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1. INTRODUCTION 
 

The development of physical model to retrieve snowfall 
from millimeter-wave measurements require the calculation 
of scattering and emission properties which can generate 
brightness temperatures (Tbs) and/or radar reflectivities that 
are consistent with observations. Frozen hydrometeors have 
various sizes, shapes, orientations, phase, and density so 
that it is difficult to parameterize their electromagnetic 
(EM) properties. For many physical approaches in remote 
sensing, non-spherical frozen hydrometeors are 
parameterized as spherical particles and Mie-theory is 
employed because it is faster than more rigorous analyses of 
scattering by nonspherical particles. However, the 
applicability of those simplified approximations in 
millimeter-wave radar and radiometer remote sensing of 
frozen hydrometeors has not yet been proved. 

To seek a parameterization to represent the EM properties 
of frozen hydrometeors at millimeter-wave frequencies, this 
study employs the Discrete Dipole Approximation (DDA) 
method [1] and analyzes the calculated single scattering 
from nonspherical snow crystals at millimeter-wave 
frequencies (95, 140, 183, 220, and 340 GHz). Various 
assumptions, which were made in previous studies, for the 
snow microphysical properties, such as density, dimension, 
and particle size distribution are applied to these 
comparisons. 

The uncertainty range of EM property caused by various 
snow habits, density, and particle size distribution are 
presented. 

 
2. DISCRETE DIPOLE APPROXIMATION METHOD 

 
The DDA is a flexible technique for calculating the EM 

scattering and absorption by particles with arbitrary shapes 
and composition. The DDA consists of approximating the 
actual target by an array of the dipoles. Each of the dipoles 
is subject to an electric field which is the sum of the 
incident wave and the electric fields due to all of the other 
dipoles. Through the solution of the electric field at each 
dipole position, the scattering and absorption properties of 
the target can be obtained. Because the DDA replaces the 
solid particle with an array of point dipoles occupying 
positions on a cubic lattice, and the lattice spacing must be 
small compared to the wavelength of the incident light in 
the particle, the DDA requires large computer storage and 

CPU time. The DDA code is known to work well for 
materials with |m|kd < 1 where m is the complex refractive 
index of the target material and k ≡ 2π/λ, where λ is the 
wavelength in vacuum and d is spatial interval between 
dipoles. 

The Finite-Difference Time Domain (FDTD) method ([2], 
[3]) or geometric optics method [4] are most popularly used 
to calculate scattering by nonspherical ice crystals at IR and 
UV frequencies where the DDA code may not be applicable 
due to its size parameter limitation since the DDA method 
works well for materials with |m-1| ≤ 3 and particle 
dimension D ≤ 5λ, where λ is the wavelength in the 
surrounding medium [3]. We employed the DDA method as 
a main model to implement the scattering computations 
since we found that the FDTD method needs more 
computational time than the DDA method when considering 
observed snow crystal size ranges and dimension 
relationships at millimeter-wave frequencies. This is 
consistent with the finding of Dr. Bruce Drain for 
computing time comparisons between the FDTD and the 
DDA methods (Personal communication). Therefore we 
employ the FDTD method only for the purpose of checking 
the accuracy of the DDA results.  

Figure 1 shows the percentage error of the DDA method 
in extinction efficiency, scattering efficiency, and 
asymmetry factor calculations. The Mie solution and the 
FDTD method’s results are employed for spherical and 
cylindrical particles, respectively. The aspect ratios of the 
hexagonal particles used in this calculation follow the 
dimensional relationship observed by [5]. The result shows 
that the DDA results are accurate within 3 %. 

 

 
Figure 1 Errors of the DDA method in extinction efficiency, 
scattering efficiency, and asymmetry factor calculations  
 



 
3. SNOW CRYSTAL MODELS 

 
3.1 Habit and dimension 

Ice crystals growing from the vapor phase can assume two 
basic type of habits, either platelike or prismlike. The basic 
habit of an ice crystal and its variation are determined by the 
temperature and humidity conditions at which the ice crystal 
grows [6]. Figure 2 shows the observed relationships 
between small (S) and large (L) dimensions from previous 
studies summarized in Table1.  
 
Table 1 Dimension relationships for snow crystals observed by 
previous studies. The unit of S and L is mm. 

Habit Previous study Relationship Observed 
size range 

Auer and Veal 
1970 S = 0.04491 L0.449 15 µm – 3 mm  

Hexagonal 
plate Davis 1974 S = 0.047777 L0.474 10 µm – 3 mm 

Auer and Veal 
1970 
Heymsfield 
1972 

S = 0.5 L for L<0.3 
mm 

S = 0.1973 L0.414 for 
L≥0.3 mm 

10 µm – 3 mm Hexagonal 
column 

Hobbs et al. 
1974 S = 0.2378 L0.938 30 µm – 2 mm 

Auer and Veal 
1970 S = 0.0398 L0.431 50 µm – 5 mm Sector 

plate Davis 1974 S = 0.0383 L0.415 10 µm – 1.5 mm 

Bullet 
rosettes 

Heymsfield 
1972 

S = 0.25 L0.786 for 
L<0.3 mm 

S = 0.185 L0.532 for 
L≥0.3 mm 

50 µm – 0.82 mm 

 
The length of columnar crystals and the diameter of plate-

like crystals typically range between 20 µm and 3mm. The 
results show that small dimensions for columnar crystals are 
generally thicker than the plate-like crystals.  

