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— PREFACE

This analysis of rain attenuation over earth— satt ’llite paths
for ocean and coastal terminals was performed fOr NAVELEX , Advanced

S. 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 SAl was Nathaniel E.

Feldman , Chief Scientist of the Systems Research Operat ion . The

following SAl consultants were key -contributors to this analysis:

Ralph E. Huschke , lowland 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 , Michae l A. Morris did the programming and numerous

other SAl personnel provided research support .

I [.

I



~~~~~ —

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 coas tal 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—

s a t e l l i t e  pa ths . - It should prove a valuable aid in select ing ‘ 
-

satell ite 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 precipitat ion—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 variat ion 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,

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 precipitat ion—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 elevat ion 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—liv’~d , 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 .~ precipitation matched the seasonally

measured data.

Usia - this seasonal model , we find that the Sep—Nov period

is the worst season in the North A t l a n t i c , the Mar—May period is

the mildest and that the difference between them is large. At 44

0Hz and 200 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.

iii



For the worst season of the year at each location , the

table wh i ch follows summarizes the attenuations at 44 GHz and 20°
elevation angle. The correction for total amount of precipitat ion

is already included in the figures from which this data was taken .

Precipitation Margin Requirements for Thirteen
Selected Locations (dB)

Availability (percent): 99.9 99.0 90.0
Location Cumulative Outage (“): 0.1 1.0 10.0

1 Mid—Atlanti c 32 13 4.4

2 North Atlantic 13 4,1 1.1

3 Mediterranean 25 8.7 1.3

-1 Persian Gulf 19 7.3 1.4

* * *S Indian Ocean 108 40 8,6

6 W. Australia 34 13 2.2

* * *7 East Indies 127 40 6.9
- * * *S P h i l i p p i n e s  100 31 3,0

9 Sea of Japan 60 22 4.6

#10 Bering Sea 12 4.5 1.3

#11 N.E. Pacific - 43 15 3.5

=12 Hawaii 41 15 3.5

* * *#13 Panama 130 41 6.6

In the table , the four highest attenuation values for each cumula-

tive outage level are marked with an asterisk. Note the dramat ic

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 Thei~r Design Implications

~44 0Hz , 20~ elevation , worst season )

Cumulative
Outage 0.1 1 10
(percent)

t 
Precipitation 100 to 130 30 to 40 5 to 9
Margin , dB

Design Probably technic ally Large satellite Readily
I m p l i c a t i o n s  and economica l ly  inves tment  achievable

infeasible unloss required but with current
there are exceptional technicall y 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

t precipitation margins of 10 to 15 dB will provide availabilities

over 90 percent. That such high availability could be achieved at
44 0Hz 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 examp le , 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 300 elevation angle

to a 100 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

I i reduces the average outage to 41 minutes. With lO dB margin at

300 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 .

t .
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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 0Hz. 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/kin at the 60 0Hz resonance peak .* For the next generation

of MILSAT COM 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 .

1.1 Excess Path Attenuation

Measurements of signal attenuation in excess of that due to

the clear atmosphere include rain and cloud effects. At the

communicat ion s a t e l l i t e  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 ef fec ts4’ as scatter interference , a lossy

layer on radomes , and polarization and phase changes in the electro-

magnetic wave~
2
~ 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 ,

~ See referenc e 1, Figure 1.
+ Reference 2 contains an excellent tutorial review of the effects ,
a description of the measuring techniques and equipment , and ~inextensive bibliography .

1~
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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 y”ar—to—year variations can be even larger. Dam designers

have to worry about the heaviest deluge in a ce1~tury 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 years of data ,

e.g. , from satellite beacon measurements , at each geog r a p h i c  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
F to calculate rather accurately the resultant attenuation A as a

function of frequency. Using the formula A = aRb for each elemen t

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 mode l of reference 3 gIves exce l l en t  r e su l t s  for  Washing-
ton , D.C., it can not easily be extended world—wide . We started

our study using Crane ’s model.
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1.3 Rain Versus Precipitation

Most gauges throughout the world measure total precipitation .

Never theless , it is customary to refer to the gauges used to

measure precipitation as rain gauges , although they actually measure

the equivalent liquid water content -of all precipitation . Heated

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 surfac ,e point precipitation-rate distributions. Although

Cr&ne 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 ” —

ra ther than “rain” to remind one of the distinction .

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

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.

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 piecemea l allocation of the enti re surfac e of the earth to
one of these eight regions. A map delineating his region boundaries

appears in Figure l.~ The second step was the determination of the

curves that best fit the available one—minut e surface rain rate

frequency of occurr ence 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
to have relatively short correlation distances and vice versa. In

* Private communications from R.W . Crane . This rep laces the map in
the Draf t Submission to the CCIR , reference 5. It includes recent
research which tentativel y subdivides the ocean areas as wel l as
the land areas.
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Table 1. CRANE’S RAIN-RATE DISTRIBUTION VALUESa (mm/h)

PERCENT 
- 

RAIN RATE CLIMATE REGIONS

OF YEAR A B C D E F G H

0.001 28 5-1 80 102 
- 

164 66 129 251

0.002 2-1 40 62 86 1-14 51 109 220

0.005 19 26 41 61 117 34 85 178

0.01 15 19 28 49 98 23 67 147

0.02 12 1 4  18 :15 77 14 5] 115

0.05 8.0 9.5 ii 22 52 8.0 33 77

0.1 6.5 6.8 7.2 15 35 5.5 22 51

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 1.4 1.0 1.8 2.0 1.1 1.6 2.8

aFrom Crane , reference 2. These are one—minute surface point rain -:
rates (mm/h) which are exceeded the indigated percent of year
(0.001 above means 0.001 percent , or 10 of a year). The
relationship between percent of year , minutes per year and
average number of mi lutes per day is shown below .

Percent M inutes Average No. Of
Of Year Per Year Minutes Per Pay

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
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l5(~ II From Ref. 5
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1’ RAIN RATE CLIMATES
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Percent of year rain rate exceeded

Fig. 2. Cumulative distributions of one—minute surface
rain rates for eight climatic regions
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Crane ’s model , the correction for spatial correlation is not made
d i r e c t l y  on rain ra te , but ra ther  as a ra in  ra te—dependent  correc-
tion to the total attenuation . This correction is of the form

where R Is the one—minut e surface point rain rate for

a given exceedance probability (P) and ~ 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 0Hz), 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 (Pit) can be estimated or modeled , the path length

for propagat ion at an elevation angle ~ above the horizontal is

simply L = (~~~)/sin e , and D = (~~~)/tan e. Using Crane ’s simple

latitude—dependent model ,

~‘1! (in kin ) = 4.8 for A~ <30 °

= 7.8 —0.1 ~
j  for Aj 30°.

The second assumption is that the “specific attenuation ” in dR/km

due to rain can be fitted by art expression of the form ~~~~ where

~t and ~ are empirical functions of the carrier frequency. Tables

of ~ and 3 , based on applying logarithmic regression to Mie scat-

tering calculations , have been given by Olsen et al ”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 regress ions , LPL and LPH, for “low ” and “high” ra in ra tes , and

he suggests that LPL be used f or R~ < 40 mm/hr and LPH be used for

R~, > 40 mm/hr.

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—

9
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size distribution , while the Joss “drizzle” drop—size distribution

is both less conservative in the  40 0Hz region and less widely
tested than the others.  Accord ing ly ,  fo l lowing  Olsen ’ s own recommen-
da t ions , we use the ‘~~L and LP~ values for  -ci and ~. Graphical

*i n t e rpo la tions  between Olsen ’ s published data were necessary to
determine values at the frequencies  specif ied for  th i s  study . How-
ever , we conservat ively assumed tha t  the values given for  1 GHz hold
for all frequencies below tha t  value . Table 2 l ists the values used
for ci and B , interpolatec~ 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 , O) ct(f~R~) ~(D) R~(P)
[B~~~

Rp
)_
~~~~J Eq. (1)

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

1. eight climatic regions A through H of Figure 1

2. four latitudes , A= 0, 30, 40, 600;
i.e., for regions A and B , !~= 60°;

for region C , A 30° and 60°;
f o r  region D, A= 40°;
for regions E and F , A= 300;
for regions G and H , A =  0°.

3. six elevation angles , e = 10, 20, 30, 45 , 60, 90°

4. nine frequencies , f = 1.0, 7.5, 8.2 , 21 , 40, 41,

43, 44, 45 GHz

*For 7.5 and 8.2 0Hz, 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 0Hz. 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” valu e
at 45 0Hz; then the values at 35 , 40, 45 and 50 were plotted at a
larger scale to determine the values listed in Table 2.

10
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Table 2 , TABULAT ION a OF ~~~~, ~ FOR USE IN ~Rp

Temperature 0°C

k ‘~~~~ cy IPI ) - ~~ ‘1.) i~~LP~~) -~

1.0 (1 41X10 ” 5.26x1~~
5 0.891 0.947

H 7.5 5. 19x10 3 
4 . 28x 1°

1 1.1850 1.2585

8.2 6.05xl0~~ 5 .8-Ix1O~~ 1.1870 1.2396

21 7,05x10 2 R ,2lx10~~ 1 .11 4 1 1. 0728

10 0 . 31 3  U . -167 ~ .fl81

- (1 0 .330 0 .490 0.973 (L857

-13 0.365 0.534 0 .0 58 0 . 8-1 5

4 4  0 .382 0.555 (1.951 0.840

45 0.400 0.575 0.943 0.835
T~rnpe ra ture — 20°C

1.0 3. 84x1c1~~ 3.17x10 ” 0.880 0 .0.15

7- 5 3 .52x10 ’
~ 2.77x10 3 1.294 1 1.3644

8.2 -t . 72x10 3 4.29x10 3 1.7098 1.3322

21 7.~~R~ 10 2 9 . G 6 x 1 O~~~~ 
1.1016 1 . 0367

40 0.312 0.452 0.072 0 . 864

-I i 0.320 0.173 0.965 0.858

13 0.363 ‘ 515 0,951

44 0.380 0.535 0.94.1

45 0 . 39 7 (1.555 0.936 0 .836

1.
aBased on Olsen e t .al . , r e ference  6;  in te rpo la ted  where necessary .
LP refers to the Laws and Parsons drop—size distributions. The

subscripts L and H refer to low and high rain rates ; the transition

is at about 40 mm/hr .

1.
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Second , we c a lc ula t e :  ~~ = 7 .8  - 0 , 1 (A ( or = 4 .8  km a~ ex p l a i n e d

ea r l i e r , and L and P . whe re L = Y~ / s i n ~.
D = ~~ / t an 0 .

Thi r d . we read ct and B from Table 2 , u s i n g  bo th  the U’ low and LP
high values .

