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Prediction of Attenuation by Rain

ROBERT K. CRANE, FELLOW, IEEE

Abstract—A new model is presented for the prediction of at-
tenuation by rain on either terrestrial or slant earth-to-space
propagation paths. The model was developed using geophysical
observations of the statistics of point rain rate, of the horizontal
structure of rainfall, and of the vertical temperature structure of the
atmosphere. The model was tested by comparison with attenuation
distribution observations. The results show excellent agreement; the
observations differ from model predictions by less than the rms
deviations predicted by the model.

I. INTRODUCTION

AIN has long been recognized as one of the principal

causes of unwanted signal loss on centimeter or milli-
meter wave propagation paths through the lower atmosphere.
Rain is not the only cause. Variations in water vapor along a
path or the occurrence of liquid water clouds or fog on the
path will also cause variations in signal strength. Fig. 1 dis-
plays the relative magnitude of the variations (attenuation)
due to water vapor (gaseous absorption), a liquid water cloud,
and rain that is expected to be exceeded during less than 2
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percent of the year on a zenith path. Specifically, the curves
for gaseous absorption display the estimated global variation
(two standard deviations) of attenuation about the global and
seasonal mean value of attenuation and the variation about the
attenuation value computed for a given surface temperature
and water vapor density; the cloud values are for a 2 km thick
cloud with a 0.2 g/m? liquid water content; and the rain curve
is for a 2.5 km high rain region of 1 mm/h, conditions typical
of the rain rate to be exceeded 2 percent of the year at 38°N
latitude along the eastern United States. With the exceptions
of the frequency bands about the 22 GHz water vapor absorp-
tion line and the 60 GHz complex of oxygen lines, the attenu-
ation exceeded less than 2 percent of the year is caused by
rain or cloud. The model cloud produces an attenuation esti-
mate comparable to rain at 2 percent of the year. At the smal-
ler percentages of the year of interest to the communication
system designer, rain is the sole cause of increased attenuation.

Early recognition of the importance of rain to systems de-
signed for service reliabilities in excess of 0.99 led to a number
of theoretical and experimental studies of the effects of rain.
By the early 1970’s, a firm: theoretical basis had been estab-
lished for the calculation of attenuation if the rainfall intensity
was known along the path [1], [2]. In recent years, the em-
phasis has been on establishing predictive techniques for the
statistical estimation of the attenuation probability distribu-
tion for a particular path. Two different approaches to the
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Fig. 1.

estimation problem are possible, one based solely on the use
of a large number of attenuatjon observations at differing fre-
quencies, locations, and path geometries, and the other based
on the synthesis of attenuation values from meteorological
data. The latter is most promising at the current time be-
cause a considerably larger database is available for use in
estimating the distribution functions required for modeling
path attenuation.

The statistical variations of rainfall intensity, specific at-
tenuation, and attenuation along a path depend in a complex
way on the number, type, and intensity of rainstorms that
traverse the path each year. No theoretical basis exists for the
calculation of the desired rainfall statistics; they must be ob-
tained empirically. Rice and Holmberg [3] performed a statis-
tical analysis of all the then available U.S. National Weather
Service rain accumulation observations to provide estimates of
instantaneous rain rate distributions. Lee [4] has since pub-
lished a similar, although less extensive, analysis of the same
data. He described the available data and proposed a procedure
for the estimation of the desired rain rate statistics. Dutton
and Dougherty [5] have extended the work of Rice and
Holmberg to provide estimates of the year-to-year variability
of the rain rate distribution.

More than an estimate of the surface point rain rate distri-
bution is required for the prediction of attenuation on terres-
trial or earth-to-space (slant) communication paths. Rain dis-
plays significant spatial and temporal variation along a hori-
zontal path, and procedures are required to statistically esti-
mate the instantaneous rain rate profile along the path. Battesti
et al. [6], Lin [7], Stutzman and Bostian [8] Rogers [9],
and a number of others have proposed models for the calcula-
tion of attenuatjon along a path given the equal probability
rain rate valug at a point. The models are based either on a
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direct empirical relationship between surface rain rate and
an effective path length which, when muitiplied by the spe-
‘cific attenuation value for the surface rain rate, produces the
desired attenuation value [6] or on a synthetic storm profile
which is used to represent the variation of rain along the path.
Most of the models were developed using point rain rate and
path attenuation measurements; the free parameters in the
model are set to provide the best match between the attenua-
tion estimated using the prediction procedure and the observed
values. Model rainstorms have also been developed from analy-
ses of weather radar data for the conversion of point rainfall
statistics to path attenuation estimates [9].

