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Abstract: Cirrus clouds contain a large number of irregular small ice crystals. These solid ice
crystals cause energy loss and reduce the signal-to-noise ratio at the receiver, causing errors in
reception. Considering the random motion and structural diversity of ice particles in cirrus clouds,
the discrete dipole approximation method was used to establish sphere-sphere, sphere—ellipsoid,
sphere-hexagonal prism, and sphere-hexagonal plate ice particle models. The effects of different
agglomerated ice particles on the laser extinction, absorption, and scattering efficiency, as well as
the laser intensity and Mueller matrix elements, were analyzed, and the scattering characteristics of
agglomerated ice particles in different spatial orientations were preliminarily explored. The results
show that the spatial orientation of the clustered particles has great influence on the scattering
characteristics. The maximum relative error of the scattering efficiency was 200%, and the maximum
relative error value of the elements of the Mueller matrix reaches 800-fold. The results of this study
provide theoretical support for further analysis of the scattering characteristics of ice crystal particles
with complex agglomeration structures and for further study of the scattering characteristics of
randomly moving agglomeration particles in cirrus clouds.

Keywords: discrete dipole approximation method; ice crystal particles; spatial orientation; scattering
characteristics

1. Introduction

To understand the influence of ice crystal particles in cirrus clouds on laser signals,
it is necessary to study the scattering characteristics of various complex particles [1,2].
The scattering calculation of the ice crystal particles usually equates the structure of the
ice crystal particles to spherical particles of equal volume [3]. A single axisymmetric
spherical ice crystal particle is taken as the research object to solve the scattering problem
of ice crystal particles in cirrus clouds to a certain extent. However, with the deepening
of research, Wang et al. [4] pointed out that, when studying the attenuation efficiency of
non-spherical ice crystals, hexagonal ice crystals and elliptical ice crystals in actual ice
clouds are regarded as spherical particles with the same volumes, so their attenuation
and scattering are underestimated. Xie et al. [5] studied the aspect ratio, size, frequency
band, and direction of non-spherical single hexagonal prism ice crystal particles in the
terahertz frequency band. Yang et al. [6] used the finite-difference time domain and T-
matrix methods to calculate single spheroidal ice crystal particles, including bullet rose
type, droplet type, and hollow column type, and established a database of 49 incident
wavelengths (3-100 pm ) and particle sizes (2-1000 pm), which comprehensively enriched
the research on sphericity. Ke [7] and Ren et al. [8] optimized the internal structure of ice
crystal particles and proposed ice crystal particle models with a water-hockey shape and
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a water-ice hexagonal plate core-shell structure. By increasing the number of ice crystal
particles used to form a clustered structure, they expected to further approximate the
microstructure of ice crystal particles in cirrus clouds in nature in terms of the quantity.
A technique for measuring BSPM elements with lidar is described by Kaul et al. [9]. It is
found that the orientation of coarse particles with large diameters in an azimuthal direction
and in a horizontal position is more probable than in a random direction. However,
with the improvement of the cirrus cloud ice crystal particle capture technology, a clearer
understanding of the microscale details of cirrus particles has been attained. In 2021,
Magee et al. [10] developed a cryoencapsulated balloon system to capture ice particles and
observe the microscopic morphology of particles via cryoscanning electron microscopy.
They found that cirrus clouds are formed from random clumps of amorphous ice crystals
of various shapes. At present, most studies have focused on the agglomeration model
of regular ice crystal particles such as spheres, ellipsoids, cylinders, and particles with
the same geometric structure, but these studies did not consider the agglomeration of ice
crystal particles with different structures and the non-uniformity of the distribution and
randomness of the movement of the agglomeration particles.

Based on the latest observations of Xiao et al. [1] and Magee et al. [10], in this study,
the ice crystal particle shapes accounting for the largest proportion of particles were taken
as the research object. Considering the inhomogeneity and randomness of ice crystal
distribution, four ice crystal agglomeration models are established, including sphere—
sphere, sphere—ellipsoid, sphere-hexagonal plate, and sphere-hexagonal prism models.

