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The melting process of ice crystal particles has a significant effect on weather forecasting and global climate. Mil-
limeter waveband is an excellent frequency range for exploring the optical characteristics of ice crystal particles. In this
study, a new nonspherical and inhomogeneous ice crystal particle model is built based on the melting process of ice crys-
tal particles. The single-scattering characteristics of ice crystal particles with different frequencies, sizes, shapes and ice
crystal content (ICC) are investigated using the discrete dipole approximation (DDA) method. The results show that the
single-scattering characteristics of ice crystal particles are closely related to the equivalent radius, frequency, morphology
and mixing state. The single-scattering properties of the particles change regularly with the melting process of the ice
crystal particles. Specifically, in the early stage of the ice crystal particle melting process, the single-scattering character-
istics of ice crystal particles change significantly. With further melting, the change in the single-scattering characteristics
of ice crystal particles gradually slows down when the ICC is less than 0.5. The results also show that in the early stage
of the melting process, the shape of the ice crystal particles has a huge influence on the single-scattering characteristics
of the particles, and in the late stage of the melting process, the single-scattering characteristics of the ice crystal particles
are basically independent of the morphology of the ice crystal nuclei. This means that the influence of the morphology
of the ice crystal nuclei needs to be considered in phases when simulating the scattering characteristics of the melting ice
crystal particles. In summary, the results of this study should improve our understanding of the effect of size parameter,
morphology and mixing state on the millimeter-wave scattering characteristics of ice clouds during the melting process and
provide a reference for the remote sensing inversion of ice cloud microphysical characteristics.
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1. Introduction

Cirrus clouds cover approximately 20%-30% of the
Earth’s surface, with their coverage reaching 60%—70% in low
tropical latitudes.!!! These clouds significantly influence the
radiative balance of the Earth’s atmospheric system by reflect-
ing and absorbing both solar and terrestrial energy.!>*! Com-
posed primarily of non-spherical ice crystal particles that vary
in size, morphology and mixing state, cirrus clouds exhibit
complex physical processes. This complexity can elevate the
uncertainty in assessing radiative forcing and climate change

[5:6] Therefore, to mitigate this uncertainty, it is cru-

impacts.
cial to gain a deeper understanding of the cloud-physical pro-
cesses and to precisely characterize the optical characteristics
of cirrus clouds.!”="!

The melting of ice crystal particles in cirrus clouds is
a relatively common yet significant phenomenon.!!%!! Tt is

necessary to study the effect of changes in the microphysi-
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cal characteristics of ice crystal particles on their optical char-
acteristics. However, most existing research on ice crystal
melting has concentrated on ground-based precipitation, ne-
glecting the unique behavior of ice crystal particles in high-
altitude cirrus clouds. During the melting process of cir-
rus ice crystal particles, their microphysical characteristics,
such as morphology and mixing state, experience intricate
changes, which makes it very difficult to accurately simulate
their single-scattering characteristics.!'>!3] Therefore, it is es-
sential to create an exact particle model and precisely charac-
terize the single-scattering characteristics of ice crystal parti-
cles during the melting process.

Significant progress has been made in studies concern-
ing the single-scattering characteristics of non-spherical ice
crystal particles. Numerous ice crystal models have been de-
veloped and employed to examine the scattering characteris-
tics of cirrus clouds. For example, Liu!'*l investigated the

