CHAPTER 1| |

AN OVERVI EW OF SEVERAL RAIN AND

RAI'N ATTENUATI ON MODELS

3.1 | NTRODUCTI ON

3.1.1 Summary of Mbdels

Several nodels for estimation of the cumulative attenuation
statistics on earth-space mllimeter paths have been devel oped.
Each of these nodels appears to have advantages and di sadvant ages
depending on the specific application. In this chapter an attenpt
Is made to briefly summarize the key features of conmonly used
nmodel s.  Chapter VI provides information on the application of these
model s and includes exanmples. Mny of the nmodels enploy the concept
of “effective path length,” which is explained at the end of this
chapter.

Table 3.1-1 sunmarizes the key inputs, outputs and other
inportant features of seven nodels in their current format. Nearly
all of these nodels are being updated and nodified based on recent
experinental results and anal yses. In addition, other nodels
prepared by major conmunications conpanies, such as Comsat, are
utilized (Gray and Brown-1979), but these are generally not
published in the open literature and are accordingly omtted here.

The nodel s provide rain rate statistics, attenuation statistics?
or both. Cenerally, these statistics can be related by use of the
specific attenuation and effective path length relations. (Specific
attenuation is described in Chapter I, while the effective path
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Table 3.1-1.

Summary of Model

Par amet er s

Model

Inputs

outputs

Comments

Rice-Homberg

Climate or Site-Specific
Mean Annual Rainfall plus
Ratio of Thunderstorm-to-
Total Rain.

Cumulative Time
Distribution of Rainfall.

Two Rain Modes
Considered: Thunderstorm
& Uniform Rains.
Probability of Rain Rate
Exceedance for Either or
Both Modes is Available.

Jutton-Dougherty

Same as Rice-Homberg and
Link Parameters (e.g.,
Frequency, Elevation
Angle).

Rain or Gaseous
Attenuation Associated
with a Given
Exceedance Time
Percentage.

Utilizes Modified Rice-
Holmberg Rain Model.
Provides Confidence Limits,
Given Two Additional Rain
Rate Distributions.

Global

Location and Link
Parameters.

Rain Attenuation
Associated with a Given
Exceedance Time
Percentage.

All Rain Attenuation
Parameter Values are
Selfcontained. Globally
Applicable.

Two-Component

Same as Global.

Exceedance Time
Percentage Associated
with a Given Rain
Attenuation.

Same Rain Model (&
Comments) as for Global
Model. Two Rain Modes
Considered: Convective
Cell and Debris Rains.

CCIR Same as Global. Rain Attenuation All Rain Attenuation
Associated with a Given | Parameter Values are
Exceedance Time Selfcontained. Globally
Percentage. Applicable.
Lin Five Minute Rain Rate and Attenuation Associated | Simple Extension of
Link Parameters. with a Given Rain Rate. | Terrestrial Path Rain
Attenuation Model.
Simple Rain Statistics and Link Attenuation Associated | Assumes Exponential

Attenuation (SAM)

Parameters.

with a Given Rain Rate.

Shapted Rain Profile.
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| ength concept is sunmarized at the end of this chapter. ) For
exanpl e, the Rice-Holmberg nodel only conputes the exceedance
probability statistics for rain rate, but this is relatable to
attenuation by use of the specific attenuation and the effective
path length. The Dutton-Dougherty, ccIr, Two- Conponent, and d obal
model s provide the attenuation statistics given the geographic and
link parameters. That is, they give the rain rate statistics within
the nodel .

3.1.2 Concepts of Rainfall Statistics

3.1.2.1 Cumulative Statistics. The cumulative statistics for either
rain rate or attenuation are usually presented as the probability of
exceedance (abscissa) versus the rain rate or attenuation

(ordinate). They represent stable statistics averaged over a period
sufficiently long that variations in the |owest frequency conponent
of the time distribution are averaged. For rain rate and rain
attenuation the period corresponding to the |owest frequency is
general |y considered to be one year. Hi gher frequency conponents
are the seasonal and daily variation of the rain rate. For exanple,
in the eastern US, the higher frequency conponents arise because
more rain falls in the summer than in the winter, and nore rain
falls between noon and 6 PM than between 6 AM and noon |ocal tinme.
some peopl e have suggested that the n-year solar cycle is the

| owest frequency conponent, but this has not been observed by the
Weat her Servi ce.

Based on the above considerations the cumulative statistics for
several years are required before “stable” annual statistics are
obtai ned. For this reason, experinmentally generated data bases for
both rain and attenuation are not generally good until 5 or 10 years
of data are included. However, because of the [imted lifetine of
t he beacon satellites, attenuation data at a known frequency and
el evation angle is generally not available for this Iength of period
(Kaul et al-1977). Therefore data fromseveral satellites |aunched
over a long period are required. Since they are not at the same
frequency and elevation angle, these results nust be scaled in order
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to be conbined. Frequently this process has not been done
accurately, resulting in snmall segnents of attenuation data which
are not representative of the long termstatistics.

Based on the above discussions it appears that the only present
recourse is to utilize rain rate data as derivable from Wat her
Bureau or other |ong-term measurenents. This |leads to the
exceedance curves or rain rate. The attenuation is then derived
fromthe relations between rain rate and attenuation.

3.1.2.2 outage Period Statistics. Systemdesigners are also
interested in the average length of time a given threshold of rain
rate or attenuation is exceeded (also ternmed the outage tine). In
addition, the distribution of the outage time about the average is
desired. Theoretical work of Lin (1973) has shown that the
distribution is approxinmately lognormal.

Besi des the outage time, Hyde (1979) has identified the desire
to know the average time between outage periods within a given rain
event, and the average tinme between outages between two rain events.
The first case recognizes that outages may occur several times
during the sane general rain event because the rain rate is highly
variable during an event. For exanple, the passage of several rain
cells associated with a given rain front nay cause several outages
as each cell domnates the path attenuation. It is desirable to
know t he approxi mate period between these outages and the
distribution of these outage periods as a function of attenuation
threshold and type of rain event. This type of data is expected to
be dependent on the geographic region because the weather fronts are
distorted by the presence of nountain ranges, |akes, cities, etc.
Therefore, extrapolation to other regions is difficult unless their
weat her systems are simlar.

The second case (average tine between outages in two rain
events) correlates the period between severe storms in a given -
region. This period is expected to be seasonally dependent because
in nmost regions the high rain rate storms usually occur during a
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short period of the year. Again, sone statistical estimte of the
average period and the distribution of the periods would be
desirabl e.

-CGeneral |y, outage period data is not as readily available as the
cunul ative attenuation statistics data. Therefore, the designer
must rely on the limted data bases available from CCIR (1986, Rpt
564-3), Consat (Rogers and Hyde-1979) or Lin (1973, 1980). Vogel
(1982) has calculated time-between fade (intermssion) statistics
for 19 and 28 GHz at Austin, Texas. An estimate of the upper limt
of the outage time is presented in Chapter Vi

3. 2 RICE-HOLMBERG MODEL

3.2.1 Types of Storns

The Rice-Holmberg (R-H) Mddel (Rice and Holmberg-1973) i S based
upon two rainfall types: convective (“Mde |*, thunderstorn) rains
and stratiform (“Mode 2°, unifornm) rains. The statistical nodel is
based upon the suns of individual exponential npdes of rainfall
rates, each with a characteristic average rate R According to this
descriptive analysis

rainfall = Mbde 1 rain + Mde 2 rain

The exponential distribution chosen to describe “Mde 1 rain”
corresponds to a physical analysis of thunderstorms, While “Mde 2
rain,” represented by the sum of two exponential distributions is
all other rain. In tenperate climates only convective storms
associated with strong updrafts, high radar tops, hail aloft and
usual ly with thunder can produce the high rainfall rates identified
by Mode 1. Only the highest rates fromexcessive precipitation data
are used to determne paraneters for Mdde 1, which is intended to
represent a physical mechanism as well as a particular mathematica
form

3.2.2 Sources of Data
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The rainfall statistics in the R-H nodel are based upon the
fol | ow ng:

1) Average year cunulative distributions of hourly rates for
the 10 years 1951 to 1960 and for a total of 63 stations,
with 49 in the continental U S. as summarized in the \Wat her
Service climatological Data for this period,;

2) Distributions for 15-year averages with recording intervals
of 6,12, and 24 h for 22 of these stations (Jorgenson, et
al - 1969) ;

3)  Accumul ations of short-duration excessive precipitation for
1951 to 1960 for recording intervals of 5, 10,15, 20, 30,
45, 60, 80, 100, 120, and 180 mn for 48 U S. stations;

4 A US mp of the highest 5-rein rates expected in a two-year
period (skerjanec and Sanson-1970);

5 Mximumnonthly rainfall accumulations and the average
annual nunber of thunderstormdays for the period 1931 to
1960 for 17 U S. stations and 135 additional stations
reported by the Wrld Meteorological Organization.

