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ABSTRACT

A survey-type investigation is made into the feasibility of short- and
long-term predictions of attenuation and noise temperature fluctuations
for satellite communications. The feasibility of using a weather radar,
such as the AN/CPS-9, et 9.4 GHz (3.2 cm) for real-time predictions of
the above parameters is explored. The suitability of weather radar for
such applications is evaluated. Raindrop size data and Mie attenuation
theory are used for the derivation of statistical curves that provide
attenuation coefficients for various geographic areas and temperatures.
Related results of other investigators are included. Some concepts are
also presented of Mie vs Rayleigh scattering, absorption vs scattering,
parameter and rain structure variability, path diversity, noise tempera-
ture, microwave radiometry, and dual-wavelength radar feasibility. Fuor-
thermore, information Is added in regard fo some of the general meteoro-
logical as well as the climatological aspects of precipitation, particu-
larly thunderstorms.
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GLOSSARY OF SYMBOLS

Average return power from a target at distance &

Radar equipment constant

Complex index of refraction defined as K = >

Complex index of refraction defined by m =

Real index of refraction

Imaginary index of refraction

Raindrop size spectrum parameter defined by

G(n) = D;BZ(ND6)

+ Z(NDB)

Target equivalent reflectivity factor as determined by the

Mie theory

Target reflectivity factor as determined by the Rayleigh theory

Median volume diameter

Raindrop diameter

Méss weighted average fall speed of the size spectrum

Fall speed of the median volume raindrop

Concentration of drops per unit

Rain intensity
Total tiquid water
Rainfall parameter

Rainfall parameter

content
defined
defined

Attenuation coefficient

Rainfall parameter
Rainfall parameter
Rainfall parameter

Rainfall parameter

defined
defined
defined
defined

by
by

by
by
by
by

N

< = ==

volume

1}

aR
aR

or Z
e

or Z
e

= cRd

= cRd
= eZef
= e/ f

Total path afttenuation defined by A = 6a+h yds

Size parameter where X is the radar wavelength

Attenuation cross section

Total backscattering cross section
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Qa
Qs
v(D)
N(D)
T

o
Bn
Fn

(So/No)min

Te
o(s)
T(s)

Absorption cross section

Scattering cross section

Terminal fall velocity for a drop of diameter D

Number of drops of diameter D to D+dD

Standard temperature (taken as 290°K for electronic equipment)
Receiver bandwidth

Receiver noise figure

Minimum ratio of the output signal-to-noise ratio for farget
detection

Effective noise temperature
Absorption coefficient as a function of distance s
Water drop temperature as a function of distance s

Total precipitation defined by P = 7t where # is the average
rain intensity during time t

Total time during which the storm affects the communication
path between the satellite and ground terminal

Mean scalar speed of the storm at 10,000’

Radar beam's elevation angle
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I.  INTRODUCTION

Atmospheric attenuation for satellite communications is most pronounced
during rainfall wherein the raindrops somewhat scatter and strongly
absorb the microwave radiation. For the wavelengths considered in this
study, the absorption generally constitutes greater than 90% of the total
attenuation. |ts effect has seriously hampered adequate communications
on frequent occasions. A joint communique between the Satellite Communi-
cation Agency (SATCOM) and the Atmospheric Sciences Laboratory (ASL),
dated | April 1968, indicated the need for an investigation and pre-
dictability technique concerning serious or significant atmospheric ef-
fects on satellite communications. This report is, therefore, presented
partially to meet this need by accomplishing two primary objectives, i.e.,
(1) formulation of attenuation vs rainfall intensity and reflectivity.
relationships for several wavelengths, temperatures, and geographic loca-
tions, and (2) feasibility investigation of the use of weather radar ob-
servations for real-time predictions of fluctuations of attenuation and
noise temperature resulting from precipitation regions.

The objectives are to provide the US Army SATCOM with the type of specific
guidelines required, namely, to effect a daily prediction capability

of attenuation due to atmospheric conditions (approximately on a 24-hour
basis) with a capability of updating predictions due to changing weather
conditions, up to several hours before a suspected change. It was also
the desire of SATCOM fo establish the climatology of rainfall attenuation
by location and season based on the best available models. Moreover,

the following was also indicated: '"the updating of ETAC Report No. 4100
(1] with the application of newly developed models, specific locations,
and the addition of 16 GHz (between 1.8 and 1.9 cm) performance would
appear to answer USASATCOMA requirements." It is to be noted that the
ASL weather radar operates at 9.4 GHz (3.2 cm) while the SATCOM agency
commonly utilizes 15 GHz (2 cm) and 7.5 GHz (4 cm) frequencies.

Attainment of the above objectives would enable satellite communication
to proceed along directions and paths of lower or minimum attenuation
after the radar ground station initially verifies areas of high or maxi-
mum attenuation associated with the presence of rainfall. Sufficient
data for an adequate period of time in a given geographic area would
also provide the statistics for formulating attenuation vs rainfall in-
tensities and reflectivities for different wavelengths and temperatures.

A portion of this report is devoted to the feasibility of using the
radiometer to supplement the radar for providing adequate real-time
attenuation data. Such radiometer attenuation information could then
support the radar attenuation data in providing the basis for shedding
one or more channels (out of a possible total of 12, e.g., with modern
multiple-channel equipment). Each channel shed will then provide approx-



imately an additional 3dB of signal strength which in effect will allow
a 3dB additional loss in attenuation without degrading the signal-to-noise
ratios for the remaining channels.

In addition, switched-path diversity operational advantages can be im-
plemented to increase the reliability of adequate satellite-to-ground-
terminal communications. Large spatial variations of rain intensity,
which occur frequently, indicate the need fo investigate the short-term
average rain rate along more than one path. |f, for example, the atfen-
uation along one satellite-to-ground-terminal path should exceed that

of another by at least 3dB, the communication system can be promptly
switched to the more favorable path. This procedure, according to Hogg
[2], can markedly improve the communication reliability aspects by
decreasing the outage time up fo a factor of about ten. He further in-
dicates that a five-month study at McGill University, Montreal, Canada,
reveals that good path diversity should be attainable in a space commun-
ication system with terminal spacings of 10 miles or more for the storm
types encountered during that period and at that location. Heavy rains
are often localized so that it becomes possible fo optimize the distance
between terminal recelving stations fo ensure improved signal reception.
However, the main difficulty presently is in identifying precipitation
areas of various intensities at various altitudes and at different
short-term intervals.

Real-time information regarding attenuation and noise temperature fluc-
tuations, in addition to the above advantages, can permit the implemen-
tation of signal traffic confrol. This can be effected by the efficient
routing and choosing of priority messages.

Due to the wide variations in rainfall attenuation properties, statis-
tical analysis becomes necessary to determine the probabilities of vary-
ing degrees of attenuation for different time intervals in different geo-
graphic regions throughout the world. Such an analysis can ultimately
lead to effective statistical models of varying rain intensity probabil-
ities for different parts of the world which are applicable to military
strategic planning for desirable terminal site locations. Operational
planning could also be benefitted by such models, supplemented by daily
variation probabilities during rainy seasons.

Il. THEORY AND VARIABILITY OF PARAMETERS
A. Reflectivity, Rainfall Intensity, and Aftenuation

. Precipitation and Radar Equations

Rainfall parameter estimates or computations generally start with The
basic radar equation for a nonattenuating radar beam filled with precipi-
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tating particles:

ClK|%Ze
P = s o—
R hZ

where Py is the average return power from a target at distance r, C is
the radar hardware constant,

m -l)

m2+2

K= (

where m is the complex index of refraction of the precipitation particle
defined_in terms of the real and imaginary refractive index as m = n - in'
and {K]Z is frequently chosen to be 0.93 for water in the centimeter wave-
length range, Ze* is the target equivalent reflectivity factor denoted

by the expression:

Ze = 3.5x10°3 %501

where Loi is the summation of the backscatter cross sections of the rain-
drops in a unit volume as determined by the Mie scattering_theory and

A is the wavelength. The units for Ze are generally mmPm=3 where A is
insmillimefers, Zoi in mmz, and the unit volume taken as | cubic meter
(m-).

Rearrangement of the above equation shows that

5 .2
P&&

clk|?