2. DDA Method and Agglomeration Model
2.1. Discrete Dipole Approximation (DDA)

The DDA approximates the target object with an array of dipoles [11] to calculate the
scattering of particles with arbitrary geometries. This method can be used to study particles
with a spatial size equivalent to the incident wavelength [12]. In the calculation, we found
that a strict compliance with the DDA criteria without regard to the resultant quantities
may either lead to erroneous conclusions or waste of precious computing resources. The
extinction efficiency and scattering efficiency are generally much less sensitive to those
criteria, and it is usually sufficient to let the value of density be around 1 or greater. On the
other hand, the Mueller matrix elements(S;;) are small in magnitude and sensitive to the
fine structure of aggregate, requiring densities of about 0.5 or less.

In this way, we can use Discrete Dipole Scattering (DDSCAT) code to estimate the
number of typical dipoles needed to obtain reliable results. Therefore, when applying DDA
calculation, we consider: (1) For a complex refractive index medium, if the imaginary part
is small compared with the real part of the refractive index, it satisfies |m|kd < 1. In order
to calculate the scattering phase function accurately, the standard is changed to |m|kd < 0.5.
(2) In order to meet the requirements of calculation accuracy, for the calculation of the finite
scatterer target, the minimum number of dipoles required is N > 1040(r|m|/pA)3, which is
set to 2300 in this paper.

2.2. Agglomeration Structural Model

According to the statistical data and figures provided by Magee et al. [10], the main
shape of the ice crystal particles with a size of 1-100 pm is shown in Figure 1. In addition
to the immeasurable complex poly-crystals and damaged bullet bodies, among the single
particles with modeling significance, the approximate hexagonal prism accounts for the
largest number, and its cross-sectional area accounts for the largest proportion of the total
area (about 60%). Moreover, the hexagonal prism variant-hexagonal plate accounts for
about 25% of the total area.

Considering the complex poly-crystal and the complex structure of damaged bullet
body, the randomness of aspect ratio is large. We propose spherical and ellipsoidal ap-
proximations instead. We selected four different shapes of particle aggregation, including
spheres and spheres, sphere and ellipsoid, sphere and hexagonal prism, and sphere and
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hexagonal plate in each group of aggregates. The choice of these four aggregates is based
on the consideration that they are closer to the newly observed particles and that the
random clustering of different monomers tends to cause greater irregularity. We put the
two monomers in contact, so that the scattering calculation is more accurate, as shown in
Figure 2.
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Figure 1. Complex ice crystal particles with a modest magnification of 250-4500 times. (a) bul-
let rosette and unclassified compact convolution ‘singular polyhedron’; (b) rhomboid and pris-
matic linear coarser crystals with discrete adhesion spots on the surface; (c) rosette mixed crys-
tals; (d) irregular cross section of the base, geometrically stratified and hollow columnar, a highly
coarser crystal [10].
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Figure 2. Ice crystal particle model with agglomerated structure. (a) sphere-sphere; (b) sphere—
ellipsoid; (c) sphere-hexagonal prism; (d) sphere-hexagonal plate.

2.3. Calculation of Scattering Characteristics

In our study, we calculated the scattering characteristics of condensed ice crystal
particles by a computer with reference to DDSAT 7.3 user manual [13]. In DDA calculation,
it is necessary to select the location and polarizability of the dipole points representing the
clustered particles. We construct the aggregate structure by developing auxiliary codes
and represent the dipole array through the input DDSCAT code. We also added part of
the DDSCAT code, so that the output is no longer a single scattering intensity, but more
scattering quantity, which is very useful when discussing the spatial position of particles.
The scattering field of agglomerated ice particles is approximated by the radiation sum of
all dipoles. In the process of computing the scattering characteristics, the Mueller matrix
elements can reflect the physical properties of light scattering process, so it is commonly
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used to describe the scattering and absorption process of the scatterer. The specific forms
of each element of the Mueller matrix are given by Rao [14]. In the present study, we also
looked at the effect of the spatial orientation of the clustered particles on scattering.

