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SPECIAL TOPIC — Terahertz physcis

Scattering and absorption characteristics of non-spherical cirrus
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We used discrete dipole approximation (DDA) to examine the scattering and absorption characteristics of spherical
ice crystal particles. On this basis, we studied the scattering characteristics of spherical ice crystal particles at different
frequencies and non-spherical ice crystal particles with different shapes, aspect ratios, and spatial orientations. The results
indicate that the DDA and Mie methods yield almost the same results for spherical ice crystal particles, illustrating the
superior calculation accuracy of the DDA method. Compared with the millimeter wave band, the terahertz band particles
have richer scattering characteristics and can detect ice crystal particles more easily. Different frequencies, shapes, aspect
ratios, and spatial orientations have specific effects on the scattering and absorption characteristics of ice crystal particles.
The results provide an important theoretical basis for the design of terahertz cloud radars and related cirrus detection
methods.

Keywords: scattering characteristics, discrete dipole approximation, terahertz, non-spherical ice crystal parti-
cles
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1. Introduction

Cirrus clouds are generally distributed from the upper tro-
posphere to the lower stratosphere, covering an average of
approximately 20%–30% of the Earth’s surface at any given
time.[1] By reflecting solar short-wave radiation and absorb-
ing long-wave radiation from the atmosphere and the ground,
cirrus clouds play an important role in regulating the radia-
tion budget of the terrestrial gas system. Cirrus clouds are
ice clouds, and they are mainly composed of ice crystal par-
ticles of various shapes and sizes. When calculating the scat-
tering characteristics of particles, the Mie scattering theory is
only applicable to isotropic homogeneous spherical particles.
Therefore, the selection of a suitable algorithm to accurately
calculate the scattering characteristics of non-spherical ice par-
ticles has become a major challenge in the remote sensing of
cirrus clouds.

Satellite remote sensing provides an essential means for
atmospheric and cloud detection. Passive microwave re-
mote sensing mainly uses millimeter frequency bands that
can strongly penetrate cirrus clouds and are primarily used
for the remote sensing of temperature, humidity, and precip-
itation. Typical ice cloud particles, which can be probed by
electromagnetic radiation from microwaves to infrared waves,
have diameters ranging from 50 µm–400 µm.[2] On the one

hand, microwave (0.0003 THz–0.3 THz) satellite remote sens-
ing can penetrate cirrus clouds, but information on clouds
containing only large-grained particles is difficult to obtain
with microwaves. On the other hand, the near-infrared band
(100 THz–400 THz) has a short wavelength, which can obtain
information on the upper surfaces of cirrus clouds, but it is
difficult to probe the vertical structure of cirrus clouds. The
terahertz band has important applications in many research
fields.[3–6] The ice cloud particle sizes are within the range of
30 µm–3000 µm wavelengths of the terahertz frequency band
(0.1 THz–10 THz).[7] Therefore, the terahertz band is theoret-
ically the best one for simultaneously detecting the horizontal
and vertical structure of cirrus clouds.

Many scholars have developed different numerical al-
gorithms that describe the scattering characteristics of non-
spherical ice crystal particles. These are the T-matrix method
(TMM),[8] finite-difference time-domain (FDTD),[9] and dis-
crete dipole approximation.[10] FDTD is suitable for small par-
ticles with complex and heterogeneous shapes. TMM is appli-
cable to all kinds of uniformly symmetric particles, but it has
difficulty with numerical stability and convergence.[11] The
the discrete dipole approximation (DDA) method has a simple
physical concept and is applicable to particles of any shape.
Consequently, it has been widely used to calculate the scatter-
ing characteristics of non-spherical ice crystal particles. For
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example, Wu et al.[12] calculated the attenuation efficiency of
several non-spherical ice crystal particles by using the DDA
method for millimeter wave cloud radar. They concluded that
in actual ice clouds, considering hexagonal ice crystals and
elliptical ice crystals as spherical particles of the same vol-
ume underestimates their attenuation and backscatter. Ruan et
al.[13] calculated the radiation characteristics of non-spherical
particles according to DDA method, which are different from
those calculated for spherical particles of the same volume.
Such differences are affected by the shape, scale parameters,
and complex refractive indices of the particles. Wang et al.[14]

used Lorenz–Mie theory and the TMM method to calculate the
terahertz scattering characteristics of spherical water droplets
and non-spherical ice crystal particles, respectively. The aver-
age attenuation of the non-spherical particles was 28 dB/km,
which was slightly less than that of the spherical particles at
all frequencies. This research shows that the terahertz scat-
tering characteristics of non-spherical particles are of great
significance. Despite this, many studies employ only mil-
limeter wave cloud radars, and use of the terahertz frequency
band is still very limited. However, the terahertz frequency
band is a vital research field for both pure research and its
applications.[15–18]