Ze =

5ﬁ and & can be measured with reasonable accuracy with a radar that is
properly calibrated, and Ze can therefore be evaluated. Ze is thus de-
pendent on that portion of the fransmitted energy that is effectively
backscattered into the antenna of the radar receiver. Furthermore, it
can be shown from physical and mathematical considerations that the
magnitude of Ze is dependent on the size distrlbution of the raindrops
within the target volume. Since rainfall intensity and liquid water
content are also dependent on the size distribution, one can readily ex-

Ze is not to be confused with Z which is generally known as the Rayleigh
reflectivity factor and expressed as the summation of the sixth power
of the diameters of the reflecting particles over a unit volume. Ze
represents the more accurate value, particularly when the diameters of
the precipitation particles approach significant fractions of the wave-
length of radiation (greater than about 3%).
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pect some significant relationships between such parametfers as attenuation,
rain intensity, water content, and reflectivity. Such a relationship

(not including attenuatlion) for Z (which is independent of wavelength)

is graphically shown in Figure | [3] which applies to a rather wide

range of rain drops in drizzle, warm rainfall, and temperate-latitude
rainfall. The fixed parameters of the figure are: (1) G(n) = 1.5 and

(2) - = 0.98.
v
O

G(n), a size spectrum statistic, is represented by the expression:
6y = 0z (N0%) & T(ND)

where Dy is the median volume diameter, D the drop diameter, N the

number of drops of diameter D per unit volume, and n is the spread factor
of the size spectrum as defined by a family of spectra. This family of
spectra is denoted by Atlas and Bartnoff [4] as:

D, _ ,3.34.,D ,(18/n)-I D
flzo) = (== () [2 - &

@] O O

2/n]8
The fall velocity parameter is

= 0.98

<l<|

o

where V is the mass weighted average fall speed of the size spectrum and
v, is the fall speed of the median volume drop. In terms of rain rate,
v/vo can be denoted in the following manner:

R(mm hr 1) = 3.6xlo'2v (V/v_ M
O O

[5], where M is the total liquid water content (gm m>) with ¥V and vy
in cm sec™ .

Of primary concern to the communication engineer is the prediction of
path attenuation based on the precise radar-measured reflectivity or

the equivalent reflectivity factor, Ze. The basic relationship between
Ze and R or y (attenuation coefficiegf) is usually expressed as a simple
power law, i.e., Ze = aRP and vy = cR" where the multiplicative parameter
depends on the drop-size distribution for a fixed R and the exponent
parameter depends on the variation of the drop size distribution with a
variation in R. Furthermore, the attenuation coefficient can be ex-
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pressed explicitly as y = e Zef where e and f are regression coefficients.
One procedure for estimating fotal path attenuation consists of calcu-
lating its magnitude from A = fpaThYpred' dS, where A is the total path
attenuation. It is assumed that Ze is adequately evaluated over the
entire path from radar measurements. To optimize the procedure, such
predicted attenuations can subsequently be compared with the observed

path attenuations, and the parameters e and f could then be adjusted

to obtain the best fit between the predicted and the measured attenuation.

Figure 2 from Haroules and Brown [6], based on Gunn and East's work [7],
shows the relationship between one-way attenuation and wavelength for
several rain intensities. Mie's attenuation theory is applied here to
the Laws and Parsons size distribution. The Laws and Parsons experimental
results are actually expressed as a fraction of the total volume of water
reaching the ground due to drops of radius "a" rather than as a constant
size distribution. Table | shows such results as quoted by Ryde add Ryde
[8]. Any extension of the Gunn and East attenuation-wavelength relation-
ship to other cases thus requires adequate knowledge of their specific
size distributions.

2. Rayleigh versus Mie Attenuation

The 1 =tion frequently arises whether the Rayleigh formulation is adequate
for ¢..wrimining reflectivity and attenuation. To answer this question,
the following remarks need to be considered.

Figure 3 depicts the relationship between the Mie and Rayleigh attenuation
for individual drops and indicates, for example, fhat for a water drop of
radius less than about 0.6mm, the Rayleigh attenuation cross section is
within about 20% of that of the Mie attenuation cross section in the wave-
length region of 3cm. Moreover, in the 3cm region, for the Rayleigh atten-
uation cross section *» agree within 50% of the Mie attenuation cross section,
water drop diameter cannot exceed about Imm. The spread between the Rayleigh
and Mie cross-sectional values at a given size parameter becomes greater

for greater wavelengths and less for the smaller wavelengths.

Figure 4 (Gunn and East [7]) gives an example of the Rayleigh-computed
back~scattering cross sections per unit volume of a Laws and Parsons
drop-size distribution and shows a close approximation to that of *he Mie
or exact computed back-scattering cross section per unit volume for wave-
lengths of about 3cm and greater. However, significant differences can
occur for other size distributions as is shown in Section Ill where com-
parisons are made between the reflectivity factor and the equivalent re-
flectivity factor for drop-size distributions observed in New Jersey and
North Carolina.
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TABLE |

FRACTION OF TOTAL VOLUME REACHING GROUND CONTRIBUTED
BY DROPS OF VARIOUS SIZES*
(DROP RADIUS [INTERVAL, da = 0.025 cm)

R (mm/hr) 0.25 1.25 2.5 2.5 25 50 100 150

a(cm) % by Volume of Water Drops Reaching the Ground
0.025 28 i 7 3 2 I I I
0.050 50 37 28 12 8 5 4 4
0,075 I8 31 33 25 18 12 9 7
0.100 3 14 19 25 24 20 14 12
0.125 ! 5 8 17 20 21 17 14
0.150 2 3 10 I3 19 18 18
0.175 I I 4 8 I 15 16
0.200 I 2 3 7 9 12
0.225 I 2 3 6 8
0.250 I ! 2 3 4
0.275 I I 2 2
0.300 | I I
0.37° I !

¥After Laws and Parsons as quofed by Ryde and Ryde (8]




@61 $ISAHA039 0 YOORANYH) 9481 LV HILYM Y04 NOILVAIXOY¥ddY
HO1ITAVY JHL AG N3IAI9 LVHL OL NOILVANILLY VLIV 40 OILVY - € D14

/0L

¢ | ¢0 0 ¢00
| T 0
(wwg) ]
(wwg) 7

(wug) 4 £

m m

(ww)|) 1 =
(wag) E
ES:/\/ ]

001

amt




HADDOCK (EXACT FUNCTION)
) — = — RAYLEIGH (APPROXIMATE FUNCTION) _
10~ I~ (LAWS 8 PARSONS ) e
SIZE DISTRIBUTION S
o' -
|oO -
0
"
£
N 7
(E) ldz — //
- 7
b v
2 S
10° -
// // )\=5.709¢/
7 7
16* - e - -
// // // >\=|O cm
7 J 7
nd s e
16° |- e d
// P WATER AT 18°C
d 7
sV 7
10 [ //
//
|67/ L L L trtltl L bt L1 bttt
1" 10 | 10! 102
R(mm hr!)
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B. Absorption vs Scattering, Temperature Effects, and Size Distribution
One question that must be answered concerning total attenuation is: what
is the relative magnitude of scattering compared to absorption for the
wavelengths of radiation which are of interest in this study? This is
particularly Important, for example, as will be pointed out later, in noise
temperature and radiometer measurements. |f the scattering component
can be assumed insignificant relative to the absorption, then absorption
can be assumed, with small error, approximately equal to the total attenua-
tion. This substitution would be convenient since the total attenuation
coefficient is the parameter which is inferred from the radar measurements,
but the absorption coefficient is required for noise temperature calcula-
tions.

The complex index of refraction of the water droplet is the sole physical
parameter which determines the absorption and scattering of an electromag-
netic wave by a spherical particle of a given size parameter,

0

>\ H

i.e., ratio of particle size to wavelength. The Mie cross sections can
then be precisely calculated for known complex indices of refraction and
size distributions.

Table Il contains the real and imaginary components of refraction for
water as a function of wavelength and temperature. The complex indices
of refraction are given by m = n - in', where n is the real component
affecting the scattering properties, and n' = aX/47 which affects the
absorption properties and is proportional to Im(-k), a = absorption
coefficient, and

I2 - ﬂz—!

[n2+2

2
| K

Some of the features that can be noted from the table are: (1) Temperature
changes affect the scattering properties more than the absorption pro-
perties at the smaller wavelengths, i.e., 1.24 cm. At the higher wave-
lengths, i.e., 3.2cm - 10cm region, the absorption properties are more
affected by temperature changes than are the scattering properties.

One can also note from this table that there are small changes of ’KZI
with ftemperature, indicating relatively small effects of temperature on
Rayleigh scattering in the K, X, and C bands, Beyond the Rayleigh region,
however, the scattering is a complex function of the refractive index,
involving Bessel functions of order n where n varies from | to «, but
according to Ryde [10], the temperature effect on scattering is still



TABLE 11

Wavelength In Centimeters (cm) 10.0 3.21 I.24
20°C |K|2 n = 8.88 0.928 0.928 0.919
Im(-K) n' = 0.63 0.00474 0.0188  0.0471
loec ]K[Z n = 9.02 0.93I 0.928 0.915
Im(-K) n' = 0.90 0.00688 0.0247  0.0615
0°c k|? n = 8.99 0.934  0.930  0.906
Im(-K) n' = .47 0.0110  0.0335  0.0807




not more than a few percent of that for the Rayleigh case. However, for
the Rayleigh case the absorption parameter almost doubles for the 3.2lcm
wavelength as the temperature drops from 20°C to 0°C, i.e., temperature
effects are very marked for small water drops where

%2 < 0.1.

