
operators  are  in  direct voice communication,  their 
measurements  are  performed on the  same  burst. To will 
vary from  burst  to  burst,  while 6 remains  constant  for 
numerous  paths if the  frequencl-  standards  at each  ter- 
minal  are  maintained a t  sufficient accuracJ-.  The  dif- 
ference  between  the  two  readings is (To+6) - (To-6) 
or 26. Therefore,  the  resolver at   Station 2 is adjusted 
by  an  amount  equal  to 6, so that  the  transmitters will 
then  be  driven  in  synchronism. 

This  method of instantaneous  time  synchronization 
is  unique  in that  the  actual  propagation  time is mea- 
sured, which eliminates  the  calculations  required  in 
Loran-C.  There  are  several  reasons,  however,  why  this 
technique is not used in a n   H F  time  synchronization 
system:  1)  multipath  phenomena  prevent  the  leading 
edge of a  pulse  from  being resolved to  better  than a few 
hundred  microseconds; 2) the ionosphere  exhibits con- 
siderable  phase  instability  in  the H F  region of the 
spectrum,  and 3) the allowable  bandwidths  are  rather 
narrow.  These  factors,  then,  eliminate  using HF for  a 
very  accurate  phase  detection  system  for  time  synchro- 
nization.  Skywave  interference is another  limiting  con- 
dition.  The  meteor-burst  propagation  mode,  however, 
is not seriously  limited by  these  factors. 

*A complication of the  Boeing-ERL  meteor-burst 
time  synchronization  system is the  requirement  for  a 
transmitter-receiver  pair a t  each  terminal of the link. 

The  slave  station,  however,  must  transmit a pulse train 
only  upon  interrogation,  and  then  requires  modest 
power and  a  rather  simple VHF antenna.  The  opera- 
tional  range is such  that six  master  stations  could  syn- 
chronize the  entire  United  States, while the use of mod- 
erately  directional  antennas  reduces  the  probability of 
interchannel  interference. 

CONCLUSIONS 

In  summary,  the  results  presented  here  indicate  that 
VHF signals  reflected  from meteor  trails  exhibit  ex- 
tremely  stable  phase  characteristics.  For  average  trail 
durations,  changes in propagation  path  delays  are less 
than  txenty nanoseconds  for  individual  trails,  and,  for 
the 550-mile link  described,  variations  from  trail  to 
trail could  be  placed in a 200 microsecond  time  block. 

The  experiments  indicate  that  the  medium itself 
would not  be  the  limiting  factor  in  time  sl-nchronization 
sJ-stems  capable of accuracies  on  the  order of a3few 
hundred  nanoseconds. In  addition,  the  feasibility of a 
meteor-burst  instantaneous  time  synchronization  sys- 
tem  has  been  established  by  the  first  manual  system 
which,  even  though  rather  crude,  still  was  capable of 
synchronization  accuracies  on  the  order of 10-20 micro- 
seconds. The  automatic ssrstem, currently  under  con- 
struction,  should  greatly  improve  upon  this figure. 

Rainfall  Attenuation of Centimeter Waves: Comparison of 
Theory and Measurement 

RICK4RD G. MEDHURST 

Absfrucf-Numerical results  for  attenuation of centimeter 
waves  by  rainfall have  been computed  from J. W. Ryde’s  formula. 
These  correct,  and  considerably  extend,  the previously  published 
Ryde  results. Comparison  with  available measurements  suggests 
that  the  agreement is not entirely  satisfactory;  there is a tendency 
for measured  attenuations to  exceed the maximum  possible  levels 
predicted  by the theory. 

I. IKTRODL-CTION 

PRESEKT,   LHF/SHF line-of-sight  radio  relay 
systems  operate  in  frequency  bands in the neigh- 
borhood of 2  Gc/s, 4 Gc/s, 6 Gc/s,  and,  most 

recently,  11  Gc/s. Also available,  and  under  considera- 
tion, is a band a t  18 Gc/s.  -Attenuation by  rainfall is of 
no importance  in  the 2-Gc/s band,  but  can become of 
increasing  concern  as  the  frequency  increases.  At  11 
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Gc/s  rainfall  attenuation  may  represent  a  severe  limita- 
tion  on  system  performance.  Prediction of the effects 
of rainfall  in  a  location  in  which i t  is  proposed to  install 
a radio  link  thus becomes important;  this  may  be 
the  deciding  factor  in  the choice of operating  frequency. 

A theoretical  approach  to  this  problem  was  developed 
by J. IV. Ryde 111-[3] during IVorld LVar 11, and  has 
formed  the  basis of much  subsequent  work.  However, 
attempts  to  deduce  attenuation levels from  Ryde’s 
results,  for the  frequencies  previously  mentioned,  showed 
that  the  parameter  values chosen by  Ryde were too 
widely  spaced to  permit reliable  interpolation.  Conse- 
quently, i t  was  decided to  carry  through  the  Ryde com- 
putation  for  a  much  more  comprehensive  series of 
parameter  values. Differences appeared  between  the 
newly  computed  results  and  those of Ryde,  et al. [SI; 
the  discrepancy  being  traced to   the necessity  in the 
early  work (which was  done  under  pressing  war-time 
conditions  and  without  modern  aids of computation) 
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of basing  certain  intermediate  curves on an  inadequate 
number of points. 

The  present  computed  values  cover  the  wavelength 
range  from  0.3 to  15 cm,  and  precipitation  intensities 
from 0.25 t o  150 mm//hour,  and  are  at  intervals suffi- 
ciently close to allow accurate  interpolation. 