In order to provide a theoretical basis for the detection
of non-spherical ice crystals in cirrus clouds, the use of the
DDA method to study the scattering characteristics of tera-
hertz non-spherical ice crystal particles is crucial. Therefore,
the scattering characteristics of spherical ice crystal particles
and water droplets at 94 GHz, 220 GHz, and 340 GHz were
calculated using the Mie scattering results as the standard val-
ues for the accuracy test. The effects of different frequency
bands on spherical ice crystal particles and the effects of parti-
cle shape, aspect ratio and orientation on the scattering charac-
teristics of non-spherical ice crystal particles were compared
and analyzed.

2. Discrete dipole approximation method

The DDA method is a discrete expression of the integral
form of electromagnetic scattering formulas,[19] that is suit-
able for studying the scattering and absorption characteristics
of particles with arbitrary shapes. Its main principle is to as-
sume that a particle can be discretized into N small cubes, and
the scattering characteristics of each small cube can be repre-
sented by a dipole. Thus, a finite number of discrete, inter-
acting dipole arrays can be used to approximate particles of
arbitrary shape. Therefore, the study of the scattering charac-
teristics of actual particles can be transformed into the study
of the scattering characteristics of these dipoles.

According to previous studies,[20–23] the DDA method is

sufficiently accurate when the following condition is met:

|m|kd < 1. (1)

Here, m is the complex refractive index of the target material,
d is the dipole spacing, and k = 2π/λ , where λ is the inci-
dent wavelength of the target particle in the vacuum. When
the imaginary part of the complex refractive index is large, the
absorption efficiency increases. Therefore, it is necessary to
lower the value of the dipole spacing d in order to reduce the
error.

The relationship between the actual volume V of the tar-
get and the number of dipoles N is

V = Nd3. (2)

In addition, the relationship between V and the equivalent ra-
dius aeff (the radius corresponding to a sphere with a density
of 0.916 cm/m3 [24]) is

V =
4π

3
a3

eff. (3)

Combining formulas (2) and (3), the formula for aeff is de-
duced as follows:

aeff =

(
3V
4π

)1/3

=

(
3Nd3

4π

)1/3

=
1

|m| · kd

(
3Nd3

4π

)1/3

· |m| · kd. (4)

Formula (4) can be simplified to

aeff =
λ

|m| ·2π

(
3N
4π

)1/3

· |m|kd

= 9.88
λ

|m|

(
N

106

)1/3

· |m|kd. (5)

Since |m|kd < 1, the equivalent radius aeff satisfies

aeff < 9.88
λ

|m|

(
N

106

)1/3

. (6)

Therefore, the number of dipoles N needs to satisfy

N >
4π

3
(aeffk)

3 |m|3 = 4.189(aeffk)
3 |m|3 . (7)

Due to limitations in the computing performance of mod-
ern computers, the number of dipoles cannot exceed 106. For
this paper, the main input parameters are frequency (wave-
length), particle equivalent radius, particle shape, and particle
orientation. The main simulation outputs of the DDA algo-
rithm are the extinction efficiency Qext (the ratio of the extinc-
tion cross section), the scattering efficiency Qsca (the scattering
cross section), the absorption efficiency Qabs (the absorption
cross section), and πa2

eff (the maximum cross-sectional area of
the particle).
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3. DDA simulation and verification of scattering
and absorption characteristics of spherical ice
crystal particles
Because measuring the scattering characteristics of ice

crystal particles is difficult, it is assumed that the simulated
results of Mie scattering are accurate for spherical particles.
Therefore, in this paper, Mie scattering and the DDA method
are used to simulate spherical ice crystal particles with the
same parameters. In order to verify the accuracy of the DDA
algorithm, calculations were carried out for three frequency
bands: 94 GHz, 220 GHz, and 340 GHz. The complex re-
fractive indices of the non-spherical ice crystal particles for
the three frequency bands were m = 1.782 + 0.003i, m =

1.782+0.0049i, and m= 1.781+0.007i, respectively.[25] The
range of effective radii of the spherical ice crystal particles
simulated in this paper was 50 µm–1550 µm.
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Fig. 1. Scattering and absorption characteristics of ice particles calculated
by the DDA and Mie scattering methods.