Four th , we ca lcu la te
* * ‘3 * 3

= 1 ~- ( D / 4 . 5 )  — O . 2 3 ( D  / 4 . 5 ) ’~ + 0.02l5(D /4.5)

and

* * 2 * ‘3
~~~~~~D )  — (0 / 2 1. 5)  — 0.98(0 /21.5) + 0 . 4 46 ( 0  / 2 1 .5 Y ,

where

D~~= D f o r D~~~22.5 km

22.5 for 0 ~‘ 22 .5  km

Fifth , we read R~(P) from Figure 3 or Table 3 , noting whether

R~~~ 
< 40 mm/ hr or R

9 
40 mm/hr .

Sixth , we calculate A (P) in dB using the appropriate values for

ci and B from the two choices available (LPL or LPH).

*Seventh , we l ist  or plot  A versus P
*where P = P for  0 < 2 2 . 5  km

= (D/22.5)p for 0)22.5 km .

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

2.2 Result s 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—sat ellite excess path attenuation in dB , were

- I calculated from the 10 rain rate region ,’latitnde conditions , sl~
eI.ovation angles , nine RF frequencies , and the Ii exceedance per-
centage values. Representative results judged to be of primary
interest are presented in Figures 1 through iS.

U 12~~~~~~



Table 3. REVISED RAIN-RATE DISTR IBUTIONS (mm/hr )

Percent Rain Rate Climate R~g ions

of Year A B C 0 F F 6 II

0.001 28.0 54 80 102 164 66 129 251

0.002 24.0 39 62 86 144 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 8.0 33 77

0.1 5.8 6.8 7. 2 15 35 5.5 22 51

0.2 4.1 4.8 4.8 9.8 21 3.8 14 30

0.5 2.5 3.0 2.8 5.2 8.6 2.4 7.0 13

1.0 1.7 2.1 1.9 3.1 4.0 1.7 4.0 6.4

2.0 1 .1 1.4 1.3 1.8 2.0 1.2 2.2 3.0

aTh~ S table  is a s l ight ly  revised version of Table 1 based on the
smoothed curves of Figure 3.

I ’
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The f i r s t  n i n e  p lo ts  show the  basic frequency of occurrence
r e la t i o n s h i p s , A vs. P . for three RF frequencies (7.5, 21 and 40
0Hz) and three elevation angles (10, 20 and 300). There is a curve

on each plot for each one of the different climatic regions. In

all cases , the attenuation at 1 0Hz -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

elevat ion angle of 100 (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

val ues of ci and ~ (from Table 2) for region E. The two curves differ

by less than 2 dB even at the low frequency—of-occurrence high-

a t te nua t ion  end , and t h i s  is the largest d i f f e r e n c e  found in any
case. Thus tempera ture , 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 :\= 300 latitude

and ‘- 600 l a t i tude , the  e f f e c t  of f r eez ing  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 P 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 neglig ible. In

all other cases throughout this report , we show a single smooth

curve j o i n i n g  the LPL and LPH curves , and do not bother to show

the  step at 40 mm/hr . Figures 5 and 6 give the resu l t s  at 7 .5  GHz
for  20 and 300 elevation . The results at 21 0Hz appear in Figures

* 7, 8 and 9. Figures 10. 11 and 12 give the resul ts  at 40 0Hz. The
straightforward dependence on elevation angle is shown in Figure

13 , 14 and 15 at the l’~ frequency of occurrence. The sharp upturn

in the tropical curves (climatic regions G and H) at low elevat ion

angles is a feature of the model. We surmise that it arises from
the model when the ground projection of the relevant (non-freezing~1
propagation path exceeds 22.5 km because there is an increased

1’
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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 l9~ 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 l9~ 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 ~ii as a function of latitude , and (3) one—

minute precipitation rate distributions typical of each climate

type.~~
4’5~ Crane based geographical distribution of climate types

on annual precipitat ion amounts , annual numbers of “thunderstorm

days” , and general informat ion 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

I follows :

A Polar Tundra
B Polar Ta iga
F - Subtropical Arid

C = Temperate Maritime

D = Temperate Continental

* Telephone discussion between R.X. Crane (Env ironmental Research
and Technology Inc., Concor d , M a ’)  and R.E. Huschke on January 26.
1979.
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G Tropical Moderate

E = Subtropical Wet

H = Tropical Wet

Originally, the regional climate model was 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 distribution -s given by Crane.

3.1 Rationale for Changes

If the Crane model were an accurate representation of precip-

itation—rate statistics over the open oceans (from which there’ art’

no precipitation rate data), it would be a useful tool for pre-

dieting outage probabilities , but only on an annual basis. However ,

we lose interseasonal variat ions 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 u r n —
i ta t ions  appear especially severe at the lower attenuation (higher
frequency—of—occurrence or longer duration ) end of the precipita-

tion—rate distributions.

Setting aside the latter problem (duration at low attenua-

tion ) for the moment , we began our analysis by examining the Crane

model to assess its representativeness of ocean precipitation

rates. The following questions needed answers:

* Private communication , January 26 , 1979.
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1. Do the climate types appear properly distributed over
the oceans?

2. Do the seasonal variations in precipitation data justify

significantly altering the model?

3. Is the Crane approximation for freezing height adequate?

The following answers are based on a brief examination of

readily available data. In all cases the answers indicate a need

for a deeper investigation , tempered by the awareness that the

basic precipitation rate data simply do not exist over the oceans.

3.1.1 Ocean Distribution of Climate Regions

Three independent analyses of ocean precipitation and

cloudiness were used as an initial check on the representativeness

of Crane ’s climate region map over the oceans : (1) a global ,

monthly analysis of precipitation ainounts~
7
~~, (2) a global , monthly

analysis of precipitation frequency ’8~ ; and (3) a monthly analysis

of average c loud amount over the Pac if ic Basin~
9
~ .

The analysis of precipitation amounts~~
’
~ was available only

in chart form , without text . Therefore , the quality and quantity

of data that went into the analysis are not readily known . Precip-

itation amount is not generally measured on ships at sea. The

data probably represent the 1930s through the mid-l940s. The

author ’s reputation is such that the quality of his analysis and

his judgment can be relied upon.

The precipitation frequency analysis ,~
8
~ used all available

data from the early 1940s through the early 1960s. The frequencies

are defined as the fraction of all “present weather ” observations
reporting precipitation . This could introduce a small bias toward

inflated frequenc ies because , in the absence of significant weather

phenomena , merchant vessels might neglect reporting “present

weather ”. As an additional caveat , the authors state , “ . . .
~ rocedura1 and coding) difficulties have reached their peak in the

analysis of precipitation data. Hence , percentage frequencies

indicated should be interpreted wi th  pa r t i cu la r  caution . ”~
8
~

U
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The cloud amount ana lys i s~
9
~ comes from meteorological

satellite data over the Pacific Basin , 1965—1973. It is the least

uncertain and most objective of the three analyses; however , it is

only an indirect and crude indication of precipitation amount and

frequency. -

The above comments illustrate the inherent difficulties in

describing precipitation over the oceans ; and this is further

illustrated in Figures 19—22, In these figures , the three types

of analysis are superposed , one set each for (Northern Hemisphere)

winter , spring, summer and fall. One looks for areas of consistency

and inconsistency among the three analyses and with the Crane map .

In genera l, consistency predominates with regard to the major

features of ocean climate. However , and with due regard for the

fact that Figures 19—22 are seasonal representations , it would

appear that the annual picture of Figure 1 should show (1) that

more of the oceans are a subtropical arid (type F) climate , (2)

that the polar tundra (type A) climate extends too far south into

the North Atlantic , (3) that the Mediterranean should not be a

continental (type D) climate , and (4), with less certainty , the

tropical wet (type H) climate should appear over larger portions

of the eastern tropical Pacific and eastern tropical Atlantic.

3.1,2 Seasonal Variation of Climate

Comparison of Figures 19—22 shows some s i gn i f i c an t  seasonal
var ia t ions  in ocean c l ima te :

1. Most major climatic features shift five to ten degrees
in latitude toward the summer pole.

2. The subtropical arid areas tend to expand in the

summer hemisphere and contract in the winter hemisphere .

3. “Wetness” , in general , but especially in the subtropics

and tropics , varies considerably from season to season .

To look in more detail at seasonal variations , thirteen

specific locations of possible Navy communications interest were

selected. We selected them with an eye to representing the complote

34

-- — - - -. 



g ~~~ ‘
.‘ ~ ~: I

~~~ 
~~~~~~~~~~~~~ 

-

~~~~~~~~~~~~(ii
- ’

~

-- 

t I -s~— 

.1 ~~~~~ ~~~~~~~~~~ 
-

~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

r- 
- -

~~ 
.
~~~ 

.. ~~~~~~~~~~~~~~~~~~~~~~~~~

i S ~~~~~~~~~~~~~~I~ C[~1 T ~‘ 4 ~
~ 

~~~~~

- -i : ~. 
~~~~~ 

‘
-
~
.I — ,.. 

‘

_
-

~~ ~~~~~~~ 
‘

~~ 

-•

~~~~~~~~~~

_ _ _ _  _ _ _  _ _ _  

I
~ _ _ _ _  _ _  _ _ _  _ _  

-

- 
‘-~~~~ ~~ 

I ~~~~~~~~ -1~i -- t. . -f~’- i- .-. - 
~~~~~~~~

.- -• -
~~

- 
--
~-~~~ ~~ ~ 

~~ 1 47-.
- ~

. -~- i -  - I. • 1 / ~ — .
:3 ~

IlL..



r - -- 
p

~ 
~~~~ ~~~~ 

~~ 
•“\

)
-‘ 

‘~~
‘
~ tISI~ ) ~?~

L1L1 
~ ~ : ‘~ / ~

‘

~~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-, .

- - ,.~~~ ~~~~ . -:\I~ ‘-. 
- .

-
- ~~~~~ ~~~~~~~~ t / o

-
‘ 5,- S ‘ - 5 - — — £ - ‘ v  ~ 

- ~ I ‘ -—

- . - 
S I I

ii ~~~~:: ~~~~~~~~~~~~~~~~~~~~~ ~~~ ,
~‘ 

11
- ‘

— 
) 

~~~~~~~~~~ 

.
.-.,

I
_
~ . ‘ 

,

‘ 
-~~~

~~ 

~~ 
,y 

“ / ~ ~ h
.- ~‘ I - ~~ 

•
~, ‘

. ., . ,. S Vt fr - . - . -4 —- - t ~~~~ - . - a ~.~~ 
•..,. ‘— < -  — I f  

~~ ~~ 
—

. v
~~~\

1
.1? L1..j ~ 

-
- ;~

- 

~ ~~~ 
) V2 ~~~~~

‘ 1
~~e~
i 1.! J :~ . . ~~,

-— -.-. ‘ -  
-‘ 

- .. ‘ t .- - L,, ” ~~~~~~: / -  ‘4-4

. :  - -.“-
~ ‘4 ~~~~ - -

~~~~~~

“

~~~ ‘.

