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I. INTRODUCTION

The shift towards ever higher frequencies for communication links
and radars has focused attention on the effects of rain in these appli-
cations. The presence of liquid water in the form of rain can have
deleterious effects in such cases with the major problem being signal
attenuation which causes deep fading. Hence, a knowledge of the attenu-
ation to be expected is essential to the desiagn of such systems.

Weathe: radar systems at frequencies of high attenuation possess certain
advantages such as high resolution and sensitivity as well as ease of
calibration using the saturation effect as reported in Reference [1].
Again, the measurement of rain rate presupposes a knowledge of the
reflectivity and attenuation parameters of rain at the frequency of
measurement.

Both equivalent reflectivity and specific attenuation can be
approxigated closely as functions of rain rate by power laws of the
form aRP, where R is the rain rate in mm/hr. Theoretical justification
has been developed in the case of specific attenuation [2] and the
a and b values have been computed for limited cases by several
researchers and summarized in References [2,3]. However, it appears
that a consistent tabulation of the a's and b's for both equivalent
reflectivity and specific attenuation over a broad frequency range does
not exist in the readily available literature. Consequently this report
is intended to satisfy this need.

The results of calculations of equivalent reflectivity, specific
attenruation and volumetric radar back.catter cross section and of the
a's and b's for specific attenuation and equivalent reflectivity are
presented for frequencies from 1 to 500 GHz. Ciassical Mie theory is
used to calculate the radar cross sections of spherical drops; and the
Marshall and Palmer negative exponential drop size distribution is
assumed. Rain rates from 1.52 to 152.4 rm/hr are used and the tempera-
ture of the water drops is taken to be 0°C.

[I.  CALCULATIONS

The relevent t!coretical results of Mie for scattering by
dielectric spheres [4| were recast into a form more suitable for
computation and are given in the Appendix, These are used to calculate
the total attgnuation cross section, Q (mz), and the backscatter cross
section, Qp(m<), as functions of drop aiameter D.

The complex refractive index of water, nc, is an important
parameter in the above calculations. It is strongly dependent on
frequency and more weakly on temperature. These properties are dis-
cussed in Reference [5].



Next the Marshall and Palmer drop size distribution was assumed
[6]. It is of the form

N(D) = N, e~AD [drops/m3-nm] (1)
where

A = uRB

N, = 8000/m° .rm

a =4.1/mm

g = -0.21

where R is the rain rate in mm/hr and D is in mm. Then the specific
attenuation is [7]

ay = 4.343 103 S Q, N(D) db dB/km (2)
0

and the volumetric radar backscatter cross section is

n = S Qb N(D) dD m2/m3 (3)
0
The equivalent reflectivity may be defined in terms of the
volumetric radar backscatter cross section as
6.4
1072 'n 6, 3
leg = T3 mm-/m (4)
£4 m lKi
6.4
= 10 og, [‘_g.i\__g_> dBZ (5)
\n K|
where
ng -1
K= —— (6)
nC + 2

and X is the wavelength in mm. This definition is equivalent to that
associated with Rayleigh scattering, but remains useful at higher
frequencies as well,

2



The values of at and Zgq were calculated at 36 frequencies from
1 to 500 GHz for 7 rain rates of 1.52, 2.54, 12.7, 25.4, 50.8, 101.6
and 152.4 nm/hr. D ranged from .08 to 10.5 mm and the integration
increment, dD, was .08 mm. The results were then approximated by
power law equations of the form

b
RD
a, =apy R dB/km (7)

b
Zeq = a, R z mm® /m> (8)

using logarithmic regression analysis to obtain values of apps PRDs
az and bgz.

III. RESULTS

Figures 1 and 2 show the equivalent reflectivity, Zeq, and the
specific attenuation, a¢, as functions of rain rate for several fre-
quencies. The calculated values (represented by crosses) and the power
law regression lines are shown. Clearly, the deviation from the power
law is quite small, justifying its use under the assumptions made in
these calculations.