Finally, for the prediction of attenuation on a slant path,
the vertical variation in rain intensity and in ice or a water
state must be modeled. At frequencies below 60 GHz, the at-
tenuation caused by frozen particles such as snow or ice crys-
tals is very small and may be neglected [10]. Only the contri-
bution of the liquid raindrops is important. Observations of
the variation of specific attenuation with height reveal that the
region producing significant attenuation lies below the height
of the bright band (0°C isotherm) [11] ; compatisons between
radar-based attenuation predictions and simultaneous path
attenuation measurements also indicate that only the rain be-
low the bright band contributes to the attenuation [12],
[13]. Weather radar observations show that, on average, the
rain intensity does not vary with height between the surface
and the base of the bright band [14], [15]. On the basis of
this evidence, the specific attenuation may be modeled as
being constant from the surface to a height near the 0°C iso-
therm level which must also be statistically estimated. '

An attenuation prediction model based upon the use of
geophysical data incorporates predictions of the surface point
rain rate, the point-to-path variation in rain rate or specific
attenuation given the surface point rain rate, and the height
dependency of specific attenuation given the surface point rain
rate or the percentage of the year the attenuation value is
exceeded. This paper presents such a model for use on either
slant or terrestrial paths. It is based entirely on geophysical
observations of rain rate, rain structure, and the vertical varia-
tion of atmospheric temperature. None of the model constants
was obtained from attenuation measurements. This procedure
was used to amass as large a database as possible from pooled
observations at a number of locations. Crane [10] showed that
over 10 years of observation at a point are required to estimate
the surface rain rate to be exceeded 0.001 percent of the year
on the average with an uncertainty (1 standard deviation or 67
percent bound) of less than 10 percent of the estimated value.
No equivalent long term attenuation data are currently avail-
able from a single location for use in generating a predlctlon
model.

An attenuation prediction model should also provide esti-
mates of the expected year-to-year and the expected station-
to-station variation as well as the expected attenuation at the
same exceedence probability. The model presented in this
paper includes such estimates for either terrestrial or slant paths.
Comparisons between model predictions and available attenua-
tion observations made on a number of propagation paths
show agreement within the expected uncertainty. The predic-
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tion procedure for point rain rate is developed in Section II,
the horizontal variation in rain rate and specific attenuation in
Section III, the vertical variation of specific attenuation in
Section IV and the expected variation of the estimated values
in Section V. Comparisons with observations are presented-in
Section VI.

I1. PREDICTION OF SURFACE POINT RAIN RATE
Distribution at Fixed Location

No physical theory exists for the calculation of a surface
point rain rate distribution. Consequently, distribution esti-
mates are empirical and must be developed from the available
long-term observations of rain accumulation. Two types of
rain accumulation data exist: the long duration hourly, daily,
and annual accumulation tabulations available for a large
number of geographical locations, and the excessive precipita-
tion data available from a limited number of locations [4].
Nearly instantaneous rain rate data are available for an ex-
tremely limited number of locations and for limited time dura-
tions, typically of a few years or less. The instantaneous data
have generally been taken in conjunction with attenuation ob-
servations, and provide a comparison for model evaluation, but
not a database suitable for establishing the expected rain rate
distribution.

A larger database of nearly instantaneous observations is
potentially available in the archives of the U.S. National
Weather Service in the form of unanalyzed strip chart record-
ings. Bodtmann and Ruthroff [16] obtained and analyzed
data for five years of observations at 20 locations in the United
States. The time resolution of the data, however, was limited;
the observations represented rain rate values averaged over
time intervals on the order of 2-4 min. For the estimation of
attenuation along a path, the specific attenuation at each point
along the path is required. The specific attenuation is theoret-
ically related to the instantaneous rain rate using measured or
modeled raindrop size distributions. Because of the instantane-
ous/point nature of the data fields needed for the nonlinear
rain rate to specific attenuation conversion, it is often assumed
that only instantaneous rain rate distributions are useful in the
prediction of attenuation. Truly instantaneous rain rate meas-
urements are contaminated by fluctuations caused by atmos-
pheric turbulence and, if the sampling area is small, by the
stochastic variation produced by counting a number of rain-
drops of different sizes and fall velocities. Rain rate averages
are needed to remove the variations due to gauge limitations
and to turbulence.