3.2.3 R-H Mbdel Paraneters

The average annual total rainfall depth Mis the sum of
contributions M; and M2 fromthe two nodes:

M= M} + Mz mm (3.2-1)
and the ratio of “thunderstorm rain” Myto total rain Mis defined as

The number of hours of rainy t-rein periods for which a surface
point rainfall rate Ris exceeded is the sumof contributions from
the two nodes:

Te R " T, %1e(R)"Tyedae (R) hours

There are 8766 hours per year, SO Tt(R)/87.66 is the percentage Of an
average year during which t-rein average rainfall rates exceed R
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mih . The data show that the average annual clock t-rein rainfal
rate for each of the nodes is fairly constant. On the other hand,
the total nunber of rainy t-rein periods for each node is relatively
much nmore variable fromyear-to-year and between stations or climte
regions. Rainfall climates defined by Barry and chorley (1970) for
the United States were found to correspond very well wth observed
regional variations of the parameter g .

The average annual total of t-rein periods of Mde 1 and Mde 2
rainfall are Tit and Tat. respectively. The average annual Mde 1
and Mbde 2 rainfall rates are therefore

Rit = My/Tye mm h (3.2-3)

Rat = My/Ta¢ mmi h

Note that M; and M2 are not functions of t, since the anount of
rainfall collected over a long period of tine does not depend on the
short-term recording interval t. But the total nunber of hours Tit
or T2t of rainy t-rein intervals (collecting at least 0.01 in or 0.254
mm of rain per interval) will depend on t.

The factors aqit(R) and q2t(R) are the conplenents of cumulative
probability distributions. Each factor is the nunber of hours that
arate Ris exceeded by Mbde 1 or Mdde 2 rain divided by the tota
nunber of hours, Tit or Ty, that there is nore than 0.254 mmof rain
inat-rein period. '

3.2.4 Tine Intervals

The” formulas to be presented are for t=1 clock-mnute rates.
Here clock-m nutes are defined as beginning “on the mnute” for a
continuous t-mnute period.

For the nore general case where t>1 rein, one nore prediction

parameter is required in addition to the two that have been defined
as Mand B. This additional paraneter is the number of hours of
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rain per year, D. The formulas proposed here for qi:(R) and qat(R)
assune that the nunber of rainy days in an average year is

D24 = 1 + M8 rainy days (3.2-4)

where Dis in hours and Mis in mllineters. This relation has been
found good, on the average, for continental U S stations. A
conmparison of the cunulative distributions versus the surface
rainfall rate R for various values of t from1l mnute to 1 day is
shown in Figure 3.2-1. dearly, for B=0.125 and M=1000mm, t he

values for t=1 and 5 mnutes are nearly equal, but |onger periods
give a significantly different value for Tt(R).

3.2.5 Mdel Results for One-Mnute Intervals

For t=l, the nore general fornulas are al nost independent of D,
so that

q1t(R) = exp(-R/Ry)

g2t(R) = 0.35 exp(-0.453074 R/R2t) (3.2-5)
+0. 65 exp(-2.857143 R/Rat)

and the annual average Mvde 1 and Mbde 2 rates R, and Rzt are very
nearly equal to 33.333 and 1.7SS505 mm/h, respectively. Then Ty(R)
may be witten as

Ty3(R) = M{0.03 B exp(-o.b3on) + 0.21(1-B) [exp(0.258R) (3. 2-6)
+ 1.86 exp(-1.63R)]} h.

Use of this relation allows normalized cunulative tinme
distributions to be calculated. Figure 3.2-2 is an exanple of this
result for t=1 mnute and B values fromOto 0.75. Typical values
for B and mthroughout the US and Canada are given in Figures 3.2-3
and 3.2-4, respectively. Note that the values quoted in Figure
3.2-4 are in inches rather than mllimters required for M Rice
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and nolmberg (1973) have al so presented val ues throughout the worla
in their original article.

Dutton and Dougherty (1979), (1984), provi ded a less cumber sone
version of the R-H nodel by fitting relatively sinple fornulations
to various parts of the R-H distribution curve. This “nodified
Rice-Holmberg nbdel ” was applied to a data base of 304
geographically diverse, data intensive locations in the u.s.,
(including Al aska and Hawaii), and year to year standard deviations
of rain rate were developed. The results showed a nmarked
i mprovement in the bounds of prediction? which appear to enconpass
the measured data nmore conpletely.

These same authors also extended the R-Hrain-rate distribution
to include a direct prediction of attenuation distributions for
speci fied paths and locations. This attenuation prediction nodel is
the subject of the next section.

3.3 DUTTON- DOUGHERTY MODEL

The Dutton-Dougherty (DD) Mbdel (button and Dougherty-1973,
Dutton-1977; Dutton, Kobayashi, and Dougherty-1982) includes
attenuation due to both rain and gases. The rainfall rate
distributions it uses are based on a series of nodifications to the
Rice-Holmberg Mbdel (putton, et al-1974). The DD Moddel has been
i ncorporated into a conmputer programwhich is available to users
fromthe National Tel ecommunications and Information Adm nistration.
The DD rain and attenuation nodel conponents are described
separately bel ow.

3.3.1 DD Rain Characterization

The nodified Rice-Holmberg (R-H) Moddel, as used in the DD Mdel,
determ nes the nunmber of hours of rainy t-mnute periods, T¢(R), for
which a surface rain rate, R is expected to be exceeded. The value
Te(R) IS given in the nodified R-H nodel as
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Tit exp(-R/-fi,t) R 2 Rg¢

Te(R) =
(Ty¢ + T2t)exp(-R/R¢') R < Rg

(3.3-1)

Wi th
Tie= BM/Ri¢ hours (3.3-2)
Tae= (1 - B)M/Ra hours (3.3-3)

Wiere R iS @ “crossover” rain rate between a convective node of
rainfall (R 2 Re¢) and stratiform nmode of rainfall (R < Re) and ot her
parameters are defined in the R-H Mdel description. Rrg'is a new
parameter not used in the R-H Mdel. This biexponential
representation of T¢(R) is strictly anal ogous to the rainfall
conceptions of Rice and Holmberg (1973). From (3.3-1), R can be
eval uated by setting

Tit exp(-Re/Rit)= (Tit + T2t )exp(-Re/Ry') (3.3-4)

because it represents the intersection of the two curves in (3.3-1).
Thus, we obtain

Re = inRt'/(in-Rt') | n[ T t+TZt)/T| t] (3 3- 5)

The nodified R-H nodel uses direct estimation of Tits T2ts Rit.
and Re' fromwm B, and D.  This was achieved by using a multiple
linear regression to obtain a best fit of T2t, Rite and Ry' in terns
of of the parameters M B, and D. It was not necessary to fit Tit,
since it is given very sinply in terns of M B, and Rit by (3.3-2).
The resulting best fits were of the form

Rit = a;tM + azf + aztD + aqt ¢+ §; (3 3- 6)

T2t = bitN + byt £ S» (3.3-7)
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Rt = b3tM + batP + bseD + ber %53 (3.3-8)

where the coefficients are ait. . .ast and bie. . . bets, and the sanple
standard errors of estimate are S;. . .Ss.

The third nodification is to the portion of the distribution
that |ies between the rainfall rates of 5 and 30 mmi hour, since two

difficulties arise if the equation (3.3-1) is used exclusively for
the entire distribution:

1) the transition between curves at Rc i s decidedly not snooth,
and

2) predictions via (3.3-1) can be noted to be as much as 50
percent below the R-H nmodel in the sane vicinity.

In order to partially alleviate these difficulties? it was
arbitrarily determ ned that

4
Tt(R) = Tseexp(-V (R/Rst) (3.3-9)

could be reasonably fit to the data, with proper curvature and
simplicity, for 1<t €60 mnand 5 £ R< 30 mv hour.