The values of app, az and bgp, bz are shown as functions of
frequency in Figures 3 and 4 and Table 1. They are seen to be smoothly
varying functions of frequency.

Tables 2 and 3 give the calculated values of the equivalent
reflectivity as a function of frequency and rain rate in mm®/m3 and
dBZ, respectively., The specific attenuation (dB/km) is similarly
tabulated in Table_4._ Table 5 shows the volumetric radar backscatter
cross section in mé/m3, also as a function of frequency and rain rate.

Calculations were also performed from 500 to 1000 GHz. However,
at the higher frequencies the reflectivity appeared to be quite sensitive
to the method of numerical integration. This appears to be a result
of the fact that the incremental drop size, dD, of 0.08 mm could
be too coarse since it represents a significant fraction of the wave-
length of 0.3 mm at 1000 GHz. Smaller incremental drop sizes caused
other computational difficulties; hence, these results were considered
to be unreliable and were not included in this report. The specific
attenuation did not exhibit the sensitivity described above for the
reflectivity.
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Table 1
POWER LAW COEFFICILENTS

FREQ. ZEQ ALPHA
(GHZ) A 8 A 8
1.0 2,9622E 2 1,466 1,0705F & +80%
1.5 2,9629E 2 1,463 1.9762€ % 868
2,0 2.9€60E 2 1,457 3.3694F o4 .904
2.5 2,9724E 2 1,450 D d46TE =4 o993
3,0 L bt o 1,442 7.5150F ¢ ,263
5.5 2,9336E 2 1,444 S 0283820 1,029
u,0 2,8648E 2 1,4%4 1,3446F &3 3012
%,0 2,7069E 2 1,4L8 2,2139¢ <3 3.132
6,0 2,6022E ¢ 1,523 3,4753F -3 1,163
7.0 2,%693F 2 1,549 $,2129¢ .3 1172
R0 2:5938E - 2 1,564 T A734F &5 1,169
9.9 2,6599F 2 1,569 1,0261F -2 1,160
10,0 2,7588SE ¢ 1,567 1,3572F 2 3330
11,0 - 55 Yol etme ghe 1,560 1,7382¢F <2 1,139
12,0 3,0014E 2 1,549 2.16713F 2 1:.130
15,0 3.4293€E 2 1,498 3,7351F .2 1,108
20,0 4,056%€ 2 1,387 7.3659F <2 1,080
2%,.0 4,5139E 2 1,271 3.2505F o1 1,048
30,0 4,5969E 2 1,164 1,9496F 1 1,010
35,0 NoRENYE D i,070 2.8118F o} 972
4n,0 3,9775E 2 ,989 3,8292€ .1 .954
50.0 €,9625€ 2 662 6,0996¢F -1 .869
60,0 2.,0507E 2 5112 B,4106F o1 819
70.0 1,3789E 2 .708 1,0532F 0 781
60,0 99,2273 1 662 2.2573¢— 0 A
90,0 6,2254€ 1 629 PR T LY L et st 30
100,0 4,2625E 1 .605 3,.,5203F O o713
110,90 2.9707€ 1% 568 1.6267 -0 .699
126,90 2.109%€ 1 5715 Bl K0 DT ik 587
150,0 8,4153E © 556 1,9048F O 663
200,0 2.,4548E O .O49 2,0792c © 629
220,0 9 3883E ) P2 2161300 NCPE)
300,0 4,3252F «1 554 2,2094F 0 =617
350.0 2.2732E =} .55% Ssent6l — 0 €11
400,0 1,3512E =) 553 2oa2edE D ,bug
50040 S,4676E -2 «550 2,196€F 0 .608%
8

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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Table 2

EQUIVALENT REFLECTIVITYs 2EQ (MMesg/Moe3)

FRFQ. RAIN RATF (MM/HK)