The amount of averaging desirable in the preparation of a
rain rate distribution estimate depends upon its application.
Bussey [17] noted the equivalence between temporal and
spatial averaging for translating rain cells and recommended
the use of hourly averages for the estimation of attenuation on
50 km terrestrial paths. Radar observations show that rain
cells defined by regions of high rain rate which cause signif-
icant attenuation have an average dimension of 3 km meas-
ured at 60 percent of the peak rain rate value [18] . Assuming
an average translation velocity of 15 m/s, a rain cell will pass
over a rain gauge in less than 4 min. A rain gauge with a 1-2
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min time resolution will resolve the small but significant cells;
gauges with longer averaging times will miss the peaks of the
cells. For the prediction of attenuation on a variety of ter-
restrial or slant paths, a 1 min accumulation or averaging time
is optimum.

Except for a very limited number of recorded “instantane-
ous” rain rate distribution observations, 1 min accumulation
data are not available. Rice and Holmberg [3] and Lee [4]
have devised approximation procedures for the estimation of
instantaneous rain rates from the available excessive precipita-
tion data. The excessive precipitation data reported through
1972 consist of the highest 5 min, 10 min, and longer accumu-
lations from each storm with an average 5 min rain rate in
excess of 76.2 mm/h, an average 10 min rain rate in excess
of 45.7 mm/h, and lower thresholds for longer accumulation
periods. In 1972, the excessive precipitation criteria were
changed to record only the highest accumulation event each
month. If two occurrences of excessive precipitation happen
within a storm, only the highest is recorded. Currently, if two
events occur within the same month, only the highest is re-
corded. These data are useful for estimating the highest 5 min
accumulation per month and per year, but are of limited use
for the direct estimation of annual rain rate statistics valid at
10 min per year or longer. Both Rice and Holmberg and Lee
devised models for the use of the data. Comparisons between
the Rice-Holmberg model predictions and available instan-
taneous data show that their model tends to overestimate the
rain rates at 0.01 percent and smaller percentages of the year
[15]. '

Measured and modeled rain rate distributions for Washing-
ton, DC are presented in Fig. 2. The measured distributions are
for one year of data as reported by Bussey [17] and for two
years of data measured in Greenbelt, MD [19]. The instantane-
ous data obtained by Bodtmann and Ruthroff for their loca-
tion nearest to Washington, DC is also plotted, as is the model
prepared by Lee and used by Lin [7]. The Lin-Lee model was
empirically adjusted during its development to match the
Bodtmann and Ruthroff observations. The model predictions
produced by Rice and Holmberg and as refined by Dutton and
Dougherty are also presented. As noted above, the Rice-
Holmberg model overestimated the rain rate at 0.01 percent o
the year, - -

Rice and Holmberg processed both the excessive precipita-
tion data and the hourly data available from the National
Weather Service, Experience with varying the integration inter-
val for processing instantaneous rain rate data has shown that
averaging affects only the higher rain rates at the smaller per-
centages of the year [9], [10], [20]. In the 0.1-1 percent of
the year interval, the distribution function for hourly obser-
vations provides a good estimate of the distribution function
for 1 min averaged rain rate. The Rice-Holmberg model, there:
fore, should provide a good estimate of the rdin rate distribi-
tion in the 0.1-1 percent range, a result which is evident in
Fig. 2. ‘

The highest 5 average rain rate value in the figure was ob-
tained from the excessive precipitation data for the 26 yeai
period from 1950 through 1976. These data were processed to
provide estimates of the mean and standard deviation of the
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Fig. 2. Measured and modeled instantaneous rain rate distribution
for Washington, DC.

rain rate to be exceeded 5 min of the year (~0.001 percent).
Analysis of instantaneous rain rate distributions have shown
that the highest 5 min average rain rate is usually from an ex-
cessive precipitation event that includes the five highest 1 min
averaged rain rate values. Assuming this equivalence, the rain
rate distribution is known at 0.00095 percent of the year
(5 minutes) and in the 0.1-1 percent range (from the Rice-
Holmberg model). The tailored distribution plotted in Fig. 2
is a smooth curve that passes through the known values. This
curve represents the best estimate available based upon a long
data sample. At 0.001 of the year, the observed standard de-
viation of rain rate values for Washington, DC was 17 percent.
The measured distribution reported by Bussey falls just out-
side this range and the distribution reported by Ippolito falls
within this range (rms) about the tailored distribution. Similar
agreement is obtained at the other probability of occurrence
extreme, 1 percent of the year: the measurements are within
the expected 17 percent rms of the tailored and the climate re-
gion D, model distributions.