~~~~~~~~~~~~~~~~~~~~~ 

e
’

2’

-~~~ 

~~~~ ~~- ~~~~~~~~~~~~~~ 1/ -

~ I~;~\I~~
: . ~~~ 

. , :~~~~ - \,,., ~~~~~~~~~~~~~~~~~~ 
- :  .~~~~~~~ .:;

— . .~~~

:~~~~~
!i’ f\1 

-

- 

:3~ 

.



-— 

~ 
_
~~

_
nI f _ --~’~~~ 

- -  -

•~~%~% ~~~ I-’
.’
~
’
~
’. 

-, 
. -

~~- 5 -) . ~~~~~~~~~~~ - .~,- f  ,
• -

- 
~~~~~~~~~~ ~ ‘~L -.-

‘ ‘~ ._, 
.~ - ~~~~~~~~~~~~~~~ 

-: 
-
~ ~

“
~~~‘ I. 3 - . ~~~~~~~~~ • •, . . 

- -

- - ,£ 5 • — 
~~~~~~~~~~~~~~~~~~~~~~~~~ \ :l~~’ 3 ~

- 

- - -  . — 1
~

~~~~~~~~ i: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
~ 

1;:

I

- 

~~~

- .  -
~~~~~

. - :
~

~ 1.— ~~~~ ~~~~~
.

____________ 
s - -

~~ :._________ 

“ 
~~~

-
~~

--

~~~~~~

- / , 

_
~ ..-~~~~ S~~~~~~ T~~~i_ ~~ 

“

~~~~~~~

“
- ‘~~ ‘ L

- 
I~ C I

5’ . 2 ‘— - - ~ 
- L ~~--. . - 

-% -

~~~~~~~
~~~ \~j s~ 

i
~
’4

~ ~~~~~~~~~~~ ~
.

. , %
‘ 

, - - 

‘I
-- ? J !

~j 

_ _ _ _  _ _ _ _ _  

F
~ L~Ø r - ~ V~~~~ t~

L--_--X~ “~k i  ‘. T T j  ‘—i

~~~ ~~~\$\t ’
: ~j : ’ .

‘ :~~ ~~~~ /C) • :-~‘ ~~~~ i . —
- ):‘. 

~~~~ ~ :s I : 
~~

‘
: ~~.1

37-
~~~ —-- —p-— ~~~~ 

_.
~~~~~~~~ —- - -- --—- S — —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—
~~~~~~~~



- - - -

~~~~: - --_

~~~~

__

~~~~~~~~~~~~~~~~~~~~~~~

._

~~

-.

- - - -
b

- j  
•

~~
-* ~j .4 ‘ 

. :-~i~~~~s. -~
.
~~ 

- -‘
- .

..
~~ - ~~~~~~~
~ 

1 . . :-
.
~.: / = ‘I

:- ~~~~~~~~~~~~ 1 I
~ ~ J I

-~~~ ~ ~;- ~ ~~ J ~ a
~ ‘CL’ ) ~T~ ~~~ 

~~~~~~~~ ~- I

~~~~~~
- -  

~-;~~~~~~ ~~~~~~~~~~~~

-

~~~~~~~

-

~~~~~~~

--- 

1~ 
~
L  j j T J  ~—~\ IU 

_ _ _ _ _  

X T 4  J~~-L-_ ~
‘
~~~~~~~ ~~~~~ ~ _ _ _  . j~~~~~~~~~~~~~~~~~~~

\
~~~~
’ 