3. Results and Analysis

The number of dipoles in the non-spherical agglomeration structure model was cal-
culated to be 2300, the incident wavelength was A = 1.06 nm, and the complex refractive
index was n = 1.3005 + 1.69 x 107%; ® = 0° is the light incident along the x-axis in the
positive direction. The spatial position of the agglomeration particles is shown in Figure 2.
For ® = 90°, we understand that the light is still incident in the positive direction on the
x-axis, which corresponds to a counterclockwise rotation of the ice particles by 90° about
the z-axis.

3.1. Effect of Effective Size on Extinction, Absorption and Scattering Efficiencies of Agglomerated
Ice Crystal Particles

Figure 3 shows the variations in the extinction, absorption, and scattering efficiencies
of the ice crystal particles in the four agglomeration models. When the effective size of the
agglomerated ice crystals was increased by 10A pm from a,7f = A/10 pm, the extinction,
absorption, and scattering efficiencies initially increased and then decreased in a wave
pattern, the maximum value occurred at 2, = 1.5A pm, and the minimum value occurred
at a,;f = 8.5A pm. This is because the scattering effect of the ice crystal particles was
the strongest when the size of the ice crystal particles was many times larger than the
wavelength of the incident light. When the size of the ice crystal particles was many times
larger than the wavelength of the incident light, light reflection occurred, the scattering
effect of the light was weakened, and the absorption efficiency was almost zero. At this
time, almost all of the laser attenuation of the agglomeration particles came from scattering.
Compared with Figure 3b1-b3, the absorption efficiency value of Ren et al. [8] is significantly
higher than that of the agglomeration model developed in this study. This is mainly because
Ren et al. studied core—shell ice crystal particles, and the imaginary part of their complex
refractive index is large, so the laser absorption characteristics of the core—shell ice crystal
particles are enhanced.

3.2. Effect of Ice Crystal Particle Size on Laser Scattering Intensity

Figure 4 shows the variation in the scattering intensity of the agglomerated ice crystal
particles with scattering angle under three conditions: ©® = 0° and 4,5y = 0.1A pm,
eff = A pm and a,rr = 10A pm. Figure 4 shows that the scattering intensity of the ice
crystal particles is positively correlated with the effective size. The larger the effective size
of the agglomerated ice crystal particles is, the stronger the scattering direction is, and the
backscattering is obviously smaller than the forward scattering. As the scattering angle
and particle size increase, the scattering intensity of the agglomerated ice crystal particles
increases with the amplitude fluctuation and oscillation compared with a,7s = 0.1A pm,
and multiple extreme values appear in the middle. This is because, when the particle size
is larger than A /10, there may be interference inside the particle, and the scattered light
from different directions inside the same particle may interfere because of the different
phases. Compared with Figure 4al-a3, the scattering intensity of the core—shell particles of
the same species studied by Ren et al. [8] varies more widely, which is mainly due to the
enhanced absorption of the core—shell particles.
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Figure 3. Variation of the extinction efficiency, absorption efficiency, and scattering efficiency of ag-
glomerated ice crystal particles with effective size for the different agglomeration models [8]. (al-a3)
changes in extinction efficiency; (b1-b3) changes in absorption efficiency; (c1-c3) changes in scattering
efficiency.
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Figure 4. Influence of the shape of the ice crystals with aggregated structures on the laser scattering
intensity [8]. (al-a3) effective radius 0.1A um; (b1-b3) effective radius A pm; (c1-c3) effective radius.
10A pm.
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3.3. Influence of Ice Crystal Particle Shape on Mueller Matrix Elements