Based on the DDA and Mie scattering methods,
DDSCAT7.3 and MATLAB software were used to calculate
the scattering and absorption characteristics of spherical ice
crystal particles at 94 GHz, 220 GHz, and 340 GHz. The re-
sults are shown in Fig. 1. Figure 1(a) displays the variation in
the scattering of spherical ice crystal particles with an equiva-
lent radius in the three bands. They show that the characteris-

tic scattering curves calculated by the DDA and Mie scattering
methods are almost identical across the three frequency bands,
indicating that the DDA algorithm generated highly accurate
scattering characteristics for the non-spherical ice crystal par-
ticles. In addition, the equivalent radii of the scattering peaks
in the 94-GHz, 220-GHz, and 340-GHz frequency bands are
1200 µm, 500 µm, and 350 µm, respectively. This demon-
strates that the terahertz band is more suited to monitor ice
crystal particles than millimeter waves.

Figure 1(b) shows the variation of the absorption of spher-
ical ice crystal particles in three frequency bands with equiv-
alent radii. As can be seen from the figure, for 94 GHz and
220 GHz, the absorption curves of spherical ice crystal par-
ticles calculated by the DDA and Mie scattering methods are
very similar. In the 340-GHz frequency band, the trends of the
particle absorption calculated by the two methods are consis-
tent, but there is a vertical offset error, which may be caused
by different frequencies or different particle sizes.

In order to compare the two methods more intuitively,
we calculated the relative errors between the results generated
by the DDA and Mie scattering methods for the scattering of
spherical ice crystal particles, as shown in Fig. 2. The figure
indicates that the maximum relative errors between the two
methods in the 94-GHz, 220-GHz, and 340-GHz bands are
0.41%, 1.50%, and 1.76%, respectively. The absorption rela-
tive error of the 220-GHz band is < 2% within the equivalent
radius of 1050 µm; the absorption relative error of the 340-
GHz band is < 3.5% within the equivalent radius of 1100 µm,
and the error is > 3.5% beyond this range. The size of com-
mon ice crystal particles is within 1000 µm; therefore, the
DDA method is sufficiently accurate in the analysis of the scat-
tering characteristics of non-spherical ice crystal particles.
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Fig. 2. Relative error of scattering and absorption of two methods.

4. Analysis of scattering and absorption charac-
teristics of non-spherical ice particles
Initially, the ice crystal particles were assumed to be

spherical or ellipsoidal, but most of the simulated ice crys-
tal particles were shaped as hexagonal columns, hexagonal
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plates, and bullet flowers. Among these, the most common
non-spherical particles were hexagonal in shape. Using the as-
pect ratio, the hexagonal ice crystal particles were divided into
the following categories:[26] long column (L/2a = 4), thick
column (L/2a = 2), block column (L/2a = 1), thick plate
(L/2a = 1/6), and thin plate (L/2a = 1/20), where L is the
height of the hexagonal prism (the distance between the two
hexagons at either end of the particle), a is the length of each
side of the hexagon, and 2a is the distance between the ver-
tical angles of the hexagon. Therefore, the effects of differ-
ent frequency bands, sizes, aspect ratios, and orientations on
the scattering characteristics of hexagonal ice crystal particles
could be studied.

4.1. Scattering and absorption characteristics of ice parti-
cles in different frequency bands

Figure 3 shows the scattering and absorption characteris-
tics of spherical ice crystal particles with a radius of 600 µm
for frequencies lower than 5 THz, as calculated by DDSCAT
software. It indicates that the scattering, absorption, and ex-
tinction characteristics of spherical particles in different fre-
quency bands exhibit considerable variation. When the fre-
quency is < 1.008 THz, the scattering characteristics show
fluctuations with multiple peaks, with the maximum value at
191 GHz, which may be related to the size of ice crystal par-
ticles. When the frequency is > 1.008 THz, the extinction
efficiency and scattering efficiency of ice crystal particles in-
crease with increasing frequency, while the absorption effi-
ciency decreases. Higher frequencies are more easily absorbed
by the ground, causing the absorption efficiency of particles
to decrease. According to Li,[27] who studied THz radiation
transmission characteristics of the clear sky, the atmospheric
window is mainly located near the frequencies of 0.135 THz,
0.23 THz, 0.34 THz, 0.41 THz, 0.67 THz, and 0.87 THz. In
addition, since the frequency of 94 GHz is commonly used
for cloud and mist detection, the frequency of 220 GHz and
340 GHz are commonly used for ice cloud detection. There-
fore, the 220-GHz (1360 µm) and 340-GHz (882 µm) fre-
quency bands were selected for comparison with the 94-GHz
(3190 µm) millimeter wave frequency band.