For t > 60 mn (i.e., t=360, 1440 rein), the fornulation (3.3-1) fits
the R-H nodel sufficiently well over the entire rain rate
distribution for operational purposes, so that no additional

modi fication of (3.3-1) is necessary. In summary, then, the

resul tant nodification of the R-H nodel is

Tyt exp(-R/Ryt) R > 30 mmh
Te(R) = (Tstexp(-:685§;3 5 mm/h < R £ 30 mm/h (3.3-10)
(Tit + Taryexp(-R/Ry') R<5mm/ h

for 1mn<t <60 mn. and

v

Tit exp(-R/ﬁit) R 2 R¢
Te(R) =

(Tit + T2¢)exp(-R/R¢') R < Re (3:3-11)
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for t > 60 mn.

3.3.2 Attenuation Prediction in the pp Mde

Dutton (1977) has estimated the variance and confidence |evels
of the rain rate prediction, and Dougherty and Dutton (1978) have
estimated the year-to-year variability of rainfall within a given
rain zone. The bpp Mobdel attenuation prediction range now extends to
O OO0L percent of a year

Extending the rain nodel to include attenuation on earth-space
paths, Dutton (1977) has assumed the Marshall and Pal ner (1948)
raindrop distribution. He has also included some degree of modeling
of rainfall in the horizontal direction. This is achieved by nmeans
of what is ternmed the “probability nodification factor” on earth-
space | i nks.

The probability nodification factor, F, is given by

(3.3-12)
Fe Gl 2740 + 0.087)
the factor cannot exceed unity, however. In (3.3-12), f is the

frequency in cuz,8 is the elevation angle to the satellite in
degrees, and a(f,8) is the path attenuation in dB. The form was
derived fromrain stormcell size data given in a particularly

useful form by Rogers (1972). The Rogers data, however, were al
taken in the vicinity of Mntreal, Canada. It would be desirable
to have nore globally diverse data in order to provide a basis for a
more general probability nodification factor

The probability nodification factor, applied strictly to
attenuation, multiplies the percent of time, P. , during an average
year that a point rainfall rate is expected at a given |ocation
The multiplied value represents the percent of tine, P, (P £ Po),
that attenuation corresponding to R is expected along the path to a
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satellite. In effect, a point-to-path rain rate conversion
accounting for horizontal inhomogeneity is acconplished.

The probability nodification factor given by (3.3-12) applies
for exceedance percentages down to 0.01% of a year. The pp nodel
has been extended (Dutton, et al - 1982) to 0.001% of a year by both
enpirical and analytical neans. The enpirical extension is sinply
t 0 make the probability nodification factor at 0.001% equal to the
value at 0.01%

F(0.001%) = F(0.01%) (3.3-13)

The anal ytical extension gives essentially identical results. The
extensions recogni ze that the nature of the very heavy convective
rains occurring on the order of 0.001%of the time is different from
that of the nmore “routine” rains of the 0.1%to 0.01% regine.

In the pp nodel the surface rainfall rate is translated into
liquid water content per unit volure, Lo, neasured at the ground.
The liquid water content at some height, h, above the ground, wu(h),
can be nmodeled as a function of Lo (button - 1971). The nodeling of
L(h) is different for the stratiform and convective rain systens.

In the stratiform nodeling L(h) is assumed constant to the rain-
cloud base, then decreases to zero at the stormtop height H 1In
t he convective nodeling L(h) increases slightly to the rain-cloud
base and then decreases to zero at H the stormtop height.

Attenuation per unit length, a(f,h), due to rain can be
calculated fromL(h) via expressions of the form

a(E,h) = c(f) [L(h) 180 (3.3-14)

using the data of Crane (1966). Hence, the distinction between the
Rayleigh region (f < 10 GHz, approximately) and the Me region

(f > 10 GHz) is inplicit, because the coefficients c(f) and d(f) are
frequency dependent. In the Rayleigh region, it can be shown that
d(f)=1. An interpolation scheme on Crane’s data obtains c(f) and
d(f) for any frequency in the 10 to 95 GHz region
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Variability of attenuation of earth-space links is, as yet, not
directly assessable by theoretical formulation. Thus, it is
necessary to input, say, two additional rain rate distributions
corresponding to the | ower and upper confidence limts of R, in order
to evaluate corresponding confidence limts on an attenuation
distribution. This, of course, assumes no variance in the many
parameters surrounding the attenuation formulation. This is clearly
not so, and indicates that the procedure for evaluating attenuation
confidence limts is still in need of refinenent.

3.3.3 Dutton-Dougherty Conputer Mbde

Dutton has devel oped an updated conputer program (Steele-1979
and Janes, et al - 1978) to predict the annual distribution of
tropospheric attenuation due to rain, clouds and atnospheric gases.
Entitled DEGP80, the program also conputes the phase delay and
reflectivity. The required inputs to the program are:

Frequency

Earth station antenna elevation angle

I dentification of data stations

Hei ght above surface

Ratio of thunderstorm to non-thunderstorm rain
Tine availability

Rainfal|l rate

Val ues for average annual atnospheric pressure, humdity, and
t emperature

The programis valid for frequencies fromito 30 Giz and for
satellite elevation angles greater than 5 degrees. The programis
available from the Institute for Tel ecomunications Sciences. [ See
U S. Dept. of Commerce (1981)].

3.4 THE GLOBAL MODEL

The G obal Mdel has been developed in two forms. Both of these
forms utilize cumulative rain rate data to develop cunul ative
attenuation statistics. The first form called the @ obal
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Prediction Mdel (ccir-1978a, Dec. P/105-E, 6 June), enploys a path
averagi ng paraneter “r” to relate the point rain rate to the average
rain rate along the path fromthe ground station to the point where
the hydrometers exist in the formof ice crystals. The later form
of the nodel (Crane and Blood - 1979, Crane - 1980a, 1980b) includes
path averaging inplicitly, and adjusts the isotherm heights for
various percentages of tine to account for the types of rain
structures which dom nate the cunulative statistics for the
respective percentages of time. Both forms will be described here
because the latter is the reconmended formfor use by system
designers, but the earlier formis computationally easy to inplenent
and allows rapid conputation with a hand-held cal cul ator.

3.4.1 Rain Model

The rain nodel enployed in both forns of the attenuation node
Is used for the estimation of the annual attenuation distribution to
be expected on a specific propagation |ink. It differs from nost
other rain nodels in that it is based entirely on neteorol ogica
observations, not attenuation neasurenents. The rain nodel
combined with the attenuation estinmation, was tested by conparison
with attenuation neasurements. This procedure was used to
circunvent the requirenent for attenuation observations over a span
of many years. The total attenuation nodel is based upon the use of
I ndependent, neteorologically derived estimates for the cumlative
distributions of point rainfall rate, horizontal path averaged
rainfall rate, the vertical distribution of rain intensity, and a
theoretically derived relationship between specific attenuation and
rain rate obtained using nedian observed drop size distributions at
a number of rain rates.

The first step in application of the nodel is the estimtion of
the instantaneous point rain rate (R) distributions The d obal
Prediction Mddel provides nedian distribution estinates for broad
geographi cal regions; -eight clinmate regions A through H are .
designated to classify regions covering the entire gl obe.
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Figures 3.4-1 and 3.4-2 show the geographic rain climte regions. for
the continental and ocean areas of the earth. The United States and
European portions are further expanded in Figures 3.4-3 and 3.4-4
respectively.

The climte regions depicted by the Gobal Mdel are very broad.
The upper and lower rain rate bounds provided by the nearest
adj acent region have a ratio of 3.5 at 0.01 percent of the year for
the proposed CCIR climate region D, for exanple, producing an
attendant ratio of upper-to-Ilower bound attenuation values of 4.3 4B
at 12 GHz. This uncertainty in the estinmated attenuation value can
be reduced by using rain rate distributions tailored to a particular
area if long termstatistics are available. Using the subdivision
of climate regions B and D in the continental United States, Canada,
and Europe also helps to reduce the uncertainty in the estinates.