The  theoretical  figures  are  for  uniform  rainfall  along 
the  path between transmitting  and receiving  antennas. 
Predictiop of the  performance of actual  links  depends on 
knowledge of the way- in which  rainfall  intensity  tends 
to  vary  along  the  path (which may  be of the  order of 30 
miles  in length). A working  basis for this is suggested by 
Bussey [4], but  it   appears  that meteorological  informa- 
tion is quite  inadequate,  and  there is a need  for a  great 
deal of systematic  measurement of instantaneous  rain- 
fall  intensity  distributions  over  large  areas,  under  vari- 
ous  climatic  conditions. The  results of measurements of 
this  kind would provide  a  firmer  basis  for  predicting 
attenuations  under  operational  conditions in climatic 
regions  similar to  those in which the rainfall  intensity 
distributions mere determined,  though  the  picture in 
other regions  (e.g.,  tropical)  may well be  substantially 
different. 

KO systematic  comparison  seems  to  have  been  made 
between the  theoretically  predicted  rainfall  attenuation 
levels and  those  found bli experiment.  This  has  been 
done  here for  all sets of measurements  (made  under 
sufficiently  well-defined  meteorological conditions) 
which  could  be located in the  literature. I t  appears 
that  the  agreement is not  completely  satisfactory. 
Almost  always a wide scatter of points is reported.  In 
many cases,  a  substantial  proportion of the  points lies 
within  the  extreme possible limits of theoretically  pre- 
dicted  attenuation,  but  there is a  marked  tendency  for 
observed attenuations  to fall well abow levels which, 
according to  the  theory,  cannot  be exceeded. 

11. THEORETIC-IL EVALVATIOS OF ATTENUXTIOK 

BY RXIKFALL 
The  analysis in [1]- [3] is based on the following: 

;JTX3 

Attenuation = 1.343 - -4.i,105 dB,.’km, (1) 
27i 

for a hypothetical  rain  consisting of drops of equal 
diameter;  the  drop  concentration  supposedly  uniform. 
In  this  expression, 

- 37 = number of drops per cubic centimeter 

X = wavelength  (cm) 

where 

J , ( s )  = the Bessel function of the first kind of order Y 

&(x) = &(x) +jC,(.r) 

CY = rD/X 

D = drop  diameter (cm) 

wz = 9 - jvx = square  root of the complex dielectric 
constant of water. 

Expression (1) (first  given by G. Mie in 1908 [26]), 
is derived [28] by considering the  interaction of a  plane 
wavefront  with  a  single  spherical  drop. I t  is assumed 
that  the  total  attenuation is proportional  to ;I7. Neces- 
sary  conditions  for  this  to hold appear  to be 1) that  the 
drops  are  randomly  scattered,  with  uniform  average 
density,  throughout  the  space between transmitting 
and  receiving  antennas, 2) that  the  assumption of a 
plane  wavefront at each drop position is adequate  (this 
is clearly  not so in the near-field  region of each  antenna), 
and 3) that  interaction between  drops is neg1igible.l 

The  fundamental physical quantity in (1) is wz. Saxton 
[5] gives the following  semi-empirical  expressions  for the 
real  and  imaginary  parts of m :  

where 

27i x 3 x 1o1o 

x 
z = UT0 = TO. 

Saxton  recommends  that eo be  taken  as 5.5. T ~ ,  which 
is temperature  dependent, is to  be  read from  Fig. 4 of 
Saxton [SI ,  and es, also  temperature  dependent,  from 
Table  3 of Saxton [SI,  or  Table 4 of Lattey  et  al.,  [6]. 
At 20°C, T~ = 8.1 X es = 80.08. Table  I  gives  some 
computed  values of rn for this  temperature. 

In  order  to  relate  the  attenuation  to  the  precipita- 
tion  rate p mm/hour,  rather  than  to N (the  average 
number of drops  per  cm3), i t  is necessary to  have  a  rela- 
tionship  between N and p .  This involves the  terminal 
velocity of the  drops (which is dependent on the  drop 
diameter).  It is readily  shown  that 

p = 6rrX1O5z1;TD3 

= 1.885 X 1060;YD3 mm/hour (3) 

where v is the  terminal  velocity  in  meters  per  second. 

when the distance  between drops is greater  than five times  their 
This is stated by Ryde [ 2 ] ,  p 3,  to be an allowable  assumption 

diameter, as normally will be the case. 
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TABLE I 
REFRACTIVE AND ABSORPTION IKDEXES FOR WATER AT 20°C 

x (cm) 
m = rl - h x  

I i t ?X 

0.3 
0 .5  

3 .O 
1 .a 

10 .o  
5 .0  

3.509 
4.370 
6.000 
8.251 
8.670 
8. 875 

2.010 
2.524 
2.849 
1 .827 

0.627 
1.202 

15 .o I 8.916 1 0.422 

D R O P  DILCILT- (-s) 

Fig. 1. Terminal velocity of raindrops as a function of drop diameter. 

