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PREFACE

This analysis of rain attenuation over earth-satellite paths
for ocean and coastal terminals was performed for NAVELEX, Advanced
SATCOM Systems, C. J. Waylan, CDR, USN, Code PME-106-15 under
contract N00039-79-C-0136. Michael A. Plunkett, Code 106-1521,
directed the task., Ronald B. Luftman was the*Contracting Officer
and Betty McWhirt was the Purchasing Office Representative for
this procurement. Principal investigator at SAI was Nathaniel E.
Feldman, Chief Scientist of the Systems Research Operation. The
following SAI consultahts were key contributors to this analysis:
Ralph E. Huschke, Howland H. Bailey, and Izhak Rubin. Mr. Huschke
provided the basic meteorological inputs to the study and drafted
section 3.0. Dr. Bailey analyzed the equation and required inputs
to the Crane precipitation-rate region model used as the starting
point for this study. He selected the cases to be run, and pre-
sented and interpreted the results. Dr. Rubin generated a mathe-
matical formulation of the approach and guided the statistical
presentation of the final results so that they would constitute
suitable inputs to any further analysis. Ronald V. Harper did
some analysis, Michael A. Morris did the programming and numerous
other SAI personnel provided research support.
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SUMMARY

This report utilizes readily available meteorological data
to refine the best of the existing rain models, one proposed by
R.K. Crane, for attenuation over earth-satellite paths from ocean
and coastal terminals. The report presents a clear, tutorial
explanation of both the original and refined models. The results
are expressed in detailed graphs covering all key parameters.
Thus this report is a handbook which presents engineers with the
best available estimates of attenuation distributions over earth-
satéllite paths.” It should prove a valuable aid in selecting
satellite constellations and in designing earth-satellite links.

Because it makes no sense to use a world-average precipita-
tion rate when a captain knows where his ship is, we retained
Crane's division of the earth's surface into precipitation-rate
regions, but increased the number from eight to nine regions.
Since the captain knows what month it is, it makes no sense to
lump the rainy and dry seasons together. We have separated them.
Thus the attenuations are a function of latitude, longitude and
season of the year. We accounted for local variation from point
to point within a climatic region by adjusting parameters to match
known data at the selected locations. Frequency and elevation
angle were explicitly included in Crane's original model. Although
the frequencies of interest in this report are 240 and 340 MHz, i
7.5, 8.2, 21, 40, 41, 43 and 45 GHz, precipitation attenuation is
negligible below 1 GHz. We examined elevation angles from 10 to
90 degrees, but emphasized 10, 20, and 30 degrees. The one-minute
surface point precipitation-rate distributions have been extended
down to 0.1 or 0.05 mm/hr, which are values that approximate the
smallest rates of observed precipitation. The extension of the
surface point precipitation rates to the minimum observable amount
extends the model from 2 percent to as much as 35 percent of the
year region. At these percentages of the time, cloud attenuation
at low elevation angles and millimeter-wave frequencies might be

ii
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as significant as the precipitation attenuation over the path, but
this effect has not been quantitatively included.

Results of interest to the system designer and the system
user extend beyond the cumulative outage. Thus; we examine the
division of the cumulative outage -- outage duration distributions
conclude this report.

The refined oceanic precipitation model developed in this
study provides estimates of the slant path attenuation through the
atmosphere over a wider range of frequency of occurrence and pre-
cipitation rates than has appeared in the literature. At one end
of the scale, we cover extreme events which are infrequent and
short-lived, i.e., which occur only 0.001 percent of the season
which corresponds to a total of 1.3 minutes per season. At the
other end of the scale, we cover commonplace events, i.e., light
drizzles which occur about 6 to 36 percent of the season. (These
percentages correspond to a total of 130 to 790 hours per season
and spread uniformly throughout the season, would occur 1.4 to 9
hours per day.) These latter percentages correspond to the minimum
observable or the minimum measurable precipitation rates for pre-
cipitation gauges in widespread use. This limit is about 0.05
mm/hr for snow and 0.1 to 0.25 mm/hr for rain. While only the
commonplace events are the focus of this study, the entire range
had to be covered to check the consistency of the model, e.g., to
verify that the integrate.l precipitation matched the seasonally
measured data.