The values of Im(-K) vs temperature from Table |1, moreover, indicate that
the absorption diminishes for the Rayleigh solution with higher tempera-
ture at a given wavelength and at a given temperature with increasing
wavelength. For drop-size distributions containing sufficient numbers

of drops exceeding about | mm in diameter, i.e., rain rates of 2.5mm/hr
and greater (for the Laws and Parsons distribution), however, the Mie
solution yields the opposite temperature effect for 3.2 cm wavelength
radiation in going from 0°C to about 20°C, i.e., attenuation increases

as the temperature increases. This result is verified in section |11

for several drop-size distributions. Figure 5 illustrates the signifi-
cant changes produced in the relationship between attenuation and temper-
ature by varying the drop-size distribution with different rain rates

for the Laws and Parsons distribution.

A plot of

Qa
0s

vs D is shown in Figure 6 for wavelengths (1) of 1.24, 3.21, and 10 cm
at 20°C where Qa is the absorption cross section and Qs is the scattering
cross section, and D is the rain drop diameter in millimeters. The
theoretical relationship

3 AB Im(-K)

21D )K|2

Qa
Qs

is employed for

D
—X—iO.I.

The values of Im(-K) and ]K|2 are obtained from Table Il. The Laws and
Parsons size distribution is assumed in the calculation of Qa/Qs. This
figure verifies that absorption greatly exceeds the scattering for all
wavelengths considered here, particutarly at the greater wavelengths,
for spherical droplets that are small compared to the wavelength, i.e.,
Rayleigh case. |t also shows that as the drop size increases, the ratio
of Qa/Qs sharply diminishes at all wavelengths.

I3
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The temperature correction factors from Ryde and Ryde [81], as applied

to the Mie attenuation as a function of temperature (normalized at 18°C),
rain intensity, and wavelength, for the Laws and Parsons size distribution,
are shown in graphical form in Figure 5. The general tendency is for the
attenuation to increase with increasing ftemperature up to about [8°C for
the 1.24, and 3.Zlcm wavelengths, as vepified later in the empirical data
analysis' section. However, it is interesting to note that the reverse
occurs for the 10cm wavelength and for drizzle-type rain (0.25mm/hr) in
the case of the 3.2lem wavelength.

For the Mie case, Figure 7 (Setzer [11]) shows the ratio of the

absorption coefficient
scattering coefficient

vs rain and wavelength, on a log scale, for Laws and Parsons size distri-
bution at 20°C. |t can be noted that the scattering effects are very small
as compared to the absorption effects axcept for the higher rain intensities
In the K band when the ratio of the absorption to scattering diminishes tfo
about a factor of two.

C. Parameter Variability
|. Varfability in the Z-R Relationship: Z = aR®

Table i1l (Borovikov and Kostraev [12]) shows how widely the a and b
parameters vary, not only according to the rain type and geographic
conditions but also for a given rain type. This can be largely atfribufed
to the wide variation of drop-size distributions plus the fact that many
of the relationships involve the Rayleigh-type calculations where

with n = number of drops of diameter D in a unit volume, with D varying
HmemmrfmmllfoiT

Table 111 shows how the a and b parameters can vary for particular storm
types, e.g., thunderstorms, showers, steady, and orographic rains. For

example, for orographic rain, a and b vary from about 20 to 100 and 1.5

to 1.7, respectively, while for thunderstorms The coefficients vary from
approximately 250 to 485 and from |.4 to 2.4, respectively.
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Values of Parameters in Z=aRb

TABLE 111

from measurement data on raindrop-size distribution.

relationships obtained by various authors

a b Author and Year Location Description
320 .44 Wexler, 1947/104, from the Washington, USA Showers
data of Laws and Parsons,
1943/77/
214 1.58 Wexler, 1947/104/ Washington, USA Showers
from the data of Laws
and Parsons, 1943/77/
224 |.54 Best, 1947/38/ Ainislas[sic], Rain showers
England
630 1.45 Best, 1947/38/ Shoeburyness, Rain showers
England
208 .53 Anderson et al., 1947 Hawaiian Islands Various rains (probably
/37/ nonorographic)
190 1.72 Marshall and Palmer, Various loca- Various types of
1948/81/ tions rain
220 1,60 Marshall and Palmer, Various loca- Various types of
1948/81/ tions rain
295 1.012 Hood, 1950/62/ Canada Rain showers
180 1.55 Boucher, 1951/40/ Cambridge, Steady rains, showers
Massachusetts, and thunderstorms
USA
31,0 1.71  Blanchard, 1953/39/ Hawaiian Islands Orographic rain. Within
cloud.
16.6 1,55 Blanchard, 1953/39/ Hawaiian Islands Orographic rain. At Lower
Cloud Boundary
290 1.41 Blanchard, 1953/39/ Hawaiian l|slands Thunderstorms
396 1,37  Jones, 1955/67/ Central [!linois Various types of rain
USA
486 2,37 Jones, 1955/67/ Central lllinois Thunderstorms
USA
380 1.24 Jones, 1955/67/ Central Illinois Showers
USA
313 1.25 Jones, 1955/67/ Central I!linois Steady rains
USA
160 1.54  Litvinov, 1956/12/ El'brus, USSR Melting granular snow
257 1.55  Litvinov, 1956/12/ El'brus, USSR Melting medium-granular
show
398 .47  Litvinov, 1956/12/ El'brus, USSR Melting nongranular snow
162 1.16 Atlas and Chmela, 1957/33/ Lexington, USA  Steady rains



TABLE 111 (cont)
a b Author and Year Location Description
215 1.34  Atlas and Chmela, 1957/33/ Lexington, USA  Steady rains
350 1.42 Atlas and Chmela, 1957/33/ Lexington, USA  Steady rains
310 .34 Aflas and Chmela, 1957/33/ Lexington, USA  Steady rains
220 .54 Saltman, 1957/21/from the Leningrad Region Showers and steady rains
data of Polyakova and USSR
Shifrin 1953/19/
303 1.7 Shupyatskii, 1957/25/ Moscow Region, Various types of rain, at
USSR rates of: up to 7 mm/hr
405 1.49 between 7 and 60 mm/hr
289 1.59 above 60 mm/hr
[09 [|,64 Ramana Murty & Gupta, 1959 Kandla, India Orographic monscon rains
/88/
342 1.42 Ramana Murty & Gupta, 1959 Delhi, India Nonorographic monsoon rains
/887
217 1.41 Jones & Mueller, 1960/69/ Maimi, USA Steady rains
292 1,42 Jones & Mueller, 1960/69/  Champagne, |11 Steady rains
USA
144 1.60 Jones & Mueller, 1960/69/ Miami, USA Showers
251 1.56  Jones & Mueller, 1960/69/ Champagne, Il  Showers
USA
263 1.67 Jones & Mueller, 1960/69/ Miami, USA Thunderstorms
256 1,67 Jones & Muelter, 1960/69/ Champagne, 1I1  Thunderstorms
USA
219 1.4 Sivaramakrishnan, 1961/93/ Poona, India Thunderstorms
67.6 1.94  Sivaramakrishnan, 1961/93 Poona, India Steady rains
66.5 1.92 Sivaramakrishnan, 1961/93/ Poona, India Warm rains
204 1.70  Muchnik, 1961/16/ Kiev, USSR Showers and steady rains




2. Attenuation Variability

Unexplained variability in attenuation measurements and estimates can occur
as a result of the variation in the Ze and attenuation relationship stemming
from differing drop-size distributions. Also, nonrepresentative sampling
due to large space and time variations can occur.

Large and real variations in aftenuation can occur in space and time due
to large gradients associated with convective shower cells and bands of
showers or thunderstorms. Figure 8 shows the large intensity variations
which occurred in a vertical cross section within a single thunderstorm
during the early part of the mature stage in Ohio. Figure 9 shows the
rain intensity variations (mm/hr) in two cells at Bedfordshire, England.
The contours indicate the rapidity of significant changes which took place
in only two minutes. Figure 10 illustrates significant changes taking
place in a shower In Holmdel, New Jersey, within a time frame of only

10 seconds. |t would be necessary, therefore, in making attenuation cal-
culations for rain showers that short-period integrations be performed

to obtain a better picture of the important changes occurring.