TABLE I1 
TERNINAL VELOCITIES OF DROPS OF VARIOUS SIZES 

0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 

v 
( 4 s )  (mm/hour for N = l )  

p =  1.885~D~106 

2.06 
4.03 
5.40 
6.49 
7.41 
8.06 
8.53 

9.00 
8.83 

9.09 
9.13 
9.14 
9.14 
9.14 

4.854X1OP 
7.597X103 
3.435 X lo4 
9.787X10' 
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TABLE 111 
DROP-SIZE  DISTRIBUTIOXS FOR VARIOUS PREXIPITATIO?; RATES 

Precipitation 
rate  (mm/hour) 

Drop size (cm) 0.25 1 1.25 
(mean in interval) 

0.05 
0.1 
0.15 

0.4 
0.45 I 
0 .5 
0.55 
0.6 
0.65 
0.7 

Percent of total volume 

2.5  1 5 

7.3 
27.8 1 20.3 

4.7 

32.8 31.0 
19.0 I 2 2 . 2  f . 9  , 11.8 
3.3 I 5 .7 
1.1 
0.6 

2.5 

0.2  0 .5  
0 . 3  

1 .o 

I 

12.5 

2.6 
11.5 
24.5 
25.4 
17.3 
10.1 
4 .3  
2 .3  

0 .6  
1.2 

0.2 

Values of Y are  shown  plotted in Fig. 1.2 Terminal 
velocities  read  from  the  curve of Fig. 1 are  given  in 
Table 11. 

Finally,  to  relate  attenuation  to  an  actual  rainstorm 
(rather  than  to  a fictitious  one  consisting of equal-size 
drops), i t  is necessary to  know the drop-size  distribution 
in rain of given  intensity.  This will vary  according  to 
wind,  temperature,  and  other  conditions (e.g., see 
Grunow [9]). Representative  distributions were ob- 
tained  by  Laws  and  Parsons [ lo] ,  during 1938 and 1939, 
in LlTashington D.  C.  Table I11 is abridged  from  their 
Table 3, with  the  addition of a  distribution for a  pre- 
cipitation  rate of 5 mm/hour, which has been derived 
from  their  Fig.  1. 

T o  evaluate  the effect of the drop-size  distribution, 
suppose  that  for a particular  precipitation  rate,  sal; 
p mm/hour, is the  proportion of the  total  volume of 
water  reaching  the  ground  which  consists of drops 
whose diameters fall in the  interval  centered  on D cm. 
Then, from  (3), 

If the decibel  loss/kilometer  for a rain  concentration of 
one  drop  per  cubic  centimeter,  with  a  uniform  drop 
diameter of D cm, is do [given by (1) with  the omission 
of the  term N ] ,  the  total  attenuation is 

c do Po P 
> 

D 1.885 X 106vD3 

].e., 

* Values of Y are  taken  from  Mason (71, p 436, and from Best [8]. 

I 
I 

_I- 

25 I 50 

7.6 
1.7  1 .2  

5 .4  
18.4 
23.9 

12.5 
19.9 

19.9 20.9 
12.8  15.6 

I O . 2  

100 

4.6 
1 .o 

13.9 
8.8 

17.1 
18.4 
15 .o 
9 .0  
5 . 8  
3 . O  
1 .7  

0 .7  
1 .o  

150 

1 .o 
4 .1  

11.7 
7.6 

13.9 
17.7 
16.1 
11.9 
7.7 
3 .6  
2.2 
1.2 
1 . o  
0.3 

Relations (1) and (4) are  essentially  those  developed 
by Mssrs. Ryde  [3],  and  they  form  the basis of the 
numerical  work  reported  in that reference.  Both  these 
formulas  and  the  numerical  results of Ryde, et al. [3] 
have been extensively  quoted. In  Al’pert [ l l ] ,  for  ex- 
ample,  Ryde’s  tables  are copied exactly,  though  without 
acknowledgment  (Ryde’s  name  is  not  mentioned,  even 
in the  extensive  bibliography  appended  to  Al’pert [ll  I ) .  

Since the  attenuation  values  tabulated in Ryde,  et  al. 
[ 3 ]  were not  computed  at sufficiently close intervals  to 
permit  interpolation  with  acceptable  accuracy (especial- 
ly  in the 5-cm wavelength  region), i t  was  decided t o  
repeat  the  computation on a  more  extensive scale. Due 
to  the  current  availability of electronic  computers,  this 
was  a  much  easier  task  than  that  confronting  the 
authors of [SI. It  appears  that  during  most of the period 
when the original  work was undertaken,  there were not 
even  available  tables of Bessel functions of real argu- 
ment  of  order n++. These  functions  had all to  be  com- 
puted  from  the  complicated trigonometrical/algebraic 
expressions that  represented  them. 

A i  in (1) was  evaluated  for a wide range of conditions 
with  the  help of a  Hollerith Hec. 214 computer.  Chosen 
values of X were 0.3, 0.5, 1, 2 ,  3,  5, 10, and 15 cm. a t  
each X, A i was  evaluated  for a,  taken in  steps of 0.05, over 
a range sufficient to  cover D values  in  the  interval 0.05 
(0.05) 0.70 cm. To interpolate for intermediate  values 
of X, it was  found  convenient t o  plot dD [as in (4) ] 
against X, on  a log per  log  scale,  for the  various  values of 
a. A smooth  curve,  approaching  a  straight  line, is ob- 
tained  in  each  case,  and  far  particular X’s, these  curves 
yield do  values at fairly closely spaced  values of D. 
These  are  then  plotted  against D, and dD is read  for  the 
D values  required. 

The Bessel functions of order n++ and  complex  argu- 
ment,  required  for  evaluation of Ai, were  obtained  in 
two ways. For  the  smaller a values, use was  made of a 
Taylor series  expansion of the  function in powers of the 
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imaginary  part of the  argument.  By  this device, the 
function  is  represented by  a  fairly  rapidly  converging 
series  involving Bessel functions of real  argument  only. 
For  the  larger a's, recourse  was  had to  a  recurrence 
formula  previously used by Aden  [12].  IVriting F ,  for 
S n ' ( x ) / S n ( x ) ,  i t  may  readily  be  shown  that 

TI. I - -  - - F  
x (1 - 1 )  . 