Spherical ice crystal particles and water droplets were
selected as representatives in the study of scattering and ab-
sorption characteristics at 94 GHz, 220 GHz, and 340 GHz.
As shown in Fig. 4, the scattering and absorption character-
istics of spherical particles show obvious variation with dif-
ferent frequency bands. Figure 4(a) shows that, in the 340-
GHz (terahertz) frequency band, the scattering characteristics
of spherical ice crystal particles fluctuate with multiple peaks.
Conversely, there is only one peak in the 94-GHz (millime-
ter) frequency band, which occurs at an equivalent radius of
1200 µm. For the 220-GHz and 340-GHz bands, the first scat-
tering peaks are obtained at equivalent radii of 500 µm and

350 µm, respectively. The positions of the peak scattering
efficiencies clearly depend on frequency: the lower the fre-
quency, the larger the corresponding equivalent radius of the
scattering peak. The results show that the millimeter wave
band is suitable for detecting relatively larger particles and the
terahertz frequency band is suitable for detecting smaller par-
ticles. Nevertheless, the size of ice crystal particles generally
does not exceed 1000 µm; thus, it is more advantageous to use
the terahertz frequency band to detect ice crystal particles. As
can be seen in Fig. 4(b), the absorption efficiencies of non-
spherical particles increase with increasing frequency at all
equivalent radii. Therefore, the absorption of particles in the
terahertz frequency band is greater than that of the millimeter
wave band.
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Fig. 3. Scattering, absorption, and extinction characteristics of spherical
ice crystal particles with varying frequencies.

Figure 4(a) indicates that the scattering characteristics of
water droplets in the 94-GHz, 220-GHz, and 340-GHz bands
show a trend of increasing rapidly and then maintaining stabil-
ity. The scattering peak value in the terahertz band is obtained
at relatively small particles, while the scattering peak value in
the millimeter wave band is obtained at relatively large par-
ticles. In Fig. 4(b), the absorption characteristics of water
droplets in terahertz and millimeter wave bands both show a
trend of an initial sharp increase followed by gradual decrease.
Moreover, the absorption in the terahertz band increases at a
faster rate with an approximately vertical ascent, and the ab-
sorption peaks in the 94-GHz, 220-GHz, and 340-GHz bands
are located at 150 µm, 250 µm, and 500 µm, respectively. A
340-GHz terahertz band scattering curve of spherical ice crys-
tal particles has multiple peaks, while that of water droplets
has only one peak, and the scattering peaks of the two respec-
tively occur at 350 µm and 150 µm of small particles. The ab-
sorption efficiency of water droplets is obviously higher than
that of spherical ice crystal particles (Fig. 4(b)).

To sum up, analyzing the scattering and absorption char-
acteristics of water droplets and ice crystal particles in the
94-GHz, 220-GHz and 340-GHz bands is effective for quan-
titative remote sensing of ice crystal particles in the terahertz
band.
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Fig. 4. Scattering and absorption characteristics of ice crystal particles and
water drops for different frequency bands.

4.2. Effects of different shapes on scattering and absorp-
tion characteristics of ice particles

As shown in Fig. 5, ice crystal particles shaped as block
columns, spheres, and ellipsoids were selected as representa-
tives of all the ice particles in order to study the scattering
characteristics in the 340-GHz frequency band. Figure 5(a)
shows the scattering efficiencies of the three particle shapes
as a function of the equivalent radius. This indicates that ice
crystal particles of different shapes exhibit different scatter-
ing characteristics. The scattering characteristics of the three
kinds of particle shapes all exhibit fluctuations with equiva-
lent radii, but the scattering characteristics of the block col-
umn particles are not completely consistent with those of the
spherical and ellipsoidal particles. The absorption character-
istics of the same particles are displayed in Fig. 5(b). This
indicates that block column and spherical particles generally
show a relatively consistent trend with equivalent radius, but
there are still significant differences, especially for larger par-
ticle sizes. Conversely, the ellipsoid particles show maximum
absorption efficiency at 500 µm, which may be influenced by

the particle shape or size.
In summary, the scattering and absorption characteristics

of ice crystals are influenced by particles with a wide range
of shapes. This suggests that it is unreasonable to assume that
particles are either spherical or ellipsoidal and that the exclu-
sion of block column particles introduces additional error.
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Fig. 5. Effects of different shapes on the scattering and absorption charac-
teristics of ice crystal particles.