Figure 11 depicts wlde variations of 1.97cm attenuation during a 4-hour
rainstorm In Rosman, North Carolina on | October 1969. The attenuations
are determined from direct satellite-to-earth-station measurements from
the ATS-V experimental satellite. Starting with showers and ending as
continuous rain and drizzle in this case (fime percentage of occurrence
also indicated in Figure Il legend), the attenuation can vary by as much
as a factor of ten. Table IV (lppolito [13]) is presented to indicate
weather category designations.

D. Path Diversity

Rain intensity and attenuation variations in three-dimensional space (or
four dimensions, if one considers time) indicate the need to Investigate
the attenuations along more than one path. This would then lead to the
determination of the outage Time or the period during which the satellite-
earth-terminal communication path becomes inoperative due to the signal
fading or attenuation effects. Should fthe attenuation along one path
exceed that along another, the communication system could be switched to
the second path or vice versa. This alfernating type of operation, which
will Increase communication reliability, is called switched-path diversity.
Hogg [14] reports that this action can decrease the outage time by a
factor of 10 or more, i.e., the attenuation drops below a critical Time
fading probability by a factor of fen. Figure |2 taken from Hogg [2]
illustrates a case for Bedford, England, wherein a significant reduction
in outage time was achlieved by a space diversity of only Zkm.

20



40—
56_ 20

32

50

241

20

ALTITUDE (10° f1)

1 6

0 2
CROSS SECTION (NAUTICAL MILES)

FIG.8 WEST-EAST CROSS SECTION THROUGH AN OHIO THUNDERSTORM
SHOWING THE DISTRIBUTION OF RAINFALL RATE IN mm hi
(HANDBOOK OF GEOPHYSICS [9] )

21



FIG.9 (TOP) PLOT OF RAINFALL-RATE CONTOURS (IN MILLIMETERS PER HOUR),
SHOWING TWO RAIN CELLS ON THE BEFORDSHIRE RAINGAUGE NETWORK;

(BOTTOM) CONTOURS 2 MINUTES LATER (HOGG (2D
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IN MILLIMETERS PER HOUR)

(

SHOWING SEVERAL RAIN CELLS ON THE HOLMDEL

FIG. 10 (TOP) PLOT OF RAINFALL-RATE CONTOURS

, NEW JERSEY RAIN-

GAUGE NETWORK; (BOTTOM) TEN SECONDS LATER. (HO0G6 [2] )
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WEATHER CATEGORY

TABLE tV

WEATHER CATEGORY DESIGNATIONS

(in reference to Fiqure 11)

DEFINITION

. Fog drizzle

A Showers

0 Continuous rain

Localized dense cover, can include very light drizzle.

Moderate to high intensity rainfall characterized by
short durations and rapid fluctuations of intensity,
as well as considerable variation in space. Rain of
this type normally falls from clouds which extend fo
much higher altitudes than those causing drizzle.

A uniform, light fo moderate intensity rain which

covers a relatively large geographical area, and which
lasts for extended periods of time with a fairly constant
rainfall rate. The drop sizes are larger than those
associated with drizzle, and the associated cloud sysfems
generally cover a larger geographical area than those
associated with showers and thunderstorms.
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PERCENTAGE OF THE TIME ATTENUATION EXCEEDS VALUES ALONG THE ABSCISSA
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FIG. 12 DISTRIBUTION, IN PERCENTAGE OF TIME AND MINUTES PER YEAR,
OF ATTENUATION AT FREQUENCY OF 30 GHz ®06G [14D
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Heavy, showery rains are generally quite localized at an instant in time
which makes it possible to optimize terminal receiving station separations.
However, the difficulty lies in identifying the areas, within and among
storm cells at different altitudes, of sufficiently high Intensities tfo
pose an attenuation problem. Correlations of storm intensities and size
distributions over the earth's surface should be established prior fo the
determination of optimum space diversity. Relationships of cell size to
rain intensity require further study as does the correlation of point
statistics at ground level with space statistics.

I1l. Data and Anaiysls

Although rainfall varies greatly from place to place, it is not feasible
to measure ralin attenuation parameters all over the world. |t therefore
becomes necessary to use whatever rainfall data are available to obtain
correlations between the raln and attenuation vs probabiltity of occurrence.
This type of an approach is therefore largely adopted in the presentation
and analysis of the following data from the Illinois State Water Survey
Meteorological Laboratory (ISWSML). However, the communications engineer,
in addition to the question of statistics on rainfall attenuation of the
signal, is concerned with the variaftion of the precipitation intensity
during short time intervals and over short distances so that he may design
space or path diversity into his system, i.e., selecting significantly
lower attenuation paths. Here i1s where rain gauges at optimum spacing
plus drop-size distribution measurements at ground level would be particu-
larly helpful.

To examine the complete scope of the attenuation prediction problem, an-
swers fto the following questions must be obtained through data collection
and analysis:

I. How infense is the rainfall at ground level?

2. What Is the spatial distribution of the rain at ground level?

3. What is The refationship between rainfall intensity and
drop-size distribution at a point vs the average rainfall rate and drop-size
distribution over an extended area?

4. How well do the ground measurements correlate with rain
measurements within the cloud and between the cloud base and ground?

5. What percentage of time do rainfalls of different intensity
and attenuation occur in different regions?

6. What is the true shape of the raindrop?

7. To what degree does absorption contribute fo the total
attenuation?

This section of the report, however, is devoted to providing some answers
only to guestions |, 5, and 7.
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The data reported In thls section, based on raindrop-size distrlbution,
s obtalned through the original efforts of the Illinois State Water
Survey Meteorological Laboratory (I1SWSML). The ISWSML final report by

E. A. Mueller and A. L. Sims [15] under contract DA-28-043-AMC-02071(E),
with the Electronics Command, US Army, summarizes the resul+ts from drop-
size distribution at different locations. Raindrop-size distributions at
sach of seven different geographic locations - Miami, Florida; Woody
Island, Alaska; Corvallis, Oregon; Island Beach, New Jersey; Franklin,
North Carolina; Bogor, Indonesia; and Majuro Atoll, Marshall lstands -
were obfained by photographing drops with a special-built camera system
similar to that described by Jones and Dean [16] and by Mueller [17].
This method Involves a 70mm flash camera and optical system which samples
/7 of a cubic meter of atmosphere near the ground seven times during a
minute. This ylelds an atmospheric sample of one cubic meter. A drop-
size distribution obtalned from this one-minute sample is referred to

as one sample of rain or one data point. The number of samples varied
from 1703 in Corvallis, Oregon, to 4742 in Franklin, North Carolina, and
represented approximately one vear of data at each location. Drops of
0.4mm and greater diameter are measured by this method; however, the
accuracy of the smaller size distribution is limited since the maximum
overall accuracy expected is estimated to be + 0.2mm. Moreover, it is the
equivalent spherical diameter of an elliptical drop that is recorded so
that a rigorous analytical solution would require solutions from sources
other than from the Mie scattering. The drop-size data collected by
ISWSML have been converted to rainfall amounts, Intensity, reflectivity,
and atfenuation by Mueller and Sims [15].

Table V shows the various geographic locations and the time periods in-
volved for the ISWSML drop-size data. Table VI shows the y (attenuation
coefficient) vs R relationships for the different locations and for 0°C
and 20°C water temperature based on computations dealing with mean

class interval size distribution data and applying the method of least
squares.

The following relationships are used for determining the appropriate
precipitation parameters.

max 3
(1Y R (rainfall rate) = kf N(D)D"v(D)dD

min

where D is the drop diameter, N(D) Is the number of drops of size D to
O+dD, v(D) is the terminal fall velocity for a drop of size D and kK is a
unit adjusting constant. The v(D) values are those determined by Gunn
and Kinzer [18]. This formulation assumes that the vertical velocity of
the atmosphere is approximately zero.
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TABLE V

LOCATION AND TIME PERIODS FOR THE [SWSML DROP-SIZE

LOCATION
Miami, Florida
Corvallis, Oregon
Majuro Atol!l, Marshall Islands
Woody Islands, Alaska
Bogor, Indonesia
Island Beach, New Jersey

Franklin, North Carolina

29

PERIOD

20 Aug
{9 Dec
I Mar
20 Aug
31 Oct
30 Oct

21 Dec

57.