single-scattering characteristics of ice crystal particles with
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11 different geometries in the microwave band. Kim!!3! an-
alyzed the single-scattering characteristics of ice crystals with
five distinct shapes at frequencies of 94 GHz, 183 GHz and
340 GHz. Teschl et al.!'! extended this investigation to cal-
culate the single-scattering parameters of frozen nonspherical
water vapor condensates from 1 GHz to 300 GHz. However,
ice crystal particle models are usually based on homogeneous
equivalents. In reality, the mixing state of ice crystal particles
during the melting process is typically inhomogeneous, po-
tentially leading to substantial errors when utilizing homoge-
neous equivalent models. To address this issue, several studies
have constructed models to investigate the changes in the scat-
tering characteristics of ice crystal particles at different stages
of melting. Sun et al.!'”! proposed an external mixture model
of spherical water and column particulate to simulate surface
snowmelt particles. Leinonen and von Lerber!!®! improved a
three-dimensional model for melting single snowflakes. The
change in the shape of the snowflake during the melting pro-
cess is simulated, but this melting process cannot be param-
eterized. Johnson et al.l"”! developed a single particle melt-
ing model (SPMM). Implementing and mapping into any ex-
isting thermodynamic/melting-layer model is easy. However,
it only focuses on the initial range of melting (liquid volume
fractions less than 0.15). Ori et al.”?°! examined the applica-
bility of the discrete dipole approximation (DDA) to partially
melted snowflake scattering in the microwave band, utilizing
a simple model of liquid water-coated ice spheres. Arreyndip
and Joseph!?!! compared the scattering abilities of different
aerosol species. However, this simply divides the ice crystal
melting process into droplets, ice water, melting ice (wet ice)
and dry ice. However, it should also be recognized that most
of the current ice crystal particle models have not fully consid-
ered the effect of the morphological and inhomogeneous char-
acteristics of melting ice crystal particles, which may affect the
accuracy and reliability of simulation results. Meanwhile, in
satellite remote sensing research, a simple model is needed to
meet the simulation needs of various situations while ensuring
relatively low inaccuracy.

Many satellites carry satellite detectors in the frequency
range of 85-190 GHz, which are sensitive to ice clouds.!?>%3]
At the same time, these frequencies, associated with higher
frequencies (e.g., 220 GHz and 340 GHz), are used for
the study of the optical and microphysical properties of ice
clouds.?*261 This paper aims to develop a new non-spherical
and inhomogeneous model of ice crystal particles to exam-
ine the effect of morphology and inhomogeneous character-
istics on the single-scattering characteristics during the melt-
ing process at three selected frequencies: 92 GHz, 220 GHz,
340 GHz. Section 2 outlines the methods and the models of
melting ice crystals utilized in this research. The simulation
and validation of the DDA are carried out in Section 3, and

then the impact of particle morphology and mixing state pa-
rameters on the scattering characteristics of ice crystal parti-
cles throughout the melting process is investigated. Finally,
Section 4 provides a comprehensive summary and discussion
of the findings.

2. Methods
2.1. Discrete dipole approximation

The discrete dipole approximation (DDA), a flexible tech-
nique that accurately computes light scattering by arbitrar-
ily shaped and inhomogeneous particles,!”’! is used to cal-
culate the single-scattering characteristics of the nonspheri-
cal ice crystals. In the DDA method, an array of polarizable
point dipoles represents the continuum arbitrarily shaped tar-
get. The scattering characteristics of the specific target are
calculated by the interaction between the array of dipoles and
a monochromatic plane wave incident from infinity.[?8! The
main advantage of the DDA method is that it is completely
flexible regarding the geometry of the target.[?”]

To adequately satisfy the accuracy requirement of discrete
dipole scattering (DDSCAT), it is necessary to meet the con-
servation criterion 30—

im|kd < 1, (1

where m is the complex refractive index of ice/water particles,
k=2m/A, A is the wavelength and d is the dipole spacing. In
this study, we require |m|kd < 0.5 to ensure the computational
accuracy. For all particles, there are enough dipole numbers
to describe the particle morphology. For the three space orien-
tation angles, due to the spatial rotational symmetry of parti-
cles, we set B, @ and @ to run from 0 < (8,0, P) < 90° with
N = 10 intervals. We consider that these parameter settings
are sufficient to ensure the accuracy of the calculation results.

In this study, we use the volume equivalent radius ag to
describe the effective size of the particles, and the equivalent
radius a.fr is defined as follows:

aer = (3V /4m)'*, )
where V is the volume of non-spherical particles.