The val ues of Ry, may be obtained fromthe rain rate distribution
curves of Figure 3.4-5. Figure 3.4-5a shows the curves for the
eight global climte regions designated A through H for one mnute
averaged surface rain rate as a function the percent of year that
rain rate is exceeded. The distributions for the region B and D
subregions are shown in Figure 3.4-5b. Note that the distribution
for region D2 corresponds to that for D. Nunerical values of Rare
provided in Table 3.4-1 for all regions and subregions,

3.4.2 Description of the Rain Attenuati on Region

A path averaged rainfall rate R=rR, where r is defined as the
effective path average factor, is useful for the estimtion of
attenuation for a line-of-sight radio relay system but, for the
estimation of attenuation on a slant path to a satellite, account
must be taken of the variation of specific attenuation wth height.
The atnmospheric tenperature decreases with height and, above some
height, the precipitation particles nust all be ice particles. Ice
or snow do not produce significant attenuation; only regions wth
liquid water precipitation particles are of interest in the
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Tabl e 3.4-1.
Versus Percent of Year

Poi nt

Rain Rate Distribution Values (mm/hr)
Rain Rate is Exceeded

Per cent
of Year A

0.001 28.5
0. 002 21
0. 005 13.5
0.01 10.0
0.02 7.0
0.05 4.0
0.1 2.5
0.2 1.5
0.5 0.7
1.0 0.4
2.0 0.1
5.0 0.0

‘1
45
34
22

15.5
11.0

6.4

4.2

2.8

1.5

1.0

0.5

0.2

57.5
44
28.5
19.5
13.5
8.0
5.2
3.4
1.9
1.3
0.7
0.3

2
70
54
35
23.5
16
9.5
6.1
4.0
2.3
1.5
0.8
0.3

c

78
62
41
28
18
11
r.2
1.8
2.7
1.8
1.1
J.5

RAIN CLIMATE REGION

1
90
72
50
35*5
24
14.5
9.8
6.4
3.6
2.2
1.2
0.0

D=D

2

108
89
64.5
49
35
22
14.5
9.5
5.2
3.0
1.5
0.0

126
106
80.5
63
48
32
22
14.5
7.8
4.7
1.9
0.0

[Minutes| Hours

e | F| e | H | vear | vear
165 | 66 | 185 253 | 5.26 |0.09
144 | 51 | 157 |220.5 | 10.5 ]0.18
118 | 34 |1 20.5| 178 | 26.3 |0.44
98 | 23 94 147 | 52.6 |0.88
78 | 15 72 119 105 |1.75
52 |8.3 47 | 86.5 263 |4.38
35 5.2 32 64 526 8.77
21 3.1 ]1.8 | 43.5 | 1052 |17.5
10.6 | 1.4 |12.2 | 22.5 | 2630 [43.8
6.0 |J.7 | 8.0 | 12.0 | 5260 |87.7
2.9 13.2] 5.0 5.2 | 10520 | 175
0.5 0.0 1.8 1.2 | 26298 | 438
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estimation of attenuation. 1he size and nunber of rain drops per
unit volume may vary with height. Measurenents nmade using weat her
radars show that the reflectivity of a rain volume nmay vary with
hei ght but, on average, the reflectivity is roughly constant with
height to the height of the O C isothermand decreases above that
height. The rain rate may be assumed to be constant to the height
of the OCC isothermat |lowrates and this height may be used to
define the upper boundary of the attenuating region. A high
correlation between the O C height and the height to which liquid
rain drops exist in the atnosphere should not be expected for the
higher rain rates because large liquid water droplets are carried
aloft above the 0° height in the strong updraft cores of intense
rain cells. It is necessary to estimate the rain |ayer height
appropriate to the path in question before proceeding to the total
attenuation conputation since even the O C isotherm hei ght depends on
| atitude and general rain conditions.

As a model for the prediction of attenuation, the average height
of the 0° isothermfor days with rain was taken to correspond to the
hei ght to be expected one percent of the year. The highest height
observed with rain was taken to correspond to the value to be
expected 0.001 percent of the year, the average summer hei ght of the
-5°Cisotherm The l|atitude dependence of the heights to be
e .pected for surface point rain rates exceeded one percent of the
year and 0.001 percent of the year were obtained fromthe |atitude
dependence provided by Oort and Rasmussen (1971). The resultant
curves are presented in Figure 3.4-6. For the estimation of nodel
uncertainty, the seasonal rms uncertainty in the OC isotherm height
was 500 mor roughly 13 percent of the average estinated height.

The value of 13 percent is used to estimate the expected
uncertainties to be associated with Figure 3.4-6.

The correspondence between the O C isotherm height val ues and
t he excessive precipitation events showed a tendency toward a |inear
rel ati onship between Rp and the 0°C isotherm height Hofor hidh -
values of R. Since at high rain rates, the rain rate distribution
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function displays a nearly linear relationship between r, and [og P

(P is probability of occurrence), the interpolation nodel used for
the estimation of HO for P between 0.001 and one percent is assuned
to have the form HO=a + blog p. The relationship was used to
provide the intermediate values displayed in Figure 3.4-6a. In
Figure 3.4-6b are shown the O C isotherns for various latitudes and

Seasons.

3.4.3 Attenuati on NModel

The conplete model for the estinmation of attenuation on an
earth-space path starts with the deternination of the vertical
di stance between the height of the earth station and the o° “isotherm
hei ght (Hp - Hg where Hg is the ground station height) for the
percentage of the year (or Rp) of interest. The path horizontal
projection distance (D) can then be obtained by:

3.4-1
_ | (H,- Hg)/tan 8 6> 10 ( )
- Ey(y in radians) 8 < 10°
wher e
Ho = height of o0° isotherm
Hg = height of ground term nal
6 = path elevation angle
and
w = sin-! ::ieE (Hg + ER sin20 + 26(H,- H))
+ HZ-H2 "~ (H + B sinG; (3.4-2)
, cos 6 _
=008 - [—H°+ 3 (E+Hg)1 e
wher e
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E= effective earth’s radius (8500 km.

The specific attenuation may be calculated for an ensenble of
rain drops if their size and shape nunber densities are known.
Experi ence has shown that adequate results nay be obtained if the
Laws ‘and Parsons (1943) nunber density nodel is used for the
attenuation cal cul ations (Crane-1966) and a power |aw relationship
Is fit to calculated values to express the dependence of specific
attenuation on rain rate (Osen et al-1978). The parameters a and b
of the power Iaw relationship:

a = aRpb (3.4-3)
specific attenuation (dB/ km

where a

Rp = point rain rate (m1 hour)

are both a function of operating frequency. Figures 3.4-7 and 3.4-8
give the -multiplier, a(f) and exponent b(f), respectively at
frequencies from1 to 100 GHz. The appropriate a and b paraneters
may al so be obtained from Table 3.4-2 and used in conputing the
total attenuation fromthe nodel. Alternately, values of a and b
from Tables 2.3-2 or 2.3-3 may be used.

3.4.3.1 Path Averaged_ Rain Rate Technique. The path averaged rain
rate exceeded for a specified percentage of the tine may differ
significantly fromthe surface point rain rate exceeded for the sane
percentage of the tine. The estinmation of the path averaged val ues
fromthe surface point values requires detailed information about
the spatial correlation function for rain rate. Adequate spatia
data are not currently available. A sufficient nunber of
observations using rain guage networks are available to provide a
basis for a point to path average nodel. Cbservations for 5 and 10
km paths are presented in Figures 3.4-9 and 3.4-10, respectively
The effective path average factor, I, represents the relationship
between point and path averaged rain rate as

Roath = r*Rp (3. 4-4)
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Table 3.4-2. Paraneters for Cbnputln%)SpeC|f|c At tenuation:

= aRb, 0°c, Laws and Parson Distribution
(Crane- 1966)
Frequency Multiplier Exponent
f - GHz a(f) b (f)
| 0.00015 0.95
4 0. 00080 1.17
5 0.00138 1.24
6 0. 00250 1.28
7.5 0. 00482 1.25
10 0.0125 1.18
12.5 0.0228 1.145
15 0. 0357 1.12
17.5 0. 0524 1. 105
20 0. 0699 1.10
25 0.113 1009
30 0.170 1.075
35 0.242 1.04
40 0.325 0.99
50 0. 485 0.90
60 0. 650 0.84
70 0.780 0.79
80 0.875 0.753
90 0.935 0.730
100 0.965 0.715
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where Rpath and R are the path and point rainfall rates at the same
probability of occurrence.

Figure 3.4-11 represents the construction of an effective path
average factor using data from paths between 10 and 22.5 kmin
length. The values of r were obtained by assuming that the
occurrence of rain with rates in excess of 25 m hour were
I ndependent over distances larger than 10 km The estimation of path
averaged rain rate then depends upon nodeling the change in
occurrence probability for a fixed path average value, not the
change in path average value for a fixed probability. Using DO as
the reference path length (D, = 22.5 kmfor Figure 3.4-11), the
exceedance probabilities for the path averaged val ues were
multiplied by Do/D where D was the observation path length to
estimate the path average factor for a path of length Do.