57

59

59

59

60

60

24

25

DATA

Aug 58
June 58
Apr 60
Aug 60
Apr 6l
May 62

Mar 62



TABLE VI

TWO-WAY ATTENUATION COEFFICIENT (dB/km) VS RAINFALL
RATE (mm/hr) FOR DIFFERENT GEOGRAPHIC LOCATIONS

20°C

Oregon v(dB/km) = 1.82x1072R(mm/hr)
Majuro vy = 2.37x1072R

Alaska v = 2.07x10"<R

New Jersey v = 2.69x1072R

Indonesia v = 2.92x1072R

North Carolina v = 2.46x1072R

0°C

Oregon y{(dB/km) = I.42xi0~2R(mm/hr}
Alaska vy = 1.29%1074R

Florida vy = 2.25x1072R

Indonesia y = 1.73x1072R

Illinois vy = 1.9%x1074R

Majuro Yy = 1.88x1072R

New Jersey Y = 1.85x10"2R

North Carolina y o= [.67x102R
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ma X 6
(2) Z (computed reflectivlty factor) =/ N(D)D7dD

min

which appears in the expression for determining the radar back-scattering
cross section for wavelengths > 3cm when applying the Rayleigh theory.

(3) Ze = the equivalent reflectivity factor which is computed
using the Mie attenuation theory where Ze = 3.5%107A Eci and where
g, = back-scattering cross section.

(4) The total attenuation (dB) and the attenuation coefficlient
computations (dB/unit distance) are based on the Mie attenuation theory.

The above-mentioned rainfall parameters, derived from the drop-size data
taken at the various locations by the [SWSML, can then lead to the tvpes
of statistical attenuation models mentioned earlier.

The following graphs depict some of the results obtained from the data
described above. Figures |3 and !4 show the variation of attenuation
coefficient ratios for |.87cm to 3.2cm and 3.2cm to 4.0cm wavelengths,
respectively, with rain intensity for three different geographic areas.
These curves are derived fo provide a means for estimating v4 pem and
Y| . 87em’ given the Yz oem V8 R relationships that are developed.

Figure |5 shows the relationship befween the scatftering albedo and the
reflectivity factor for a 3.2cm wavelength and water femperature of [8°C
at lsland Beach, New Jersey. The scattering albedo parameter can be de-
fined as the ratio of the total scattering cross section fo the total
attenuation cross section. This parameter thus is a measure of the per-
centage of the total attenuation which is due to scafttering and thereby
also indicates the percentage that is due to absorption.

Note in Figure |5 that the albedo quickly increases with increasing re-
flectivity once the reflectivity approaches 104mmb/m>.  This effect
would thus correspond to a noticeably greater albedo following a suf-
ficient increase in the rain intensity. Once the rain intensity increases
beyond a certain point, an accompaniment of sufficient larger raindrops
occurs which results in a significantly greater degree of scattering.
Moreover, it is noteworthy that Figure {5 verifies the overall amount

of scattering that occurs (< 10%) in comparison with the absorption for
X-band radiation. It is interesting to compare the resultfs presented in
Figure |15 with those presented in Figure 7 (page 17), since Figure 7 was
based on a Laws and Parsons drop-size distribution while Figure |5 was
based on drop-size data collected by ISWSML at Island Beach, New Jersey.
The figures compare favorably and confirm that scattering normally con-
stitutes less than 10 percent of the fotal ettenuation for X-band radia-
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aflon, With absorption, therefore, consti G
uatioc It becomes possible to use the c&mcep%

Ture Wi %hﬁ it encountering significant errors
is replaced by the attenuation coefficient.

»

Figure 16 relates the squivalent or Mie ref
tectivity factor at 3.2cm, 18°C, for New

ns. As the drops become proportionately larg
length, and as some of the drops become comparab!
the difference between the Mie and Rayleigh
becomes significant. This is @v?deﬁ+ hers
Qay?e?gh reflectivity factor 1s increasir
reflectivity factor due to a CO;%viDOﬁdEﬂg
larger drop sizes.

Figure 17 shows the relationship between the Mie calcu
factor, Ze, at 3.Zcm for 0°C and 20°C and *the rainfall
Jersey location. The Ze values for the 0°C and the 20°C curves

rived from the relationship of Ze to OMig, 1.€., Ze = 3.5x105 43
short-dashed curve was obtained from the long-dashed curve by ap
Mie-to-Rayleigh ratios given in Figure 5. In add tion, Figure

vides a comparison between the Rayleigh and the Mie calculated refle
fccTor:, wherein the Ray!e:gh results are obfafﬂeﬁ from Cafanﬂe and

[197]. As one would anti icipate, the difference between the qg elgh

tivity factor and the equivalent Mie reflectiv vity factor increase
increasing rain intensity.

ulated reflectivity
rate, R, in a New

With an increase of femperature from 0°C fo 20°C, the equivalent reflec-

tivity factor shows a marked increase, particuiarly for The Qreafer fnten-
sifies. It is also tmpor[an+ to note that in the New Jersey area (s
Beach), where the raindrop sizes varied from about 0.5 to 4mm diamete
[19], the Mie calculated Ze vs R relationship is signi ificantly differ
from the Rayleigh calculated Z vs R expression, particul arly for the
valued R, wherein the drop-size distribution shifts toward larger dro
sizes.

s {and
nt
igher

!
-
=Y
h
P

Figures 18, 19, and 20 show some of the cltimatological aspects of rain
infensity and anenuaxton prorabi¥1, ies for di ff@r@n* geographic areas.
Figure 18 is obtained by using the drop-size data collected at the various
geographic EOcaTzoﬂs by ISWSML and gives the probable number of miWUTeS per
year during which given rainfall rates are exceeded. Figure |9 is derived
from Figure I8 and from the eypreSQlOns relating v tfo R in Table VI and

is analogous to Figure |8 except that the absci ssa is The attenuation coef-
fictent. Figure 20, when compared with Figure 18, shows noticeable changes
due to a tfemperature increase from 0° to 20°C, i.e., the curves shift +o-
ward higher attenuation coefficients with increasing temperature.



ot

HOLOWd Al

4 SA 3,81°WDZC 1Y HOLOYd ALIAILDZTAIN(IIW) LNITYAIND

DN ONITINYES 0081 (WIHZE — e

PR e S =3 i, . Byygm o
MHOTHOYEE ONYTIST D081 WD ZT meemeee

1

o<

NITWAINDS

4

HOLDw ALIALTZE36 /H0L0VE ALIALDT 434



ATSHEM MIN JHL NI 2,02 ONY 2.0

LY W) HOLDW ALIAILDETSEY LNITWAINDS 8

[ W Wy ¥ 2
{ w,gxw ) z

VLTSI sA A LISNILND TIWNIYE 21701d

. B P
4 mmu L miw LA g Ui

. - - . _ _

H i i H

{

&
St
o

-{09

— 00!

oz

Ol

(Jy/wwy y

b



1000

o
o

10

MINUTES PER YEAR R EXCEEDED

(t%xb\m\a ____— MAJURO
S, — (MARSHALL ISLANDS)
%
g;ﬁ, \Q\ ___—— INDONESIA
A"
W %
AN
ho]

v NORTH CAROLIN

\ . \Q,//FLORmA
i o
ALASKA \5

\\ \ :q\ \\;

ROREGON

A

%

\
Q\\c;\* NEW JERSEY ©
\ Rsev'o  \
w\'\ K \ C\
\ NV

1] {00 1000
R {mm/hr)

FIG. I8 RAINFALL INTENSITY OCCURRENCES

FOR DIFFERENT GEOGRAPHIC LOCATIONS
38



1000 o - MAJURO
\o\q \) n\o {MARSHALL ISLANDS)
\ ’q,\Q N N INDONES|A
o 3 o
o \ Y N\ NORTH CAROLINA
Ié O\ \ o \ v
b R . K
X ook aLaskak -\ R
~ S Q\ \
x
u \ 4 OREGON \‘9
o \
0 o \
a. .
n \o o . \
5 N
3 : \ \
A )
\3 \ \._ \
\ E
\.
o \
\
1 b i 1
.005 .05 0.5 5

FLORIDA

ATTEN. COEFF, (dB/Km) (y)

FIG. 19 ATTENUATION COEFFICIENT OCCURRENCES AT 3.2Cm,0°C
FOR DIFFERENT GEOGRAPHIC LOCATIONS
39




OO0

5
o

% PER YEAR y EXCEEDED

i
Foon

MINUT

RN -, s LS
N N, m““"w R . MAJURO
"‘i:& W\ AL e (MARSHALL ISLAND
[ (o] o] .
\ i § g
\ ;\Q _ INDONESIA

o e
rf“ﬂ;ﬂ(?;’é

4
\
3
; .