Figure 5 shows the change in the Mueller matrix elements with scattering angle at
© =0° and 4,5y = A pm. In Figure 5al-a3, the local fluctuation S1; = 0 of the backscatter-
ing is ignored, and the initial value of the spherical hexagonal prism particles is the smallest.
Compared with the core—shell particles of the same type studied by Ren et al. [8], the initial
value of the ice crystal particles is very large in the forward scattering region, indicating
that the forward scattering has a great influence on the total incident field intensity of the
agglomeration particles. Figure 5b1-b3 show that the different agglomerated ice crystal
models differ greatly in terms of the scattering angle, exhibiting obvious oscillation, which
is the result of the interaction between the agglomerated particles and the electric and
magnetic multipoles. For S33/S511 in Figure 5¢1-c3, Lei et al. [15] proposed the concept
of the asymmetric ratio «, which is used to define the ratio of the area under the forward
scattering curve to the area under the backscattering curve. This ratio was used to further
study the symmetry of the S33 values of the forward scattering and the S33 values of the
back scattering with respect to zero value points. In this study, the « of the agglomeration
model tends to 1, that is, the front and back scattering curves are linearly symmetric about
the zero point. Based on this, we believe that the exact value of the particle size can be
determined by considering the spectral line variation of the S33/511 asymmetry ratio «
under a certain incident wavelength after the research on the particle model is deepened.
In Figure 5d1-d3, the scattering of S35/ 511 changes significantly in the entire region, while
the change in the forward scattering is not obvious at 2,7y = A pm, and the vibration ampli-
tude of the backscattering is large. Compared with the results of Ren et al. [8], the forward
scattering and backscattering oscillations of the agglomerated particles in Figure 5b—d are
significant, which is mainly related to the polarization characteristics of the incident light.

3.4. Influence of Spatial Orientation of Agglomerated Ice Crystals on Scattering

The spatial orientation depends on the position of the particle in space. For non-
spherical agglomerated ice particles, it is of great significance to study their spatial ori-
entations and select geometric cross sections from various angles to reflect the scattering
characteristics of the particles. Studies of the spatial orientation can further simulate the
optical path in all directions and the physical scattering process of ice crystal particles
under real laser communication conditions.

In the DDA, the spatial coordinate system includes the target coordinate system (TF) and
the laboratory coordinate system (LF). As shown in Figure 6, the TF coordinate system
is centered on the target object composed of a dipole lattice, and the lattice coordinate
of the shape.dat file is used to indicate the location of the target object in the formula.
The LF coordinate system is a Cartesian coordinate system that mainly consists of X r, iji.r
and Zrr = Xrf X JLr unit vectors. The DDA emphasizes that the positive direction of the
incident plane wave is +X|r.

To determine the direction of the target object, the DDA fixes the orthogonal vector
group aj, a and a3 = a; X ap. © is introduced to define the angle between a; and X, ap
is defined as the angle between the a; and X1 r planes. In this case, a; can be determined.
Next, B is introduced to indicate the angle between a; and planes a; and X1, thus fixing the
direction of ap. Based on the above analysis, in theory, by adjusting ©, B, ®, to correspond
to ice particles moving in space, the incident light can thus cover all of the directions of the
target object.
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Figure 5. Influence of shapes of ice crystals with aggregated structures on Mueller matrix elements [8].
(al—a3) 511,' (bl—b3) 512/511; (Cl—C3) 533/511; (dl—d3) 534 /511.

To study the influence of the spatial orientation on the extinction, absorption, and scat-
tering efficiencies of the ice crystal particles with combined structures, we make the sample
points of B and @ evenly distributed within the range of [0, 360°], and the sample points
of cosf distributed within the range of [—1, 1]. We use tuples (n p, g, ) to represent the
number of samples necessary to study each of the three orientation angles. The spatial
positions of particles can be determined by the statistical average of the three orientation
angles, and this work is currently under study. According to the model shown in Figure 2,
first we expanded from plane, and we preliminarily explored the influence of the spatial
orientation by studying the angle corresponding to plane fof. In this study, incidence
angles of ©® = 0° and ® = 90° and an incident wavelength of A = 1.06 um were selected.
Figure 7 shows the electric field distribution after the near-field calculation of the four
agglomerated particle models. The electric field here refers to the macroscopic electric field
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Eiacro, which is distinct from the microscopic electric field E,;;.,, generated by atoms or
point dipoles in Equation (1). The relationship between the two is

3
Emacro = <S+2) Emicro/ (1)

In Figure 7, color changes indicate the electric field intensity. The red and yellow parts with
larger field intensity are initially distributed on the left and right sides. However, when the
z-axis is rotated 90°, the field intensity distribution changes, and the originally symmetrical
field intensity becomes consolidated and strengthened in the horizontal direction. It can
be seen from the field intensity model that the target direction has not changed, but the
direction of incident light and polarization have changed.

z

Lab Frame

Figure 6. Target orientation in the laboratory frame coordinate system [13].

