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Fig.1 The schematic of the melting ice crystal particle
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Tab.1 Complex refractive indices of ice crystals and water at different frequencies'’*"
Ice Water
Frequency/GHz
Real Imaginary Real Imaginary
3 1.7861 0.00010052 8.7431 0.6409
30 1.7861 0.000987 14 5.8794 2.83
94 1.7864 0.0031410 3.4975 2.1615
160 1.7867 0.0045769 2.8194 1.6041
220 1.7868 0.0051108 2.5575 1.3025
280 1.7879 0.0077140 24258 1.0973
340 1.7889 0.0098112 2.3546 0.97192
400 1.7895 0.011276 2.2902 0.87263
460 1.79 0.012363 2.2552 0.79359
520 1.7904 0.013184 22278 0.74694
580 1.7907 0.013861 2.1986 0.71056
640 1.7921 0.015823 2.1712 0.67827
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Fig.2 Optical parameters of melting ice crystal particles with frequency and IWMR at two effective dimensions

M S RO E R A SR, XK Z W UK Aok T, =R SR ROR AR (D=100 pm, 500 pm, 1000 pm)

F YR R T B SRR K AR 2 TR VK R I A T B O A AR LR
[ 3 &l 4 fif 7 R A€ 220 GHz Fil 580 GHz &% 14 ME 3 F el L, kTS RORAR /N, A

(a) D=100 pm (b) D=500 um D=1 000 pm

1\/¥

—IWMR=1
— IWMR=0.94
0.1k —IWMR=0.8 | L
— IWMR=0.5
— IWMR=0.1
——IWMR=0
Scattering angle/(°) Scattering angle/(°)

P(0)
Py(0)
Py(0)

P (0)/P,(0)
P(0)/P,,(0)
P (0)/P,(0)

Scattering angle/(°) Scattering angle/(°) Scattering angle/(°)
1.0 === | "
(8 (h)

0.8F

Por(0)/P,(0)
Py (0)/P,,(0)
Por(0)/P,(0)

Scattering angle/(°) Scattering angle/(°) Scattering angle/(°)

202405474



Vol.54 No.6

Jun. 2025

Py(0)/P,(0)

0.5¢

(=

|
<o
[

[A] TWMR &1 T B Rl A 0K b7 (9 B AR [ o0 %
2 SRR/, X R T IS O R A DL RO
E, SR ARG T . B S RORAS A

P(0)

Pp(0)/P,(0)

Poo(0)/P,,(0)

100

0.81

0.4

http://www.irla.cn/article/doi/10.3788/IRLA20240547
(k) @
S S
N | <
S S
al oy
Scattering angle/(°) Scattering angle/(°) Scattering angle/(°)
L (m) r(n)
S S
& N
S S
al oy
Scattering angle/(°) Scattering angle/(°) Scattering angle/(°)

& 3 43R A 220 GHz I, =FMEERORAR 400 T AT TWMR BB AR 4

Fig.3 Scattering matrix of melting ice crystal particles for the three selected effective dimensions at 220 GHz
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Fig.4 Scattering matrix of melting ice crystal particles for the three selected effective dimensions at 580 GHz
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Fig.5 Optical parameters of melting ice crystal particles with IWMR of 0.8 for two different effective dimensions
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Fig.6 Scattering matrix of melting ice crystal particles for the three selected effective dimensions at 220 GHz
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Fig.7 Optical parameters of melting ice crystal particles with IWMR of 0.4 for two different effective dimensions
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Fig.8 Scattering matrix of melting ice crystal particles for the three selected effective dimensions at 220 GHz
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Optical properties of melting ice crystal particles in the terahertz band

ZHANG Xuehai', LIU Wenbo', LI Yao®’, LI Yiwen?, ZHANG Xinhui', ZOU Shuguang',
LI Weidong', ZHAO Yanchuang'

(1. School of Information Science and Engineering, Henan University of Technology, Zhengzhou 450001, China;
2. National Key Lab of Aerospace Power System and Plasma Technology, School of Aeronautical Engineering, Air Force Engineering

University, Xi'an 710038, China)

Abstract:
Objective Ice crystal particles form complex mixed-state features during the melting process, which in turn
affects their optical and radiative properties, with important implications for studies of global radiation effects and
weather forecasting. Early researchers assumed the shape of ice crystal particles as spherical for theoretical
studies. Recently, various standard nonspherical particle models such as hexagonal, cylindrical, and bullet have
been developed to study the optical properties of ice crystal particles. However, the real ice crystal particle
morphology is much more complex than the standard models. For example, the melting process of ice crystal
particles is a very common but extremely important process, which is important for the study of microphysical
and optical properties of ice crystal particles. During rainfall process, ice crystal particles are transformed into
raindrops in the melting layer, and the microphysical properties such as the morphology and mixing state of ice
crystal particles undergo a complex change. For the study of the melting process of ice crystal particles, there are
advantages and shortcomings in both field observations and radar observations. Therefore, it is important to
construct an accurate melting ice crystal particle model to study the optical properties of ice crystal particles

during the melting process.
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Methods In this paper, a non-spherical non-uniform model is proposed to simulate the morphology and mixing
state of ice crystal particles during the melting process, and the Discrete Dipole Approximation (DDA) method is
used to systematically study the effect of frequency, aspect ratio, and Ice-to-Water Mixing Ratio IWMR) on the

optical properties of melting ice crystal particles.

Results and Discussions The results show that the optical properties (extinction efficiency factor, scattering
efficiency factor, asymmetry factor, and scattering phase matrix) of ice crystal particles at different melting stages
have large differences. Specifically, the larger the particle size of melting ice crystal particles, the larger the
oscillation amplitude of its extinction efficiency factor, scattering efficiency factor and asymmetry factor with
frequency change, and the larger the oscillation of the scattering phase matrix element of melting ice crystal
particles, with the increase of frequency. With the melting of the ice crystal particles, these optical parameters
show regular changes with the decrease of IWMR, which also implies that ignoring the melting process of the ice
crystal particles may lead to misestimation of their optical properties. The results also show that the influence of
ice crystal particle morphology on extinction efficiency factor, scattering efficiency factor and asymmetry factor
is mainly in the lower melting stage. When the melting degree is low, the aspect ratio of the ice crystal nuclei has
a significant effect on all the optical property parameters. When the melting degree is high, the effect of the
nuclear aspect ratio on the non-scattering optical parameters such as the particle extinction efficiency, scattering
efficiency and asymmetry factor is basically negligible, but with the increase of the particle size, the nuclear
aspect ratio of the ice crystals still has a significant effect on the particle scattering matrix elements. The results of
the study can provide a reference for further understanding of the evolution law of microphysical properties of ice

clouds and improving the accuracy of ice-water content inversion and other studies.

Conclusions This paper presents a parameterized model of melting ice crystals, which is based on the actual
scenario of the complex evolution process of particle morphology and mixing state exhibited during the melting
process of ice crystal particles. This model has been developed in order to address the practical needs of
microwave remote sensing and inversion algorithm research of ice crystal particles. A particle model is
constructed and the DDA method is employed to conduct a comprehensive investigation into the influence of
various factors, including particle size, frequency, morphology and melting degree, on the optical characteristics
of ice crystal particles. These characteristics include extinction efficiency factor, scattering efficiency factor,
asymmetry factor and scattering matrix elements.
Key words: ice crystal particles;  melting process;  light scattering;  discrete dipole approximation
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