FiG. 20

oL SN

ATTEN. COEFF, (dB/Km) (y}

ATTENUATION COEFFICIENT OCCURRENCES AT 3.2Cm, 20°C
FOR DIFFERENT GEOGRAPHIC LOCATIONS

o]

af
44



The aforementioned information provides some of the statistics necessary
to obtain adequate means for predicting the extent of long~term occur=
rences of any serious satellite signal degradations in any specific geo-
graphic location. Examination of Figures 18 and 19 reveals that there
Is a distinct geographic climatological variability, making it impos-
sible to derive a universal relationship. These figures present strong
evidence that the probability for greater attenuation is higher for the
more southerly locations such as New Jersey, North Carolina, Marshall
Islands, Indonesia, and particularly Florida as compared to the more
northerty locations such as Alaska and Oregon. Moreover, it is of meteoro-
logical significance that the maximum attenuations occur in the Miami,
Florida area, where convergence over the peninsula results in intense
thunderstorm activity. [+ remains verv questionable, however, as to
what extent such statistics, as contained in Figures 18, 19, and 20,

can be safely applied fo other geographic regions. Moreover, adequate
data are not presently available to enable one to apply, in general,

the statistics of a given locality within a particular state or geographic
region fo those of another locality within the same state or geographic
region. Before such attempts could be effectively carried out, it would
be desirable to study the size distribution variations in the different
focalities for adequate periods of time.

The previous data and analysis, based on the ISWSML raindrop-size distri-
butions, provide some answers to three of the seven questions raised
earlier in this section concerning the intensity of rainfall, the per-
centage of Time that rainfall of various intensity occurs in different
regions, and the contribution of absorption to the total attenuation.

The following further information concerning some of the remaining
questions, however, are obtained from [14].

Bell Laboratories have conducted rainfaill measurements with a network of
100 rain gauges distributed uniformly over a ground area of 10kmZ. The
indicated rainfall for the complete rain-gauge network is sampled every
0 seconds, with a response time of one second. Contour maps of the
rainfall derived from such a network indicate a cellular structure within
the general rainfall. Their results indicated that rainfall intensities
can change significantly within a l0-second interval and that while the
probability of heavy rainfall may be high at a point, it may be low when
averaged over an extended area or along a path. Further, the probability
of an average rainfall rate of 150mm/hr atong a 10km ground-to-ground
path is two orders of magnitude less than the corresponding probability
for a point along that path. They found that the average shape of rain-
drops is that of an oblate spheroid and that the drops are distributed

in clumps rather than according to a well-defined size distribution.

This latter finding tends to confirm the view that the Mie theory may

not be strictly applicable to attenuation computations for raindrops.
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A very important factor, mentioned eralier, is the outage time or period
during which the satellite-earth-terminal communication path becomes in-
operative due to signal fading. By making various assumptions (e.g.,
(1) the storm velocity and intensity over the propagation path between
ground stations are constant and (2) the rainfall frequencies for the
Mobile, Alabama area can be extended to other parts of the country in
proportion to the distribution of annual point rates of one inch or more
per hour), Hathaway and Evans [20] derived an approach fo the problem of
predicting outage time for ground stations at different separation dis-
tances due to rain for various geographic regions. Their resulfs are
shown in Figures 2| and 22. Figure 2| relates outage time fo path lengths
between ground stations for different parts of the USA. Figure 22 shows
the geographic distribution in the USA of the outage time vs path length
contours as represented in Figure 21.

IV Other Methods of Measuring Attenuation

Experimental data on the quantitative effects of rain on attenuation along
earth-space communication paths are lacking. Theoretical treatment of

the problem is hampered by the lack of detailed knowledge of rain char-
acteristics such as the size distribution variations in the horizontal

and vertical dimensions. Thus, the need for some other means for measuring
the total atmospheric attenuation along the communication paths is apparent.
Two possibilities are microwave radiometers and the dual-wavelength radar.

A. Effective Noise Temperature and The Microwave Radiometer

The rain is considered primarily as a medium whose emissivity equals itfs
absorptivity and for which absorption constitutes the dominant ferm of
attenuation indicated by the scattering curve presented in the preceding
section. Absorbed radiation within the raindrops is emitted essentially
as a black body, and this emitted radiation is recorded by the microwave
radiometer, through its antenna, as the antenna temperature or the effec-
tive noise temperature. This effective noise temperature is affected by
the temperature of the absorbing medium (rain in this case), the frequency
or wavelength of the electromagnetic radiation, the angle of direction of
the antenna, the absorption of the medium, and the temperature of any
background source, such as the sun, cold sky, ocean, efc. The radiometer
system has a very narrow field of view so that it measures the infegrated
absorption effects along a narrow cone containing the emitted radiation
from all the absorbing matter in itfs path. This is made more feasible

if the single and multiple scattering effects are negligible compared

to the absorption, i.e., the single and fotal scattering albedos are
negligibly small. '
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A microwave antenna will transfer to its transmission line an amount of
noise that is characteristic of the black-body radiation that it inter-
cepts. The noise then becomes an additional limitation to The inherent
main-equipment noise of the radar, resulting in a poorer value for The
minimum detectable signal. The effective noise femperature, however,
although a distinct disadvantage to the radar set, is The means by which
the attenuation in an absorbing atmosphere is measured by the radiometer.

The concept of effective noise temperature arises from the equivalent
black-body or thermal radiation emitted from a medium. |+ can be defined
as that temperature that black bodies would have if they were radiating
the same noise power. Kirchoff's, Planck's, and Rayleigh~Jeans' black-
body radiation laws provide the thecretical foundation for the concept
and quantitative evaluation of the effective noise temperature. Kirchoff's
faw establishes that any object in thermal radiation equilibrium with ifs
surroundings, which absorbs energy, radiates the same amount of energy
which it absorbs. This is also basically True of the atmosphere, and its
constituents, which behave very much like a black body and emit thermal
noise due to absorption properties and radiating temperature. The black~
body radiating ftemperature is precisely defined by Planck's law for all
frequencies, but for the case of The microwave freguency range dealt with
here, the simplified version, known as the Rayleigh-Jeans" Law, is ad-
equate.

The atmosphere's black-body emission ftemperature, measured by a radio-
meter, is related to the atmospheric attenuation by the radiation frans-
fer theory. Under the assumption of a dynamic equilibrium in which the
emission coefficlient is related fto the absorption coefficient and fo
Planck's and Rayleigh-Jeans' Laws by Kirchoff's black-body radiation law,
the following expression is derived for a rain-filled, absorbing atmos-
phere, with no significant sources beyond

B ® als) ° als)ds-
Te = é =7 T(s) expl- g __ZT?EJdS (Crane [21])

where a(s) is The absorption coefficient in dB per unit length along

the path s, which is approximately equal to the attenuation coefficient
for the purposes of this study, T(s) is the water drop temperafure in
degrees Kelvin (°K), and T, is the effective noise temperature in °K
which the radiometer antenna "sees'". Radiometer output, Tg, Thus becomes
a measure of the weighted integral of the attenuation in an absorbing
medium along the path. Radar and radiometer measurements can then be
compared after the appropriate range integral of the radar data has been
computed. The measured value of Tg can Then be used as an indirect
method for evaluating the fotal absorption or afttenuation in an absorbing
medium by using an assumed or computed mean-absorption femperature for
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the water droplets along the path. Tg would be measured at all elevation
and azimuth angles to be encountered in operation with the satellite.

An example of a good correspondence between the measured attenuation of

a received satellite signal at 15.3 GHz versus attenuation computed

from the |6 GHz radiometer record at corresponding ftimes during a rain
storm is shown in Figure 23 (Penzias [22]). The dashed line corresponds
to an attenuation ratio of |:! between 16 and 15.3 GHz, since the attenua-
tion due to rain is taken to increase approximately with the square of

the frequency in this wavelength region. The radiometer accuracy fis

+ 0.3dB.

Figure 24 (Snider [23]) shows the sky brightness or effective noise femper-
ature at 15 GHz as a function of elevation angle in the case of a clear

sky (oxygen and water vapor effects) and light rain. For elevation angles
less than about 20° the effective noise temperature increases sharply.

The light rainfall curve of 5 mm/hr is determined on fhe assumption of a
uniform rainfall. |In general, however, computation of the rainfall effects
requires summation of the losses due to the different rainfall intensities
occurring along the communication path.

I+ must be emphasized that the radiometer measurements will give realistic
values only in an absorbing atmosphere. Any degree of scattering, as
indicated by the albedo factor, will introduce an error relative to the
amount of scattering that occurs. For wavelengths under about 3.2Zcm,
serious consideration must be given to the evaluation of errors due to

the neglect of scattering effects for certain drop-size distributions.

B. Dual-Wavelength Radar

Radar methods previously employed for defermining attenuation involve the
determination of the reflectivity from the basic radar equation followed

by a calculation of the attenuation from appropriate relationships such

as Ze vs R and v vs R which lead to the vy vs Ze relationship. Drop-size-
distribution measurements then become necessary to obfain adequate relation-
ships between Ze vs R and v vs R.