4.3. Effects of different aspect ratios on scattering and ab-
sorption characteristics of ice particles

Hexagonal ice crystal particles with aspect ratios of
L/2a = 1/20, L/2a = 1/6, L/2a = 1, L/2a = 2, and L/2a = 4
were selected to study the effects of different aspect ratios on
particle scattering characteristics in the 340-GHz frequency
band, as shown in Fig. 6. The scattering efficiencies of hexago-
nal particles with different aspect ratios as a function of equiv-
alent radius are displayed in Fig. 6(a). This indicates that the
scattering characteristics of hexagonal particles with aspect ra-
tios of 1, 2, and 4 exhibit fluctuations with multiple peaks.
Conversely, the scattering curve for particles with an aspect
ratio of 1/6 has one maximum value at 5.9778. In addition, the
scattering of hexagonal particles with an aspect ratio of 1/20
generally increases with increasing equivalent radius. Within
the equivalent radii range of 800 µm–1500 µm, the scattering
curve is approximately linear.
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Figure 6(b) shows the absorption efficiencies of hexago-
nal particles with different aspect ratios as a function of equiv-
alent radius. The figure indicates that, on the one hand, the
absorption characteristics of particles with aspect ratios of 2
and 4 exhibit fluctuations with multiple peaks. On the other
hand, when the aspect ratio is 1, the absorption characteris-
tics of the particles generally show an increase. Furthermore,
when the aspect ratio is 1/6, the absorption curve increases un-
til it reaches the maximum value of 0.31848 at 800 µm, then
decreases. Finally, when the aspect ratio is 1/20, the absorp-
tion efficiency slightly increases initially and then gradually
decreases, reaching a maximum value of 0.12558 at 550 µm.
Within the equivalent radius range of 600 µm–1550 µm, the
trend is approximately linear.

If the aspect ratio is < 1, it is called a hexagonal plate; if
it is > 1, it is called a hexagonal column. The above analysis
suggests that the scattering characteristics of hexagonal col-
umn ice crystal particles show multiple peaks, which are more
abundant than those of particles in the shape of a hexagonal
plate. In addition, the total absorption value of the hexagonal
plate ice crystal particles is smaller than that of the hexagonal
column particles. Therefore, ice crystal particles with different
aspect ratios have significantly different scattering and absorp-
tion characteristics.

aeff

aeff

0 400 800 1200 1600
-1

0

1

2

3

4

5

6

7

S
c
a
tt

e
ri
n
g
 e

ff
ic

ie
n
c
y

0 400 800 1200 1600

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

A
b
so

rp
ti
o
n
 e

ff
ic

ie
n
c
y

L/a//

L/a//

L/a/

L/a/

L/a/

(a)

(b)

L/a//

L/a//

L/a/

L/a/

L/a/

Fig. 6. Effects of different aspect ratios on scattering and absorption
characteristics of ice crystal particles.

4.4. Effects of spatial orientation on scattering and absorp-
tion characteristics of ice particles

Spatial orientation refers to the position of the particles
in space. For non-spherical particles, the spatial orientation of
the particles also has significant influence on their scattering
characteristics. Laboratory fame (LF) and target fame (TF)[28]

were used to determine the spatial orientation of particles. As
shown in Fig. 7, the target coordinate system is defined by the
longest dimension and second-longest dimension (𝑎1 and 𝑎2,
respectively) of the target entity.
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Φ
β

θ

lab frame

^
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^

^

Fig. 7. Target positioning in the laboratory coordinate system.

The orientation of the target in space is determined by the
polarization angles θ , Φ , and β , where θ is the angle between
𝑎1 and the 𝑥 axis, Φ is the angle at which 𝑎1 rotates about
the 𝑥 axis, and β is the angle at which 𝑎2 rotates about 𝑎1. In
this paper, thick column particles with an aspect ratio of 2 are
selected as representatives of all particles. In addition, the fol-
lowing four simple orientations of thick column particles are
used: horizontal orientation, oblique orientation 45◦, oblique
orientation 60◦, and vertical orientation. The polarization an-
gles Φ and β corresponding to the four spatial orientations are
all identical (i.e., 0), and the polarization angle θ was fixed at
values of 0◦, 45◦, 60◦, and 90◦.