2.2. Microphysical and optical parameters

The extinction efficiency factor Q., absorption efficiency
factor Q,, scattering efficiency factor Qs, single-scattering
albedo @ and asymmetry factor g of the ice crystal particles
are the most critical optical parameters that determine the ra-
diative characteristics of cirrus. These parameters are dictated
by the microphysical characteristics of the cirrus, such as the
particle dimension D, cross-sectional projected area A and the
complex refractive index of the particle. The integral optical
characteristics of the cirrus can be obtained from the optical
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characteristics of individual particles when the spectral distri-
bution of the ice crystal particles is known. The particle size
distribution of the ice crystal particles is given by 34!

n(D) = NoD* exp(—«D), 3)

where N is the intercept,  is the dispersion and k is the slope.
K can be expressed as

K':bJrquO.67’ @

Dm
where Dy, is the average maximum size of the particle and
ranges from O to 2. Baum et al.3>! derived b = 2.1 for trop-
ical ice clouds and b = 2.3 for mid-latitude ice clouds based
on in situ data obtained from airborne sampling probes. In
this study, the value of b is set at 2.2 and U is set to 2 for the
calculation.

Given the ice crystal particle size distribution, n(D), the
average scattering parameters can be calculated using the fol-
lowing equation:

Mean extinction efficiency:

Dmax
[ 0up)aDIn(D)dD
(Qe) = “Pmin ; 5)
/ A(D)n(D)dD
Dryin
Mean absorption efficiency:
/ ™ 0u(D)A(D)n(D)dD
(Qu) = “Pmin ; ©6)
/ A(D)n(D)dD
Diin
Mean scattering efficiency:
Dmax
[ 0p)awin(p)ap
(Qy) = Pomn ; @)
/ A(D)n(D)dD
Dryin
Mean single scattering albedo:
/ ™ 0 (D)AD)n(D)dD
() = =D ; @®)
| 0cp)aD)n(D)ap

Mean asymmetry factor:

(g) = ~Pmin . ©)

2.3. Model for melting ice crystal particles

This study modeled pure ice crystal particles as hexago-
nal prisms, a common assumption in the ice cloud scattering

characteristics simulation. In their study, Pan et al. found
that hexagonal icicles have liquid surfaces during the melt-
ing process.['! Jia et al.’® and Shen et al.’7) showed that
ice crystals begin to melt when the temperature reaches freez-
ing point, generating a film of water that uniformly covers
the surface of the ice crystals. Chen er al.’® classified the
melting of spherical ice crystal particles into three consecutive
phases of ice crystals, ice-water mixing and water. Rodolfo
and Marcelo®” found that melting hexagonal ice columns
have a thin liquid layer while the hexagonal cross-section of
the columns is maintained during the melting process. Since a
spherical shape has the most uniform heat-absorbing area, the
melting of the icicle will eventually converge to a spherical
shape and eventually melt into droplet particles. The melting
process of these ice crystal particles can be systematically di-
vided into five distinct stages, as shown in Fig. 1. At first,
the particles are entirely ice crystals (Fig. 1(a)). When melt-
ing first begins, a thin hexagonal prismatic water film cov-
ers the surface of hexagonal ice crystal particles (Fig. 1(b)).
With further melting, the shape of the water film changes from
hexagonal prismatic to spherical (Fig. 1(c)). The shape of the
ice crystals subsequently changes from hexagonal to spherical
(Fig. 1(d)). Finally, the ice crystal particles completely melt
into spherical water droplets (Fig. 1(e)).

The aspect ratio of ice crystal particles is given by L/(2a),
where L is the height of the hexagonal ice crystal particle and
the length of the bottom edge of the hexagonal ice crystal par-
ticle model is a.

In this study, the ice crystal content (ICC) parameter is
used to characterize the melting process of ice crystal particles
during the melting process, which is defined as follows:

‘/iCC

ICC=——1<
‘/iCC + Vwater

(10)
where Vie. denotes the volume of ice crystal nuclei and Vyyyter
indicates the volume of water during the melting process. In
reality, the melting process of ice crystal particles is a contin-
uous process, and the morphology and mixing ratio of particle
cores and shells are constantly changing. Therefore, the model
constructed in this study can only roughly divide the melting
of ice crystal particles into several stages with some errors, and
then go on to study the stage-by-stage changes in the optical
properties of the melted ice crystal particles. On this basis,
this paper divides the ice crystal particle melting process into
several stages.