- “~~

;
;‘j~~;~ ~~~~~~~~~~ r - -

~ 

P~ 
~~~~~~~~~~~~~~~~~~~~~ /

it?,

~
[ :~ _ _ _  _ _ _ _  

1~
-

:~; &~~~~&-~ ~:
L:K

38



spec t rum of r a i n — r a t e  regions , and we e s t i m a t e d  m o n t h l y  and seasonal
values  of p r e e i p l t a t i o n  parameters  using available sources . Seasonal
( t h r e e — m o n t h )  p r e c i p i tat i o n  amounts  were extracted from the \l~ l1er
maps~

7
~~, monthly precipitation frequencies were ex t r ac t ed  f rom the

Crutcher and Davis maps~
9
~ , and estimates of monthly and annual

“thunderstorm days” were extracted from maps and tables publish ed

by the World Meteorological Organization .~~~
0
~ Al l are t abulated

in Table 4; and the locations are mapped in Figure 23.

We previously discussed our confidence in the pre cipitati on

amount and precipitation frequency data . The “thunderstorm days

data , however , strained credibility. ~‘irst , a “thunderstorm day ”

is defined as a day on which thunde r is heard or lightning Is ob-

served : precipitation need not occur at ~he point of observation

and many such observations can be made on ne chunderstorm day.

Confidence in shipborne’ observat ions of such phenomena has to be

quite low. Second , Reference 10 provides four different ways of

estimating annual thunderstorm days : monthly maps of t h u n d e r s t o r m —
day isopleths that can be summed; seasonal maps that can be summed ;

an annual map : and tables that can he interpolated for any local ion .

Table 5 summarizes the results of estimating annual thunderstorm

days by all four methods. Assuming that table interpolation of

annual values gives the most accurate estimates (one is not depen-

dent on an analyst ’ s judgment or an artist’ s ability) . we see that

summing the estimates from the monthly maps results in overesti—

mating thunderstorm days by about a factor of two . Therefore , the

thunderstorm days given in Table 4 are made consistent with the

annual values obtained by table interpolation . We adjusted the

monthly values in accordance with the relative frequencies obtained

from the monthly maps,

In Table 4 , we unde r l ined  p r e c i p i t a t i o n  amount for  l oca t i ons
exhibiting a seasonal variation of precipitation (mm) of 2:1 or

more . The seasonal variations revealed in Table 4 are most strik-

ing in the moist tropics (locations 7. 8 and 13 , with location
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Table 4. MONTHLY AND SEASONAL PRECIPITATION DATA FOR SELECTED OCEAN LOCATIONS
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Table 5. ANNUAL NUMBER OF THUNDERSTORM DAYS EE~TIMATED BY FOUR
DIFFERENT METHODS a

Estimated Annual Thunderstorm Days

Table
Monthly Quarterly Annual Inter—

Location Maps Maps Maps polation

1. 40N 40W 25 20 17 
- 

15
2. 65N 0 2 2 1 2
3. 35N 20E 45 36 30 30
4. l5N 60E 30 15 5 3
5. 5S l2OE 81 61 41 41
6. 15N 120E 72 58 30 36
7. 40N 135E 21 14 iS 8
8. 60N 175W 3 1 1 0
9. 45N 125W 13 8 8 4
10. 20N 155W 24 10 5 3
11. iON 80W 82 65 90 75
12. 20S 115E 39 22 20 12
13. 20S 75E 32 27 16 16

aFrom reference 10.
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5 an exception ) and , to a smaller extent , in the temperate

region storm belts (locations 1, 2, 9 and 11) and the arid sub-

tropical regions (locations 3 and 6). As a general rule , the
— three parameters vary consistently, the major exception being

location 9 (Sea of Japan), where the highest frequencies of pre-

cipitation appear to coincide with the smallest amounts. 
-

3.1.3 Variation In Mean Freezing Height

Cran ec:4) suggests a simple algorithm for freezing height as
a function of latitude , saying that it approximates the average of

the spring/fall and summer freezing height profiles averaged

(zonally) around the globe. The Crane approximation appears as the

long—dash profile in Figure 24. Two other sources provided data

on the seasonal and spatial variations of freezing height , and the

approximations from them are also plotted in Figure 24. The —

-
. S 

zonal ly averaged prof iles for January an d Ju ly are from the Han dbook
- - 

of Geophysics~~
’1
~~. Crutcher and Meserve~

1-2
~ provide maps of

average upper air temperature in the Nor thern Hemisphere at selected
constant pressure levels. From surface , 850 mb (-1.5 km) and 700

mb (—3 km) maps , crude longitudinal profiles of freezing height

can be extracted . These are shown as the short-dash profiles

grouped around the zonal averages in Figure 24. Since calculations

of millimeter—wave precipitation attenuation are quite sensitive

- 

- 

to the freezing height assumed , we conclude that mean freezing

height must be treated as a variable , a function of location

(longitude as well as latitude) and season (rather than the

annua l mean ) .

3.2 Proposed Seasonal, Oceanic Precipitation-Rate Climate Model

We begin with the premise that precipitation-rate frequency

of occurrence stat istics are properly re lated by Crane to gross
climatic variables ; it becomes our initial point of departure .

— Certain aspects of the time and space distributions of climate

types have , however , been questioned. We propose the following

seasonal oceanic precipitation-rate climate model as a preliminary

solution to the problems raised.

3 
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3.2.1 Seasonal Maps of Oceanic Precipitation-Rate Regions

The first step is to provide separate precipitation—rate

c limate region maps for the four seasons. Monthly maps are not

warranted by currently available data. Using the Crane map (Fig.

1) as a first approximation (and inferring from it the approximate

regional bounding values -of precipitation amount , frequency , etc.),

the precipitation and cloud analyses of Figures 19-22 were scru-

tinized and used as guides in dc~lineating four seasonal climate
region distributions over the oceans. As in Crane ’s original work ,

tbe process remains highly judgmental. Precipitation amount was

the primary criterion , then precipitation frequency.

Some modifications of climate types are introduced at this

stage (denoted by the prime symbol in the following list of criteria

and on the maps). The modifications affect the precipitation rate

distribution s assumed typical of those climate types , discussion of

which follows in the next section of this report .

The basic guidelines used for delineating the ocean pre-

cipitation rate regions were as follows :

A’ , Polar Ice Cap - The Arctic Basin portion of Crane ’s type

A (Polar Tundra) climate; over ice covered oceans and
significantly poleward of the paths of most major extra—

tropical cyclones ; insignifican t precipitation amount and

very low frequency. Differs from Crane ’s type A in that it

excludes the summertime prec ip i t a t ion  regime found over
continental tundra.

B’, Polar Maritime - The maritime port ions of Crane ’s type B 3
(Polar Taiga) climate; the transition zone between the ice-
cap and temperate maritime climates , located along the sea—

ice fringe . Average precipitation about 1 mm/day ; high

frequencies of light , nonconvective precipitation is pos-

sible, Frequencies of high precipitation rates should be

much less than indicated by Crane ’s distribution for type B .

because the latter distribution includes a convective

component found over cor tinents much more frequently than

over the polar oceans.

45
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F, Subtropical Arid - Primarily the westward extensions of
the subtropical continental deserts; poleward boundaries

can be highly variable from year—to—year (e.g., off the

California and Chile coasts); average precipitation about 1

mm/day or less and frequency about 0.1 or less , varying

from convective at low latitudes to partially stratiforin at

higher latitudes.

C, Temperate Maritime - The major portions of the oceans ,

generally poleward and westward of the subtropical highs

(F—type regions) and excluding the primary paths of extra—

tropical storms ; average daily precipitation ranges from 1
mm to 4 mm , and frequency from about 0.1 to greater than

0.5; stratiform (storm—related) precipitation predominates

in poleward portions , convective in equatorward portions.

C’ Maritime Cyclonic — A new precipitation rate region

introduced to account for the high precipitation amounts

(average greater than 3.5 mm/day) and high frequencies

(0.25 to greater than 0.5) associated with the most frequent

oceanic paths of extratropical cyclones . We assume it has

a precipitat ion-rate frequency distribution midway between

types C and G (i.e. , near type D) at the high precipitation-
rate end of the distribution , and approaching types B and C

at the low precipitation-rate end.

D, Temperate Continental - Minor eastward extensions from
the major continents into offshore waters ; a mixture of

s t ra t i fo rm and convective precipi ta t ion averaging 1.5 to
3.5 mm/day at frequencies of about 0.1 to 0.2.

G, Tropical Moderate - Includes essentially all of the
tropical oceans except those portions that (seasonally)

experience intense and frequent convective precipitation ;

precipitat ion amounts vary widely (perhaps too widely) from

more than 1 mm/ day to less than 6 mm/day at frequencies of
less than 0.1 to about 0.3; precipitation is essentially
all convective .
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E, Subtropical Wet - A minor summertime region near the

southeast coasts of North America and Asia , characterized
by convective rainfall generally less intense than that

found in type H (Tropical Wet); average precipitation

amounts about 3.5 to 6 mm/day with frequency of about 0.1.

H, Tropical Wet — The most intensely convective portions of
the intertropical convergence zone ; the ocean regions of

heaviest rainfall , enhanced (and perhaps the data are

biased by) local land effects in the East Indies and Central —

America ; precipitation averages greater than 5 mm/day with

frequencies of about 0.1 to 0.4.

Figure 25 illustrates the oceanic climate—type boundaries

in terms of preciPitation amounts and frequencies. Th~.s way of

depicting the climate types serves two purposes :

1. It clearly reveals the range of precipitation char—

acteristics included within each region . (The convective fraction

of precipitation , which strongly influences the precipitation rate

— distribution , is missing up to this point. The convective fraction

is simply assumed to be high in the subtropical and tropical E. F ,

G and H climates , low in the polar A’ and B’ climates and mid-

range in the temperate C , C’ , and D climates.) For example , large

ranges of precipitation amount and frequency are covered by types

C and G , which also cover major port ions of the oceans , and there

is a substantial overlap between them . This indicates the likelihood

of a large variance among precipitation rate distributions within

those regions , and points up a possible need for further model

refinements (either a new approach or a method for correcting for

local variation).

2. Figure 25 provides a check for logical consistency in
— mapping the climate regions geographically. In addition t.-’s tht’

obvious rule that polar climate types should not be adjacent to

tropical and subtropical types , no two climate types should touch
- ‘  that do not touch or overlap in figure 25.

_
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The proposed seasonal oceanic p r e c i p i t a t i o n - r a t e  c l ima t e
region maps are shown in Figures 26-29.

3 . 2 . 2  Seasonal Maps of Mean Freezing Height  
-

Along with the maps for the oceanic precipitation -rate regions
a co r respondingly  de ta i led  set of st~ason al  mean f r eez ing  he igh t
approx ima t ions  must be used to ca lcu la te  a t t e n u a t i o n . Crutcher

( 1”)and Meserve - also prepared seasonal maps of f reez ing  he igh t s
worldwide . Figures 30—33 are s imply  redrawn versions of t h e i r
cha rts w i t h  an es t imate  of the  4 . 5 km f r eez ing  height  added. —

In many parts of the world , there may well be a correlation

between freezing height  and the  occurrence of p r e c i p i t a t i o n  as
ra in .  Al though  such a cor re la t ion  would a f f e c t  a t t e n u a t i o n  calcu-
l a t ions , the data to q u a n t i f y  it are not easily acquired. Thus we

do not address th i s  po ten t i a l  problem fu r the r  in th i s  s tudy .

3.3 Modified Precipitat ion-Rate Distributions

The p r e c i p i t a t i o n - r a t e  d i s t r i b u t i o n s  assigned by Crane to
the climate types (see Table 1) have the following qualities :

1. They r e f l ec t  around-the-calendar  average amount ,
frequency , and convective fraction of precipitation . Therefore ,

for locations where the precipitation varies significantly through

the course of the year , the precipitation rate distribut ions

reflect a temporal mixture of precipitation regimes.

2. The distributions are , of necessity, all based on land

station data. Within the same climate type , the nature of the

precipitat ion , and thus the distribution , can be significantly

different between continental and oceanic locations.

3. The high frequency of occurrence low precipitation-rate

ta ils of Crane ’s distributions are uncertain because the measurement

of low precipitation rates is an uncertain , low confidence process.

For example , meteorologists make no attempt to distinguish between

liquid and solid precipitation in these measurements ; but , because
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of instrumentation problems , precip itation rates of snow are

frequently omitted by default -— and snow invariably falls at a

very low equivalent “rain rate ” . This occurs because the amount

of snow precipitation is defined as the equivalent liquid water

content of the snow , -

To reduce the broadening of precipitation-rate distributions

caused by spatially and temporally aggregating differen t precipi-

tation regimes , we propose a seasonal oceanic model of climate

types. Consistency would require that we calculate a new and

narrower set of distributions for the “purer ” seasona l oceanic
climate types. To do so would require a substantial effort clearly

beyond the scope of the present study . Instead , we propose some

extensions and revisions of Crane ’s distributions as an interim

measure.

In modifying the distributions , the first objective is to

correct the most obvious and largest inconsistencies between the

annual, land—oriented Crane model and the seasonal ocean model. We

integrate the area under the precipitation rate distributions to

see if the resulting total precipitation is consistent with the

annualized precipitation amounts typical of the ocean precipitation

rate regions. To do this , however , we should extend the distri-

butions to the lowest observable precipitation rates.

To extend the distributions , we first assume that 0.1 mm/hr

approximates the lowest precipitation rate recorded in weather

records * It follows from that assumption that the frequency at

which 0.1 mm/hr is equaled or exceeded Is approximated by the
- - 

overall precipitation frequency as observed at any given locat ion .

Characteristic subjectively weighted values of overall precipitation

frequency are estimated for all climate types from the guidelines

used in delineating the ocean precipitation-rate regions (summarized

in Figure 25). The estimated characteristic values for precipitati ’n

*This approximation warrants further study . Light snow , especially.
is probably often observed at much lower rates than 0.1 mm/hr of

- - equivalent liquid water content. The eye can detect the falling of
very sparsely distributed snow flakes .
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frequency and average daily precipitation are given in Table 6.

3.3 . 1  Procedure For M o d i f y i n g  the  D i s t r i bu t i o n s

A few scattered changes were first made to Crane ’s tabulated
values for the eight rain—rate distributions (Table 1). There are

two fairly obvious discontinuities , possibly typographical errors.

The value at 0.1 percent for A is changed from 6.5 to 5.8 and the

value at 0.2 percent for C is changed from 6.8 to 4.8. In addition ,
several small changes were introduced——shifts of 1 or sometimes 2

in the least significan t figure , roughly balanced between up and

down . We did not make these changes to dispute Crane ’s data , but

rather (a) to reflect his and our point of view that given sufficient

world—wide data the curves would probably be smooth , monotonic  and
unimodal (see Crane ’s plot , our Figure 2): and (b) to facilitate

consistent smoothing of the subsequent attenuation curves.

We suggest a change in the F curve . This precipitation—rate

region is quite dry ; but when it does rain , it is usually con-

vective . Thus the general shape of the curve seems plausible

from physical considerations. However , we find no obvious basis

for the slight bulge at 1 mm/hr and 1 percent in Table 1. Of much

greater importance , the integrated precipitation (discussed in the

following section ) comes out too high. To correct this , we arbi-

trarily drew a simpler (i .e., without the inflection of Figure 3)

and lower curve for the F region . This constitutes a significant

change (see Figure 34).

The major modification to the distribution curves was their

extension to an assumed lowest rate of observable precipitation .

Per previous discussion (and the footnote regarding observable

snowfall rates), we tentatively tagged this minimum rate at 0.1

mm/hr . except for the polar A’ and B’ climates where we assumed

0.05 mm/hr , as shown in Figure 34. For most of the cumulative

distribution curves , extension to the minimum precipitation rate

required only a smooth extrapolation from the 2 percent values

• (where Crane ’s data end) to the overall  p r e c i p i t a t i o n  f requencies
of occurrence (Table 6) p lo t t ed  at a 0.1 mm/hr precipitation rate.

Three exce ptions to this general procedure fo ll ow:

59
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Table 6. REGIONAL CHARACTERISTIC VALUES OF PRECIPITATION
FREQUENCY AND AVERAGE DAILY PRECIPITATION

- 
Characteristic Values

I. Precipitation Average
Region Frequency Precip. (mm/day )

A’ 0.10 0.5

B’ 0.25 1.0

C 0.30 2.5

C’ 0.35 4.5

- (  D 0.15 2.25
- 

E 0.10 4.25

F 0.08 0.75

G 0.20 3.25

H 0.20 6.5

I

1?

F. 60
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1. By the stated criteria for the new C’ (Maritime
} Cyclonic) climate type , the precipitation rate distribution is

- - 

similar to type D at high precipitation rates , but the total

precipitation amount and frequency of occurrence are greater. The

proposed C’ distribution curve reflects these criteria.

2. Examination of basic precipitation data for continental
locations within Crane ’s type B (Polar Taiga) climate zone reveals

a significantly higher amount and frequency of precipitation in

the summer half—year than would be expected (at any time of year)

over the maritime , ice fringe extensions (type B’) of that climate

zone. That continental summertime precipitation also has a large

- - 
convective component that would not be found in B’ regions.
Therefore , we suggest a precipitation-rate distribution for B’

that is much lower than that for B at high precipitation rates.
- - 

Further , since much precipitation in the B’ regions is snow , the

assumed minimum observed precipitation rate is tenta t ive ly  taken
as 0.05 mm/hr.

3. We suggest an A’ distribution that differs from Crane ’s

A distribution in the same qualitative manner that B’ differs from

B. The arguments for the changes are the same as for the B’

curve; they differ only in degree (smaller precipitation amounts

and frequencies are involved).

The set of the oceanic precipitat ion—rate distributions ,

including the new tentatively proposed ones , is plotted in Figure

34. Values above 100 mm/hr are unchanged from Figure 3. Table

7 presents numerical values -to facilitate computer calculations .

3.3.2 Consistency of Modified Distribut ions with Climate Type

Criteria

It is possible to make a rough check on the consistency of
the precipitation—rate distribut ions (Fig. 34) with the precipitatt~ n

criteria (Fig. 25) by comparing the integral under the distributions

with the typical annual precipitation amounts in the precipitation—

-—— — -- — -- —:
~~~~ - ——~~~~~: — --—- _ — 
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Table 7. CUMULATIVE PRECIPITATION-RATE DISTRIBUTIONS FOR A
PROPOSED OCEANIC CLIMATE MODEL (SEE FIGURE 34).

p Percent V a lu e  of Pr e ct ptt ntlon Rate (mm/hr) t h a t  t~~ Exceeded P Percent of the Fime

of Year A’ B’ C C I) F F 6 II

0. 001 7.5 15 .0 80 102 102 1t8 66 129 251

0.002 7 . 1  13.7 (12 86 86 1-14 5) 109 220

0.005 6.-I 11.2 -10 6-) 6-I 117 33 83 178

0.01 5.6 9.1 28 48 -18 96 22.5 67 147

0.02 4.6 7.1 1~’ 35 35 77 15.0 
- 

51 115

0 .05 3 4  4.8 Ii 22 22 52 8.5 33 77

0.1 2.5 3. -I 7 . 3  15 15 35 5 .3 22 51

0.2 1.75 2.1 4.8 9.8 9.8 20.5 3.3 14 30

0.5 1.05 1.5 2.7 5.2 5.2 8 .7 L 7 7 . 0  13.5

1.0 0.68 1.0 1.75 3.1 3.1 4.1 1. 0 4.0  (1 . 6
L 2.0 0.40 0.64 1.10 1 .8 1.8 1.8 0.56 2.2 3.0

5.0 0.1-IS 0.31 0.56 0.77 0.70 0 .-tO 0.21 0.78 0.88

10.0 0.05 0.16 0.33 0.38 0.21 0.10 0.00 0.30 0.31

20.0 0.00 0.07 0.16 0.19 0.00 0.00 0.00 0.1 (1 0.10
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rate regions. The integrat ion cannot be precise because (a) there

is no analytic formulation for these empirical curves , and (b) the

great range of the variables precludes plotting them on linear

graph paper and using conventional planim.etric techniques. However ,

we can approximate this process using simple numerical methods . One
can easily visualize the process used.