(GHZ) 1,27 2.% 12,70 2%.40 50,80 101,60 152,40
1.0 CRETT Tl SR 10 L Rl B SR el VL TR T, T A 2.59E 9 W,68E S
1.9 NoBE 2 1,168 B 22868 | DRAE 8 9BIE N 2.95C |9 N.50€ )
2,0 S ATE R RRE B LR NI LR “ 4S5 9
2,5 W ASE B R ABE S g Sel N BLReE N SRR (Y 2,40E S & 26E S
3,0 e TR R WG BTN S A T BB B T S.6TE '8 2 32 B '8.108 D
3,5 Nod1E 8 ALL0E | S M IeE N aINE N N8B B0E | D NelBE 'R
4,0 .00 2 3,12 B .,39C % B30 4 WK 6 SLOTE B N80k D
5,0 W 00E 2 1,306 3 1.,13F & 3,13 & 0,96 & 2,68t 35 5,18t 9
6,0 U el Al L SRS il TR 3.0 oty Pl 9.,9% & 2,08 S S5,97: S
y B.98C 2 3,09C 3 2.2l 8 360 & 2000 S BN B 65 B
8,0 $.99 8 R0 B 1.29C 8 i BNE 8 3,89 5 SATE  BISPNED
9,0 S, 026 21,108 B A.BTFE 8 NGAVE 8 B.2BE B 1 B.B2E (9 TANE 'S

10,0 N,09C 2 1,16k 3 1.99E 8 S.42F 8 3,38, 5 S.0%n 5 Ta% O
11,0 .37 23,206 3 1.9¢€ N N,60C & 1,582 S 3,088 5 V028 B
12,0 BL2EE R RNE R LR W TR S.BVE: |8 R T
1%,0 0.576 B 3,058 B.00r N N 8 1 B0E B B 3TE 5. BT0E 9
20,0 S0 RUIEGSTE N ESSRE N SR 3,00 8 Q2,35 5 3,706 9
25,0 8 206 | 2 SL8TE B L 0TE N DLISE |8 VeRIE N B D0 i 2,28 S
30,0 S. 086 2 E,00€ B 3,00C N B,SKE N SBEE N 9,89 N JB80 5
3%,0 N T2E B 3,206 'S B0 B ASNE N BASE N BLTVRE (8 . TeANE W
40,0 BRI 'R 3.01E 3 8.95C B 1,18 8 R.00C N B B6E N 78 %
50,0 Bi4a€. '@ S TAE Il iSlysE | B S SNE IE L WP PE S TS 1,956 &
60,0 S SRE B S.20L 2 A OWE B ROIE. B NAGE B GLETE B BTRE Y
70,0 oSt RSTRE e R R RS DOE - 2,32 3 3.,%E 3 &, 3% 3
60,0 9.7 3 1.7% 2 B .SuE 2 0,5 ‘2 3,00 F .09 % B0k 9
90,0 PP CHEWEY T U TR S W e o R i Y el e L S

100,N S.60FE % T.O0L T BISE R BATE. 2 SAT B TR B S ¥

110,0 B.P5C 1 B,23E 1 1.,%F 2 A,07C (2 8,09C R 8. 0% T D0k 2

120,0 2,306 1 3,656 1 9,535 1 1,80E 2 2,0% 2 2,96 2 .6t 2

10,0 SV T R R Tl R - T i o S Wi W L e R e Sl

200,0 2.78C 0 S.ABC 0 9.9 0 1.85C 3 248 1 3,09 % S.005 3

250,0 $.076 0 3,90C 0 B, 70E G DO 8NN B BBOK . BePk B

300,0 8,98 o1 To27E o1 1.,79F 0 @2,5F€ © 3,75€ 0 95.,61€ 0o 7,09% 0O

350,0 2.63C o1 B.03C «1 9,19¢ o 1,35 08 2,00 0 2,97 0 3.,%E 0O

400,.0 L1o5GE o1 2,28F o1 S.33F o) 7.,83€ =1 1.16E 0 1,73 0 2,19 O

500,0 6o36E =2 F.15F =2  2.,16E =1 317F el 9569E o1  T.00E =1 6.09E &1
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IV.  SUMMARY