Usin - this seasonal model, we find that the Sep-Nov period
is the worst season in the North Atlantic, the Mar-May period is
the mildest and that the difference between them is large. At 44
GHz and 20° elevation, 1.1 dB is exceeded less that 10 percent of
the time in the worst season and 4 dB less than 1 percent of the
time. In the Persian Gulf, however, there is little difference

between the best and worst seasons of the year.
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For the worst séason of the year at each location, the
table which follows summarizes the attenuations at 44 GHz and 20°
elevation angle. The correction for total amount of precipitation
is already included in the figures from which this data was taken.

Precipitation Margin Requirements for Thirteen 1
Selected Locations (dB)

Availability (percent): 99,9 99.0 90.0

Location Cumulative Outage ('): 0.1 1.0 10.0
= 1 Mid-Atlantic 32 13 1.4
# 2 North Atlantic 13 4.1 9
= 3 Mediterranean 25 8.7 B
= 4 Persian Gulf 19 T3 1.4
& : * * *
= 3 Indian QOcean 108 30 8.6
2 6 W. Australia 34 13 2.2 {
*x . *x
= 7 East Indies 127 40 6.9
" 3 ; * * n *
= 8 Philippines 100 31 5.0
= 9 Sea of Japan 60 22 4.6 3
#10 Bering Sea 12 4.8 1.3
#11 N.E. Pacific . 43 15 3.5
#12 Hawaii 1 15 3.5 4
* N * |
#13 Panama 130 41 6.6

il

In the table, the four highest attenuation values for each cumula-
tive outage level are marked with an asterisk. Note the dramatic
change in precipitation margin depending on whether one requires
99.9 percent availability, or only 99 to 90 percent. The table
which follows indicates the range of the four highest attenuation
values and their design implications.

iv
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Highest Precipitation Margin Requirements
and Theér Design Implications
(44 GHz, 207 elevation, worst season)

Cumulative

Outage 0.1 1 10
(percent)

Precipitation 100 to 130 30 to 40 5 to 9

Margin, dB

Design Probably technically Large satellite Readily

Implications and economically investment achievable
infeasible unless required but with current
there are exceptional technically technology
circumstances, e.g., feasible. for a modest
if greatly restricted incremental
coverage area were cost.

acceptable.

From the above estimates, one concludes that reasonable downlink
precipitation margins of 10 to 15 dB will provide availabilities
over 90 percent. That such high availability could be achieved at
44 GHz and 20° elevation angle with only 10 to 15 dB margin was an
unexpected conclusion. While this conclusion remains tentative
because of the quick-response nature of this study, such a con-
clusion makes it particularly important to further refine the
model.

Rather than terminate the study with these estimates of
cumulative outage, we chose to go one step further and examine the
outage durations which make up the cumulative outage. We computed
the probability density function for the outage durations for
three locations (Figures 80 to 82). To estimate, for example, the
relative probability of an outage of 30 to 60 minutes duration, one
need only compare the relative area under the curves. Thus one can
compare a 15 dB margin to a 10 dB margin or a 30° elevation angle
to a 10° angle. Using this information, we computed the mean
(average) outage duration and the average number of outages per day.

v
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As an example, consider the rainest season in a high rain rate
area like the Philippines. With 10 dB margin at 44 GHz and 10°
elevation the average outage lasts 72 minutes, but a 15 dB margin
reduces the average outage to 41 minutes. With 10 dB margin at
30° elevation, however, the average outage lasts only 9 minutes.
A 15 dB margin now reduces the average outage to 6 minutes.
Furthermore, there would be an average of less than two such
outages per day. We consider this analysis of outage durations a
fitting conclusion to any discussion of precipitation outage.
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1.0 INTRODUCTION