Fi r s t l y ,  Figure 34 gives cumula t ive  or exceedance probabil-
ities , and these must be converted into prob4bility density func-

tions. For example , the probability that the’ precipitation rate

exceeds 5 mm/hr in Region A’ is read as 0.015 percent (or about

1.32 hrs in a year). Similarly, the probability that the rain

rate exceeds 2 .5  mm/hr is 0.100 percent. Thus, the probability

tha t  the  rain rate lies between 2 . 5  and 5 m m/ h r  is the d i f fe rence
or 0.085 percent. By taking differences in this manner , each of

the  curves of Figure 34 can be replotted  as a his togram approximat ing
the probability density distribution over the whole range of

precipitation rates.

Secondly, the to ta l  area under any such histogram , integrated
over all precipitation rates and multiplied by the number of hours
in a year , equals the annual  p rec ip i ta t ion  in mil l imeters  for
that  par t icu lar  region . We can carry out s t ra igh t fo rward  numerical
in tegra t ion by m u l t i p l y i n g  the value of the his togram ( the  differ-
ential probability for a given precipitation rate interval) by the
midpoint precipitation rate , and then summing these products over
all intervals. We have done this , assuming all precipitation at

rates less than 0.1 mm/hr (or 0.05 in the polar regions) vanishingly
small , i.e., this assumes that lower rates contribute nothing to
the integral we calculate.

There is one further complication . The above procedure is ,

of course , most accurate if the curves are broken up into a large

number of small intervals , where the criterion for “small” is that

the actual curve can be approximated by a straight line segment .
It would appear from Figure 34 that some dozen intervals each

covering a range of about 2:1 in precipitation rate would be

adequate , until we recall that Figure 34 is a log—log plot and
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tha t  the ac tua l  i n t eg ra t ion  must be l i n e a r .  The re are two alter-

natives : to use perhaps 100 intervals of about 1.1:1 each , or to

use the 2 :1  in te rva ls  and ca lcula te  a correct ion fac to r  on the
sel ect ion of the  “midpo in t ” . We have chosen the second procedure .
even though the  correct ion f a c t o r  depends on both the  size of the
interval and the slope on the log-log plot of the  o r ig ina l  curve .
W i t h o ut g i v i n g  al l  of the  d e t a i l s — — s i n c e  the  purpose of t h i s  whole
integration is merely to provide a rough check on the  p rec ip i t a t ion

F 
- 

rate distributions -— suffice it to say tha t  rules were es tabl ished
(by carrying out several representative cases in detail) for

estimat ing these correction factors . These factors were applie-i

to every in te rva l  whi le  c a l c u l a t i ng  the  r a i n f a l l  in tegra l s .  The
final results are shown in Table 8 , where the in tegra l  under  the

curves of Figure 34 is compared with the total precipitation

obtained by multiplying the right—hand column in Table t5 by 365.

The two approaches are consis tent  to 30 percent or better in al l
cases.



-- 

-

Table 8. COMPARISON OF INTEGRATED PRECIPITATION RATE WITH
CHARACTERISTIC ANNUAL PRECIPITATION FOR EACH
CLIMATIC REGION

Integral of Characteristic
Climatic Precipitation-Rate Annual bRegion Distribution a (mm ) Precipitation (mm)

A’ 200 200
B’ 500 375
C 850 900

C’ 1400 1650
D 1050 825
E 1600 - 1550

F 350 275
G 1500 1200
H 2300 2375

aRounded to nearest 50 mm .
bRounded to nearest 25 mm. This is an estimat e of the weighted
average for each region .
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4. 0 APPLl( ’~~TION OF PtWPOSFD O( ’E A N  l(’ M ODE L TO 13 SELECTEI)
LOCATIONS

The prey b u s  Sect I on has provided a proc i p i t at ion — rat~’

ci ima t e mode I o 1’ t he O C t ’af l  a reas  suit ab It ’ for cal cu lo t I ng at t t ’n ua —

t ion of  m i l l  imet&’ r waves over a wi dt ’ v a r  i ot  v o I t ’a rt h— sate I I i t t ’