Regional Model

Data for the preparation of tailored distributions are only
available from First Order Weather Stations in the United
States [4] and at a limited number of additional stations
throughout the rest of the world. Attenuation predictions are
generally required for locations different from the limited
number of stations with sufficient long-term data. Crane [10],
in processing excessive precipitation data from 15 stations in
New England and Eastern New York State, found that the
mean and variance of data pooled from seven years and 15 sta-
tions were statistically identical with the mean and variance
for 24 years at one of the stations (Boston). The mean rain
rate was 100 mm/h and the standard deviation was 35 percent
for the 15 station sample, and the mean rain rate was 91 mm/h
and the standard deviation was 48 percent for Boston. The dis-
tribution function for the highest 5 min average rain rate ac-
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cumulation per year for Boston was applicable to the New
England, Eastern New York region. This result implies that
regional maps are useful for the representation of rain rate
distribution data for application to locations removed from
the observing station. The result also suggests the use of data
pooled from a region to provide improved statistical estimates
for the distribution function.

Rice and Holmberg [3], in the development of the empiri-
cal parameters and their dependences on total rain accumula-
tion and thunderstorm rain accumulation, pooled data from
stations within each of the 10 climate regions defined by Barry
and Chorely [21] for the United States. The climate regions
were defined on the basis of temperature, terrain height, aver-
age rain accumulation, and vegetation type, not on the basis of
similarity in rain rate distribution. A subsequent comparison
of the model distribution functions produced for each climate
region resulted in the reduction of the number of rain climate
regions required to describe the pooled rain rate distributions
to five, the five climate regions currently employed by the
CCIR [22] . These climate regions, although fashioned for the
United States, were subsequently employed to describe rain
climate regions for the entire globe. Dutton {23] has since ex-
panded the number of rainfall zones in the United States to 19
based upon mappings of the independent parameters in the
Rice-Holmberg model.

The global model currently used by the CCIR represents
rain climates typical of those found within the United States,
but does not adequately represent the much more intense rain
rate regime found in the wet tropical regions of Africa, South
America, and Indonesia or the much less intense regime found
in the Arctic. In the development of a new global rain climate
model for use in communication system design, the number of
regions chosen to represent the variation in rain rate was ex-
panded from five to eight to better emphasize variation with
latitude. The newly developed rain rate climate model is
presented in Figs. 3 and 4. The United States is still spanned
by five regions, although one of the regions is divided into
three subregions to better describe the within-region climate
variation for design application.

The climate region boundaries were established using total
rain accumulation and the number of thunderstorm day maps
provided by the World Meteorological Organization as pub-
lished in the World Survey of Climatology series edited by
Landsberg [24]). In data-sparse regions, guidance was taken
from the Koppen world climate classification [25] which, al-
though heavily based upon vegetation type, represents major
variations in rain climate. The ranges of the total rain accu-
mulation and thunderstorm day values used for the definition
of the rain climate regions were obtained from an initial analy-
sis using the Rice-Holmberg model for Europe and North
America. The initial intent was to define rain rate regions with
rain rate distributions for adjacent regions approximating the
expected bounds for the temporal (year-to-year) and spatial
variation of the rain rate distribution within a region; the
median rain rate distribution values for each climate region
were to differ by approximately 40 percent at 0.001 percent
of the year.

The boundaries for each of the climate regions were adjusted
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Fig. 4. Rain rate climate regions within the United States.

to compensate for the expected variations caused by terrain,
variations in the predominant storm type, storm motion, and
general circulation of the atmosphere, and the dominant lati-
tude variation in rain climate. In addition, satellite cloud data,
microwave radiometer observations of rain rate [26], and pre-
cipitation frequency data [27] were used to extend the rain
climate regions out over the oceans.

The available measured instantaneous rain rate distributions
were pooled for each of the climate regions defined in Fig. 3
and used to construct a median rain rate distribution for the
region. No data were available for Region 4, 132 station-years
of data were available for Region D,, and intermediate num-
bers of station-years were available for the other regions (see
Table I). The resulting distributions for each of the eight cli-

‘mate regions are depicted in Fig. 5; the empirical distribution

function for Region H together with the measured distribu-
tions used for the preparation of the model distribution are
presented in Fig. 6. The rain rate distributions are also given in
Table I for convenient reference.