Frequencies of interest for this study of rain attenuation
were specified as 240 and 340 MHz, and 7.5, 8.2,—21, 40, 41, 43 and
45 GHz. At frequencies below 1 GHz, rain causes negligible attenu-
ation of electromagnetic waves propagating through the atmosphere.‘
Thus, no results appear at the two lowest frequencies. However,
severe storms cause appreciable signal attenuation around 7.5 and
8.2 GHz, military SHF downlink and uplink frequencies. As one
designs earth-satellite links for even higher frequencies, rain
attenuation becomes a major design factor. Attenuation by oxygen
at sea level is large by 53 GHz (1 dB/km) and increases rapidly to
about 16 dB/km at the 60 GHz resonance peak.* For the next generation
of MILSATCOM systems, we need to analyse the feasibility of using
higher frequency links through the atmosphere. However, these
links need to be well away from the oxygen absorption region. Thus

the highest frequency considered was 45 GHz, which meets this
condition.

n o | Excess Path Attenuation

Measurements of signal attenuation in excess of that due to
the clear atmosphere include rain and cloud effects. At the
communication satellite frequencies at which most measurements have

been made, the cloud effects are quite small. Since they are not
separated out, clouds constitute a component of the excess path
attenuation; however, attenuation is primarily caused by rain.
Rain also causes such effects® as scatter interference, a lossy
layer on radomes, and polarization and phase changes in the electro- ?
magnetic wave(z) and degrades the signal to noise ratio by adding

noise to the receiver.(2'3) In this study, we have focused on just

the rain attenuation effect. After more than 40 years of study,

it e i Vi 0l )

* See reference 1, Figure 1.

+ Reference 2 contains an excellent tutorial review of the effects,
a description of the measuring techniques and equipment, and an
extensive bibliography.
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predicting rain attenuation probabilities over a path remains a

formidable problem. The point-to-point variations are known to be
large. The year-to-year variations can be even larger. Dam designers
have to worry about the heaviest deluge in a century or more. Com-
munication satellite link designers do not worry about such worst

case conditions, but they would like reasonable estimates for at

least the next five years. Any such estimate, however, should be
based on at least 15 years of past measurements.

1.2 Why We Must Model Rain Attenuation

We do not now have and will never have 15 vears of data,

e.g., from satellite beacon measurements, at each geographic loca-
tion where we may become interested in operating a MILSATCOM ter-
minal, at each frequency of interest and for every elevation angle
that may occur with suitable satellite constellations. We have no
choice but to model the rain attenuation as a function of these
parameters.

If we can specify the rain rate R over each element of the
earth-to-satellite path and properly characterize the rain (by drop
size distribution, shape of drops, canting angle due to wind, the
temperature of the water drops) at every instant, theory permits us
to calculate rather accurately the resultant attenuation A as a
function of frequency. Using the formula A = aRb for each element
of the path, one could in principal calculate the overall path
attenuation. This approach can best be described as an exact
solution to a theoretical problem. Even over short terrestrial
paths, it has proven prohibitively costly and complex to evaluate
all the necessary parameters. Thus some surrogate must be used for
some of the relevant parameters. The model recently developed by
R.K. Crane is the only world-wide one for earth-satellite paths.
While the model of reference 3 gives excellent results for Washing-
ton, D.C., it can not easily be extended world-wide. We started

our study using Crane's model.




1.3 Rain Versus Precipitation

Most gauges throughout the world measure total precipitation.
Nevertheless, it is customary to refer to the gauges used to
measure precipitation as rain gauges, although fhey actually measure
the equivalent liquid water content of all precipitation. Heuted
gauges do this better; snow may plug up an unheated gauge. These
gauges have a least reading of 0.1 to 0.25 mm/hr. Below this,
precipitation is referred to as a trace. Crane's model uses one-
minute surface point precipitation-rate distributions. Although
Crane refers to his model as a rain-rate model, we prefer to call
it a precipitation-rate model. Crane's terminology is used for

figures taken from his work; thereafter we tend to use ''precipitation"

rather than '"rain" to remind one of the distinction.




2.0 THE CRANE MODEL FOR RAIN ATTENUATION OVER EARTH-SATELLITE
PATHS

4 The method described here for calculating-the attenuation
due to rain over earth-to-satellite paths is based on the recent

model proposed by Crane.(4'5)

2.1 Description Of The Model

The first step in the development of this model was the
definition of eight climatological regions, i.e. eight regions
characterized by distinct one-minute surface rain rate distributions,
and the piecemeal allocation of the entire surface of the earth to
one of these eight regions. A map delineating his region boundaries
appears in Figure 1.‘ The second step was the determination of the
curves that best fit the available one-minute surface rain rate
frequency of occurrence data over a year for each region. Crane's
values are given in Table 1 and his cumulative distributions are
shown in Figure 2. The same data, smoothed slightly as described
later, are plotted in Figure 3 using a logarithmic ordinate in
order to better reveal the shape of the curves at low rain-rates.

