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Introduction
The identification of phase states of precipitation particles by radars is important because 

properties of precipitation particles (size, phase, shape, number density, etc.) can change the 
echo intensity of the precipitation. Space-borne radar can give high-precision and quantitative 
observation of clouds and rain with a wide scope [1,2]. The GPM (Global Precipitation 
Measurement) is a new generation satellite of global precipitation observation plans proposed 
by the United States and Japan. For the first time, it is equipped with DPR (Dual-frequency 
Precipitation Radar) at Ku-band (KuPR) and Ka-band (KaPR) [3]. The scattering of precipitation 
particles is very complex as it varies with not only particle size, geometry and phase, but also 
spatial orientation and distribution. In order to describe these complex changes, there is a 
need to theoretically study the scattering characteristics of precipitation particles. Zhang[4] 

derived the scattering energy flux density function and the scattering cross section of the 
precipitation particles in different states of rotation axis, according to the scattering of the 
polarization of small spheroid precipitation particles using linearly polarized incident waves 
from different directions. They obtained curves of the scattering cross section changing 
with the states of the precipitation particles and the wavelength of the incident wave, and 
these curves can be used for inversion calculations of remote sensing. Xu et al[5] used both 
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the DDA and the T-matrix methods to calculate the backscattering 
cross-sections of the oblate ellipsoid and the spherical cone 
oblate ellipsoid particles. In this paper, the reflectivity factor and 
Dual-Frequency Ratio DFR of precipitation are simulated using 
T-matrix method based on the particle model and the raindrop size 
distribution, and the scattering characteristics of the precipitation 
particles in different phases are studied.

Theory

T-matrix method

The T-matrix method is also known as the Extended Boundary 
Condition Method (EBCM). The T-matrix method is an accurate and 
powerful method for calculating the scattering of particles of any 
shape based on Maxwell’s equations.

 The modeling of particles

Liquid particles are set as pure liquid particles, mixed particles 
are set as uniformly mixed particles of ice and water, and solid 
particles are set as uniformly mixed particles of ice and gas. The 
parameters of the particle model are as follows [6]:
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where Pw, Pi and Pa represent the volume percentage of water, 
ice and air in the particle, respectively. ρw, ρi and ρa represent the 
density of water, ice and air and they usually take fixed values of 1g/
cm3，0.92g / cm3 and 0g/cm3, respectively. εw, εi and εa represent 
the dielectric constants of pure water, pure ice and pure air, 
respectively. The dielectric constant of pure air is 1. The dielectric 
constants of pure water and pure ice need to be calculated. In this 
study, the wavelength of the Ka band is 8.45mm and the wavelength 
of the Ku band is 22mm. The complex refraction index and K value 
of pure liquid particles at different temperatures in the Ku-band 
and Ka-band are calculated as
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The particle temperature is set to -5, 0, 5, 10, 15 to calculate 
the K value. It is noted that both the complex refractive index is a 
constant 1.78 which is independent of the radar wavelength and 
the temperature of pure ice particles, and the K value is also a 
constant 0.176. For ice-water mixed particles, the temperature is 
set as 0°C and the mixing ratio (water content) is set as 0.2, 0.4, 0.6, 
and 0.8, respectively. The complex refractive index and K value of 
ice-water mixed particles at the Ku-band and the Ka-band increase 
as the mixing ratio increases. When the mixing ratio is constant, the 

complex refractive index and the K value at the Ku band are larger 
than those at the Ka band. With the increase of the density of 0.2, 
0.4, 0.6 and 0.8, the complex refractive index and the K value of the 
ice-air mixture particles at the Ku- and Ka-bands almost remain 
unchanged. The shape of the particles also needs to be determined. 
As precipitation particles are affected by gravity, buoyancy and 
resistance in the process of falling, their shapes will change while 
are usually in the form of oblate ellipsoids [6]. In this study, the shape 
of precipitation particles is uniformly set as oblate ellipsoid. The 
relationship between the axis ratio and the equivalent diameter 
follows the results of wind tunnel test by Pruppacher [7].

Raindrop Size Distribution (DSD)

The Drop Size Distribution (DSD) of precipitation particles 
needs to be assumed when simulating the reflectivity factor. DSD 
refers to the particle number density with particle diameter in unit 
volume. Commonly used DSD includes the MP distribution, the 
gamma distribution, the power exponential distribution, etc. [8-10]. 
Studies have shown that the gamma distribution can fully represent 
the DSD characteristics of precipitation particles and it is used in 
this study [11]

)exp()( 0 DDNDN Λ−= µ （5）

where D is the raindrop diameter, and N0, μ and Λ are intercept, 
shape factor and slope respectively, which determine the shape of 
the DSD function [12]. In this study, we use the gamma distribution 
model in the form of the three-parameters [13]:
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where D0 is the volume median diameter, Nw is the number 
of precipitation particles in unit volume, μ is the spectral type 
parameter and Γ is the gamma function.