F, = 
1% 

x 
- -  Fn-l 

This is a  somewhat  surprising  relation  since  it  connects 
only  two F's of consecutive  order,  whereas  recurrence 
formulas  for Bessel functions  generally  involve  three 
such  functions. 

Considering  a  hypothetical  rain of uniform drop size, 
the  most physically  meaningful quantity  to  tabulate 
will be the  bracketed  quantity in (4). This  may  be 
interpreted  as  the  attenuation  due  to  precipitation  at  the 
rate of one  mm/hour,  when the  drop sizes are  equal  and 
of the  diameter specified. Numerical  values  are  given in 
Table  IV, which  replaces Table 5 of Ryde, et al. [3]. 

I t  is evident  from  the  form of (4) that  the  maximum 
and  minimum possible attenuations  predicted  by  the 
present  theory will result  when the  precipitation is com- 
posed of drops all of the  same size, D being  such  that  for 
the  particular X the  entry in Table IV has,  respectivelJ-, 
its  largest  and  smallest  value. 

These  maxima  and  minima  are  given in the  bottom 
two rows of Table  IV.  They  sometimes  fall  outside 
the  range of the  entries in the  upper  rows;  this is be- 
cause  they  were  read  from  curves  plotted for each X,  and 
these  curves in some  cases  show  sharp  peaking,  the  peaks 
lying  between  the D values  tabulated.  It will be  appre- 
ciated  that  precipitations  in which the  drop sizes are 
substantially  equal  are  most  unlikely  to  be  encoun- 
tered, so that  these  theoretical  maxima  and  minima 
represent  extreme  outside  limits. 

Figure 2 shows  curves of theoretical  maximum  and 
minimum  attenuations.  The  attenuation, in these  cases, 
is  proportional to  the  precipitation  rate.  The discon- 
tinuities of slope  in the lower curve at X = 1 cm and  the 
upper  curve a t  X = 6 cm occur  because  in  these re,' ulons 
the  drop size  for minimum or maximum  attenuation 
jumps  from  one  end of the  range of D to  the  other  (mea- 
surements of drop sizes  in precipitations  show that D 
never exceeds 0.5 cm). 

The  data  in Table I11 and  Table IV can now be  com- 
bined  according t o  (4) to  give the  attenuation  as  a  func- 
tion of precipitation  rate  and  wavelength,  when  the 
Laws  and  Parsons  drop-size  distribution is assumed. 
The  results  are  shown  in  Table 11. Interpolated  values, 
from  this  table,  for  the  frequencies used  in trunk  radio 
systems,  are  shown  plotted in Fig. 3. 

111. EFFECT OF DEPARTURE OF THE RAINDROP 
SHAPE FROM SPHERICAL 

It  has been  observed by  photographic  methods  that 
raindrops  are  not  truly  spherical  (as  assumed in Ryde's 

theory)  but  tend  to be  flattened,  or  even t o  become  con- 
cave, a t   t he  base, the  amount of flattening  increasing 
with  the size of the  drop.  For  this  reason, i t  would be ex- 
pected that  the  attenuation would  be sensitive  to  the 
polarization of the  radio  wave. 

Oguchi [Is] has  computed  the  theoretically  expected 
change  in  the  attenuation of 8.6 mm  waves  from tha t  
due  to  spherical  drops when the  drops  are  actually 
spheroidal,  with  a  theoretically  predicted  eccentricity, 
a t  terminal  velocity.  Table  VI is a modification of his 
Table 4, and  shows  the  percentage  change  from  the 
Ryde  values  (based  on  the  Laws  and  Parsons  drop-size 
distribution). 

I t  is seen that  at  this  wavelength  the  error  due  to 
deformation of the  raindrops is not  expected  to exceed 
16 per  cent.  This,  as will appear  in  Section V ,  is  consid- 
erably less than  some of the discrepancies  between the 
theoretical  and  measured  values. 

117. EFFECT OF TEMPERATURE 
Two of the  quantities  appearing in (2), for  the 

complex  dielectric  constant of mater,  are  temperature 
dependent.  Consequently,  the  theoretical  attenuation 
levels m i l l  also  depend  on  temperature.  Ryde  has  com- 
puted  correction  factors  (Table  XVI of Ryde et al. [3]) 
t o  allow for  this  temperature effect. His  table,  with a 
slight  modification,  is  reproduced  here  as  Table  VII. 

The  correction  factors in Table  VI1 seem not  to  show 
an); veq-  clear  trend.  In  the  temperature  range 10 t o  
30°C, and  for  wavelengths of three cm or less, they  do 
not exceed +20  percent,  and  are  generally  much less. 

V. MEASURED RAIKFALL XTTEKGXTIONS 

The usual  procedure  for  measurement of rainfall 
attenuation  has been the  straightforward  one of setting 
up  transmitting  and receiving antennas  at  the  ends of 
a  line-of-sight path,  and  locating along the  path  what 
is hoped to  be  an  adequate  number of rain  gauges. All 
but  one of the  sets of measurements  discussed  here mere 
carried  out in this wag;. An  immediate  difficulty  that 
presents itself consists of a conflicting  requirement on 
the  antenna  spacing: unless the  antennas  are spaced 
apart  by  a  substantial  distance,  the rainfall attenuation 
will be too small to  be  measurable,  particularly at the 
lower  frequencies, but  as  the  spacing is  incremented,  it 
becomes  increasingly less likely that  at any  instant  the 
precipitation will be  uniform  along the  path. 