The remarkable achievement of Crane's two-step process is that the
distributions for geographically adjacent climatic regions bound
the expected variations (both point-to-point and year-to-year) in
the rain-rate distribution for each region.

So far we have only discussed surface point rain rates.
However, for the purpose of calculating earth-to-satellite path
attenuation, the spatial distribution of rain rate over the propagation
path represents the more relevant quantity. This involves the

spatial correlation function for rain rate, which itself is a |
function of rain rate. For example, very high rain rates are known é
to have relatively short correlation distances and vice versa. In

* Private communications from R.W. Crane. This replaces the map in
the Draft Submission to the CCIR, reference 5. It includes recent

research which tentatively subdivides the ocean areas as well as
the land areas.
4
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Table 1. CRANE'S RAIN-RATE DISTRIBUTION VALUES? (mm/h)

PERCENT RAIN RATE CLIMATE REGIONS

OF YEAR A B c D E F G H
0.001 28 54 80 102 164 66 129 251
0.002 24 40 62 86 144 51 109 220
0.005 19 26 41 64 117 34 85 178
0.01 15 19 28 49 98 23 67 147
0.02 12 14 18 35 77 14 51 115
0.05 8.0 9.5 11 22 52 8.0 33 77
0.1 6.5 6.8 7.2 15 35 5.5 22 5]
0.2 4.0 4.8 6.8 9.5 21 3.8 14 31
0.5 2.5 3.0 2.8 5.2 8.5 2.4 7.0 13
1.0 1:7 1.8 1.9 3.0 4.0 1.7 4.0 6.4
2.0 .1 1.4 1.0 1.8 2.0 1.1 1.6 2.8

a'From Crane, reference 2.
rates (mm/h) which are exceeded the indi

(0.001 above means 0.001 percent, or 10
relationship between percent of year, minutes per year and

average number of minutes per day is shown below.

Percent Minutes Average No. Of
Of Year Per Year Minutes Per Day
0.001 5.26 0.01
0.002 10.5 0.03
0.005 26 0.07
0.01 53 0.14
0.02 105 0.29
0.05 263 0.72
0.1 526 1.44
0.2 1052 2.88
0.5 2630 7.20
1.0 5260 14.4
2.0 10,520 28.8
6

These are one-minute surface point rain
gated percent of year
of a year).

The




One-minute average surface rain rate (mm/hr)

150 ~- e — ‘ $
E H From Ref. 5
L 4
a RAIN RATE CLIMATES
POLAR: A - Tundra (Dry)
B - Taiga (Moderate)
TEMPERATE: C - Maritime
100D i
D - Continental
b SUBTROPICAL: E - Wet
F - Arid
TROPICAL: G - Moderate
H - Wet
s 4
0.001 0.003 0.01 0.03 0.10 0.30 1.0 3.0 10
Percent of year rain rate exceeded
Fig. 2. Cumulative distributions of one-minute surface

rain rates for eight climatic regions
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Fig. 3. Log-log plot of cumulative distributions of precipitation rate




Crane's model, the correction for spatial correlation is not made
directly on rain rate, but rather as a rain rate-dependent correc-
tion to the total attenuation. This correction is of the form
y(D)Rp'S(D) where Rp is the one-minute surface point rain rate for

a given exceedance probability (P) and Y and § are empirical functions
of D which will be discussed later. D is the surface projection of
the appropriate portion of the propagation path.

Crane's model makes two additional assumptions to facilitate
| specific path attenuation calculations. The first is that, for the
frequencies of current interest (i.e., f <50 GHz), only liquid
water need be considered; ice crystals and snow flakes can be
neglected. It follows from this assumption that, if the mean
freezing height (FH) can be estimated or modeled, the path length
for propagation at an elevation angle 8 above the horizontal is
simply L = (FH)/sin &, and D = (FH)/tan 6. Using Crane's simple
latitude-dependent model,

FH (in km) = 4.8 for [A] < 30°
= 7.8 -0.1|A| for |A| > 30°.