The technique that is briefly discussed here is essentially extracted

from and described in further detail elsewhere (Eccles and Muelier [2470).

This method employs two radar sets of different wavelengths located side

by side and simultaneously ranging on identical volumes. The raindrops

attenuate the average power received by each radar at different rates.

The ratio of the average returned powers measured with the radars at the |
two wavelengths is a measure of the attenuation. It is desirable to choose :
one wavelength which is not attenuated by fthe rain, while the other wave-
length is significantly attenuated. It is also preferable, but not
necessary, for both wavelengths fo be only slightly susceptible to attenua-
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+ion due to the presence of oxygen and water vapor. The selection of one
wavelength at 10cm and the other wavelength at 3 or 3.2cm may thus prove
adequate. By referring to Figure 2 concerning the attenuation at dif-
ferent rain rates for different wavelengths or frequencies, one can note
that the attenuation coefficient at 10cm is from | to 2% that at 3.2cm

for the heavy and moderate rain and between 3 to 5% for the light rain.
Therefore, for practical purposes, one may assume that the choice of these
two wavelengths in a dual-wavelength system is a reasonably good one.

One should also consider the appropriate hardware characteristics, i.e.,
+he fwo radar beams should be (1) matched: in beamwidth, (2) collimated,
(3) reasonably narrow, and (4) should intersect the same rain volumes from
identical ranges.

5]0 and 53 are the average echo powers returned at 10cm and 3cm wavelengths,
respectively, from matched beams illuminating a volume at range r (km)
and are given by

C n+s
Po= 28 10707 0 T ar ()
n A
O
and
s 2z
0~ 72 (2)

where C. and C, are the radar constants, 4, is the range to the front of
the storm, s i§ the distance from x5 To a point within the rain volume,
and Ze is the equivalent reflectivity factor due to rain. Taking the
common log of the ratio of 5}0 to Pz and multiplying through by 10 o
change to dB, one obtains the relation:

P P
C C
2 |
ho+s
=2 [ vy dr . (4)
n
o)
The ratio of
‘Ze}'o

[Ze[3
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cancels out since it is approximately equal fo unity for most rain-drop
sizes. This can be shown as follows:

e = 3.5><I03>\4Eoi

where Io: is the summation of the backscatter cross sections of the rain-
drops contained in a unit volume (X = wavelength). Since
lZoi[

20413

10~

Y1072

for most rain drops (Godard [25]) and

A
(=94 102,
v

Az
then

tZeEIO oo
|Ze‘3 v

for most practicat purposes. As one continues further with Equation (4)

by going to some other range ny+ s + s' inside Tthe storm, average powers

Pz' and P|p' are measured and the total relationship out to range 4,5 + s + s'
is given by

n +s n +s+s! = T o
o o 10 P3

2 [y dr+ 2 Sy'dr = !Og [E—-_ 'C:—-"] . (5)
no nb+s 2 !

By subtracting (4) from (5), one gets

2 +s+s! =
o

P10 Ps
2 f 'Y'dl" = 10 lOg [:——_-:——] (6)
n +s P,' P
o 3 10

and the effect of the attenuation up to the range #g5 + s and the radar
constants are eliminated. There is some average value of the attenuation
coefficient, y(dB/km), that applies over this increment in ranges such
that
n +s+s!
o}
2y s' =27 y'dr. (7)
&O+S
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Thus from (6) and (7):

=
Pio P3
—
Pz Pio

vs! = - [10 log ¢ )] (in dB).

-

Eccles and Mueller [24] further show that the method of averaging in
range can improve the accuracy of the results from a dual-wavelength
system, i.e., a minimum sensitivity of about 0.22dB/km with a standard
deviation of about 0.1dB/km in the measurement of attenuation can be
achieved if all the data In a rectangular plate-like volume of about
Ikm? area are properly averaged.

V. Conclusions and Recommendations
A. Conclusions

(1) 1t is possible, at present, to make some long-ferm outage time predictions
for certain geographic areas that are accurate fo befter than an order
of magnitude.

(2) 1t is possible to use radar and/or radiometer measurements to differ-
entiate in real time between incidents of l|ight, moderate, and heavy atten-
uation to within an average absolute accuracy of [0dB and possibly better.

(3) Correlations of attenuation with backscatter can be quite poor as a
result of the widely varying "a" and "b" parameters in time and three-
dimensional space.

(4) For a known drop-size distribution over a large enough ground area,
the backscattering and attenuation distributions can be adequately deter-
mined with a single-wavelength radar set.

(5) Estimates of path attenuation can be made with microwave radiometers
or a dual-wavelength radar system without assuming a size distribution.
These additional approaches can provide verifying data, perhaps leading
subsequently to an improved method for estimating attenuation for satellite-
to-earth-station communications.

(6) For detecting noise-temperature fluctuations produced by clouds and
rain, the radiometer Is preferable to the radar because of its greater
sensitivity.

(7) It is possible to rely on short-term predictions based on ground-
measured rainfall intensities for ascertaining the preferable communication
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path of two or more paths separated by a distance greater than a rain-cell
width. Using such an approach, when the cell blocks one path, the attenua-
tion along the other path may be acceptable.

(8) It is possible to compute estimates of the attenuation along a par-
ticular path from the intensity of the radar returns of the AN/CPS-9 (or

with the use of the US Army's most recent mobile weather radar, the AN/TPS-4]|
/XE=2). The AN/CPS-9 weather radar operating at 9.4 GHz (3.2cm) and located
about 7 miles south of Fort Monmouth was modified to include means for obtain-
ing iso-echo contours. The AN/TPS-41 will be available in the near future

and will be able to provide real-time, tThree-dimensional data on precipi-
tation areas for slant ranges up to 240km. I|so-echo contouring devices

will be included, capable of operating in three-level and ten-level modes.

(9) When major storm cells are observed they can be tracked and attempts
made to predict their course. |f the passage of a cell through the path
to a satellite from a satellite ground terminal is anticipated, the
attenuation and noise femperature increase can be computed, preferably
with the additional aid of a radiometer, and the station involved notified
at the earliest opportunity. During the storm's approach, refined and
up-to-date estimates can be transmitted. To be more specific, for example,
the first advisory notice can indicate (a) the probable time of onset

of storm cells which possess the potential to produce moderate or high
attenuations; (b) probable duration of such attenuation; (c) noise
temperature increase; and (d) probability of the storm cell intercepting
or crossing the transmission path. Updated predictions could subsequently
be issued as available.

B. Recommendations

To acquire additional knowledge concerning the variability of the v versus
Ze relationship in time and space and to investigate the relationship be-
tween surface drop-size distributions and those found at ofther altitudes
in the storm, the following items are recommended for consideration:

(1) Measure the drop-size distribution at a sufficient number of points
within the rain area at ground level on a continuous basis to determine
changes in the y vs Ze relation in space and Time.

(2) By appropriate use of the radar data, such as through an interpretation
of the scope display of the radar data, it is possible to distinguish
between the different values of Ze. Computer techniques would be desirable
for processing fields of Ze and y for large areas and for analyzing the
fields to determine the optimum y vs Ze relationship.

(3) To improve the y vs Ze relationships in the air from ground-level
measurements further, adequate correlations must be found between rain-
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drop distributions in precipitating clouds and between the cloud base
and ground level, and measurements made at the surface.

A method such as the following might be used: (a) Employ a radar scan-
ning vertically as weli as horizontally to obtain adequate three-dimensional
spatial measurements of Ze; (b) correlate Ze vs attenuation and size
distribution in three-dimensional space and time with that at ground

level; (c) include other mefeorological data such as might be obtained

from radiosondes, and (d) if significant correlations are found between

the Ze and y relationships and the meteorological parameters, relationships
for other geographic areas could be estimated.

(4) Explore the feasibility of using a dual-wavelength radar system
and microwave radiometer measurements, such as indicated in this report.
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APPENDIX A
RADAR PERFORMANCE AND SENSITIVITY TO NOISE TEMPERATURE
(1) Performance Features

The Atmospheric Sciences Laboratory of the US Army Electronics Command
at Fort Monmouth, New Jersey, employed an AN/CPS-9 weather radar at

9.4 GHz (3.2cm) in the Camp Evans Area about 7 miles south of Fort
Monmouth on ftwo rainy occasions recently. Unfortunately, the ftwo storms
analyzed were light in intensity. Insignificant amounts of attenuation
were predicted and observed; however, these fwo cases do not adequately
serve as a verification of the technique for proper identification and
analysis of more intense storms. Generally, the confidence limits can
be sizeable for estimates derived from radar. Preliminary resulfs from
an analysis of these two storms, however, show that the radar can serve
as an effective tool for determining path attenuation and effective
noise temperature for satellite communications. Supplementary means
for aiding the radar to achieve meaningful results for the satellite
communication problem are discussed in other portions of this report.