paths . To make such cal cii i at ions as mean i f lR U i  :15 
~~~~ i t) 1 e

h i  r i een b oat  ions  around the world hoyt ’ been st leo ted for spt -c i t . 1

study. l’hese locations are plot ted in Figure 23 and defined by

l a t i t ude and longitude in Table  .1. These same points were used

f o r  t he detailed analysis of prec I pit at ion— rat e regions In sect ion

In most. I 1151 ances  , I lie Iniport ~int.’t’ of the chosen :1 i’t ’us Is

obv b u s  . Points ( and  11 were I no luded because t hey art ’ t ho sit es

o I importan t Navy commun I cat ions inst :tl lot ions . Point s 5 and 7
wore added for the ext rome woat her cond it ions t l I t .- .V represent .

- 1 . 1 Inclusion Of The local Precip i tat lo n — R a t t ’ (‘orr,’otit -t rl
Fac tor , k

13y comparing Figure 23 w i th F i gu r e s  2 ( 5— 2~ì - I lit ’ p r oc  I p it at ion—

t’at .- region assignments by se:ison can he rend di root I for each ot

the 1 3 1 ocat ions t he correspond I r i g  m oan  seasonal I rt ’e~ tug h e i g h t

C~~~~fl be read or Interpolated from F i gurt’s 30—33. Thus using 1-~l -

1 ) on page 10 and the comput or p r o g r a m  dt ’sc r ib ed i n  Sect  ion 2 - 2 -

VO I t ies o t si a n t  pa tti at t enuat ion can be ca 1 cu I at ed . One f u r  t he r
N’ ft flomen t has boon at tempt t ’d . fly t a k jug I h o 1 o t a 1 St’I tS0tI  :i 1 

~~ 
N ’ —

1 p I t at i on  tor each b oat Ion listed in  Tab I t ’ 1 . d i v i d I ii~ by ~)(l t o

~-o nv er  I it I o ~ d o t  by av era ge . and  f o r m  tug the r a t  t o  o I t h
:t-!mht ’ r 1 0 the o l i ar a c  1 or 1st Ic prec I p i t  a I ion ( m m - ’day ) assumed t o r

t acli of t he ri Inc standard ocean proc i p it a t  i o n — r o t e  I Vp * ss I i st ed

fl T:i I) i t ’ (~ ( page 60’) - a oo rr t ’c t ton Not or k Is gent’ r:i t e d .  ‘I’ll 15

k f - r . I app lied to each of t he proc i p It at ion r a te s  g i v e n  i n

~ ~t .- l’ofort ’ In sert t u g  them int o the formula for at tonu :tt Ion .

I -‘r~ - . 1  -~ th us l’i ’conit ’~ mod i f  t ’d Its V ol lows : —

• I - I • H (I~’) [lc Iy P’)] 
-~~~ 

I - 
~~ 

-
- ~~ l-~q . (2

I , ,

—



The precip it itt ion— rate climat e t ypt’ , the co r rec t  ion fact or k , and
the mean trt’e. tug h e i g h t  for each of I he thi con chosen locat ions
are given in Table 9 by season .

Rather than running attenuation calculati ons for all 52
cases , we examined each l o c a t i o n  and selected the best and worst
seasons. In most cases  • we found this select ion obvious by keeping
in mind that bot h  ~~ (which determines  pa th  length) and the pre-

cipitation rate correction factor k (ignoring the exponent which

is not far from unity) are primary determinants of the total
attenuation . For location #1 in the Mid Atlantic . the interplay
of these two effects was too close to call , and all four seasons
were run . The seasons chosen art ’ i n d ic a t e d  in Table 9 w i t h  a
solid unde r l i ne  for  the worst ( h i g he st  attenuation ) cases and a
broken u n d e r l i n e  for  th e  best ( leas t  at t enu at  ion ) cases . In many
ins tances  the  ef feet  of f r e e z i n g  h e i g ht  dominates ; consequently,

t he  best and wor st  at tenuo t loris do no t  coincide w i t  h one ’ s m t  t i lt  iv.’
not ions about “good” and “bad” w e a t h e r .  The Sea of Ja p an and t he

- j Bering Sea co n s t i t u te  extreme cases where the “bes t”  season is

winter , with zero at. t en u a t  ion because the mean free7 ing height is

on the surface: but of course the weather can be miserable .
*

1 .

For cacti of the 29 cases underline d in Table 9, itten uat Ion

c a l c u l a t i o n s  were run for  s ix  f r equenc ies  (7.5 , 8.2 , 21 . 40, 44

and 45 GHz) and for six elevation angles ,1O , 20 , 30 , 45 . 00 and
0 0 - -90 ). We use the 20 C values ot cable 2 for the coefficients

- t and ~ for regions F , G and H; o t h e r wI se  we use the (~°C v a l u e s
of Table 2.

4.2 Seasonal Extremes Of Att enuation —— Resttl t~

As before , representative results have been plot ted t o

display the range of varlat ton and to summarl:.’ the 1 argo amount

of i n f o r m a t i o n . Ft rst , three graphs for each of the t b  I rt ecu
locat ions show the oxceedance prohab ii i  t i es vs . at t enua  I I t  u -

These graphs , Figures 35—7 3 , t’over t h r e e  frequencies ( 7 . , 2 1 and

44 GHz) and three e l e v a t i o n  ing it ’S (10 , 20 and 30°). in each on so

both the worst and ht’s t se tsoti s a N ’ sh t ~wn , I hilS I TId 1 t’tl t I ng t ho
range o 1 a t  t enua t ten ~-a bites hat can ho expect ed. 

~
_ _ _i
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Attenuation values greater than 100 dEl are shown merely for
completeness , not because of their significance for system design .
Values less than 1 dB were calculated and used to accurately locate
the 1 dB intercepts , although such low values are of no interest in

themselves. -

Wherever possible , the curves have been extrapolated to the
• right toward 100 percent of the time . These dashed extensions go

beyond the point where surface rainfall can be measured ; they

crudely indicate the fact that the attenuation due to clouds will

be dominant in those region.s, although these effects have not yet

been analyzed. We guess that the clouds may cause the attenuation

to flare out and drop off even less sharply than indicated at the
highest frequencies and lowest elevation angles considered in this

study . However , for those arid locations with an F type precip-

itation (Locations 3, 4, 6 and 12) where there is known to be a

large number of cloudless days , the curves dip sharply downward .

Five locations —— namely 13 , 8, 11 , 1 and 4 in order of

decreasing attenuation -— have been picked to present more fully

the variation with frequency and the variation with elevation

angle. Figures 74 and 75 show the frequency dependence , for 10°

and 300, all at the 1 percent exceedance level. Figures 76 and 77

show the elevation angle dependence , for 21 and 44 GHz, again at

the 1 percent level. There are no surprises here , the trends all

being similar to those shown in Figures 13-18.
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5 0  OUTAGE DURAT ION STAT I STI CS

To evaluate the impact of a cumulative outage time on
communications requires knowledge of the outage -duration statis—
tics. The system design alternatives are radically different
depending on whether typical outage durations are microseconds ,
seconds , minutes or hours.

5.1 Local Precipitation Frequency Correction Factor

We need to make an additional adjustment to the precipita—

tion-rate distributions to account for time and space variat ions in

precipitation frequencies within the precipitation-rate regions .
Recall that the frequency distributions were extended to 0.1 (and
0.05) mm/ hr  precipitation rates based on assumed characteristic
precipitation frequencies for each region . At any given location
and season , the actual “point—season ” precipitation frequency often

differs from the assumed characteristic value ; and the distribution

used in the attenuation calculat ions should reflect that difference.

A first approximate adjustment is to move the affected frequency
distribution left or right (in Fig. 34) according to the ratio of

point—season precipitation frequency to characteristic precipita-

tion frequency . Equivalently, the percent of year values in the

left column of Table 7 are multiplied by the precipitation frequency

ratio , k’ .

Section 4.1 presented a local precipitation-rate correction

factor , k. which we obtained by comparing the average daily pre—

cipitation for a specific location (shown in Table 4), with the

characteristic values we assumed (see Table 6). This k factor

amounts to a vertical adjustment of the precipitation rate distri-

bution curves (Fig. 34) to give the correct value of the integral

under those curves . This method of correcting for the locally

measured rainfall was designed to give more accurate predictions of

path attenuation for the selected location . However , in analyzing

the outage duration statistics , we realized that an analogous local

precipitation-frequency correction factor , k’ , should have been
developed at the same t ime . TC) ~omplete1y utilize existing local
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data, as differentiated from the nominal or characteristic esti-

mates of our model , Tables 4 and 6 can be compared with regard to
precipitation frequency as well as with regard to average daily

precipitation amount. In other words , using the two coordinates of

Figure 25, we can allow for the fact that local point—season data

may differ in both coordinates from the nominal values. This

amounts to shifting the distribution curves of Figure 34 both

vertically and horizontally, so as to correct both the time scale

and the integral value to match the specific locality.

In view of the evolutionary nature of this research and the

lack of time and resources to rerun all the previous calculations ,

we devised a graphical method for applying this second correction

to the previous results in the few cases being pursued in this

section . The application of this second correction (k’) on top of

the first one (k) (instead of doing them simultaneously) makes a

direct linear change in the time scale , and hence is of great

importance to the outage duration analysis. Fortunately, its

effect on the attenuat ion values is only second order. Depending

on the actual slope of the distribution curves , the correction may

be either up or down . It usually constitutes not more than 2 to 5 
-

‘

dB and always constitutes less than 10 dB in the cases we have

examined. Accordingly, the attenuation results in Figures 35 to 77

have errors of a few dB at most , but the outage times in Tables 10

to 12 are fully corrected for both effects. The precipitation—

frequency correction factor . Precipitation—frequency Ratio k’ , is

derived and its value shown for each of three locations in Tables

10 to 12. At the low precipitation rates of Tables 10 to 12, the

application of k’ to the precipitation rate in the way we have done

(to maintain the value of the integrated rainfall) appears overly

conservative. A weighted correction which increases the high

precipitation-rate end more than the low end rIay be more accurate.

The result would be a small or even negligible correction at the

low precipitat ion—rate end of the distribut ion . i.e., attenuations

~15 dB. For the prásent , we use the attenuation values corres-
ponding to an unweighted uniformly increased precipitation rate.
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5.2 Link Margin Exceedance Probabilities

1 The three locations to be considered in detail are ~8, the

Philippines in summer: p11 , the NE Pacific in th-~ fall; and ~l ,

j  the Mid—Atlantic in summer. At these locations Figures 56—58 , 65—

67, 35 to 37 give the percent of the time that various levels of

j  attenuation in dB are exceeded. We can interpret such numbers as

the percent of the time that outages will occur given that amount

of system margin in dB. These values are listed in Tables 10—12

for these three locations. Each table covers two frequencies (21

and 44 0Hz) and two elevation angles (10° and 30°), for link

margins of 5 to 30 dB in 5 dB steps. These time percentages are

easily converted to hours per season simply by multiplying by 2192

i 
(one—fourth of the number of hours in a year , which is 8766). We

use the time percentages to enter the appropriate precipitation

rate distribution curve , i.e., H , C’ or C as the case may be , of
I Figure 34 to obtain the nominal precipitation rate for that climate

type . This in turn can be converted to the precipitation rate at

the specified location by multiplying the abscissa by the correction

factor k’ and the ordinate by k/k’ for these three point-season

combinations. Precipitation rate, mean freezing heights and path

length are also given in Tables 10 to 12 in order to assist the

t reader in visualizing each of the conditions.

5.3 Estimating Precipitation Durations

An outage of a communications link can be related to the

occurrence of a precipitation rate of a particular magnitude ,

given a par t icular  freez ing height . In the present model , freez-
ing height is assumed constant over a three—month season at any
given location . Therefore , the minimum precipitation rate assoc-

iated with an outage is that rate that is equalled or exceeded 
—

with  the same fre quenc y as the expected occurrence frequency of

I the outage . For example , in Table 12a, the (adjusted) attenuation

exceedance time at 44 GHz with a 10 dB link margin Is 8.7~ , wh ich
corresponds --so a precipitation rate ~ 0. 25 mm/ hr.
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Table ’ 10. ENCEEDANCE TIMES FOR VARIOUS MARGIN LEVELS :
LOC . #8 . PH I L I P P I N E S , JAN AUG . RAI N TYPE H

Point-season p r e c ip i t a t i o n  f requency = 0.11

j  Mid—re gion p rec ip i ta t ion  frequency 0.20 ’
I- Prec ip i ta t ion  frequency ra t io, k ’ = 0.55

( a )  Elevation angle 0 10° , ~~ 4. 9 km , L 28 .2  km
L. 

- — 
44 0Hz J Link __________— 21 GHz

Percent Hrs . per ! Rain Rate - Margin Percent { Hrs .  per I Ra in  Rate
of t ime Season ( min/hr)  - (dB)  of Time Season (mm/ hr )

( r 3 _ ~~. — —-——-—__ —
15.0 330 0.04 5 2 . 4  53 - 1.2

1 7.8 170 0.19 10 1.07 23 3.5

1 4.8  105 0.41 15 0.60 13 6.4

3.3 73 0.73 20 
- 

0.40 8.7 10.0

2 ,4  53 1.17 25 0.27 6.0 14.0
1.8 40 1.75 30 0.19 4 . 2  19.0

(b )  Elevation angle 0 = 30 ° , FH = 4 .9  kin , L = 9.8 km

J 44 0Hz Link 21 GHz
1 Percent J Hrs . per Rain Rate Margin Percent Hrs . per Rain  Rate

of time Season ( mm/ h r )  (dB ) of Time Season ( m m/ h r )
2 . 2 47 .0 1.5 5 0.58 12.7 6.5
1.15 - 25.0  3.0 10 0.25 5.4 - 16.0
0.75 - 16.0 5 .0 I 15 0.15 3.3 25.0
0.54 11.9 I 7 .2 : 20 0.11 2 . 3  34.0
0.41 9.0 9.9 25 0.08 1.8 42 .0

( 0.32 7.0 12.8 30 0.065 1.4 50.0

I
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I Table 11. EXCEEDANCE TIMES FOR VARIOUS MARGIN LEVELS :
LOC . ~1l , NE PACIFIC , SEP-NOV . RAI N TYPE C’

Point-season precipi ta t ion frequency = 0.16
Mid—region precipitation frequency = 0.35
Precipitation frequency ratio , k’ = 0.46

(a) Elevation angle 0 = 10°, ~ t = 3.0 kin , L = 17.3 km
44 GHz _________ Link 

_ _ _ _ _ _ _ _  
21 0Hz 

_ _ _ _ _ _ _ _ _ _L Percent I Hrs. per Rain Rate Margin Percent Hrs. per f
’ Ra in Ra te

of time Season (min/hr) (dB) of Time Season ~ (mm/hr ) -

12.0 260 0.25 5 0.78 17.0 3.9
4 .  4 5  97 0.85 10 0.25 5.5 9.8

2 . 2  47 I 1.6 15 0.11 2 .5  15.4
1.2 27 2 .6  20 0.07 1.5 21.5

4 - 0. 8 18 3, 7 35 0.04 0.9 30
0.6 13 5.1 30 0.03 0 .6  41

( ; (b ) Elevation angle 0 = 30 °, 
~U =  3.0 km, L = 6.0  km- ‘ I 

_ _ _ _ _ _ _  - 
44 0Hz 

_ _ _ _ _ _ _ _ _  
Link 

_ _ _ _ _ _ _ _  
21 0Hz __________

Percent 1 Hrs . per 1 Rain Rate Margin Percent Hrs . per Rain Rate
- 

- 
of time l Season (mm/hr ) (dB) of Time 

- 
Season (mm/hr )

1 1.2 0 28 ~ .6 5 0.15 3.3 14,0
0.50 11 5.8 10 0.07 1.5 25.0  j1 0.25 5.4 9.6 15 0.03 0.63 38.0
0.15 3.4 13.7 20 0.016 0.35 52.0

1 0.10 2 .2  18.1 25 0.010 0.22 67.0
0.07 1.6 21.7 30 0.0065 0.14 83.0

I I

1

1 
118



— 

~~~~ 
— ---- - -

---- - ~~-—-~~~~~ 
-

F

1.
Table 12. EXCEEDANCE TIMES FOR VARIOUS M A R G I N  LEVELS :

L 
LOC . #1 , MID-ATLANTIC . JUN-AUG . R A I N  TYPE C

Point—season precipitation frequency = 0.13
Mid-region precipitation frequency = 0.30
Precipitation frequency ratio, - k ’ = 0.43

(a) Elevation angle 0 = 10° , ~ii = 4.2 kin , L = 24.2 kin
- 

— 
44 GHz I Link 21 0Hz

Percent Hrs. per I Rain Rate~ Mar gin Percen t I Hrs . per Rain Ra te
of time Season - (mm/hr ) 

- 
(dB) of Time~ Season (mm/hr)

31.0 
T 

680 < .10 5 0.45 10.0 2.6 —

8.7 190 0.25 10 0.15 - 3 .2 
- 

7.5
- 
i 3.7 - 80 0.62 15 0.076 

- 
1.7 13.5

- 
( 1.9 42 1.08 20 0.035 0.8 20.0

1.1 - 23 1 1.65 25 0. 019 0.42 28.0
0.6 - 1Z. ‘ 2 .4  30 0.012 0.26 37.0

1
(b) Elevation angle 0 = 30 ° , ~~ = 4.2 km . L = 8.4 km

- 
44 GHz 

__________  Link ______  
21 GHz

Percen t 1 Hrs . Pen Rain Rate - Margin~ Percen t,Fifii. per Rain Rate —

of time Season ( mm/ h r )  - (dB) of Time Season (mm/br )
1.5 32.0 - 1.3 5 0.1 2.2 11

0.35 7.6 3.0 10 0.021 0.45 19

0.16 3.6 5.2 15 0.010 0.23 28

0.09 1.9 7.8 20 0.006 0.14 38

0.06 1.3 10.8 - 25 0.004 0.08 49
1 0.04 0.9J 14.0 30 

I 
0.003 0.06 60

-,

-
t

‘1
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If the frequency d is t r ibut ions  of prec ip i ta t ion-ra te  exceed—
ance dura t ions  were known , then we could assume the i r  corresponding
a t t e n u a t i o n  exceedance durat ion d i s t r ibu t ions  to be the  same . That
is , using the same example as above , if the durat ion s t a t i s t i c s  for
a precipi ta t ion rate �0.25 mm/hr  were known , the n the  dura t ion
s t a t i s t i c s  for  a 44 GHz a t t e n u a t i o n  �l0 dB would also be known (a t
the given location , season , and an tenna  elevation a n g l e ) .