Another  difficulty  involves the response  time of the 
rain  gauges,  and  the  coordination in time of the  instan- 
taneous  rain  gauge  readings  with  the  measurement of 
the  radio  wave  attenuation.  Whereas  the  measured 
attenuation  changes  virtually  instantaneously as the 
precipitation  rate  fluctuates,  the  rain  gauge,  which  is 
normally  a  device for  collecting a sample of the precipi- 
tation  and delivering i t   to  a graduated  measure, will 
show  considerable  lag  when  precipitation  fluctuations 
are  rapid. 

Yet  another source of error is the effect of wind.  The 
rain  gauges  normally  present  a  horizontal  collecting 
area;  under  conditions of wind,  and  especially  gusty 
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Fig. 2. Theoretical maximum and minimum at- 
tenuations  due  to rainfall. 
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Fig. 3. Theoretical rainfall attenuation  (various frequencies) 



. TABLE VI  

ATTEKUATIOSS AT 8.6  MM DUE TO DEPARTURE OF THE DROP 
SHAPE FROM SPHERICAL (-%FTER OGUCHI [131) 

EXPECTED PERCEKTAGE CHAKGE IS  THE RYDE THEORETICaL 

Percentage  change in attenuation 
(measured  in dB/km) Precipitation  rate 

(mm/hour) j Vertical 
I polarization I Horizontal 

polarization 

o.25 I -7.8 
-4.9 

1.25 
2.5 

12.5 
-8.9 

25 
-11.7 
-13.2 

50 -14.6 

150 
-15.9 
-15.9 

100 I 

+2.5 
+2.4 
+2.5 
+2.2 
+O .3 
+1.T 
+O .9 
+l  .o 

T-%ELE V I 1  
EXPECTED PERCENTAGE CHANGE IN THE RYDE THEORETICAL 
ATTESUA4TI0NS DUE TO TEMPERATURE CHAYGES (REFERRED 

TO THE ATTEKUATIOS AT 18°C) (AFTER RFDE 131) 

Precipita- ' x 
tion  rate ~ 

( m m h o u r ) ,  (cm) 

I Percentage  change in attenuation 
(measured  in dB/km) 
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-2 0 
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wind, it would  seem  likely that  the  water  density in the 
air, for a given  precipitation  rate  on  the  ground, will be 
different  from  what i t  would  be during  calm  periods. 

No rainfall  attenuation  measurements  have  been  re- 
corded  for  wavelengths  greater  than 3.2 cm. An attempt 
was  made  by \Volff and  Linder  [I41  to  measure  rainfall 
attenuation of 9-cm waves  over  a  two-mile  path,  but 
they  found  no  detectable effect, and concluded that  the 
attenuation was  less than 0.1 d B  per mile. 

Table VI11 summarizes  the  available  published  in- 
formation  on  rainfall  attenuation  measurements. I t  
will be  apparent  from  the final column  that  these 
measurements  are of varying  degrees of reliability. 
In  no case is the  ambient  temperature  recorded. How- 
ever,  Table  VI1  shows  that for  these  short  wavelengths 
temperature effects  would not be  expected to  be large. 

411 the measured  points  given in [15]-[25] are dis- 
played in Figs. 4-18. In each  figure is shown  the maxi- 
mum  and  minimum  theoretical  attenuations (full lines), 
taken  from Fig. 2 ,  as well as  the  theoretical  curve 
(broken  line),  based on the  Laws  and  Parsons  drop-size 
distribution,  taken  from  Table V. I t  will be  seen that  
in the  majority of cases there is a  marked  tendency  for 
measured attenuation  values  to fall above the  maximum 
possible  predicted by  the  theory,  often  by  a  considera- 
ble margin.  Attention is called particularly to  the  mea- 
surements of Anderson,  et  al.  (Fig. 6),  which  seem to  
have  been  conducted  with  unusual  care. 

Thus,  the  applicability of the  Mie  theory  to  the  prac- 
tical  rainfall  situation  cannot  be  said  to  be  demon- 
strated.  In view of this,  and  also of the  very large  scat- 
ter in the measured  points that  is often  observed, the 
attenuation  curves  obtained  by  applying  the  Mie  the- 
ory  to  the Laws  and  Parsons  drop-size  distribution  can 
only  be  taken  as  giving  a  rather  crude  order of magni- 
tude. 

attempt was  made  to  derive  empirical  bounds  and 
means  for  rainfall  attenuation.  The  Ryde  theory pre- 
dicts  that at a  particular  wavelength  the  attenuation 
will not be  strictly  proportional  to  the  precipitation 
rate,  the reason  for  this  being  the  variation in drop-size 
distribution  with  precipitation  rate.  However,  in  most 
of the  sets of measurements,  the  scatter of points  is 
such that   any more  refined assumption  than  a  linear 
dependence of attenuation on precipitation  rate is not 
justified.  Assuming a linear  dependence,  two lines of 
appropriate  slope were drawn on  each  figure  enclosing 
approximately 90 percent of the  measured  points.  Pro- 
portionality  constants  relating  attenuation  to  precipita- 
tion  rate were obtained  from  these,  and  are  shown 
plotted in Figs.  19 and 20. Curves  based  on  Mie's  for- 
mula, as used in Ryde's theory, are also  shown.  Even 
allowing for the  very considerable scatter of points,  it 
is clear that  the  Ryde  limiting  curves  tend  very  much  to 
underestimate  both  the  upper  and lower limits of atten- 
uation. 

