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Abstract: In this paper, we propose an approach to evaluate precipitation 

rate from meteorological radar echo data and snow particle size distribution 

data. We applied our approach to analyze two sets of radar echo data which 

were observed at Syowa Station, Antarctica on April 6 and October 1, 1988. 

Our evaluated precipitation rates agree with the results evaluated from the Z 

factor-precipitation rate relations, which were measured at Syowa Station, 

Antarctica. On the bases of our results, we have confidence that our approach 

can be applied to analyze the meteorological radar echo in Antarctica. 

1. Introduction 

In February 1988, a vertically pointing meteorological radar (9.41 GHz) was 
installed at Syowa Station, Antarctica. Observations of precipitation using this 
radar system were carried out in 1988 and 1989, and results of these observations 
have been reported by WADA (1990) and WADA and KONISHI (1992). In these 
reports, observed radar echo data were analyzed by using Z factor-precipitation 
rate relations, which had been observed at Syowa Station in 1989 intermittently 
(KONISHI et al., 1992). 

In this paper, we determined an approach to analyze meteorological radar 
echo data which is based on the calculation of back scattering cross section using 
a snow particle model and observed snow particle size distribution function. We 
evaluate precipitation rates at each altitude using this method. 

2. Meteorological Radar Equation 

The meteorological radar equation, which ignored two-way attenuation due 
to precipitation, is expressed by the radar reflectivity factor (Z factor) as follows 
(SKOLNIK, 1980): 

C C n 5 s -1 2 Pr= R2 J;,a; = R2 ;:rl-6 +2 I Z, 
l 

(1) 

where Pr is the received power, C is a constant depending on radar system 
parameters such as transmitted power, R is distance from radar to target, ,E;a; is 
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the average total back scattering cross section per unit of volume, ). is 
wavelength and E is dielectric constant of precipitation particles. If we assume 
that precipitation particles are spherical dielectric bodies, EPi is expressed by 
Mie's back scattering cross section of a particle Qir(r) and particle size distribu
tion function N(r ). 

l;Jai = /3 = J N(r ) On(r ) dr, (2) 
l 

where r is the particle radius and f3 is total back scattering cross section per unit 
of volume. This On(r ) is calculated from the following formula (KERR, 1964). 
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where p=2nr/)., m(=VE) is the complex refractive index, jn are spherical Bessel 
functions of the first kind, hn (Z) are spherical Hankel functions of the second 
kind, and the primes indicate differentiation with respect to the argument. 

To evaluate precipitation rate P [ mm/h], we introduce reflection coefficient 
per unit precipitation rate /30• 

f3 = P·/30 [cm2/m3], 

J N(r ) O n (r )dr 2 3 ] f3o = 15.08 J r3 N(i-) v-s P sd; [cm Im /mm/h ' (4) 

where Vs [ m/s] and P s[g/cm3] are falling speed and density of the precipitation 
particles. Substituting eqs. (2) and (4) into eq. (1), the precipitation rate P is 
expressed as follows: 

P--
n 5

1

E- 1
,2 ZX10-6[ 

] mm/h . A 4 E+2 f3o 

3. Characteristics of Snow Particles 

(5) 

In eq. (5), the wavelength ). is known and the Z factor is obtained from 
radar echo. To calculate {30, we are interested to know the snow particle size 
distribution function N(r ), complex dielectric constant Es, falling speed Vs and 
density P s of the snow particles. 

HATANAKA et al. (1993) obtained the size distribution functions N(r) on the 
ground from snow particle VTR images which had been recorded at Syowa 
Station, Antarctica. The size distribution function at each altitude is probably 
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Fig. I. The empirical relation between the volume content of 
water Pw, "Form-zahl" u of a snow particle and the 
temperature of the snow particle (NISH/TSUJI et al. , 1983). 
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different from that on the ground, but it is very difficult to estimate the size of 
distribution at each altitude. In this analysis, we assume that the snow particle 
size distribution function at each altitude is the same as the distribution observed 
on the ground. 

To estimate the dielectric constant of the snow particle Es, we used Nishitsu
ji's snow particle model (NISHITsun, 1971; AwAKA et al., 1985). In this model, a 
snow particle is considered to be a mixture of air, ice and water, and its 
dielectric constant is given by the following empirical formula: 

_s-1 ·
. Pw 

E w-1 + Y[i"; -_pw _E i=} __ ' (6) 
E 5+U E w+U 0.92 E j+U 

where Ew and Ei are the complex dielectric constants of water and ice, u is the 
"Form-zahl", and Pw is the volume content of water. When the temperature of 
the particle is given, the values of Ew and Ei are uniquely determined by RAY 
(1972). The values of Pw and u are changed depending on the state of snow
falling, e.g. dry-, moist-, wet- and watery-snow. In this model, it is assumed that 
the state of snow is mainly determined by the temperature as shown in Fig. 1 
(N1sHITSUJI et al., 1983). The density of the particle Ps [g/cm3] is estimated from 
Pw using the following empirical relation (N1SHITSUJI, 1971). 