The path attenuation caused by rain is approxi mately determ ned
fromthe path averaged rain rate by

A~ L r aRpb (3.4-5)

where Ais path attenuation, L is the length of the propagation, path
or Do, whichever is shorter, r is the effective path average factor,
Ris the point rainfall rate exceeded P percent of the tine and a
and b are coefficients used to estinmate specific attenuation for a
given rain rate. Using this nodel and propagation paths |onger than
22.5 km the effective path average factor for 22.5 kmpath may be
cal cul ated from sinmul taneous point rain rate distribution and
attenuation distribution data. Results for a nunmber of paths in
rain rate climates C and D are presented in Figure 3.4-12. The line
plotted on this figure is the power law relationship fit to all the
data displayed in Figure 3.4-11. The observations at 13 and 15 Gz
are in excellent agreement with the nodel based solely on rain gauge
network data. At lower frequencies, the discrepancy is |arger

being as much as a factor of 2. At 11 Gz, the nodel appears to
underestinate the observed attenuation by a factor of 2. It is
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noted that sinultaneous point rain rate observations were used in
the construction of Figure 3.4-12, not the rain rate distributions
for each climte region. Since fades due to multipath nmust be
removed from the analysis prior to making the conparison in Figure
3.4-12 and multipath effects tend to be relatively nore inportant at
frequencies below 13 GHz, the |lack of agreenment displayed in Figure
3.4-12 may be due to effects other than rain.

A power |aw approximation to the effective path average factors
depicted in Figures 3.4-9 through 3.4-11 may be used to nodel the
behavior of the effective path average factor for paths shorter than
22.5 km Letting the effective path average factors be expressed by

[~ 7Y (D)Rp-8(D) (3.4-6)

where D is the surface projection of the propagation path and the
model curves for Y(D) and &8 (D) are given in Figure 3.4-13 and
3.4-14. Figure 3.4-15 di splays the dependence of the nodel ed
effective path average factor on point rain rate.

Attenuation prediction for Earth-space paths requires the
estimation of rain rate along a slant path. Statistical nodels for
rain scatter indicate that the reflectivity, hence, specific
attenuation or rain rate, is constant fromthe surface to the height
of the 00C isotherm (Goldhirsh and Katz 1979). By assumng that the
specific attenuation is statistically independent of height for
altitudes below the O°C isotherm the path averaged rain rate (or
specific attenuation) can be estimated using the nodel in Figures
3.4-13 and 3.4-14. For application, the surface projection of the
slant path below the melting layer is used to define the surface
path length, D. The attenuation on an Earth-space path for an
el evation angle higher than 10° is given by:

H
— a(f) y(D) R_bth-dID}
g 2DYD)Ry

(3.4-7)
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where His the height of the CC isotherm(see Figure 3.4-6b), 6 1i5S
the elevation angle (8 > 10°) and D = Htan 6. For application at

el evation angles lower than 10°, the effect of refraction by the
troposphere and of the earth’'s curvature should be taken into
account in the calculation of D. If D exceeds 22.5 km a Do of 22.5
kmis used for the calculation of the effective path average factor
and the occurrence probabilities are multiplied by D Do.

3.4.3.2 Variable |sotherm Height Techni que. The variable isotherm
hei ght technique uses the fact that the effective height of the
attenuating medi um changes depending on the type of rainfall event.
Al'so, various types of rainfall events selectively influence various
percentages of tine throughout the annual rainfall cycle.

Therefore, a relation exists between the effective isotherm hei ght
and the percentage of time that the rain event occurs. This

rel ation has been shown earlier in Figure 3.4-6a. Again the tota
attenuation is obtained by integrating the specific attenuation
along the path. The resulting equation to be used for the
estimation of slant path attenuation is:

b beYZb beYDb 3.4-8
aRDP |eUZ-1  Xbe L Xbe |;6>10° ( )
Cos 8 Ub Yb Yb |

where U, X, Y and Z are enpirical constants that depend on the point
rain rate. These constants are:

u= ';— [In(XeY2)] (3.4-9)
x = 2.3 Rp-0.17 (3.4.10)
Y = 0.026-0.03 1n R (3.4-11)
z =3.8- 0.6inR (3.4-12)

for lower elevation angles 6 < 10°
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Aol oae eu2b71 _ XbeY2b + xbeYDbl
D~ ° [ Ub Yb Yb | (3. 4-13)
wher e
L= [(E + Hg)2 + (E + Bo)2 - 2(E + Hg)(E + HO COS ¥ (3.4-14)
= [(E + Hq)2sin20 + 2E(Ho, - Hg) + H2p - H2g]l% -(E + Hg) sinb

Y = path central angle defined above.

3-4.4 Application of the d obal Mdel

Section 6.3.2.1 gives a step-by-step procedure for applying the
d obal Mdel, using the variable isotherm technique. Schwab (1980)
applied this nodel on a worldw de basis to find downlink
availability for specified nmargin and frequency. An exanple of the
results of his work is shown in Figure 3.4-16. It is interesting to
conpare this figure with the rain climate region map of Figure
3.4-2.

3.5 THE TWO- COVPONENT MODEL

The Two- Component (T-C) rain attenuation nodel (Crane-1982)
determ nes the probability of exceeding a given attenuation
threshold. The Mbdel’s nane relates to the fact that two
distinctive types of rain events are addressed: convective cell and
wi despread “debris.” The characterization of climtic zones is
identical to the Gobal Mdel in terns of rain rates. The T-C Mdel
was fornulated in such a way that it mght later be extended to site
diversity systens, rain scatter interference, and attenuation
duration statistics.

The fundanmental approach in the T-C Mddel is to determ ne the
probabilities for exceeding a given attenuation with convective rain
and debris separately. The sumof these probabilities is then taken

as the total probability of exceeding the given rain attenuation
threshol d.
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The projected (horizontal) path lengths for both types of rain
are first determned geometrically from O C isotherm heights. These
hei ghts were nodel ed from observations during precipitation events
using radi osonde data, rain occurrence data and excessive-
precipitation data for seven spatially separated sites in the US
(Crane-1980a). The data were extrapol ated globally using averaged
tenperature profiles, where only sunmertine data was used at
| atitudes higher than 50°. The resulting height versus latitude
variations, which do not enploy the correlation between rain rate
and rain rate height assuned in other nodels (e.g., Global), are:

He = 3.1-1.7 sin [2(A-45)) (3.5-1)

Hg = 2.8-1.9 sin [2(A-45)] (3.5-2)

where He, Ha are the rain heights in kilonmeters for volune cel
(convective) and debris rain types, respectively, and Ais the
latitude (deg.). The corresponding projected path |lengths are then
determ ned geometrically as:

_ (Heg - Ho) [2 - 2 (H 4 - H,)/8500] (3.5-3)

D.D
9" “tan 6.,/1an26 + (H, 4 - H,)/8500

where & is the slant path elevation angle and E is height of the
earth station above sea level (km.

The attenuation along the projected path is determned

geonetrically fromthe given slant path attenuation threshold and
path elevation angle. This is then used to determne the

corresponding rain rates, for volune cell and debris rain types,
whi ch woul d produce that anount of attenuation. The two rain types
are addressed separately bel ow

3.5.1 Volune Cell Rain Rate

The average length of a line through a (circular) volume cell
(WO is assumed to be about 2.2 km based on the average volunme cel
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area data froma three year radar measurenent program conducted in
Goodland, Kansas. Thus, the effective projected path |ength through

rain (L) must be taken to be the lesser of 2.2 kmand o. If Lcis
not determned fromD (D> W), an adjustnent factor (C) is
required. In this case, the projected path b, is longer than the
average volume cell width and the integrated path rain rate nust
enbody the effect of debris that is close to the cell. This is
nmodel ed as:

C - 1+07(D;VQ)HDC_ZE>O (3.5-4)

1+ (DC-WC)
c =l i(D-2.2) €0

(3. 5-5)

The effective point rain rate (R) for volume cell rain can then
be readily determned as:

1/a
v -(2)
KL,

where A is the attenuation along the projected path and k- and « are

t he common specific attenuation coefficients for point rainfal
rates (y = Kro),

(3. 5-6)

3.5.2 Debris Rain Rate

In debris rain, the rain extent can readily exceed the slant
path projection distance. The rain extent (Wa) is, however,
dependent on rain rate. The Kansas radar observations indicated a
rel ationship between average
rain rate in debris and Wa:

Wd= 29:7R-o'3‘
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where Wg is the length scale (km and Ris the rain rate (nmmh) for
debris. This is nore conveniently expressed in terms of attenuation
for determning the effective rain rate (R') in debris.

Wg - 29.71d(a .34) gl.34/(a- .34)] p-[.34/(a- .34)1 (3.5-7)

W'a ~ mininum (Wg, Da) (3.5-8)

R :(_A_.)”" (3.5-9)
kw'd

where R is the effective rain rate for debris.