 
Figure 2 Dimensional relationships of snow crystals observed in 
previous studies 

 
For habits with multiple observations available in Table 1, 

the upper limit of S values for a given L value are 
employed. The values of L used in this study for all crystal 
forms are 0.06, 0.12, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 
2.25, 2.5, 2.75, and 3 mm.  

Figure 3 shows the five idealized snow crystal models 
(hexagonal column, hexagonal plate, sector plate, planar 
bullet rosette, and spatial bullet rosette) employed in DDA 
calculations. The results shown in this study assume that all 
particles are randomly oriented. 

 

            
 

Figure 3 Five snow crystal models used in this study. 
 
 
3.2 Bulk ice density and dielectric constant 

It is known that the density of snow crystals is less than 
that of the pure ice, 0.91 g/cm3.  Figure 4 shows the bulk ice 
density, which this employs, based on measurements of 
Heymsfield 1972 (hexagonal plate: ρ = 0.9 g/cm3, 
hexagonal column: ρ = 0.848 ×L-0.014 g/cm3, sector plate: ρ 
= 0.588 ×L-0.377 g/cm3, and bullet rosettes: ρ = 0.848 ×L-0.014 
g/cm3).   

 

 
Figure 4 Bulk density of snow crystals observed in Heymsfield 
(1972). 

 
The model ice crystals are assumed to be homogeneous 

mixtures of ice and air and dielectric constants are obtained 
by the Maxwell-Garnett effective medium formula, 
assuming that the temperature is –15 C. The real (ε′) and 



imaginary (ε″) parts of dielectric constants for ice are 
calculated with equations in [10] given by 

 
' 3.1884 0.00091 Tε = +   (1) 

 
and   / CA f Bfε ′′ = +   (2) 

 
where T  is temperature (°C) and f is frequency (GHz). The 
empirical constants are A=3.5×10-4, B=3.6×10-5, C=1.2 at 
T=-15°C and A=6×10-4, B=6.5×10-5, C=1.07 at T=-5°C. 
This study employs dielectric constants for ice at T=-15°C. 
Therefore, the real part of dielectric constant is constant as 
3.175 at all frequencies considered in this study.  The 
imaginary part of dielectric constant ranges between 0.0085 
at 95 GHz and 0.0393 at 340 GHz as shown in Figure 5. 
 

 
Figure 5 Imaginary part of dielectric constant for ice depending on 
frequency at -15 °C. 

 
 

4. SINGLE SCATTERING RESULTS 
 

Figure 6 and Figure 7 show the DDA method calculated 
single scattering properties and phase functions at 95, 183 
and 340 GHz frequencies for five snow crystal models 
(Fig.3). Results show that planar and spatial rosette shows 
the largest extinction cross sections for all frequencies and 
for all size ranges considered in this study.  The spatial 
bullet rosettes show 7, 4, and 2 times larger cross-section 
than the hexagonal columns at 95 GHz, 183 GHz, and 340 
GHz, respectively. Comparing five models considered in 
this study, the variation of extinction cross sections is about 
a factor of 4-8 depending on frequency and particle size.  

It is noted that the sector plates and hexagonal plates show 
large asymmetry factors although they show the smallest 
extinction cross sections. This is attributable to their small 
thickness. This is clearly shown in the phase function plots 
in Figure 7.  Hexagonal plates and sector plates have strong 

forward peak while having relatively weak backward 
scattering as shown in phase functions. The variation of 
asymmetry parameters caused by various shapes is a factor 
of 2-3 at 95 GHz, 1.5 at 183 GHz, and 1-1.5 at 340 GHz 
depending on particle shape. 
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Figure 6 The DDA method calculated single scattering properties for hexagonal columns, hexagonal plates, sector plates, planar rosettes, and 
spatial rosettes. Figures (a), (b), and (c) show extinction cross sections, (d), (e), and (f) shows the asymmetry factors, (g), (h), and (i) shows 
backscattering cross sections at 95, 183, and 340 GHz. 
 

 

 
Figure 7 The DDA method calculated phase function for hexagonal columns, hexagonal plates, sector plates, planar rosettes, and spatial rosettes.  
Figures (a), (b), and (c) show the s for particle size of 1 mm (large dimension) and (d), (e), and (f) show the results for particle size of 3 mm 
(large dimension) at 95, 183, and 340 GHz. 
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