When the ICC is 1, the particles are pure ice crystal parti-
cles (Fig. 1(a)); when the ICC is between 1 and 0.7, model 2 is
used (Fig. 1(b)). In this range, the shape of the particle model
does not change with the ICC. As the ICC changes, the size of
the ice crystal nuclei changes, which reflects the result of the
ICC change. When the ICC reaches a critical value, the model
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shape changes to the shape of the next stage. After that, the
model changes similarly; when the ICC is between 0.7 and 0.3,
model 3 is used (Fig. 1(c)); when the ICC is between 0.3 and
0, model 4 is used (Fig. 1(d)); when the ICC = 0, the particles
are completely melted into water droplet particles (Fig. 1(e)).
Oriented to the practical needs of remote sensing and de-
tection, we need to construct an ice crystal model with simple

(a) - (b).

parameterization and capable of describing the characteristics
of a wide range of morphology and mixing state variations,
which can simply and effectively characterize the optical prop-
erties of the melting ice crystal particles. From this aspect, the
melting ice crystal particles constructed in the present study
have a certain research value. The schematic table of model
variation with ICC is as follows.

(d)

Fig. 1. Three-dimensional schematic diagram of the ice crystal particle model change process, (a)—(e) for the different stages of particle melting.

Table 1. Model variation with ICC.
1CC Model schematic

a (a)

0.7<ICC<1

0.3<ICC<L0.7

0<ICC<03

The refractive indices of the ice and water at frequencies
of 92 GHz, 220 GHz and 340 GHz are shown in Table 2.[4041]

Table 2. Complex refractive indices of ice and water at selected
frequencies. 40411

Frequency (GHz) fee - Water -
Real  Imaginary Real  Imaginary
92 1.7864  0.0031410 3.4975 2.1615
220 1.7868  0.0051108 2.5575 1.3025
340 1.7889  0.0098112 23546  0.97192

3. Results

3.1. DDA simulation and validation of single-scattering
characteristics of melting ice crystal particles

In this study, a model of melting ice crystal particles
with model parameters of ICC=0.1 and ICC=0.5 is sim-
ulated using Mie scattering and DDA methods. The single-
scattering characteristics (extinction efficiency, absorption ef-
ficiency, single-scattering albedo, asymmetry factor) of the
melting ice crystal particles at 220 GHz are calculated using
these two methods. The equivalent radius a.g of the particles
is 50-1000 pm. The results are shown in Fig. 2.

40 18—
a
§= 3.5 g §> 16 ® F\:\\-\\‘\
2 3.0 ) g 14 e
. 3 5o
£ 55 S | £ 12 e iy,
5] N 5]
1.0
2 20 5
2 2 08
e T IDEA | £ 06 T 0ADA
= —e— 0.1~ 5] —— 0.1~
¥ 1.0 “05Mie | Z 04 —0.5-Mie
M5 ——0.5-DDA | < (5 —+ 0.5-DDA
0200 400 600 800 1000 06— 360 400 600 800 1000
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< (c) (d)
Z 06 Vand 5
S 05 S s e
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04 £ .
2 5 0.
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Qeff (Pm) Qeff (Pm)

Fig. 2. Single-scattering characteristics of ice particles calculated by
the DDA and Mie scattering methods.

As can be seen in Fig. 2, there are some differences in
the results between the Mie scattering and DDA simulations,
which is because the extinction and absorption efficiencies ob-
tained by the DDA simulation of the melting of ice crystals at
microwave frequencies are mainly dependent on the size of the
dipole.[*?]
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Therefore, in this study, different numbers of dipoles
are used to simulate the same shape of the model, and its
single-scattering characteristics are calculated using the DDA
method. As shown in Fig. 3, the simulation results are closer
to the results of Mie scattering by increasing the number of
dipoles to reduce the spacing between dipoles. It can also be
seen that the accuracy of the dipole number 65117 used in this
study can model the overall trend or difference between the
two curves at ICC =0.1 and ICC =0.5. Therefore, the accu-

racy of the simulated data in this study can be guaranteed.

4.0 16
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Fig. 3. Modelling melting ice crystal particles with different levels of
discretization using DDA.
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3.2. Effect of frequencies on the single-scattering charac-
teristics of ice crystal particles and water droplet par-
ticles

In this subsection, the effect of frequencies on the single-
scattering characteristics of ice crystal particles and wa-
ter droplet particles are analyzed at three frequency bands,
92 GHz, 220 GHz and 340 GHz, as shown in Fig. 4.