Figure 8 shows the case for 4,7y = A pm. The variations in the extinction, absorption,
and scattering characteristics of the incident agglomerated ice crystal particles for ® = 90°
versus © = 0° are expressed by the relative error:

_ |Qile=90° — Qile=0°]

Qile—o°

According to Figure 8a,c, when the extinction and scattering efficiencies of the agglomerated
particles are a,rs < 2A, the relative error exhibits an oscillating decreasing trend, and the
maximum error reaches 200%. Among them, the relative error of the sphere—ellipsoid
model is larger than those of the other three agglomerated models, and the relative error of
the sphere-hexagonal prism model is the smallest. We speculate that, as A,,; increases, all
of the efficiencies decrease to some extent. Figure 8b shows that the absorption efficiency of
the agglomeration particles is relatively stable.

T

(i = ext,abs,sca), )



Atmosphere 2022, 13, 369 9o0f 12

DB: VTRoutput_1.vir

DB: VTRoutput_1.vir
Cycle: 1 Time:1 Cycle: 1 Time:1 Y
P Peutcobr
Voo G,
. 23
X
e 1508
o oses 15 10 0.5 YeAxis 05 10 15 B
el -AXxis bt T T T T T T -AXis
Mre 03770 -10 M 003873 -10
-08 -08
08 A 06
“0K-Axis OX-Axis
0.2 02
0.0 0.0
02 0.2
04 04
(a1) (a2)
DB: VTRoutput_1.vir DB: VTRoutput_1.vir
Cycle: 1 Time:1 Cycle: 1 Time:1
Fraucbconr Peuscobr
i (ot
N.. N..
1018 s
un -15 -10 05 Y-AXis 05 10 0909 15 10 05 Y-ARis 05 .
Max: 323 Max: 3565
Veodn et o o
08
0.6
+ o X-Axis
02
0.0
02
04
(b1) (b2)
DB: VTRoutput_1.vir DB: VTRoutput_1.vir
Cycle: 1 Time:1 Cycle: 1 Time:1
1 Proucobr
Tty Cormerdy
s
L2 oy
17 1923
1004 o997
Y 5 K i 15 i
.. 5 10 05 YoeAxis 05 10 Srexis - 10 05 Yofxis os 10 1, Spexis
ooy 0 Moo 0
08 -08
-06 086
“OX-Axis . “0K-Axis
-0.2 02
00 00
L 5 o2 02
04 04
(c1) (c2)
DB: VTRoutput_1.vir DB: VTRoutput_1.vir
Cycle: 1 Time:1 Cycle: 1 Time:1
Gt e
25 L2210
e i
05010 . -
i i A5 i 10 . 05 Iyn.Ax.s . 05 i 10 i 15 b xis T s 10 05 YoAxis 05 10 15 5 xis
ey B s ; r r r T T
Vi oomzrs tox 298 12
-10 -10
08 -08
-06 06
0 X-Axis . D (O 0 X-Axis
02 02
00 00
02 02
L 04 o
(d1) (d2)

Figure 7. Visualization of the near-field electric field distribution of the four clustered particle models.
(a1) sphere-sphere ® = 0°; (a2) sphere-sphere ® = 90°; (b1) sphere-ellipsoid ® = 0°; (b2) sphere—
ellipsoid ® = 90°; (c1) sphere-hexagonal prism ® = 0°; (¢2) sphere-hexagonal prism ©® = 90°;
(d1) sphere-hexagonal plate © = 0°; (d2) sphere-hexagonal plate ® = 90°.
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Figure 8. The relative errors of extinction efficiency, absorption efficiency, and scattering efficiency of
ice crystal particles at ® = 0° and ® = 90° spatial position. (a) relative error of extinction efficiency;
(b) relative error of absorption efficiency; (c) relative error of scattering efficiency.