3.5.3 Probability of Exceeding an Attenuation Threshol d

A simple approximation to the observed (Kansas) rain rate
distribution produced by volunme cells is an exponentia
distribution. The debris distribution function was nearly log-
normal .  The sum of these independent distributions was found to

closely fit the enpirical rain rate distributions for all climte
regions.  Thus :

P(r 2 R

P(r 2 R + Pa(r 2 R (3.5-10)

"

Pc(l + Dc/WC) exp (-R'/Re)
+ pa(l + Dg/Wg) nl(l/og)[én R* ~en Ra)) (3.5-11)

where P(r 2 R) is the probability of the observed rain rate r
exceeding the specified rain rate R Pe,alr 2 R) are the distribution
functions for volune cells and debris, respectively; Ppc,a are the
probabilities of a cell and debris, respectively; Rc,a are the
average rain rates in cells and debris, respectively; oais the
standard deviation of the logarithmof the rain rate; and nis the
normal distribution function. Values for the parameters

per Pd» Rer and oa have been tabul ated for each of the A obal Mde
rain climate regions (Crane-1982).
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3.6 THE CCI R MODEL

The International Radio Consultative Commttee, ccir, adopted a
procedure for the prediction of attenuation caused by rain at its
XVth Plenary Assenbly in Geneva in Febrary 1982 (cCir-1982a). This
result was preceeded by several years of intense deliberations by
representatives of CCOR Study Goup V from several nations. The
procedure provided the basis for rain attenuation cal cul ations
required for international planning and coordination neetings, and
Regi onal and Wrld Adm nistrative Radio Conferences.

The original CCI R procedure has undergone several nodifications,
i ncluding deliberations for the 1982 Conference Preparatory Meeting
for RARC-83 for the Broadcasting Satellite Service (CCIR-1982b,
CCIR-1982c), and the Study Goup 5 Inputs for the XVith Plenary
Assenbly, in Dubrovni k, Yugoslavia (CCIR-1985a, CCIR-1985b). The
rain characterization and attenuation prediction procedures
described in this handbook are the |atest published versions, as
provided in Reports 563-3 (CCIR-1986a), and 564-3 (CCIR-1986b),
respectively, fromthe xvith Plenary Assenbly. Readers interested
in tracing the evolution of the CCIR prediction procedure
devel opment process are referred to the earlier docunents referenced
above.

3.6.1 CC R Rain Characterization

The first element of the CCIR Mdel involves a global map of
fourteen rain climatic zones with associated rainfall intensity
cumul ative distributions for each region specified (CCIR-1986a).
Average annual rain rates are given for exceedance tines fro 0.001
to 1.0 percent. Figure 3.6-1 presents the global nmap of the CCR
rain climatic zones, ranging fromA (light rains) to P (heavy
rains) . A nore detailed map of the ccir climtic zones for the
continental United States and Canada is shown in Figure 3.6-2
(Ippolito, 1986). Table 3.6-1 lists the rain rate distributions for
the fourteen rain climtic zones.
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Table 3.6-1. Rainfall Intensity Exceeded (mmh) for ccIr
Rain ClimatiC Zones

% Time | A B c D E F G H J K L M N P

1.0 - [<0.5 1 2 3 1 2 3 2 8| 2 2 4 51 12
0.3 1 2 3 5 3 4 7 4 13 6 7 11 15 34
o1 2 3 5 8 6 8| 12| 10| 20| 12| 15| 22| 35 65
(o fet 5 6 9| 13| 12| 15| 20| 18| 28 23| 33| 40| 65| 105
0.01 8l 12| 15| 19| =22 28| 30| 32| 35 42 60 63 95 | 145
0.003 14| 21| 26| 29| 41| 54| 45| 55| 45 70| 105 95 [ 1409 [ 200
0. 001 22| 32| 42| 42| 70| 78| 65| 83| 55| 100| 150 | 120 | 180 250

The CCIR also provides maps showing isometric rain rate contours
for the 0.01 percent exceedance value, which will be used in the
attenuation nodel procedure. This isometric map is given as Figure
3-6-30

The CCIR nodel assumes that the horizontal extent of the rain is
coincident with the anbient O C isotherm height, which will vary with
| ocation, season of the year, time of day, etc. An average val ue of
the OC isothermweight is used in the CCR model, obtained from,

= for 0 < < o
he = 4.0 ¢ < 36 360
= 4.0 - 0.075 ‘¢ - 36) for § 2 36°

where p is the latitude of the location of interest, in degrees N or
S.

This estimate is recognized as having high variability,
particularity at higher latitudes, and for locations where the
significant rain accunulation occurs at other than the sumer rainy
season.
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3.6.2 CCR Attenuation Mdel

The CCIR attenuation prediction requires the follow ng input
paranmeters:

frequency (GHz)
.latitude of earth station (degrees),
.hei ght above nean sea level of earth station (km
+ elevation angle to the satellite (degrees), and

point rainfall rate for the location for 0.01% of an average
year (mih

The rain height, he, IS determned fromthe latitude by equation
(3.6-1) above. The projected path length on the earth’s surface, Lg,
and the slant path length through the rain, Ls, are geonetrically
determned fromn,, the elevation angle, and the height above sea
level. A slant path length reduction factor is then applied to
account for the horizontal non-uniformty of rain for the 0.01% of
the tinme condition. The reduction factor, rp, i S given by:

1
1+ 0.045 14

(3.6-2)

The product of Ls and r,is the effective path length through rain
for 0.01% of the tine.

The specific attenuation for 0.01% of an average year, aop.o1r
in dB/km, i S determned fromthe power-law relationship with rain
rate, [see equation (2.3-5)]), utilizing the rain rate at "% ‘f
the year fromlocally neasured data (preferred)? or from rable
3.6-1. The power |aw coefficients at the frequency and polarization
of interest can be obtained from Table 2.3-2, Table 2.3-3, or other

3-93



suitable sources. The specific attenuation in the CCR nodel is
assumed to be constant up to the rain height.

The attenuation exceeded for 0.01% of an average year is then
obt ai ned from

Ap.01 " ap.01 Lgrp dB (3.6-3)

The attenuation exceeded for other percentages of an average year,
p, in the range 0.001%to 1% are then determ ned from A.p1 by,

Ap . 0012 ag,p1 p-(0.546 + 0.043 log p) dB (3.6-4)

The ccir reports that when the above prediction nmethod was
tested wth neasured data for |atitudes above 30°, the prediction was
found to be in agreenment at the 0.01%point to within 10% wth a
standard deviation of 30% when used with sinmultaneous rain rate
measurenents.  Between latitudes of 20° and 30° the prediction nmethod
consistently over-estimated the attenuation by a factor of about
one-third. Wien local nmeasured rain rate statistics are used
Instead of the average year values given in the ccir climtic zone
tables, the errors are found in general to be less, at all latitudes
(CCIR-1986a).

The detailed step-by-step procedure for the cCir attenuation
predi ction nodel, including an exanple application, is presented in
Section 6.3 of the handbook

3.7 THE LI N MODEL

3.7.1 Enpirical Fornul as

The set of empirical formulas presented here for earth-satellite
path attenuation is an extension of those obtained previously for
terrestrial microwave radi o paths (Lin-1978). In the case of
terrestrial paths, the calculation of the expected rain attenuation
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distribution froma long term (20 years) distribution of 5-mnute

point rain rates has been acconplished using enpirical fornulas

deduced from available rain rate and rain attenuation data nmeasurec
on nine 11 Gz radio paths (5-43 km at five different U S

| ocations (Lin-1977).

These enpirical fornulas for terrestrial paths, are (Lin's
notation (1978) reverses the role of a and §)

a(R) = @ RbdB/km (3.7-1)
1 ]! 3.7-2
BR,L) = alR) \{11** -L—(;] ‘B ( )
wher e
_ 2636
L(R) T m——
R-62 'M (3.7-3)

Ris the 5-minute point rain rate in nmh, L is the radio path
length in km PB(rR,L) iS the path rain attenuation in 4B at the same
probability level as that of R and the paraneters a and b are
functions (Setzer-1970, Chu-1974, saleh-1978) of the radio
frequency, as shown in Figure 3.71. (Strictly speaking, the
paraneters a and b are also functions of wave polarization. )

3.7.2 Rain Path Averaging

If the rain rates were uniformover a radio path of length L,
the path rain attenuation B(r,L) would be sinply a(R). L,
representing a linear relationship between p and L. However, actual
rainfalls are not uniform over the entire radio path, and therefore
the increase of B(R,L) with L is nonlinear.
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Two factors in the enpirical method account for the radio path
averaging effect. First, the nmethod is based upon the [ong term
distribution of 5-minute point rain rates in which the 5-mnute timne
averaging partially accounts for the fact that the radio path
perfornms a spatial averaging of non-uniformrain rates (Freeny and
Gabbe-1969, Drufuca and Zawadzki-1973, Bussey-1950). A 5-mnute
average of the rain rate seen at a point corresponds to spatially
averaging approximately 2.1 km of vertically variable rain rates,
assumng 7 meters/second average descent velocity of rain drops.