Figure 4(a) shows that the extinction efficiency of the ice
crystal particles displays a fluctuating variation with the parti-
cle equivalent radius, and the extinction efficiency of the water
droplet particles shows a tendency to rapidly increase followed
by stabilization with the increase in the particle equivalent ra-
dius.

Figure 4(b) shows that the absorption efficiency of ice
crystal particles increases with increasing particle equivalent
radius. Similarly, the absorption efficiency of water droplet
particles shows a rapid increase with increasing particle equiv-
alent radius, followed by a slow decrease. Furthermore, there
is a correlation between frequency and the variation in ab-
sorption efficiency of ice crystal particles with particle equiva-
lent radius, indicating that higher frequencies result in greater
changes.

Figure 4(c) shows that the single-scattering albedos of ice
crystal particles and water droplet particles at different fre-
quencies rapidly increase with the equivalent radius of the par-
ticles before leveling off. Overall, the single-scattering albedo
of ice crystal particles is approximately twice that of water

droplet particles.
2.0
1.81 (b)
ol NI
g 1.6r [N e
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Fig. 4. Single-scattering parameters of water and ice crystal particles at the three selected frequencies.
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Figure 4(d) shows that the asymmetry factor of the ice
crystal particles displays a fluctuating variation with the par-
ticle equivalent radius. In contrast, the asymmetry factor of
the water droplet particles increases with the increase in the
particle equivalent radius.

In summary, analyzing single-scattering characteristics of
water droplets and ice crystal particles in the 92 GHz, 220 GHz
and 340 GHz bands provides valuable insight into quantitative
remote sensing of ice crystal particles.

The average single-scattering parameters of water and ice
crystal particles at the three selected frequencies are shown
in Fig. 5. The difference between the average extinction effi-
ciencies of water and ice crystal particles at 92 GHz is large,
as depicted in Fig. 5(a). On the other hand, Fig. 5(b) illus-
trates significant differences in the average absorption efficien-
cies between ice crystal and water droplet particles. Specifi-
cally, the mean absorption efficiency of ice crystal particles in-
creases with frequency, while water droplets reach their max-

3.54{ [ J1ce (a)
3.0 Water
2.5+
2.0+
1.54
1.0
0.5

0

Mean extinction efficiency

92 GHz 220 GHz 340 GHz

1.0 % {f{,‘;te (c)

0.8

0.6

0.4+

0.2+

Mean single scattering albedo

92 GHz 220 GHz 340 GHz

imum mean absorption efficiency at 220 GHz. Figure 5(c)
reveals that the average single-scattering albedo values of ice
crystal particles at different frequencies are close to 1, slightly
decreasing as the frequency rises. Conversely, water droplet
particles have an average single-scattering albedo of approxi-
mately 0.5, which remains relatively stable with changing fre-
quencies. Figure 5(d) shows that the average asymmetry factor
of the water droplet particles increases with frequency, and the
average asymmetry factor of the water droplet particles and ice
crystal particles is the same at 220 GHz. These results indicate
that the single-scattering properties of ice crystal particles are
relatively sensitive to the 220 GHz frequency. Consequently,
this frequency is selected for further investigation into the vari-
ations in the single-scattering characteristics of ice crystal par-
ticles during the melting process. The impact of ice crystal nu-
clei with different aspect ratios on the single-scattering char-
acteristics of ice crystal particles during the melting process is
also explored using 220 GHz.

1.6
[ JIce (b)
1.44 ] Water

1.2+
1.04
0.8
0.6 1
0.4 1

" = | [

92 GHz 220 GHz 340 GHz

Mean absorption efficiency

0.8
= (d)
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Fig. 5. Average optical property parameters of ice crystal particles and water droplet particles at different frequencies.

3.3. Influence of the melting process on the single-
scattering characteristics

In this study, the changes in the scattering characteristics
of ice crystal particles at different stages of melting are inves-
tigated based on the changes in ice crystal content during the
melting process, and the results are shown in Fig. 6.