The second assumption is that the ''specific attenuation' in dB/km
due to rain can be fitted by an expression of the form aRp° where

o and 3 are empirical functions of the carrier frequency. Tables }
of o and 8, based on applying logarithmic regression to Mie scat- 1
tering calculations, have been given by Olsen et 31(6) for five

published drop-size distributions and for three different rain ;
temperatures. The Laws and Parsons (LP) drop-size distributions

are the most widely tested and the most widely used. Olsen gives

two regressions, LPL and LPH’ for "low" and "high'" rain rates, and

he suggests that LPL be used for Rp < 40 mm/hr and LPH be used for j

R, > 40 mm/hr. 1

The regression for the Marshall-Palmer (MP) drop-size dis-
tribution lies between the two LP values at frequencies around 40
GHz. At lower frequencies, MP is slightly more pessimistic.
Similar statements can be made about the Joss ''thunderstorm" drop-




size distribution, while the Joss ''drizzle'" drop-size distribution

is both less conservative in the 40 GHz region and less widely

tested than the others. Accordingly, following Olsen's own recommen-
dations, we usi the LPL and I..PH values for a and 3. Graphical
interpolations between Olsen's published data were necessary to
determine values at the frequencies specified for this study. How-
ever, we conservatively assumed that the values given for 1 GHz hold
for all frequencies below that value. Table 2 lists the values used
for a and 8, interpolatecd where necessary. The 0°C values are
generally used with a few exceptions. The exceptions are the tropics
(regions G and H) and the lowest latitudes of region C (within 30°

of the equator) where 20°C values are used. (Reference 6 discusses
the range of rain temperatures.) An excursion for region E used

both temperatures, in order to evaluate the magnitude of the temper-

ature effect. .

Finally, the attenuation in dB as a function of the exceedance
probability P (the cumulative probability of being exceeded) expressed

as percent of a year, is given by:
A(P) = L(A,8) a(f,R)) Y(D) Rp(p)[8<f'Rp)'5(D)] Eq. (1)

Further details of the calculative procedure follow: E
First, we specify i

1. eight climatic regions A through H of Figure 1

2. four latitudes, A= 0, 30, 40, 60°;
i.e., for regions A and B, A= 60°; ;
for region C, A= 30° and 600;
for region D, A= 400;
for regions E and F, A= 300;
for regions G and H, A= 0v.

3. six elevation angles, 6 = 10, 20, 30, 45, 60, 90°
4. nine frequencies, r = 1.0, 7.9, 8.2, 21, 40, 41,
43, 44, 45 GHz

*For 7.5 and 8.2 GHz, a smooth curve was drawn through the published
values at 6, 7, 8 and 9 GHz. For 21 GHz, a curve was drawn through
the values at 15, 20 and 25 GHz. For the five values from 40
through 45 GHz, the interpolation was done in two steps. First the
values at 25, 30, 35. 40, 50 and 60 were used to get a ''good" value
at 45 GHz; then the values at 35, 40, 45 and 50 were plotted at a
larger scale to determine the values listed in Table 2.

A it < 1

10
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Table 2. TABULATION® OF a, B FOR USE IN aRpB

E Temperature = o°c

! it ) ol efizy) “(try)
1.0 6_4|x,0'5 5.26x1070 0.891 0.947
7.5 5.40x107°  4.28x107" 1.1850 1.2585
8.2 6.95x10"%  5.84x107" 1.1870 1.2396
21 7.05%x10"2  8.21x1072 1.1141 1.0728

: A0 0.313 0.467 0.081 0.864
1 0.330 0.490 0.973 0.857
43 0.365 0.534 0.958 0.845
11 0.382 0.555 0.951 0.840
45 0. 400 0,575 0.943 0.835

Temperature = 20°c

1.0 3.84x107°  3.17x1077 0. 889 0.945
7.8 3.52x10°°  2.77x10°° 1.2941 1.3644
8.2 1.72x10™%  4.20x1077 1.2008 1.3322
21 7.68x10"2  9.66x10" 1.1016 1.0367
40 0.312 0.452 0.972 0.864
11 0.320 0.473 0.965 0.858
12 0.363 0.515 0.951 0.81€
14 0.380 0.535 0.944 0.841
45 0.397 0.555 0.936 0.836

3Based on Olsen et.al., reference 6; interpolated where necessary.