Only one p rec ip i t a t ion—ra te  duration f requency d is t r ibu t ion
was found in the l i te ra ture  (13) ; an exhaust ive survey might
discover more. Those prec ip i ta t ion—rate  durat ion s ta t i s t ics  come
from an analysis  of 10 years of data recorded by a prec ip i ta t ion
gauge at McGill Un ive r s i ty ,  Montreal . Tabulated values from
Reference 13 are plot ted in Figure 78 and it is seen that  the -

dis t r ibu t ion  of durat ions is very near ly lognormal.  We the re fore
drew a s t ra ight - l ine  lognormal approximation through the p o in t s .
Also reproduced In Figure 79 are two fade ( outage) duration fre -
quency distributions for ear th—space l inks . According to Lin
( Reference 14),  these are two of nine that  he calculated , all of
which were nearly lognormal .

How may a general method for  predic t ing p r ec ip i t a t i on—ra t e
exceedance durat ions (hence , outage dura t ions )  be constructed from
such meager in format ion?  What fol lows is a t e n t a t i v e  f i r s t  step
toward bu i ld ing  a general method for  de r iv ing  durat ion s t a t i s t i c s .

The basic building block is the  McGill  Univers i ty  precipita-
t ion—ra te  duration d i s t r ibu t ion. That d is t r ibut ion  applies to all
precipi ta t ion ; therefore , it is assumed to apply to precipi ta t ion
rates in excess of 0.05 to 0.1 mm/hr . The McGill d is t r ibut ion
:epresents the long—term , year—around , precipitation regime at

Montreal. How the distributions for other precipitation regimes

(e.g. , more or less convective than Montreal) would differ from the
McGill distribution is unknown at this point. One can spec—

ulate that the slope of the distribution would vary slightly ——
slightly flatter for all convective precipitation , probably pivoting
about some point in the short—duration (—4 miii) end of the distri—
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I

1. -

but on .  W i t  bout ~ ir r thora t  1 ng d at  a . how over  , we t e n t  at i v t  I v

I assume t h a t  t he slopes o V t h e  dur~i t Ion d .1st r bu t  I on -i h )r  a I
pree ip  ~t a t ion t’~ g nat ’s can 1)0 )p ro X m iii t ed  by t h a t  f o r  M o n t  rea

I One rut ’- ’  cafl be l a i d  down w i t h  r t ’ t ’-~t -~n i b i  ~ ~t t n t  v

— \s the  t h r e s h o l d  proc ip It a t  i o n  r a t e  in c  roast ’s , the

1 lower t h e  pr obab  [ l i t  y o I’ l o n g  d u r a t i o n s  and  I he h i  gl ier
the  p r o b a b i l i t - v ol’ shor t  d u r a t i o n s .

1 T h i s  fo I lows f rom t h e  f a c t  t h a t  t he h i  gher p r e c i p i t a t i o n
r a te s  a re  l a r g e l y  i issot ’i~~tt ’d w i t h  conve ct  lye  p r e c i p i t  at ion ‘ c e l l s . ’’
most  o t ’ w h i c h  are l i m i t e d  in si ze  (~~l to 10 km d i a m e t e r )  and art ’

I t e m p o r a l  iy  and sp~t t  [ a l l y  t r a n s i e n t .  t H v e n  t he  above r u l e  and t h e

1 assumed con st  a ncy  of t he d u r a t i o n  d i s t -  r ib u t  Ion slope  , It f o l l o w s
t h a t  . f o r  I n c  reas I ng t hrt-’shI) I d proc ip i t  at. I on r a t  es , t he  logn orm a  I
d u r a t io n  d i s t r i b u t io n s  w o u l d  be p a r a l h~1 t o  t h e  M ’ ~~1 11 d l s t  r i b u t i ~-’n

1 but  be d i  ~ p l aced  ( I n  F i gu r e  7S downward  ~~ l e f t  ward . —

A t OnUO U S has I s  for  e s t  I ma t  l u g  t lie d ur a t  ion dl  st r ih u t  ions
f o r  h i g h —  at t en u at  Ion I h r t ’sho  1 d proc i p1 t a t  ion r at  es is  p r o v i de d  by
L in ’ s two fade  d u r a t ion  d i s t r i b u t  Ions  ( a l s o  p l o t  t ed in F i g .  7 S1  .

F t  r s t  , n o t t ’ t h a t  t h e  d i s t r i b u t i o n  for  t h e  I l l  (1Hz 1 I n k  w i t h  5 dli
f ade  m a r g i n  ( E n g l a n d )  is a l m ost  e x a c t  ly  p a r a l l e l  t o t h e  Mo G i  I I
proc  ip it a t  I o n — r a t e  d u r a t i o n  di st r I bu t  ion . We f i n d  t h i s  e n c o u r a g i n g .
The fact t h a t  t h e  New Jersey 31) (~lt~ , 2 1 dli di st r - ib u t  ion d e p a r t  s I n
s lope  is  not too bot her some at t h i s  pr  i r n i  t i ~~ s tage  , because i t

i nc lud es  dat  a f rom two w i n t e r s  and o n l y  one summer.  I t  can be
- 

r a t  iona I i  zt ’d t h a t  t h e  d 1st r i bu  t Ion Is biased t o w a r d  whi t ort irne

strati form proc I p it. at  ton , the rosti It ing slope being consist ent

w i t h  our previous s p ecu l at  ion on t h i s  suh .lect  . In h i s  a r t  j c l e~ ~~
I.in also provides t h e  occurrence frequency distribut ions of rain

a t. t e nu at  ion for t host -’ two se ts  of data , from w h i c h  it is (‘st im at  ed

t h a t  t he  correspond ing  t h r e s ho l d  p ro c  I ~ 
I t  at ion rates f o r  bo th

I ecat  i oti s are 5 + 1 mm! h r .  This ost I ma t  ion wa s  made as fo 11 ows
(, 1) From Lin ‘ s d a t a,  the  percen t  o V r a i n i n g  t ime t h a t  5 dli at  t e n —
u a t  ion was exceeded I n  t he E n g l a n d  m e a s u r e m e n t s  was 0. ~~5I~ I n  t h e
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New Jersey measuremen ts , 21 dB was exceeded 3t~ of raining time .
(2) From Table 6, the overall precipitation frequency in England

(type—C climate) is about 0.3, and in New Jersey (type—D) climate
about 0.15. (3) Multiplying the corresponding pairs of percent of

F raining time values by the fraction of time that it rains gives the

percent (or fraction ) of total time that the attenuation exceeded

the fade margins , 0.255% and 0.45% respectively. (4) Figure 34 is

then entered at 0.255% and 0.45% on the abscissa , and precipitation

rates corresponding to the types C and D distributions, respectively,

are read off the ordinate: 4.2 mm/hr and 5.6 mm/hr.

The obvious anchoring assumptions are then made : the McGill

distribution represents the precipitation—rate duration frequency

distribution for a threshold (minimum observable) precipitation
*

rate assumed to be 0.08 mm/hr. The England attenuation duration

distribution represents the precipitation—rate duration frequency

distribution for a threshold precipitation rate of 5 mm/hr. We

arbitrarily assumed a logarithmic spacing and interpolated parallel

distributions for other threshold precipitation rates. The resulting

estimated precipitation—rate duration frequency distributions for

threshold precipitation rates of 0.05 to 100 mm/hr are shown in

Figure 79, which presents a set of universal curves.

Figure 79 can be used with the data in Tables 10, 11 and 12

to estimate outage duration probabilities for specific conditions.

This has been done at 44 GHz, and the results appear as probability

density functions in Figures 80 to 82. Tables 13, 14 and 15

present the same information in still another form , in terms of the

median and mean outage durations and t he average number of outages
per day dur ing the rainy season .

*An arbitrary compromise between the 0.05 and 0.1 mm/hr minimum
precipitation rates previously discussed.
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Table 13. MEAN OUTAGE DURAT ION AND AVERA GE NUMBER OF
OUTAGES PER DAY FOR LOC . #8 , PHILIPPINES ,
JUN-AUG , RAIN TYPE H

LINK MEDIAN MEAN CUMULATIVE
ELEVATION MARGIN OUTAGE OUTAGE DAILY AVG . NUMBER
ANGLE (44 GHz) P DURATION* DURATION* OUTAGE* OF OUTAGES*
(Deg.) (dB) (mm/b r )  (% )  d(rntn) d(min) (mm ) PER DAY

10 5 0.04 15.0  95 .2  232 .1 216 .0  0 .9

10 10 0.19 7.8 29.6 72.2 112.3 
- 

1.6

10 15 0.41 4.8 16.6 41.2 69.1 1.7

30 5 1 . 5  2 . 2  6.3 15.3 31,7 2 . 1

30 10 3.0 1.15 3.7 9.1 16.56 1.8

30 15 5.0 0.75 2 .6 6.2 10.8 1.7

* Rounded off to one decimal place

_______________ — - -5-, _ S~~~~~~~~~~~~
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Table 15. MEAN OUTAGE DURATION AND AVERAGE NUMBER OF
OUTAGES PER DAY FOR LOC. #1, MID-ATLANTIC ,
JUN-AUG , RAIN TYPE C

LINK MEDIAN MEAN CUMULATIVE
ELEVATION MARGIN OUTAGE 

* 
OUTAGE 

* 
DAILY~ AVG . NUMBER

ANGLE (44 GHz) RM P DURATION DURATION OUTAGE OF OEJTAGES*

— 

(Deg.) (dB) (mm/ b r) (%) d(min) d ( m i n )  d ( m i n )  PER bAY

10 5 0.1 31.0 47.9 116 .8 446.0 3.8

— 

10 10 ‘ 0.25 8.7 24.1 58.7 125.3 2.1

— 

10 15 0.62 3.7 13.5 32.9 53.3 - 1.6

30 5 1 .3 1.5 7.0 17.0 21.6 1.3

30 10 3.0 0.35 3.7 9.] 5.0 0.6

30 15 5.2 0.16 2.5 6.0 2.3 0.4

* Rounded off to one decima l place
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6.0  CONCLUSIONS AND FUTURE WORK