Figure 21 shows  mean  attenuations  for  each  set of 
measurements  obtained  by  averaging  the  upper  and 
lower limits  displayed  in Figs. 19 and 20. Also included 
is a point  based  on  the  measurements  reported  in  Ander- 
son,  et  al.  [I71  and  reproduced  in  Fig. 6. These  latter 
measurements  give  points  lying so closely  on a  straight 
line that  there would have  been no  point in plotting 
upper  and lower limits. 

Lines drawn  to lie evenly  among  the  points of Figs. 
19, 20, and 21 are shown  in  Fig. 22. I t  will be  noticed 
that  the  "mean" line does  not lie everywhere  halfway 
(linearly)  between  the  two  extreme lines. This is largely 
due  to  the considerable  weight that  has been  given to  
the  results  from  Anderson,  et  al. [17]. In  the  present 
state of knowledge, i t  would appear  that  these curves 
form  the  best  available  basis for system  design. 
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TABLE 17111 
PUBLISHED kIEASURENENTS OF RAINFALL ATTENUATIOK OF kfICROWAl‘E RUXATION 

Path  length Sumber of 
ah gauges 

Figure 
number 

12 

Reference 
number 

[I31 

Remarks Polarization Authors 

Robertson  and  King 3 . 2  Horizontal 900  feet 1 These measurements were made  during  two  storms only. 
In one, the rain gauge was  about 1000 feet  from  the 
transmitter.  and.  in  the  other,  about 500 feet  from  the 
receiver. in each case on a line  perpendicular  to  the 
transmission path. The  rain  gauge  gave  average  inten- 
sity over about  one  minute. 

13 Hathaway  and Evans 2.63 Kot  stated 27.7 miles 13 The rain  gauges were spaced at approximately two- 
mile in t ends .   I t  was  assumed that  the  rainfall  was uni- 
iorm for  one mile each  side of a rain gauge, and  the 
measurements mere reduced  to  give  the  attenuation  for 
rain of uniform intensity  by  a semiempirical method. 
The  assumption would not  usually be expected to be 
valid. 

The  measurements mere performed in  Hawaii, in a re- 
%ion of v e F  high rainfall.  Unusual  care  was  taken to 
sorrelate  the  rain  gauge  reading  times  (synchronization 
within 5 2  seconds  is  claimed),  and to  ensure that  the 
rainfall  intensity  was  uniform  over  the  transmission 
path. I t  is stated  that  such  periods of uniformit,: seldom 
lasted longer than 60 seconds. These  appear  to be among 
the  most  careful  measurements recorded. 

Two rain  gauges were located, one a t  the receiver and 
one a t  the  transmitter.  and  a  third,  about  one-third of 
the way between. and  nearer,  the  transmitter.  The 
gauges were seelf-recording the dock? of two of them 
are  stated  to be unreliable. The raintall recorded  was 
very  nonuniform  along  the  path. The  points  plotted 
have  been reduced from  the original data  by a zraphlcal 
process. The measurements  must be regarded as  very 
unreliable. 

14 Anderson.  Day,  Freres. 
and  Stokes 

1.25 Not  stated 9 6400 feet 

15 Rad0 S o t  stated 3 2.45 miles 1.25 

1.09 Vertical 1260 feet 1 These  measurements mere made  during two storms only. 
In  one  the  rain  gauge  was a t  the  transmitter.  In  the 
other  it was moved to  an  intermediate position. The 
rain gauge gave  average  intensity  over  about  one 
minute. 

16 Robertson  and  King 

17 
___ 

Adam.  Hull, and  Hurst 0.96 Kot  stated 2 km 1 The  rain  gauge w a s  at  the  transmitter. It is  stated  that 
’it was possible to measure  changes in  intensity  that 
lasted one minute or more.” N o  attempt  was made t o  
ensure  uniformity of precipitation  intensity  along  the 
path.  For  such a long  path, this makes  the  results of 
x-ery doubtful  accuracy. 

-4 reflection method  rras  used. so that  the  radio  nave 
traversed  the  path twice. The rain  gauge was read  every 
15.30, or 60 seconds, depending on the  rainfallintensity. 

18, 19 0.86 400 meters 1 Horizontal 
and  vertical 

Horizontal 
and  vertica 

Okamura.  Funakawa. 
Uda,  Kato,  and Oguchi 

Okamura,  Funakana. 
Uda.  Kato.  and Oguchl 

3.55 km 1 20 The  same  method of measurement as  in [ZO] was used. 
I t  seems  very  unlikely that  the precipitation  intensits 
would often  have  been  uniform  along  the  path. 

The  attenuation mas measured by  a  radar  technique. 
Echo  intensity n’as measured a t  quarter-mile  intervals 
up  to  two miles, and a t  half-mile  intervals beyond. up 
to a maximum of six miles. From. these  measurements, 
and with the  help of the  txo  ram gauges,  one a t   t he  
transmitter  and one 1.75 miles away. I t  could be judged 
whether  the  rainfall  intensity  was  uniform  over  the 
path.  Attenuation  measurements  under  nonuniform 
conditions were rejected.  these  occurring  on  about 90 
percent of all occasions when rain  was falling. 

0.86 

21 Robinson 0.86 Circular (see “Remarks”) 2 

3 The  rain  nauges mere arranged one at each end  and one 
in the  mGdle of the  path.  In  the  figure,  the  abscissas 
are  path-means.  obtained  by  averaging  3-minute  values 

rain a t   t ha t  time  had a large r>ainfali area,  and  its van- 
of rain  gauges  along  the  path. I t   i s  claimed that   “ th? 

ation \vas slow with  the  time. 