Figure 6(a) shows the variation in extinction efficiency
with particle equivalent radius for ice crystal particles at dif-
ferent melting stages. In the early stage of melting, when the
ICC s large, the extinction efficiency of the particles increases
and then decreases with the increase in the particle equivalent
radius. The magnitude of the change is large. In the late stage

of melting, when the ICC is small, the extinction efficiency of
particles increases rapidly. Then, it decreases slowly with the
increase in the equivalent radius of particles, and the magni-
tude of the change is small.

Figure 6(b) shows the trend of particle absorption ef-
ficiency with equivalent radius at different melting stages.
When the ICC is large, the particle absorption efficiency in-
creases with the increase in the equivalent radius. However,
when the ICC is small, the particle absorption efficiency in-
creases rapidly with the increase in the equivalent radius,
reaches a peak at the equivalent radius of 200 um, and then
decreases slowly. This indicates that the trend of particle ab-
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sorption efficiency changes at different melting stages.

Figure 6(c) shows that, in the early stage of melting,
the single-scattering albedo of ice crystal particles increases
rapidly and then decreases slowly with an increase in the par-
ticle equivalent radius and reaches a peak value at the particle
equivalent radius of 450 um. In the late stage of melting, the
single-scattering albedo of the ice crystal particles increases
with an increase in the particle equivalent radius.

Figure 6(d) shows distinct variations in the asymmetry
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factor of ice crystal particles during the melting process. Ini-
tially, the asymmetry factor rises and falls as the particle equiv-
alent radius increases, with the maximum value observed at a
radius of 500 pm. Subsequently, as the melting progresses,
the asymmetry factor exhibits a continuous increase correlated
with the growth of the particles’ effective radius. This dynamic
behavior underscores the complexity of the melting process

and its impact on the optical characteristics of ice crystals.
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Fig. 6. Single-scattering parameters of melting ice crystal particles at different ICC.
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Fig. 7. Average optical property parameters of ice crystal particles during different melting processes.
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During the melting process depicted in Fig. 7, the aver-
age optical property parameters of cirrus ice crystal particles
exhibit distinct variations. As the melting process proceeds,
the average extinction efficiency of the particle changes little,
while the average absorption efficiency gradually increases.
Simultaneously, the average single-scattering albedo shows a
gradual decline from 1 to 0.5, indicative of alterations in the
scattering and absorption characteristics. The average asym-
metry factor reaches a maximum at ICC = 0.8, but the overall
range in variation is limited. These observations suggest that
variations in ICC have different effects on the single-scattering
properties of particles. Specifically, the average absorption ef-
ficiency and single-scattering albedo are more influenced by
ICC changes, whereas the average extinction efficiency and
asymmetry factor demonstrate lower sensitivity to these vari-
ations. Consequently, monitoring changes in absorption effi-
ciency and single-scattering albedo can aid in identifying the
stage of the melting process in ice crystal particles, facilitating
the assessment and inversion of microphysical characteristics
in cirrus clouds.

3.4. Influence of ice crystal morphologies on the single-
scattering characteristics

In this subsection, three aspect ratios, L/(2a) = 0.33,
L/(2a) =1 and L/(2a) = 1.7, are selected at an ICC of 0.4
to study the effect of the ice crystal nuclei’s aspect ratio on the
particles’ single-scattering characteristics. At this point, the
third stage of the model is used.
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Fig. 8. Optical property parameters of ice crystal nuclei at different
aspect ratios for an ICC of 0.4.

Figure 8 shows the effect of ice crystal nuclei with dif-
ferent aspect ratios on the single-scattering characteristics of
the particles when the ICC is 0.4. This figure illustrates that
the optical property parameters of the particles do not show
significant changes collectively as the equivalent radius of the
particles increases. This suggests that alterations in the as-

pect ratio of the ice crystal nuclei have minimal impact on the
single-scattering characteristics of these particles.

The analysis presented in Fig. 9 indicates that variations
in the aspect ratio of the ice crystal nuclei do not significantly
impact the average optical property parameters of the cirrus ice
crystal particles. From this, it can be inferred that alterations
in the aspect ratio of the ice crystal particles do not substan-
tially influence the overall average optical characteristics of
the particles when the ICC is small.
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Fig. 9. Average optical property parameters of ice crystal particles at
different aspect ratios for an ICC of 0.4.
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Fig. 10. Optical property parameters of ice crystal particles at different
aspect ratios for an ICC of 0.8.