The equivalent reflectivity, Zeq, the specific attenuation, a,
and the volumetric radar backscatter cross section, n, associated
with rain rates from 1.27 to 152.4 mm/hr were calculated for 36 fre-
quencies from 1 to 500 GHz. The rain drops were considered to be
dielectric spheres and classical Mie theory was used. HNo corrections
for distortion of the drops were made. The Marshall and Palmer drop

size distribution was assumed and the rain ten' :rature was taken to be
0°C.

The results for Ze , and at gere then shown to be closely approxi-
mated by power laws of the form aR® over the entire frequency and rain
rate ranges considered. The values of the a's and b's were given and
shown to be smoothly varying, well behaved functions of frequency.
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APPENDIX
SCATTERING BY A DIELECTRIC SPHERE

Consider a dielectric sphere having a radius a and complex
relative dielectric constant

. _E . 0
S k= WAL}
0 0
where,
= relative complex dielectric constant
€ = real part of €
€y = dielectric constant of free space
o = electrical conductivity of the dielectric

w = radian frequency.

The complex index of refraction is

—

n =ve_ ., (A2)

Let a plane wave

be incident on this sphere.

I' = incident electric field of wavelength A

k %1 = propagation constant in free space.

1]

1]

Then the attenuation cross section, Qt' is [4]

and the back scatter cross section, Qb‘ is
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AR (-1)"@n+) (2 - b)) |2 m’ (A5)

n=1

where the Mie coefficients a and bn are given by

30003 (011" (o) Inged (n 0] 1"
" n (o) In e, (ne)1' i (n o)[pn"’ ()"

dp(e)Inged, (o)1 =ns, (0 o) od, ()]
ngjn(nco)[ohgz)(o)]'-héz)(c)[ncpjn(nco)]'

(A7)

hp, Jjn and N, are spherical Hankel and Bessel and Neumann functions,
respectively, where

p = ka (A8)
02 o) = 300 - 3 M) (89)
Letting Zn = jn or hn and using the recursion relationships [7]
(o) = gy [Z, 4 - (4102 ,1] (A10)
P n n n n
and
dfpZ (0)]

' _ n
—& — *° Zn(P) + Zn(D) = Zn(ﬂ) *yT P Zn-](“)'
SRR ARITY (A1)

the derivatives can be eliminated from tquations (A6) and (A7). For
n>1 a, and b can be rewritten in the form
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a, = {jn(ncp)[njn_](p) = (n+1)5, 44 (0)]
= nedp(e)ng, _(np) - ("+])jn+1("c°)]}/
{nch,(,z)(o)[n.in_](nco) = (+1)341(ne)]

- Gplnedinn{Z) o) - (ﬂ+1)h,(131)(o)]} (a12)

n
b, =i, (e) J"(nco) -z—pT [nip_y(nee) = (n+1)5, 1(n )]

nedp(n cp)[- T—T["] (p) - (n+1) Jipa (e _J}/

ndp(nee )!; n{2)(o) 2——; [nhl(f])(p) - (n+1) n(Z

@, [ fieP .
- hy o) i, (ne) + m[lh (nep) = (n+1)3, ,1(ne)]

(A13)

which is more suitable for computational purposes. Similarly, for n=0:

ao = {"Cjo(p)j](ncp) - jO(nCp)j](p)}/

{J (no$B (o) < n_ éz)(O)J’](nco)} (A14)
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——t

b, * {jo(p)[jo("cp) - nejyne)]

= ndg(ne)n i (e) - ncpj](o)]};/////
r

\ncjo(ncp)[nchf,z’(p) - non{2 o))

- héz)(p)[jo(ncp) - ncoj](nco)]}
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