Figure 8 shows the 340-GHz scattering and absorption
characteristics of thick column particles with different spatial
orientations. Figure 8(a) depicts the variation in the scatter-
ing of particles with different spatial orientations as a function
of equivalent radii. The scattering characteristics of the four
different spatial orientations all fluctuate with equivalent radii.
When θ = 0, the scattering characteristics are very different
from the other three all equivalent radii. The maximum value
of 7.8319 is reached at the equivalent radius of 350 µm, which
may be due to the particle size.

Figure 8(b) depicts the variation in absorption for parti-
cles with different spatial orientations as a function of equiv-
alent radii. The absorption characteristics of particles with
different spatial orientations show an increasing trend as the
equivalent radius increases. When θ = 0, the absorption char-
acteristics show fluctuations with three major peaks, and the
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fluctuation range is the largest compared with the other three
spatial orientations.

In summary, the variation in spatial orientation of the
thick column particles causes significant differences in their
scattering and absorption characteristics. This indicates that
the wide range of spatial orientations of ice crystal particles
introduces uncertainty in cirrus cloud particle detection. How-
ever, the results presented in this section indicate that the infor-
mation obtained by the terahertz frequency band (at 340 GHz)
can probe the orientation of cirrus ice crystal particles. There-
fore, more research on terahertz cloud radars should be con-
ducted in the future in order to fully exploit this advantage.

0 400 800 1200 1600

0

0.1

0.2

0.3

0.4

0.5

0.6

A
b
so

rp
ti
o
n
 e

ff
ic

ie
n
c
y

(b)

(a)

aeff

aeff

θ=0Ο

θ=45Ο
θ=60Ο
θ=90Ο

θ=0Ο

θ=45Ο
θ=60Ο
θ=90Ο

0 400 800 1200 1600

0

2

4

6

8

S
c
a
tt

e
ri
n
g
 e

ff
ic

ie
n
c
y

Fig. 8. Effects of different spatial orientations on scattering and absorp-
tion characteristics of thick column ice crystal particles at 340 GHz.

5. Conclusions
In this paper, the DDA algorithm was used to study the

scattering and absorption characteristics of spherical and non-
spherical ice crystal particles with equivalent radii in the range
of 50 µm–1550 µm using the terahertz frequency band. The
effects of different frequencies, shapes, aspect ratios, and spa-
tial orientations on the scattering and absorption characteris-
tics of cirrus ice crystal particles were analyzed. This provides
an important theoretical basis for the design of terahertz cloud
radars and the inversion of cirrus parameters. The following
are the major results of this paper.

(i) The calculation experiments show that the scattering
characteristics of spherical ice crystal particles in DDA and
Mie at 94 GHz, 220 GHz, and 340 GHz are almost identical,
and the relative error of scattering calculation is < 1.8%. The
calculated absorption characteristics of DDA and Mie scatter-
ing in 94-GHz, 220-GHz, and 340-GHz bands are highly con-
sistent within the equivalent radius of 1100 µm, and the calcu-
lated relative error is < 3.5%. Therefore, the DDA algorithm
is suitable for the calculation of scattering and absorption char-
acteristics of non-spherical ice crystal particles.

(ii) The scattering and absorption characteristics of spher-
ical ice crystal particles show different variations in different
frequency bands. The millimeter wave band is suitable for
monitoring larger particles, but the terahertz band (340 GHz)
is more suitable for monitoring the majority of cirrus ice crys-
tal particles because it has a scattering peak at the equivalent
radius of 350 µm, which is exactly the size of most ice crystal
particles. The scattering of ice crystal particles at 340 GHz is
more obvious than that of water droplets, indicating that the
terahertz frequency band (340 GHz) is more suitable for re-
mote sensing monitoring of ice crystal particles than the com-
monly used millimeter wave frequency band (94 GHz).

(iii) A comparison of the scattering characteristics of
spherical, ellipsoidal, and hexagonal column particles reveals
that the widely used calculation approximation of assuming
particles are spherical or ellipsoidal is unreasonable and pro-
duces errors when applied to terahertz remote sensing.

(iv) Ice crystal particles with different aspect ratios and
different spatial orientations have different scattering and ab-
sorption characteristics. In general, the scattering characteris-
tics of hexagonal column particles with horizontal orientation
show much more variation than those of hexagonal plate par-
ticles, indicating the need for further experimental research.
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