• 2 
Pw -;- Ps (7) 

The falling speed of the particle vs [mis] is computed from the following formula 
(MAGONO and NAKAMURA, 1965). 

Vs = 8.8 [2rs(ps-Pa)J 112 [m/s] (0.05:Sps:S0.3 [g/cm3]) 
Vs = 3.3 (ps-Pa) 112 [m/s] (ps<0.05 [g/cm3]), (8) 
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where Pa[g/cm3] is density of air. 
In this model, every characteristic of a snow particle except for the size 

distribution function is determined by the temperature of the particle. We further 
assume that the snow particles are in thermal equilibrium with the surrounding 
atmosphere, and we use the atmospheric temperature data at each altitude 
measured by radiosonde. 

4. Various Data Used in This Analysis 

In this paper, we analyze two sets of radar echo data observed at Syowa 

(a) April 6, 1 988 

(b) October 1, 1988 

Local Time 

Fig. 2. Radar echo data observed at Syowa Station, Antarctica. (a) From 
0000 LT to 0130 LT on April 6, 1988. (b) From 1800 LT to 1930 
LT on October 1, 1988. 
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Fig. 3. Averaged snow particle size distribution function 
N(r _ max) based on the maximum radius of particles 
r _ max at Syowa Station obtained from two sets of VTR 
images, which had been recorded ( a) from 2113 LT on 
April 5 to 0133 LT on April 6 and (b) from 1800 LT to 
1944 LT on October 1, 1988 (HATANAKA et a/., 1993). 
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tion, measured by radiosonde at 0200 LT on April 
6 and 1400 LT on October 1, 1988. 
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Station, Antarctica from 0000 LT to 0130 LT on April 6 (case a) and from 1830 
LT to 1930 LT on October 1 ( case b), 1988 as shown in Figs. 2a and 2b. The 
meteorological conditions of cases a and b are summarized in Table 1. Corre
sponding snow particle size distribution functions based on maximum radius of 
the particles (HATANAKA et al., 1993) and the temperature data measured by 
radio-sonde are shown in Figs. 3 and 4, respectively. Figure 5 shows examples of 
complex dielectric constant of snow particles, which are calculated from eq. (6) 
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Fig. 5. Examples of calculated complex dielectric constant of 
snow particles. 

using the values of u, volume content of water Pw in Fig. 1 and the values of Ew 

and Ej of RAY (1972). 

5. Results and Discussion 

Examples of obtained precipitation rate at each altitude, which are evaluated 
from the echo data in Figs. 2a and 2b using eq. (5), are shown in Figs. 6a and 
6b. In these figures, we plot the results, which are evaluated from the same echo 
data in Figs. 2a and 2b using the following measured Z factor-precipitation rate 
relations at Syowa Station in 1989 (KONISHI et al., 1992). 

Z= a*ph. (9) 

Case A: a=74, b= l.4, 
Case B: a= l04, b = l.3, 
Case C: a= lO, b = l.2. 

The meteorological conditions, when KONISHI et al. measured these relations, 
are summarized in Table 1. 

In Figs. 6a and 6b, our results using eq. (5) agree with those of eq. (9) in 
cases A and B, but the result in case C is much higher than the others. We think 
that this difference is mainly caused by the difference of the particle size 
distribution, because the particles in case C were concentrated in a narrow size 
range, up to 3 mm in diameter (KONISHI et al., 1992). We compare our result 
and those using eq. (9) in cases A and B more precisely. At lower altitude, our 
result fits case B, but it fits case A at higher altitude. This means that in our 
analysis, at higher altitude, the temperature of particles is lower, as shown in 
Fig. 4; the imaginary component of dielectric constant of the snow particles is 
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Case a 
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Table 1. Meteorological conditions for five snowfalls. 

Date t (°C) W
5 

(mis) Max-r (cm) References 

October 24-25, 1989 -3 2 0.3 KONISHI et al. ' 1992 
July 1, 1989 -9 2 0.5 KONISHI et al.' 1992 
May 21-22, 1989 -14 3 0.15 KONISHI et al.' 1992 
April 6, 1988 -8.1 2.8 0.096 HATANAKA et al., 1993 
October 1, 1988 -13.5 0.7 0 .. 081 HA TANAKA et al., 1993 
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t: Mean surface air temperature. W
5

: Mean wind speed. Max-r: Maximum radius of snow particles. 
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Fig. 6. Evaluated precipitation rates at altitudes from 500 m to 
3000 m. The line is the result obtained using eq. (5); cases 
A, Band Care based on the Z factor-precipitation rate 
relations ( KONISHI et al. , 1992). ( a) At 0000 LT on April 
6, and (b) at 1900 LT on October 1, 1988. 
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Fig. 7. Evaluated time variation of precipitation rate at altitude 500 m. The line is 

obtained using eq. (5), and cases A, B and C are based on the Z 

factor-precipitation rate relations (KONISHI et al., 1992). (a) From 0000 LT to 

0100 LT on April 6, and (b) from 1830 LT to 1930 LT on October 1, 1988. 

decreased, as shown in Fig. 5; and the reflection coefficient per unit precipitation 
rate {30 is decreased. This effect corresponds to decreasing coefficient a in eq. (9). 