Figure 3.7-2 shows how the point rain rate distribution, from
two years of measurenents at Pal netto, Georgia, depends on the
average time intervals (range: 0.5-60 minutes). The probability of
a 5-mnute rain rate exceeding the 40 nmh threshold is 1/2 that of
a 0.5-minute rain rate exceeding the same threshold. From another
viewpoint, increasing the averaging time interval from0.5 to 5
m nutes reduces the 0.01 percentile (i.e., 53 mnutes/year) rain
rate from g7 to 58 mm/h.

However, since nost radio paths of interest are longer than 2.1
km the fixed 5-mnute average interval cannot adequately account
for all the path length variations. This deficiency is conpensated
for by the factor

- (3.7-4)

[ 1
1 4+ =—
L(R)

In other words, the auxiliary nonlinear factor represents the
empirical ratio between the 5-mnute point rain rate R and the radio
path average rain rate Ra(L) at the same probability level. Since
the significant difference between the 5-mnute point rain rate and
the 0.5-mnute point rain rate in Figure 3.7-2 already accounts for
the major portion of the difference between the radio path average
rain rate Rav(L) and the 0.5-mnute point rain rate, the auxiliary
factor is a weak nonlinear function of L. Qoviously, many different
anal ytic functions can be used to approximate this mldly nonlinear
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behavior. The single paraneter function is selected for its
sinplicity. The adequacy of this sinple approxination is supported
by the rain rate and rain attenuation data nmeasured on nine, 11-GHz,
terrestrial radio paths at five U S. |ocations (Lin-1977).

3.7.3 EBarth-Satellite Path Legend

To extend the nethod to earth-satellite paths, let H be the
| ong-term average height of the freezing level in the atnosphere,
measured relative to sea level. The effective average length of the
earth-satellite path affected by rain is then

L= (H- Hg)/sin @ (3.7-5)

where 6is the satellite elevation angle as viewed fromthe earth
station, and Hy is the ground el evation neasured fromthe sea level.
The radar measurenents of rainfall reflectivity at Wallops Island,
Virginia indicate that on the average rainy day (CCIR-1977)

H= 4 km (3.7-6)

Thus given the elevation angle 6, the ground elevation Hand the
distribution of 5-mnute point rain rates, we can calculate the rain
attenuation distribution on the earth-satellite path through the use
of equations 3.7-1, 2 and 5.

Notice that equation 3.7-5 inplies that the path rain
attenuation (Rr,L) varies exactly as the cosecant of the elevation
angle 8 with this sinple extension of the terrestrial nodel. Also
note that these sinple formulas are valid only on the long term
average. The short termrelationships between the surface point
rain rate and the earth-satellite path rain attenuation, On a storm-
by-storm basis, have been observed to be erratic and difficult to
predict.

3.8 THE SI MPLE ATTENUATI ON MCDEL ( SAM

The Virginia Polytechnic Institute and State University
(VPI&SU), Blacksburg, VA, has been engaged for several years in the
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devel opnent of rain attenuation nodels and rel ated neasurenent
prograns.  Several iterations of a quasi-physical model of rain
attenuation on a slant path have been provided. One of the earliest
versions of a conprehensive rain attenuation prediction nodel was

t he .piecewise Uniform Rain Rate Mdel, (Persinger, et al-1980)
[described in detail in the previous (3rd) edition of this

handbook].  The Piecew se Uniform Mdel accounted for the nonuniform
spatial characteristics of rain with two sinplifying assunptions:

a) the spatial rain rate distribution is uniformfor low rain rates,
and b) as peak rain rate increases, the rain rate distribution
becones increasingly nonuniform

The Piecewi se Uniform Mdel was |ater extended with an expanded
gl obal data base to an exponential shaped rain rake profile
(Stutzman and Di shman - 1982, 1984), and was called the Sinple
Attenuation Mdel (SAM. The nodel was further nodified to include
the effects of rain depolarization and an even |arger data base
(Stutzman and Yen, 1986). This latest version of the SAMwill be
descri bed here.

The SAMis a semiempirical nodel that describes the spatial
rainfall along a slant path ¢ by:

R(4) = Ro R, < 10 i h
(3.8-1)
= Ro exp[-A 1In(Ro/10)  ¢cos P Ro > 10 mm h
where
e< L, L= (H - Hp)/sin B (3.8-2)
and

Ro IS the point rainfall rate in nmh,

Ho is the earth station altitude in km

He is the effective rain height in km

B is the slant path elevation angle, and

Ais an enpirical devel oped paraneter

controlling the rate of decay of the horizontal profile.
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The effective rain height is approximted by
He = Hj Ro < 10 MM h (3.8-3)
= Hi + log(Ro/10) Ro > 10 nm H

where Hi is the OC isothermheight in km The seasonal average is
obt ai ned from (Crane-1978),

Hi = 4.8 & < 30°
= 7.8 - 0.1¢ & > 30° (3.8-4)

here ¢ is the station latitude, in degrees Nor S

The total attenuation due to a point rainfall rate R, i s found
by integrating Eq (3.8-1) over the path L:

A(Ro) = aRpbL Ro < 10 nmmi h (3.8-5)

A(Rp) = aRgb__- €XP [-bA 1n(Ro/10) L cos B)
bA 1n(Re/10) cOS B

R > 10 mmh

An evaluation of 36 data sets in the expanded vpissu data base
for which both attenuation and rain rate data were avail abl e found
that a val ue of

A= 1/14 (3.8-6)

gave the best fit to the data. The functional dependence of A is
such that |arge changes do not produce changes in attenuation.

The revised SAM nodel was found by its authors to give equal to
or slightly better predictions than the cCIr or the d obal
prediction nodels, for the available data base (stutzman and Yon -
1986) .  Figure 3.8-1 shows a conparison of the nodels for 64 gl obal
data sets. Predictions are based on rain rates calculated fromthe
CCIR rain rate nodel except for the G obal Mdel which uses the
G obal rain rate nodel. Mean deviation and standard deviation of
predicted attenuation as a percent based : . measured attenuation are
shown. Figure 3.8-2 shows a simlar conparison for 31 long term
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(two years or nore) data sets fromthe data base. Al four nodels
give better predictions for long termdata sets, as expected, since”
they are nore representative of average rain behavior, for which the
nmodel s are based.

3.9 THE EFFECTI VE PATH LENGTH CONCEPT

3.9.1 Definition of Effective Path Lenqgth

The effective path length Le i s usually defined as that
parameter which relates the specific attenuation to the tota
attenuation along the earth-space path. Mthematically it is
witten

A = aRbLe (3.9-1)

Alternatively, Le is the hypothetical path Iength of uniformrain
rate R which will produce the same total path attenuation as the
real varying rain rate does along the path. The formof Le and the
t echni que enployed for its derivation has been quite variable. For
exanple, in sone cases it is terned effective path length and in
others the path averaging factor

Since rains are not usually uniform over the extent of the storm

(rain cells of higher rain rates are small conpared to the extent of
the storm, the total attenuation is

A= faldl (3.9-2)

where A is the total attenuation at a given frequency and time

through the storm of extent L along the path ¢. The factor a;is a
“high resolution” specific attenuation depending on the rain rate at
each point along the path. The effective path length in kiloneters
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L o= — (3.9-3)

Bavg

is where aavg IS an analytically determned attenuation per kilometer
assuming a uniform average rain rate. The average rain rate is
based on rain rate neasurenents taken over a long period of tine.
The neasured attenuation is also indirectly a function of average
rain rate. Measured attenuation and neasured rain rate data are
conmpared on an equal probability of occurrence basis over a |ong
time base. This renoves the instantaneous time dependence of the
measurenents. Note that if rain rate is not a function of length ¢,
then A = aagl and the effective path Iength would equal the physical
rain extent L. This is one limt which occurs for low rain rates.
For exanple, for stratiformrains the rain rate is nearly spatially
uni form

3.9.2 Freguency Dependence of Effective Path Lenagth

Some frequency dependence to the effective path [ ength has been
observed at higher rain rates. To investigate the frequency
dependence of Le consider the ratio of two Le's for two frequencies
f1 and f£2. Nane 1y,

L

f 01(f1) d!
Lify) o (fy)

avg . 0— ot

L p'm
o (f1) (3.9-4)
ovg J a,lfy) df

0

where r is the ratio of the_neasured attenuations, and r is the
ratio of the predicted attenuations assumng uniformrain
conditions, which is also the ratio of predicted specific
attenuations. For the effective path length to be independent of

frequency rm nust equal rp, and the effective path length versus-rain
rate nust be identical for the two frequencies. Experinenta

results shown in Figure 3.9-1 denonstrate that for two frequencies
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(19 and 28 GHz) and rain rates exceeding one inch per hour the
effective path length of the higher frequency is as much as 20%
longer than the |ower frequency. This is an effect which nust be

consi dered when frequency scaling attenuation measurements over a
w de- frequency range.