22 Funahma  and  Kat0 0.66 24 k m  s o t  stated 

23, 24, 
and 26 

~~ 

Vakser 
Vsikov, German,  and Xot  stated 50 meters 2 A rdection method  was used, as in 1201. The  rain  gauges 

were placed along  the  path at a dlstance of 30  meters 
from one another.  Attenuation  readings mere used only 
when the  rainfall  intensities measured by  the  gauges 
were,  the  same,  and  the  intensity \\as not rapidly 

sured  attenuations  were  averaged  over  one  minute 
Rain  gauge a t   the  receiving end of the  path.  The mea- 

intervals,  to  accord  with  the  rain  gauge  measurements. 
which were averaged  over  one  minute. 

w i n g .  

25 Mueller 1 0.62 Horizontal ~ 12OOfeet I I  
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Fig. 4. Measured  rainfall attenuation. X=3.2 cm, 
horizontal  polarization. 
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Fig. 5. Measured  rainfall attenuation. X=2.63  cm, 
polarization not  stated. 
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Fig. 6.  Measured  rainfall attenuation. X = 1.25  cm, 
polarization not  stated. 

Fig. 7. Measured  rainfall attenuation. X=1.25 cm, 
polarization  not stated. 
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Fig. 8. Measured  rainfall attenuation. X = 1.09  cm, 
vertical  polarization. 
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Fig. 9. Measured  rainfall attenuation. X=0.96 cm, 
polarization not  stated. 
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Fig. 10. ivfeasured rainfall attenuation. X=0.86 cm, 
horizontal  polarization. 
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Fig. 11. Measured  rainfall attenuation. X=0.86 cm, 
vertical polarization. 
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Fig. 12. kIeasured  rainfall attenuation. X=O.86 cm, X horiz 
polarization. 0 vertical  polarization. 
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Fig. 15. Measured  rainfall attenuation. X=O.815 cm, 
polarization not  stated. 

Fig. 13. Measured  rainfall attenuation. X=0.86 cm, 
polarization  circular. 

Fig. 16. Measured  rainfall attenuation. X=0.68 cm, 
polarization not  stated. 

Fig. 14. Measured  rainfall attenuation. h=0.86 cm, 
polarization not  stated. 

Fig. 17. Measured rainfall attenuation. X=0.62 cm, 
horizontal  polarization. 



Fig. 18. Measured  rainfall attenuation. X=0.43 cm, 
polarization not  stated. 

Fig. 19. Upper  limit of rainfall attenuation (from 
measurements  reported  in [15l-[25]). 

I 

a 
2 
e 
E 

$ 
2 
0 

5 
$ 0.1 

2 

z A 

2 
< 
U 

f 
E z 

0.01 

Fig. 20. Lower limit of rainfall attenuation  (from 
measurements  reported  in [15l-[25]). 

Fig. 21. Mean rainfall attenuations  (from  measurements 
reported in [153-[25]). 
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Fig. 22. Upper  and lower limits  and  means of rainfall atten- 
uation  (from  measurements  reported in [IS]-[X]). 



VI.  COKCLUSION 

The  most  striking  result of the  present  study is that  
while the  Ryde  theoretical  predictions of rainfall attenu- 
ation  are in qualitative  agreement  with  measurement, 
the  quantitative  agreement is not  always  satisfactory. 
I t  is particularly t o  be  noted that  the  maximum possible 
theoretical  attenuation,  for a given  wavelength  and 
precipitation  rate,  tends  rather  consistently  to lie well 
below the  upper  range of measured  attenuations. 

Part  of the  discrepancy could  be attributed  to experi- 
mental  error.  The  measurement  techniques  that  have 
been used cannot,  by  and large,  be  regarded as  satisfac- 
tory in a  number of respects,  particularly  as  regards  the 
measurement of precipitation  rate.  One  likely  source of 
uncertainty in the  measurements is the effect of wind, 
since i t  is to be  expected that  in the presence of wind, 
and  particularly  gusty  wind,  the  water  density  in  the 
air will be  subject  to  variation  even  though  the precipi- 
tation  rate on the  ground  appears  unchanged. In addi- 
tion,  the  number of rain  gauges is usually quite  inade- 
quate  to  ensure  that  measurements be  made  only  under 
conditions of uniform  precipitation  along  the  path. The 
total  attenuations observed are  sometimes  quite  small 
(for  example,  those  reported in Robertson,  et  al. [I51 
lie in the  range 0.03 to 0.9 dB),  and  consequent measure- 
ment  dificulties  might  account  for  much of the  scatter 
shown  in  Figs. 4-18. It  has been  pointed  out  by  one of 
the referees that  for  the lower precipitation  rates  part 
of the excess attenuation  might  be  accounted  for  by  the 
presence of fog or mist, in addition  to  the  precipitation, 
though  this effect should  be negligible for  precipitations 
of intensity,  say, 50 mmihour  or  more,  where  large 
departures from the  theory  have been  observed. 