Figures 7a and 7b show the time variation of precipitation rate at the 
altitude of 500 m on April 6 and October 1, 1988. In these figures, our results fit 
the results using eq. (9) in case B. 

6. Concluding Remarks 

We proposed an approach to evaluate precipitation rate from the meteorolog
ical radar echo data and the snow particle size distribution functions, and we 
analyzed two cases of radar echo data which had been observed at Syowa 
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Station, Antarctica on April 6 and October 1, 1988. Our obtained prec1p1tation 
rates agreed with the results evaluated by the measured Z factor-precipitation 
rate relations (KONISHI et al. , 1992) . According to this study, Nishitsuji's snow 
particle model, which is one of the basic assumptions in this approach, can be 
applied to analyze radar echo data in Antarctica. 

Since MURAMOTO et al. (1992) and HATANAKA et al. (1993) showed that snow 
particle size distribution function can be obtained using a CCD camera system 
and a personal computer, we think that this method is one of practical 
approaches for evaluating annual variation of snowfall in Antarctica automatical
ly, using a meteorological radar system. 

References 

AWAKA, J . ,  FURUHAMA, Y. , HOSHIYAMA, M.  and NISHITSUJI , A. ( 1985) :  Model calculations of 
scattering properties of spherical bright-band particles made of composite dielectrics. J .  
Radio Res. Lab. , 32 , 73-87. 

HATANAKA, M. , OHTA, Y . ,  TAKEYA , H . , SUGIOKA, I . ,  NISHITSUJI, A .  and WADA, M. ( 1993) : An 
evaluation method of snow particle size distribution functions from VTR image for meteoro
logical radar observations . 1933 International Geoscience and Remote Sensing Symposium 
(IGARSS '93) , IV, 1916-1918. 

KERR , D. E .  (1964) : Propagation of Short Radio Waves . Lexington, Boston Technical Publishers, 
445-45 1 .  

KONISHI, H . ,  MURAMOTO, K. , SHIINA, T. , ENDOH , T. AND KITANO , K .  (1992) : Z-R relation for 
graupels and aggregates observed at Syowa Station, Antarctica. Proc. NIPR Symp. Polar 
Meterol. Glaciol. ,  5, 97-103 . 

MAGONO, C .  and NAKAMURA , T. ( 1965) :  Aerodynamic studies of falling snowflakes. J .  Meteorol. Soc . 
Jpn. , 43, 139-147 . 

MURAMOTO, K . ,  MATSUURA, K. , SHIINA, T. , ENDOH, T. and KONISHI , H .  (1992) : Measurement of 
falling motion of snowflakes using CCD camera. Proc. NIPR Symp. Polar Meterol. Glaciol . ,  
6 ,  71-76 . 

NISHITSUJI, A. ( 1971 ) :  Method of calculation of radio-wave attenuation in snowfall . Electron. 
Commun. Jpn. , 54 ( 1 ) ,  74-81 . 

NISHITSUJI , A. , HOSHIYAMA, M. , AWAKA, J. and FURUHAMA, Y .  ( 1983) : ETS-11-Kashima chikyu
kyoku kan denpa denpan tokusei no kaiseki-sojosei ko ni tsuite-(An analysis of propaga
tive character at 34 .5  GHz and 1 1 .5 GHz between ETS-1 1  satellite and Kasima Station-On 
the precipitation model from stratus-) . Denshi Tsushin Gakkai Ronbunshi (Trans . IECE 
Jpn. ) ,  J66-B, 1 163-1 170. 

RAY, P. S .  ( 1972) : Broadband complex refractive indices of ice and water. Appl. Opt . ,  11 ,  
1836-1844. 

SKOLNIK, M. I .  (1980) : Introduction to Radar Systems, 2nd ed. Singapore , McGraw-Hill International 
Editions, 499-501 . 

WADA, M. ( 1990) : Antarctic climate research data, Part 2. Radar and microwave radiometer data at 
Syowa Station, Antarctica from March to December 1988 . JARE Data Rep. , 153 (Meteorol
ogy 24) , 1-17. 

WADA, M. and KONISHI, H .  ( 1992) : A study of precipitation in the coastal area of Antarctica as 
observed at Syowa Station using a vertical pointing radar. Nankyoku Shiryo (Antarct. Rec.) ,  
36, 341-349. 

(Received November 29, 1993; Revised manuscript received May 9, 1994) 