Figure 9 shows the changes in the elements of the Mueller matrix with respect to
©® = 0° when the light incidence angle is ® = 90°. Here, we used the relative error to
represent this:

. — [Sule=o0 = Stile=o: , 3)
S11le=0°
1S4/ S11le=900 — Sij/ S11le=o° @
Sij/ S11le=0° ’

Equation (3) represents the relative error of S11, and Equation (4) represents the relative
errors of 512/511, S33/S11, andS34/511. It can be seen from Figure 9 that the relative errors
of the elements in the Mueller matrix exhibit multiple extreme values, which is equivalent
to the fact that the direction of the incident light remains unchanged and the agglomeration
particles rotate 90° along the z-axis. That is, the change in the optical cross section is caused
by the change in the spatial position of the particle. Figure 9a shows the relative error of
incidence S11 between ® = 0° and ® = 90°. Among them, the relative errors of the ball-
hexagonal plate model exhibit the largest variation, with two maxima of 4659%; the relative
errors of the ball-hexagonal prism model have the smallest variation, indicating that the
spatial orientation of the agglomeration particles has changed, and the total incidence field
intensity changes greatly before and after scattering. Figure 9b shows the relative error
of incidence S15/511 between ® = 90° and ® = 0°. Among them, the sphere—ellipsoid
and sphere-hexagonal plate models exhibit the most obvious changes, with a maximum
relative error of 2940%; and the sphere-hexagonal prism model has the smallest relative
error, indicating that the spatial orientation of the agglomeration particles has changed,
and the degree of linear planning parallel to and perpendicular to the scattering plane
has changed. Figure 9c shows the relative error of incidence S33/51; between ® = 90°
and © = 0°. It can be seen from Figure 9 that the relative errors of the sphere-hexagonal
plate and sphere—ellipsoid models exhibit the largest change, reaching 5911%, and the
relative error of the sphere-hexagonal prism model exhibits the smallest change, indicating
that, as the spatial orientation of the agglomeration particles changes, the change in the
linearly polarized incident light relative to the linearly polarized scattered light is also
significant. Figure 9d shows the relative error of incidence S34 /511 between ® = 90° and
® = 0°. Among them, the relative errors of the sphere-hexagonal prism, sphere-hexagonal
plate, and sphere—sphere models all change obviously, and the maximum value reaches
8671%, indicating that, as the spatial orientation of the agglomeration particles changes,
the circularly polarized incident light changes significantly compared with the scattered
light of the circular polarization. The maximum relative error value of the elements of the
Mueller matrix reaches 800-fold. Such a large error value may be caused by the spatial
orientation of the aggregate or the error of the calculation method. We are doing further
research on this question.
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Figure 9. The relative errors of the Mueller matrix elements of ice crystal particles at ® = 0° and ® = 90°.
(a) relative error of Sq1; (b) relative error of S15/S11; (c) relative error of S33/S11; (d) relative error of Sz4/S11.

4. Conclusions

In view of the complexity of the shape and the randomness of the motion of ice crystals in
high altitude cirrus clouds, four cirrus ice crystal particle models with non-spherical agglom-
eration structures were established. The electric field distributions of the four agglomerated
particle models were calculated in the near field, and the spatially random distribution of the
particles in the cirrus cloud was reconstructed more realistically. The effects of the different
combinations of particle structures on the laser extinction, absorption, and scattering efficiencies,
laser intensity, and Mueller matrix elements at ©® = 0° were analyzed using discrete dipole
approximation. The influence of the spatial orientation of the ice crystal particles on the laser
scattering was preliminarily explored. Adjusting the direction of the incident light from ® = 0°
to ® = 90°, for Mueller matrix elements, the relative error changes of extinction efficiency,
absorption efficiency, and scattering efficiency are very obvious.

It was found that changes in the agglomeration structure and spatial orientation of the
ice crystals lead to significant differences in the scattering and absorption characteristics,
and the changes in the spatial orientation of the ice crystals introduce uncertainty into
cirrus particle detection. In the future, the effect of the spatial orientation of the particles
(only plane angle is studied in this paper) on laser scattering will be investigated to further
reduce the non-directional motion form of the ice crystal particles in the atmosphere.
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