This study selects hexagonal prismatic ice crystal nu-
clei with aspect ratios of L/(2a) = 0.33, L/(2a) = 1 and
L/(2a) = 1.7 when the ICC is 0.8 to explore whether different
melting stages affect the conclusions drawn previously. It can
be seen from Figs. 10 and 11 that there is a bright difference in
the single-scattering characteristics of melted ice-crystal par-
ticles with different aspect ratios when the particle equivalent
radius is larger than 500 pum, i.e., when the size parameter is
larger than 2.5. Kim!!3 examined the single-scattering char-
acteristics of non-spherical ice-crystal particles at microwave
frequencies ranging from 95-340 GHz. The results show that
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the single-scattering characteristics of these particles are rel-
atively unaffected by changes in the particle morphology pa-
rameter when the size parameter x (x = 27a.g/A) is below 2.5.
It is shown that this rule also applies to ice crystal particles in
the pre-melting phase.

[ ] Mean extinction efficiency
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[ 1Mean asymmetry factor
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Mean optical property parameters
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Fig. 11. Average optical property parameters of ice crystal particles at
different aspect ratios for an ICC of 0.8.

4. Discussion

This study proposes a new inhomogeneous and non-
spherical structure model for melting ice crystals into water
droplet particles. The single-scattering characteristics of wa-
ter and ice crystal particles at 92 GHz, 220 GHz and 340 GHz
are investigated. The results indicate a significant influence of
frequency and equivalent radius a.g on the single-scattering
characteristics of these particles. The melting ice particles’
single-scattering characteristics strongly depend on the degree
of melting during the melting process. The absorption ef-
ficiency and single-scattering albedo of the particles varied
considerably at different levels of melting, and the variations
were regular as the melting progressed. Meanwhile, the re-
sults show that the magnitude of the effect of particle morphol-
ogy on the single-scattering characteristics of particles dur-
ing the melting process of ice crystals depends on the par-
ticle scale parameter and the degree of melting. When the
frequency is 220 GHz and the particle equivalent radius is
less than 500 pm, the effect of particle morphology on the
particle single-scattering characteristics is small at different
stages of melting; when the particle equivalent radius is larger
than 500 um and ICC =0.8, the effect of particle morphol-
ogy on the particle single-scattering characteristics is signifi-
cantly greater, and when ICC = 0.4, the effect of particle mor-
phology on the particle single-scattering characteristics is rel-
atively small. This finding helps model the melting process of
ice crystal particles. Moreover, the investigation of the parti-
cles’ optical and microphysical characteristics provides valu-
able insight into the significance of the results of our study.

It is essential to highlight that the ice crystal particle melt-
ing model developed in this study has limitations. Specifically,

the model only accounts for the volume changes of ice crys-
tals as they melt, and the morphology considerations are based
solely on the impact of the aspect ratio variation of the ice
crystal nucleus. This may result in significant deviations from
the actual changes in the morphology of ice crystal nuclei dur-
ing the melting process. It is crucial to address this limita-
tion in future research by exploring the changes in ice crystal
nucleus morphology to provide a more realistic explanation.
Furthermore, it is essential to recognize that the ice crystal
particle melting model presented in this study is an approxima-
tion aimed at illustrating the alterations in the single-scattering
characteristics of ice crystal particles as they melt. The quan-
titative verifiability of the model is currently limited due to
the lack of empirical results on melting ice crystals. Despite
its limitations, the model holds promise for cirrus inversion
and remote sensing applications. The results may be important
for the detection of melting ice crystals and understanding the
melting process of ice crystal particles. To enhance accuracy
in describing particle size, morphology and mixing structure
information, more precise ice crystal particle melting models
must be developed. Looking ahead, our findings suggest the
potential of the proposed model in guiding cirrus component
retrieval and remote sensing studies using machine learning
techniques. By leveraging these results, effective constraints
can be established to improve the efficiency and accuracy of
learning in these applications.
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