The frequency dependence of effective path length shown in
Figure 3.9-1 arises fromthe nonuniformty of rain along the
propagation path in conbination with the nonlinear dependence of the
specific attenuation on rain rate. Using the definition in equation
3.9-1, the relation (Kheirallah, et al-1980)

Le(f2) = Le(£1)b(£2)/b(£)) (3.9-5)

has been derived. This relation has been conpared with sone
experinmental data and appears to apply best to the |ow frequency (4
to 10 GHz) data for high rain rates (exceeding 25 nmmh).

Kheirallah, et al (1980) attributes this to the relatively
significant effects of cloud attenuation at higher frequencies and
low rain rates

Rewiting equation 3.9-5 one has
[Le(f1)11/b(£1) = [Le(f2)]1/b(£2) = Lg' (3.9-6)

Le' is defined as the normalized effective path length and is nuch
| ess dependent on frequency than Le. Kheirallah, et al (1980)

suggests that for small percentages of time for which rain
attenuation dom nates, data sets should be expressed in terns of L

before data at various frequencies and elevation angles are
conbi ned.

3.9.3 Effective Path rength_Versus Measurenent Period

Experimental |y determned effective path lengths for varying

measur ement periods (such as annual and worst month) show a high
variability. For example, in Figure 3.9-2 each curve was devel oped
from equal probability attenuation - rain rate neasurements for the
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period indicated. Two trends are apparent, First, the nonthly
curves show a decreasing path length with increasing rain rate, and
second, the annual curves show a path |ength which increases
slightly with rain rate. The first effect arises because the high
rain rate events in August are primarily convective storms wth
intense localized rain rates. The second effect is probably
accounted for because the winter rains in Maryland are nore uniform
in nature and the zero degree isothermis significantly lower in
winter. For this case L. approaches L for cold weather lowrain rate
events. However, this effect has not always been observed (see

bel ow) and probably indicates that regions with low rainfall during
the cold weather nonths will show a rain rate dependence to Le
simlar to that for the worst nonth

3.9.4 Comparison of Effective Length Factors

Several of the attenuation nodels utilize a factor easily
related to Le. It is of interest to conpare these factors and
determne their relative differences based on a simlar set of
assunptions. First consider the Le factor in each nodel separately.

3.9.4.1 Dutton-Dougherty Mddel. This nodel does not explicitly
enploy an effective path length. An effective path length nmay be
eval uated, however, and it has been by Dutton, et al (1982) for the
purpose of conparison with the Gobal model. The relation between
the effective path length given by the oo Mbdel and the rain rate is
a conplex one, being determned by the liquid water content versus
hei ght function, L(h), and the probability nodification factor, F.
There are two choices for L(h), corresponding to stratiform and
convective rain, and the nodel combines these for sone tine
percentage values. Because a sinple expression for Le i S not
possible, no attenpt is nade here to define an effective path [ength
for this nodel
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3.9.4.2 Qobal Mdel. Both forms of the G obal nodel enploy a term
which can be related to the effective path length. For the path
averaging technique (d obal Prediction Mdel)

_H -41D)
Leﬁsin o Y(DIR, (309_ 7)

where Rp is the point rain rate, His the height of the OC isotherm
Dis the basal distance and Y and & are the path averaging factors
defined in Section 3.4. For a 45° elevation angle at a sea-level
ground station near 40°N latitude

Le = 9.14 Rp-0.14km (3.9-8)

For the variable isotherm height form of the d obal nodel,

e

1 eUZb 1 XbeYZdb  xbeYD
- + -
cos 6| yp Yb Ybbl

(3.9-9)
where the terms are defined in Section 3.4.3.2. The value of Leis a
conpl ex function of Rsince U, X Y and Z (inplicitly) are functions

of R.

3.9.4.3 Two-Conponent Mbdel. Two effective path lengths could be
identified in the T-C Mdel: one for convective cellular rain and
one for debris. Differing OC isotherm heights are conputed for the
twotypes of rain which forma basis for the differing effective
path lengths. The lateral nodeling of rain also differs for the two
rain nodes: cellular rain effective path length nust be nodified to
i ncl ude nearby debris contributions, whereas debris rain is assuned
to be uniform Thus, no attenpt is made to identify a single
parameter Le in the T-C Model.
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3.9.4.4 CCOR Mdel. The CCIR Mdel directly enploys the concept of
effective path length. The (corrected) OC isotherm height is used
to define the vertical extent of rain. A slant path length
reduction factor is used to adjust the physical path length through
rai-n to account for the horizontal non-uniformity of rain. The
resulting effective path length applies only for 0.01% of the tinmne.
The attenuation predictions for other tine percentages are
determned directly fromthe 0.01% value, without reverting to the
path length. For this reason, the dependence of effective path
length on rain rate is obscure.

3.9.4.5 Lin Mdel. The Lin nodel utilizes two techniques for
obtaining the average path length. The first is to tenporally
average the instantaneous rain rate to five nminute intervals. The
effect of this averaging process in terms of the effective path

| ength conparison is unclear. However, as will be shown, the other
parameter agrees well with the results of other nodels. Specifically
Lin (1978) finds that

-1
4 4(R_-6.2)
B — -——L——
Le sin 6 [1 + 2636 sin 9]

2636 (3.9-10)
" 659 sin 6 + Ro-6.2
At 6 = 45 degrees the result is
Le = 2636(460 + Rp)-1 (3.9-11)

3-69



3.9.4.6 Sinple Attenuation Mdel (SAM. The sinple attenuation
model does not readily allow definition of a single Le parameter.
Therefore this paraneter is not derived.

3.9.4.7 Experinental Measurenents, Ippolito (1978) has enpl oyed.
over sixty nonths of long termattenuation and rain rate statistics
at 11.7, 15, 20 and 30 GHz to derive an effective path |ength based
on experinental neasures. The result is

R2% km (3.9-12)

@
@,
=
@

for elevation angles from20 to 90 degrees. At 45 degrees el evation
angl e

Le = 12.82 Rp-0.296 (3.9-13)

3.9.4.8 Conparison of Effective Path Lengths. Assumi ng a ground
station at sea level, 40 degrees North latitude and observing at 45
degrees elevation angle, the Le factors are plotted in Figure 3.9-3
for the two forns of the G obal model, the Lin nmodel and the
experinental results ofIppolito (1978) and C€TS results (Ippolito-
1979) . The latter experimental results (labeled Le, exp(11.7GHz) in
Figure 3.9-3) were scaled fromthe 29 degree el evation angle
nmeasurenments made at Greenbelt, MD to CTS, to 45 degrees using the
ratio of the cosecants of the two angles. The original data is the
annual curve for 1977 and 1978 shown in Figure 3.9-2. This data is
the longest set of continuous, single-site effective path |ength
data published to date for crs and therefore nore weight should be
given this curve.
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The nost inportant result in Figure 3.9-3 is that the use of an
effective path length between 4 and 5 kiloneters is reasonable. A
significant variation occurs below 30 nmh which may arise due to
the presence of winter rains, but this remins unproven
Fortunately for nost design problens the nost accurate estimtes of
effective path length are required for annual percentages in the
range fromO0.01 and 0.001 percent of a year, and in this range both
t he experinmental and nodel -generated effective path lengths are
approximately 4 to 5 km  However, assuming a + 1 kmerror bound on
Le the error in estimating Le i s about % | dB. If Le is directly
related to the total attenuation, at |east a % 1dB error bound rmnust
be placed on the estimate of the path attenuation. This error bound
wll increase as the elevation angle decreases.
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