Kone of these  considerations  seems  adequate t o  ac- 
count  for  the  more  extreme  discrepancies  between  the 
theory  and  measurement.  Attention is particularly 
called to  the  Hawaiian  measurements, a t  X =  1.25 cm, 
reported in Anderson e t  al. [17]. In  certain  important 
respects,  these  stand  apart  from all other  rainfall a t -  
tenuation  measurements  reported in the  available  litera- 
ture.  The  density of rain  gauges  (nine  along  the 6400- 
foot  path) is  greater  than  has been  described  elsewhere, 
and considerable  care  was  taken  to  ensure  that only 
those  measurements  made  under  uniform  rainfall  condi- 
tions were taken  into  account.  The  range of measured 
attenuations ( 3  to  36 dB) is such  that  measurement  error 
in the  radio  equipment  should be  small.  Whether  for 
these  reasons  or  otherwise,  the  points  obtained  when  the 
measured attenuations were plotted  against  the  precipi- 
tation  intensities possess the  unique  feature of showing 
virtuall?.; no scatter.  They lie on a well defined curve, 
giving attenuation levels  (in dB/mile)  between 14 and 2 
times  greater  than  the  Ryde  theoretical  values. 

I t  would  seem of great  importance  to decide  whether 
this is a  result of general  validity, in which  case the 
scatter  found  by  other  workers would have  to be  pre- 

nique. There is clearly a need for  a  further  series of 
measurements of a  comparable  standard,  both  to seek 
confirmation of these  findings and, if they  are con- 
firmed, to  extend  them  to cover  a  range of frequencies. 

With  the  present  uncertainty in the  experimental 
situation,  it is perhaps  premature  to  try  to  modify  the 
Ryde  theory.  However, i t  is as well to  be  aware of pos- 
sible  ways in which the  theory  may  be  inadequate. 
This  author  has  heard i t  argued  that  Ryde’s  approach 
is so self-evidently  correct that  if there  are  discrep- 
ancies  between  measurements  and  the theorq;, then so 
much the \x-orse for the  measurements.  In  fact,  in  Ryde’s 
theory,  as in most  physical  theories,  there  are  simplify- 
ing  approximations,  and i t  should not occasion undue 
surprise if reliable  measurement  did  not \\-holly confirm 
the  theoretical  predictions. 

One  possible source of error  consists in the  neglect,  in 
the  theory, of multiple  scattering effects along  the  path; 
the  Ryde  approach merely  considers the power ex- 
tracted,  by  absorption  and  scattering,  from  a  plane 
wave,  by  an isolated drop,  this  “lost” power  being  then 
summed  over all drops. 

Another possible source of error is that  the  rain  struc- 
ture  may be more complex than  has been  assumed. In- 
stead of the  rain consisting of drops  scattered  randomly 
through  space,  with  average  separations  very  much 
greater  than  the  drop  dimensions,  evidence  has  re- 
cently  been  produced [ 27 ]  suggesting  that  the  precipita- 
tion  may  tend  to  contain  clusters of two  or  more closely 
spaced  drops. The findings, as published so far,  are 
merely that  the  distribution  with  time of the  number of 
drops  in  a  small  volume  departs  with  statistical signifi- 
cance  from  what would be  expected if clustering  did  not 
occur. I t  is apparently  not possible to  deduce  from  these 
results  any  quantitative  information  about  the  structure 
of the clusters. I t  is to  be expected that  clustering, if i t  
occurs,  could  substantially  modify  the  theory of rainfall 
attenuation of electromagnetic  waves.  Some  prelim- 
inary  theoretical  work  on  these  lines  was  carried  out  by 
Trinks [ D l ,  [SO], who  studied  drop  pairs, on the  as- 
sumption  that  the  drop  diameter is much  smaller  than 
the  wavelength.  Further  work  must  await  elucidation 
of the  nature of the  clusters  by  additional meteorologi- 
cal observations. 
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An Analysis of the Effects of Ground Reflection in 
Line-of-Sight Phase Systems 

MOODY C .  THOMPSON, JR., SENIOR UEMBER, JEEE 

Absfract-The  presence of a  reflected  component in a line-of- 
sight  radio  system Muences  the phase  variability  resulting from 
atmospheric  changes  along  and  near  the  path. An analysis is made 
of a simple case showing the general  nature of this effect and  the 
parameters upon  which it depends. A method is presented  for cal- 
culating the  phase  behavior of the  resultant  signal, in terms of that 
expected  from a single  direct  component, and  the  relevant  system 
parameters. 

INTRODUCTION 

T HE PHASE BEHAVIOR of a radio  wave,  after 
propagation  over  a  line-of-sight  path which in- 
cludes a single  quasi-specular  reflection  mecha- 

nism, is influenced b y  the reflection  mechanism. The 
resultant  phase is determined,  not  only  by  the  atmo- 
spheric  index  along  the  line-of-sight  path,  but  also  by 
the index  along the ground-reflection path.  Further- 
more, the  characteristics of this  additional  path  enter 
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in a  nonlinear  way which varies in importance  depending 
on the  nominal  phase  shift  resulting  from  the excess 
path  length of the reflected ray.  The  latter is determined 
by  the  radio  wavelength,  antenna-reflector  geometry, 
and  the  properties of the reflector.  Since  in  various 
applications  adjustment of one or more of these  factors 
may be  practical,  it is important  to  understand  their 
relationship. 

Utilization of highly  directive  antennas  can  reduce 
these reflection effects  by  reducing  the  amplitude of the 
reflected component  relative  to  the  direct  ray.  Even so, 
i t  is desirable  to  further  reduce  the  minimum  elevation 
angle at which phase  systems  may  be  operated.  For 
elevation  angles less than  the  half-beamwidth of the 
antenna,  the  ground  ray  cannot  be neglected. In  fact, 
the sidelobe structure of the  antenna  pattern  may 
make  the reflection  mechanism important  some  time 
before the dimension of the  main lobe is reached. 

There  are  various  configurations  in  which  this phe- 
nomenon  may  play  an  important role. Ground-to- 