We began th i s  analysis by examining Crane ’s precipitation-

rate mode l for earth—to--satellite excess path ~.ttenuation because
it constituted the best available model. Temperature and drop-

size distribution were found to be small effects. We therefore ,

used 20°C near the equator ( la t i tudes  ~~3O0) and used 0°C for all
higher latitudes. The Laws and Parsons low rain—rate drop—size

distribution was used for precipitat ion rates R~ <40 mm/hr  and the
Laws and Parsons high rain-rate drop—size distribution was used
for R~ >40 mm/hr.  We smoothed the transition region between the —

two curves . The excess path a t tenuat ions due to precipi tat ion
showed no surprising behavior as a function of the eight climate

regions (actu~al1y defined by eight cumulative precipitation-rate —

distributions), as a function of frequency , or as a function of

- 

- elevation angle. However , comparison of Crane ’s map for the ocean
climate regions with  world-wide data on ocean precipi ta t ion frequency ,
thunderstorm days and cloud cover showed importan t d i f ferences  in
detail .  For example , we fe l t  that  more of the oceans should be
type F subtropical arid; that  the polar tundra type A extends too
far  south into the North Atlantic; and that the Mediterranean
should not be type D , cont inental .  Examination of the seasonal

variation among these parameters and also in total precipi tat ion
made it evident that separation into four seasons was almost as
important as the separation into eight precipitat ion rat e climates .
By combin ing the data in an annual model , previous work smeared
the basic climate types.

Crane makes the correction for spatial correlation as a

precipitation-rate—dependent correction to the attenuation. The
correction has the fornr Y(D)R ~~~~~” where R~ is the one-minute
surface point rain rate for a given exceedance probability P. At

very high rain rates , the R~
_S(t

~ factor dominates. This results -

In a f l a t  or even rising attenuation at steep elevation angles.
This phenomenon , however , manifests  i tself for P < 0 . O l  percent of
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the  t ime  or under condi t ions  for  which  the  excess P a th  a t t e n u a t i o n
A >100 dB. These condi t ions  (P < 0 . O F :  A > 100 dB )  are not the
focal  point  of t h i s  study . The domain of pr imary  in teres t  in t h i s
st u dy is 1~- ~ P < 2O~ and corresponds to A <5 0  dB . At the  low
p r e c i p i t a t i o n  rates corresponding ~o P ? l ’~- , excess pa th  a t t e n u a t i o n
is dominated by the path length  f ac to r s  L ( - f l ’ ( D ) .  One sees the
results of this in the e levat ion angle plots  of Figures 13 , 14 and
15. The steep slopes for regions G and H (Figure 18 , 10° elevat ion )
arise from the spat ia l  corre la t ion  correction fac tor  ~ (D)  augment ing
the long path lengths in the  t ropics .  Thus the  seasonal mean
freezing height (r!T) becomes a key parameter. Investigation

showed ~~ to vary strongly with longitude as well as latitude .

From Dec-Feb to Jun— Aug , the  p r e c i p i t a t i o n - r a t e  c l i m a t i c  regions
shif t south by 5 to 10° la t i tude ; Y~ shows an even greater  s h i f t .
The arid subtropical  areas expand in the  summer hemisphere and
contract  in the winter  hemisphere . Wetness , p a r t i cu la r ly  in the

subtropics and tropics , varies considerably from season to season .

6.1 Conclusions

— To cope wi th  the large increase in deta i l , we found it nec-
essary to expand Crane ’ s single map of the c l imate  regions to
seasonal geographic maps accompanied by seasonal maps of ~~ (a
to ta l  of eight maps) .  This permit ted us to show al l  the detail  we
had available. To extract all of the data in Crane ’ s cumula t ive
prec ip i ta t ion  rate d i s t r i b u t i o n s,  we replot ted t hem on a log-log
scale and smoothed the curves. We based the plot on Crane ’s

t abulated data on R~ ( P ) .  In t eg ra t ion  under these curves to determine
to ta l  prec ipi ta t ion  showed the need for cer ta in  new precipitation-
rate distributions for the  oceans. We defined three new p r e c i p i t a t i o n
rate distributions , A ’ , B ’ and C’ . C’ is a smal l,  high pr ec ip i t a t ion-
rate region within region C , whi le  A’ and B’ replace Crane ’ s
regions A and B over the oceans. For the n ine  p r ec ip i t a t i on  rate
regions in our ocean ic model , we generated two types of descriptions:

a na r ra t ive  one and a q u a n t i t a t i v e  one. The qu a n t i t a t i v e  descrip-
tion defined each p rec ip i t a t i on - r a t e  d i s t r i bu t i on  as a rectangular
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block in the precipitation frequency (frequency—o f—occurrence) and
average daily precipitation (mm/day ) domain.

Then we selected thirteen locations coverii~g seven of the

nine precipitation-rate regions. The two regions not represented
are the  mildest  region A’ (see F i g .  34 , page 61) and a small

region E (found only in one season , see Fig. 28, page 5 2) .  For
these locations , we tabulated the seasonal precipitation and pre-

cipitation frequency (also th3 number of thunderstorm days).

Using the average daily precipitation rate (mm/day ) and frequency

of precipitation for the season , local correction factors k and

k’ were calculated. P becomes k’P and R~ becomes ~ ,R as a

result of these local corrections. This makes the frequency of

occurrence and total precipitation (the integral under the precip-

itation rate distribution ) correct for the specific locality and

season .

The graphs of section 4.0 contain the k correction factor
but not k’. The data from Tables 10-12 have been corrected for
frequency-of—occurrence and its effect on R at the link margin by

k p
using k’P and ~~~~ For 13 locations around the world , the sea—
sorial extremes of att enuation have been plotted for 44, 21 and 7.5

GHz and for elevation angles of 10 , 20 and 300.

The 0.001 percent of the year end of the curve involves rare

events; thus high variability from year to year can be expected .

On the other hand , the 1 to 10 percent of the year end of the

curves involves commonplace events. Thus the year—to-year vari-

ability in this portion of the curves should be much smaller.

Inspection of the 13 graphs at 5 percent of the t ime and 20 °
elevation shows that about 13 dB is sufficient link margin during

the rainy season anywhere in the world at 44 GHz. We have pre-
sented cumulative outage duration distributions using Lin U s con-

elusion th at th ey are log—normally distributed. The same results

for the th ree loca tions of Tables 10 , 11 and 12 appear as p r o b a b i l i ty
density functions in Figures 80 to 82. Tables 13 , 14 and 15

present the same information in still another form , in terms of the
median and mean outage durations and the average number of outages

per day during the rainy season .

j I

~~~ - 
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1.
The hi ghost rain t a l l  ri’g ion~-~ , I . . , t ho r eg ions  of hi ghost

pi’oe ip I t a t  io n r a t e  and greatest frequency tif o&’curi’t-nt ’ i ’ . w t 1 1
L 

roqu t ro bet to r sat t ’ l I l t  e coVe i’agt’ t han 01 he i’ i.og tons . These ii I gh

r a i n — r a t  e regions ar’- in t he’ t rep I es and suht rep I es . ‘oi ist  i ’ l l  a t  tons
i t s  I ng an adoqua t e’ number of  geos t at  b u n  r~’ or I o w — m e l  i nn  t ten —

t’b t s at  o 11 i t  i -s  c-un p rev ide such ~~~~~~~~ ~~~ gi’ . Fewer sa t  e I lit es I n
— v I ow and thus more I t  nks oporat tag  at low el ova t ion ang 1 os ( a r o u n d

200) cnn be’ tolerated at. high t a t  I tudos  s t a c t ’  I h i ’ proc ipi t at b i t

r a t e ’ is so much loss . At . Ii 1gb la titud es . t he  mean i’rt ’e’~ I ng h e i g h t
I s at  ground 1 eve I f o r  p ar t  of t h e  y ea i’ an d  m ut’ Ii ot’ t ho ~ roe I p I t  at ion

f u  i i  s as dry , N ’ I iLl  I vol y loss I t’ss snow .

Fu tur e ’ Work

The ’ t’o 1 1 ow l a g p rob 1 ems req u I Vt ’ an a 1 y s 1 s we need t o
o 1) , ‘ye lop t’ e loud a t t on un t t on  model wh I cli  app roaches  t he ’

ra in at t ontia I I on t’o r h I gh P b y corn lag  down In P from —

t ho t ’ L e a r  weather s ide .

Path at te’nui a I ion does not drop ott ’  to ~t’ro as li~ fall s to
.~ero be’t’ause’ ot ’ t hi’ cl ouds. :\t ~0O o l  eva t ton and .11 c~il l ;~ , ~‘ loud
e t  t t ’ e ’ t s may h ’ sign it ’ lean t b r  5 ~ P ~ 20 percent o I’ I he ’ tim e ,

o Ix t end t hi ’ sea son a 1 mode I of t hi s s t. udy t o l ii i ’ ~~~ ~n t I n  —

en t a I it re ’ as . The 1 argo amount o 1’ d at  a a v a I I  ab i t ’ on

con t I non t. a 1 wont. her  and I he great or import an cc ’ of

1 oca I var tat . ion make I h i s  a mere complex st udy t ban

ho dove I opme’n I of t ho ocean Ic mode’ 1 .

o Va i i  eta t e t he eon t- I n eat  a 1 mode l t hrough t hi’ use ot’

nyu I I ab I i ’ da t a from sat o lil t - i’ beacons , rad t ome’ I i ’ rs and
sun trackers,

o Re’ f i fle ’ and extend t he’ oceanic model . Th i s  in t ’l udes
further work on
— M inimum observable proc ip i t  a t  ion rati’

— I.Imtt s on regional at t e ’nuat  t on s

I t — Drop st~~e d i s t r i b u t  ton effects

— \‘t’ar to year var t a t  ton
Mean and worst  ~‘e ar  in 5 to 15 yi ’ar s

I
Ar ~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~
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— Detail within the geographically largest regions

— S e n s i t iv i ty  a na l y s i s  for  i n t e g r a t i o n  and attenua—

tion calculation (convective fraction )

- Effect of supercooling -

— Outage duration distribution by rain type

- Inter—outage distribution within a storm

- Estimating number of rainy days per season , i.e.

interoutage distribution between storms

— Deterministic rainfall , e.g. occurring at a fixed

t ime of day

- Automating all corrections to characteristic

— Effect of rain on sky temperature , system degrad—

at ion

— Applications software for link designers
- Adequacy of a seasonal P~ versus a distribution

of FH
- Correlation between FH and occurrence of pre-

c ip i t a t i on
— Derivation of purer oceanic precipitat ion rate

distributions for a seasonal model
- Developing a systematic and accurate way to

integrate the precipitation rate curves and to

apply the correction factors

- Making the daily amount (average daily precipita-

tion during a season ) and the frequency of occur-

rence corrections simultaneously

— Verifying model does account for the fact that

tropical rain does not extend up to the PIT
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