DFR (Dual-Frequency Ratio)

The reflectivity factors measured by KuPR and KaPR are both 
affected by attenuation and non-Rayleigh scattering effects. In order 
to describe the difference in the attenuation-corrected equivalent 
radar reflectivity factor Ze between the two frequencies, The Dual-
Frequency Ratio (DFR) is defined as:

 (9)

Simulation

The effect of temperature on the reflectivity factor of 
liquid particles

According to the three-parameter gamma distribution model, 
the value of Nw is set to 103 ~ 104, the value of D0 is set to 0.5mm~5 
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mm, and for liquid particles μ=3. For solid particles and mixed 
particles μ=0 [14] and the relationship between ZeKu and DFR at 
the Ku band and the Ka band is simulated by T-matrix method. For 
liquid particles, because the complex refractive index is affected 
by temperature, the effect of temperature on the reflectivity factor 
must be considered. Figure 1 shows the relationship between 
ZeKu and DFR of liquid particles for different temperatures. Figure 
1a shows the relationship between ZeKu and DFR with Nw=5600 
and D0 of 0.5~5mm; Figure 1b shows the relationship between 

ZeKu and DFR with D0=3.0mm and NW of 103~104. It can be seen 
from Figure 1a that, for a given Nw, DFR first decreases and then 
increases as ZeKu increases. A minimum value is obtained when 
ZeKu = 22dBZ and a negative value is obtained when ZeKu<35dBZ. 
For different temperatures, the maximum difference in DFR is 
very small, less than 0.3dBZ. It can be seen from Figure 1b that, for 
different temperatures, DFR almost remains unchanged with the 
increase of ZeKu. Therefore, the effect of temperature on ZeKu and 
DFR can be ignored.

Figure 1: The relationship between the ZeKu and DFR of liquid particles for different temperatures when Nw=5600 (a) and and when 
D0=3.0mm(b).

The effect of mixing ratios on the reflectivity factor of mixed particles

Figure 2: The relationship between the ZeKu and DFR of mixed particles with different mixing ratios when NW = 5600 (a) and when 
D0 = 3.0mm (b)

For mixed particles, because the complex refractive index 
is affected by the mixing ratio, the influence of the mixing ratio 
on the reflectivity factor must be considered. Figure 2 shows the 
relationship between ZeKu and DFR for different mixing ratios of 
mixed particles. It can be seen from Figure 2a that, for a given mixing 
ratio, DFR gradually increases as ZeKu increases. For different 
mixing ratios, DFR with a mixing ratio of 0.2 is quite different from 
that with other values. The influence of s D0 of mixed particles on 
DFR is greater than that of liquid particles. It can be seen from Figure 
2b that, for a given D0, DFR gradually decreases and ZeKu gradually 
increases as the mixing ratio increases. For different mixing ratios, 
the maximum difference of DFR and ZeKu can reach 2.5dBZ and 
4dBZ respectively. The influence of NW of mixed particles on ZeKu is 
greater than that of liquid particles. Therefore, the influence of the 
mixing ratio on ZeKu and DFR cannot be ignored.

The effect of density on the reflectivity factor of solid 
particles

For solid particles, because the complex refractive index is 
affected by density, the influence of density on the reflectivity factor 
must be considered. Figure 3 shows the relationship between ZeKu 
and DFR for different densities. It can be seen from Figure 3a that, 
for a given density, DFR gradually increases as ZeKu increases. For 
different densities, the DFR with a density of 0.2g/cm3 is higher 
than that with other densities. It can be seen from Figure 3b that 
the differences of DFR for different densities is very small while the 
difference of ZeKu is large. for a given D0 and the increase of Nw, 
ZeKu increases as density increases, and the maximum difference of 
ZeKu for different densities can reach 10dBZ. Therefore, the effect 
of density of solid particles on ZeKu and DFR cannot be ignored.
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Figure 3: The relationship between ZeKu and DFR of solid particles for different densities when Nw = 5600 (a) and when D0 = 3.0mm 
(b)
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Summary
In this article, models of precipitation particles with different 

phases were established and some parameters related to 
precipitation, such as temperature, mixing ratio, density and 
complex refractive index were given. Assuming that the particles 
follow the gamma distribution model of three parameters, the 
reflectivity factors of a randomly and uniformly oriented particles 
with different phases at the Ku band and the Ka band are calculated 
by T-matrix, and the effects of the temperature, mixing ratio, effect 
of density and different spectral parameters on the reflectivity 
factor is studied. The results show that the effect of temperature on 
ZeKu and DFR for liquid particles is almost negligible. The influence 
of the mixing ratio on ZeKu and DFR of mixed particles cannot be 
ignored. The DFR of particles with a mixing ratio of 0.2 is quite 
different from that with a mixing ratio of other values. For different 
mixing ratios, the maximum difference of DFR can reach 2.5dBZ, 
and the maximum difference of ZeKu can reach 4dBZ; The effect of 
density on ZeKu and DFR of solid particles cannot be ignored. The 
DFR with a density of 0.2g/cm3 of solid particles is higher than that 
with other density values. For different densities, the maximum 
difference of DFR is close to 1dBZ, and the maximum difference of 
ZeKu is up to 10dBZ.
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