/24 1.0953 x 103
20 6 A/24 5.2331x 103
40 8 A/16 3.5889 x 10*
80 12 A/14 9.0047 x 10*
Note: in the table above, “PPSTD” means the improved parallelized PSTD

model in this paper, “PTPSPD” means the traditional PSTD model paral-
lelized by OpenMP technique.

5. Conclusion

The uncertainties of the scattering properties of aerosol
particles with irregular shapes and inhomogeneous composi-
tions are an important factor limiting the modeling accuracy of
radiative transfer. To this end, a light-scattering model based

on the PSTD technique is presented. Using this model, scatter-
ing by particles with arbitrary shapes can be effectively sim-
ulated. In this model, the ADE-PML, an excellent absorption
boundary condition for FDTD, is generalized and applied to
the PSTD scheme; the weighted TF/SF technique is employed
to introduce an incident wave into the 3D computational do-
main; and to obtain the electromagnetic field in the far region,
the surface-interpolation method based on the Huygens prin-
ciple is used for the near-to-far transformation. The precision
of the PSTD model is validated by comparing its results with
those of the Lorenz—Mie theory, TMM, DDASCAT and Aden—
Kerker theory, and the influence of the spatial resolution and
thickness of the ADE-PML on the modeling accuracy is ana-
lyzed as well. Several conclusions are drawn as follows.

(i) The calculation results of the PSTD model, irrespec-
tive of the scattering phase matrix or the integral scattering pa-
rameters, show great consistency with those of the well-tested
scattering models, indicating the high simulation accuracy of
our model.

(i) With the decreasing of the spatial resolution, the cal-
culation accuracy of the PSTD models is improved as well.
For particles with size parameters smaller than 40, a grid size
of A /24 is fine enough for light-scattering simulation, whereas
for particles with size parameters larger than 40, a spatial res-
olution of A /16 is enough.

(iii) The performance of the ADE-PML is closely depen-
dent on its thickness. To suppress the wave reflections back
into the domain, the thickness of the ADE-PML should be
larger than six layers.
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