The US Army's most recent mobile weather-radar set is the AN/TPS-41l.
This set operates in the X-band with a funable frequency range of 8500
to 9600 MHz and is designed to provide real-time, three-dimensional
data on precipitation areas for slant ranges up fo 240 km. The console
consists of displays (required data indicators), plan-position-range-
height (PP/RH) display, A/R display, and iso-echo contouring devices
capable of operating in three-level and ten-level modes. An alarm is
also provided to alert the operator of the occurrence of an echo that
exceeds a variable predetermined limit.

Performance curves, such as shown in Figure Al (Snider [23]) assuming
uniform rain intensity of | km thickness at a uniform temperature of
15°C along the path, can be made available to the SATCOM engineer for
determining outage times. This figure shows the S/N ratio for a | Hz
bandwidth for different rainfall rates and clear sky. There is a sharp
deterioration of the S/N ratio with decreasing wavelength, particulariy
at the greater rainfall rates. These curves can serve as a guide for
estimating the maximum rainfall rate which may be penetrated for a given
S/N ratio. The time interval during which the maximum rainfall rate is
exceeded is equivalent to the outage time.

(2) Radar and Radiometer Sensitivity fo Effective Noise Temperature

Skolnik [26] shows that Siin the minimum detectable signal, is equal fo
S

kT B F (=—=) .

onn NO min
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where k is Boltzmann's constant (I. 38x|0_23Jou|es per °K), To is the
standard ftemperature taken as 290°K for electronic equlpmen+ according

to the IEEE definition, B, = receaver bandwidth (that of the IF amplifier
in most receivers), F, = receiver's noise figure, and

So
No ' min

is the minimum ratio of the oufput (IF) signal-to-noise ratio that is
necessary for detection of the target. This assumes that the input
receiver noise is kToB, where the receiver is at a standard temperature
of 290°K. However, when the receiver is connected fo an antenna, the
temperature "seen" by the receiver may be lower or higher than 290°K.
With relatively "noisy" receivers, the effect of an antenna temperature
different from 290°K would hardly be noticed unless the temperature were
high enough. With low noise receivers, namely, masers and parametric
amplifiers, the effect of antenna temperature is important except for
very high signal returns such as from rainstorms.

It is possible, however, to calculate the radar antenna noise temperature
in precipitation regions by measuring attenuation coefficients along the
path (y vs Ze) and by including temperature data such assébtained from
radiosonde measurements. The effective noise temperature relationship
between a(s) [the absorption coefficient] and T(s) [the water drop
TemperaTure] can then yield a value for the noise ftemperature, i.e.,

_ 7 als) a(s)ds
Te = f =7 1¢s) expl - f 7 Jds [21] -

This approach for determining Te can be adopted as a checking measure
for the radiometer's direct evaluation of Te.
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APPENDIX B
COMMENTS ON ETAC REPORT NO. 4100

The following remarks are made in regard to ETAC Report No. 4100 (Thomp-
son (1.

Attenuation parameters are derived and determined for a wavelength of
3.8 cm and for different geographic regions indicating total dB loss vs
t+ime in hours per year during which given dB attenuation occurs. The
total attenuation derivation is determined as a function of: (1) the
average precipitation rate for a time T along the precipitation path
between the satellite and ground terminal, (2) the translatory speed of
the storm, and (3) the cosine of the elevation angle of the slant ray.
A single expression relating the attenuation coefficient to the rainfall
rate at 3.8 cm is assumed, i.e., vy = 0.609R! - 3! (y in dB/mile, R the
rain intensity in inches/hr).

No attention, however, is given to specific raindrop size distributions
for different storm types and locations. This makes it very difficult

to obtain an adequate correlation between attenuation and rain intensity.
Moreover, the same rain intensity is assumed over the full path length
which does not correspond with empirical evidence of significantly differ-
ent intensities frequently occurring at different fimes and points in
space during the progression of a sform.

Tbe total attenuation subsequently derived in the ETAC Report is:

constant-V(n) T _ consTan+~VP(Z30'3]
cos e

D(dB) =

where P = #nt = total precipitation from the average rain intensity, #,
during time T of the storm's presence along the communication path between
the satellite and ground ferminal, V = mean scalar speed of the storm in

a given direction at the 10,000' altitude, and e = radar beam's elevation
angle. There appears fo be no restriction on the angle e, however, so
+hat the total attenuation could unrealistically reach infinity as e
approaches 90°. Furthermore, it is questionable whether the 10,000

mean wind speed adequately represents the storm's movement at all times
and locations.

The approach taken by ETAC, nevertheless, is useful in initially deriving
attenuation data for different geographic regions. |1 would be necessary,
however, to take account of the aforementioned criticism, including dif-
ferent wavelengths, to obtain more effective results.
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APPENDIX C

METEOROLOGICAL AND CLIMATOLOGICAL ASPECTS OF PRECIPITATION

(1) Meteorological Aspects

The following type of information is helpful toward being aware of

the basically different types of precipitation that may occur from at-
mospheric and terrain factors. Lack of data at present, however, pre-
cludes any determination of significant correlations between precipita-
tion type and the precipitation intensity.

On the basis of causative storms, precipitation may be divided into fhree
types (Foster [27]), namely, a) convectional, b) orographic, and c)
cyclonic. This classification is based on the meteorological phenomena
which cause and accompany the precipitation.

Type a is due to the thermal convection of moisture-laden air. This
requires both adequate heat and water vapor.

Type b is caused by the cooling of moisture-laden air masses which are
lifted by contact with elevated land masses. This type is most pronounced
on the windward side lying across the prevailing winds where those winds
pass from the relatively warm ocean fo the land.

Type ¢ is frequently associated with low-pressure areas with accompanying
frontal activity.

(2) Climatological Aspects

Figure Cl (Sellers [28]) shows the average latitude annual distribution
of precipitation. The maximum total precipitation for the Northern and
Southern Hemispheres occurs between about 20°N and 15°S latitudes due

t+o the convective activity prevalent in tropical areas. A smaller
maximum is present between the 40°-50°N and S latitudes where cyclonic
storms frequently takes place. Although both hemispheres receive about
the same average annual precipitation of about 1000 mm there is a some-
what greater amount in the Northern Hemisphere due to the average presence
of the intertropical convergence zone slightly north of the equator.
Between about the 20° to 70° latitudes, however, the Northern Hemisphere
shows lower precipitation totals than the Southern Hemisphere.

59




(Tez] NILSNV NV ZLIMINWVH) Y3GIWILd3S - TI¥dV Y04 SAVA WHOLSHIANNHL 40 AONINDIYS 3IOVH3IAV

1a-"old

q

P

60



APPENDIX D
METEOROLOGICAL AND CLIMATOLOGICAL ASPECTS OF THUNDERSTORMS
a. Meteorological Aspects

Thunderstorm activity can be categorized with the following associations
or occurrences as indicated by Foster [27]:

I. Heat or local convection (with a monthly frequency maximum mostly in
the summer and a minimum during winter months)

2. Warm frontal

3. Cold frontal

4. Occluded frontal

5. Cold air mass (with cold air initially in an unstable position above
a warm air mass)

6. Horizontally converging air currents

7. Orographic effects

The classification and recognition of the above preconditions can serve
as an aid in predicting the occurrence of thunderstorms.

b. Climatological Aspects

Since thunderstorms are frequently associated with maximum attenuation
throughout the world, some climatological features, such as those obtained
from Haurwitz and Austin [29], are important. It is also noteworthy

that Cataneo [30] applies the annual thunderstorm activity as one of the
two basic parameters for an estimation of the a and b parameters for the
relationship in different locations throughout the world.

The following general remarks can be made in regard to Figures DI and
D2:

The April - September period (Figure DI) shows regions of maximum thunder-
storm frequency over the Gulf of Mexico and Caribbean regions, south-
eastern Gulf states, New Mexico, central Africa, and parts of southeast
Asia including the East Indies. Beyond about 65°N latitude and 45°S
latitude, thunderstorm activity seldom occurs.

The October-March period (Flgure D2) shows the maximum frequency almost
entirely occurring in the Southern Hemisphere land masses between the
equator and 30°S latitude. In addition, the waters between India, the
East Indies, and northern Australia show maximum frequencies.
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Knowledge of such climatological features can at least provide an indi-
cation of those regions of the world where maximum or high attenuations
are most likely to occur. One must bear in mind, however, that by defin-
ition a thunderstorm is not always accompanied by rain even though usually

there is heavy or intense rain.
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