LP refers to the Laws and Parsons drop-size distributions. The 1
subscripts L and H refer to low and high rain rates; the transition i
is at about 40 mm/hr.

11




Second, we calculate: FH = 7.8 - 0.1 |[A]| or FH = 4.8 km as explained

1}

FH/sin 8,
FTH/tan @.

earlier, and L and D, where L
D

Third, we read o and 8 from Table 2, using both the LP low and LP
high values.
Fourth, we calculate
* * 2 * 3

Y(D) =1 + (D /4.5) - 0.23(D /4.5)" + 0.0215(D /4.5)
and

* * s 2 * 2
i §(D) - (D /21.5) - 0.98(D /21.5)" + 0.446(D /21.5)",
where
D' = D for D £22.5 km

= 22.5 for D > 22.5 km

Fifth, we read Rp(P) from Figure 3 or Table 3, noting whether
Rp < 40 mm/hr or Rp > 40 mm/hr.

Sixth, we calculate A(P) in dB using the appropriate values for
a and B8 from the two choices available (LPL or LPH).

*
Seventh, we list or plot A versus P ,

where P* = P for D<22.5 km
= (D/22.5)P for D >22.5 km,

where P is the tabulated value of percent of the year corresponding
to the value of Rp used in calculating A.

2.2 Results Based On Crane's Model

A FORTRAN IV program was established for carrying out the
indicated computations on an IBM 360/91 computer. The 5940 values
of A, the earth-to-satellite excess path attenuation in dB, were
calculated from the 10 rain rate region/latitude conditions., six
elevation angles, nine RF frequencies, and the 11 exceedance per-
centage values. Representative results judged to be of primary
interest are presented in Figures 4 through 18.

i e e
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Table 3. REVISED RAIN-RATE DISTRIBUTIONS (mm/hr)

Percent Rain Rate Climate Regions

of Year A B C D E F G H
0.001 28.0 54 80 102 164 66 129 251
0.002 24.0 39 62 36 144 51 109 220
0.005 19.0 26 41 64 117 34 85 178
0.01 15.4 19 28 48 98 23 67 147
0.02 12.0 14 19 35 77 14 51 115
0.05 8.0 9.5 11 22 52 8. 33 77
0.1 5.8 6.8 TED 15 35 5. 22 51
0.2 4.1 4.8 4.8 9.8 21 3. 14 30
0.5 2.5 3.0 2.8 5.2 8.6 G 7.0 13
1.0 1.7 o0 1.9 3.1 4.0 1 4.0 6.4
2.0 1.1 1.4 143 1.8 2.0 1 242 3.0

B ‘ . : :
This table is a slightly revised version of Table 1 based on the

smoothed curves of Figure 3.
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The first nine plots show the basic frequency of occurrence
relationships, A vs. P, for three RF frequencies (7.5, 21 and 40
E GHz) and three elevation angles (10, 20 and 300). There is a curve
L on each plot for each one of the different climatic regions. 1In
all cases, the attenuation at 1 GHz -is less than 1 dB. Hence these
values are below the scale and do not appear: this frequency is

hereafter ignored. Figure 4 shows the results at 7.5 GHz for an
elevation angle of 10° (the angle giving the highest attenuation
over the range from 10 to 900). Two special effects are also
illustrated in Figure 4. Firstly, the sensitivity to rain temper-
ature is shown by plotting the result of using both 0°c and 20°C
values of a and 8 (from Table 2) for region E. The two curves differ
by less than 2 dB even at the low frequency-of-occurrence high-
attenuation end, and this is the largest difference found in any
case. Thus temperature, which changes the dielectric constant of
the rain water slightly, is considered to have a negligible effect
on earth-space path attenuation. Comparing C for A= 30° latitude
and A= 60° latitude, the effect of freezing height is seen to be
major. This results because freezing height directly determines
the amount of rain that the signal must pass through on any given
path. Secondly, the effect of drop-size distribution is shown.

The D curve in Figure 4 shows one of the largest discontinuities
found at the transition from Laws and Parsons "high" to '"'low" drop-
size distributions. We also consider this effect negligible. In
all other cases throughout this report, we show a single smooth
curve joining the LPL and LPH curves, and do not bother to show

the step at 40 mm/hr. Figures 5 and 6 give the results at 7.5 GHz
for 20 and 30° elevation. The results at 21 GHz appear in Figures
7, 8 and 9. Figures 10, 11 and 12 give the results at 40 GHz. The
straightforward dependence on elevation angle is shown in Figure
13, 14 and 15 at the 1% frequency of occurrence. The sharp upturn
in the tropical curves (climatic regions G and H) at low elevation
angles is a feature of the model. We surmise that it arises from
the model when the ground projection of the relevant (non-freezing)
propagation path exceeds 22.5 km because there is an increased

14
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probability over the single-point rain probability that a dense
rain cell will be encountered somewhere along the path. Cross
plots of these data at the 1% frequency of occurrence are given in
Figures 16, 17 and 18 to emphasise the severe frequency dependence
of rain attenuation. Only five curves are shown on each plot
instead of nine or ten. At 1% frequency of occurrence, the missing
curves lie very close to one of the curves shown, as indicated by
the parameters in parentheses. These five samples are sufficient

to indicate the behavior of the larger group.
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3.0 EXTENSIONS AND MODIFICATIONS TO THE CRANE MODEL

The Crane precipitation-rate model consists of (1) a map
showing eight climate ''types'" distributed as regions over the
globe, (2) an approximate expression for the zonally averaged, mean
annual freezing height FH as a function of latitude, and (3) one-
minute precipitation rate distributions typical of each climate

(4,5) Crane based geographical distribution of climate types

type.
on annual precipitation amounts, annual numbers of ''thunderstorm
days', and general information from climate texts and other global
climate classifications. Crane gathered all of the precipitation
rate versus frequency-of-occurrence data he could find (mostly in
the U.S. Canada and Europe), correlated the frequency distributions
with annual precipitation and thunderstorm data, and defined the
climate regions based on relative homogeneity among those data. He
then used the published, worldwide, annual precipitation and
thunderstorm information along with general climatological know-
ledge to extrapolate the rain-rate regions globally. According to
Crane‘, no rigorous objective scheme was used to define regions or
to delineate regional boundaries, and therefore, it would not be
possible to reproduce his climate region map based on data analysis
alone.

Each precipitation-rate region (or type) is associated with
its own characteristic precipitation-rate frequency-of-occurrence
distribution. In order of increasing frequency of high one-minute
average precipitation rates, he identified the eight types as
follows:

= Polar Tundra

= Polar Taiga
Subtropical Arid

= Temperate Maritime

o 0= W >
L}

= Temperate Continental

* Telephone discussion between R.K. Crane (Environmental Research
and Technology Inc., Concord, MA) and R.E. Huschke on January 26,
1979,

31
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G
E = Subtropical Wet
H

Tropical Moderate

Tropical Wet

Originally, the regional climate model wés confined to the
land masses. The model was then refined according to inputs from
member nations of the International Radio Consultative Committee
(CCIR), for whose use the model was developed. They provided inputs
which extended the model to include the oceans. Crane's refinement
of the original map in Reference 5 appears in Figure 1. Crane
stated that currently there is no formal effort to further improve
the model, e.g., to incorporate seasonal variations.* Variations in
precipitation-rate distributions among locations within a given type
were determined by Crane, to be approximately bounded by the dis-
tributions for the geographically adjacent types. Table 1 reproduces
the rain-rate distributions given by Crane.

Q.1 Rationale for Changes

If the Crane model were an accurate representation of precip-
itation-rate statistics over the open oceans (from which there are
no precipitation rate data), it would be a useful tool for pre-
dicting outage probabilities, but only on an annual basis. However,
we lose interseasonal variations by aggregating data around the
calendar. The model (which includes the associated attenuation
calculation methodology) would have to be considerably extended to
permit us to calculate statistics of outage durations. The lim-
itations appear especially severe at the lower attenuation (higher
frequency-of-occurrence or longer duration) end of the precipita-
tion-rate di<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>