Region D, as a result of the refinements used to prepare the
final distributions, spans a large range of rain rates at a given
exceedence probability. For application within the United
States, Region D is bounded by Region F to the southeast and
by Regions B or F to the north and west. At 0.001 percent of
the year, the expected rain rates range from 64 to 164 mm/h,
+61 to —37 percent relative to the 102 mm/h value for Region
D. This range is too large for system design, although it is in
reasonable accord with the expected standard deviation of 33
percent for one year of observations calculated using 26 years
of excessive precipitation data from eight First Order Weather
Stations within climate Region D. Region D was divided into
three subregions, as shown in Fig. 7, to provide an interpola-
tion of the expected rain rate distributions within the climate
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TABLE I
POINT RAIN RATE (Rp) DISTRIBUTION VALUES (mm/h) VERSUS
PERCENT OF YEAR RAIN RATE IS EXCEEDED

Rain Climate Region
Percent A
of Year A B c D, D, Dy E F G H
0.001 28 54 80 90 102 127 164 66 129 {251
0.002 24 40 62 72 86 107 144 51 109 (220
0.005 19 " |.26 41 50 64 81 117 34 85 |178
0.01 15 19 28 37 49 63 98 23 67 [147
0,02 12 14 18 | 27 35 48 77 14 51 |11s
0.05 8.0 9.5 | 11 16 22 31 52 8.0 33 77 .
0.1 5.5 6.8 7.2 | 11 15 22 35 5.5 22 51
0.2 4.0 4.8 4.8 7.5 9.5 14 21 3.2 14 31
0.5 2.5 2.7 2.8 4.0 5.2 7.0 8.5 1.2 7.0| 13
1.0 1.7 |1 1.8 1.9 2.2 3.0 4.0 4.0/ 0.8 3.7 6.6
2.0 1.1 1.2 1.2 1.3 1.8 2.5 2.0| 0.4 1.6| 2.8
Number of M. i
Station || 25 44 15 99 18 12 | 20 2 | 1
Years of
Data

o
o

e
RAIN "RATE CLIMATES

ONE MINUTE AVERAGE SURFACE RAIN RATE
{mm/h)

POLAR: A-TUNDRA (DRY)
B-TAIGA (MODERATE)
TEMPERATE: C— MARITIME
D~ CONTINENTAL
SUB TROPICAL: E-WET
F-ARID
TROPICAL: G—MODERATE

H—WET

o
o]

o
(o]

0 1
0.00¥ 0.0l ol ) 10
PERCENT OF YEAR RAIN RATE EXCEEDED

Fig. 5. Model rain rate distribution functions for the climate regions

of Fig. 3.

region. The Region D, measurements displayed in Fig. 7 were
not used in the derivation of the D, D,, or D3 model curves,
but are provided for an independent evaluation of the subre-
gion distribution bounds. I

Further subdivision is possible, but depends upon the avail-
ability of adequate rain rate data and upon a better understand-
ing of the local effects of terrain and of regional storm types

and motions. Further subdivision, while producing better

average values for system: design, would not simultaneously
display the approximate year-to-yedr variation in the values.
The year-to-year variability is modeled as-30 percent of the
expected value at the distribution extremes, 0.001 and 1 per-
cent of.the year (see Fig. 7). At thé intermediate values, 0.01
and 0.1, the uncertainty is reduced to 20 percent to match the
results reported by Harden et-al. [28]. The spatial and tem-
poral variability reported by Harden et ql. for the United
Kingdom (UK), together with the climate Region C model
curve and bounds, are presented in Fig. 8. The UK data sum-
marized in Fig. 8 were not used in the derivation of the cli-
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mate Region C distribution function. These data show reason-
able agreement with the model, although the model tends to
overpredict the rain rate in the UK at 0.001 percent of the
year. Since the data reported by Harden e al. were obtained
from gauges with a 2 min time resolution, the discrepancy may
be due to the climate or due to gauge limitations.

The rain climate model presented in Figs. 3,4, 5, and 7 pro-
vide the rain rate distribution data needed for the estimation
of attenuation. The regions were chosen to span areas with
roughly identical year-to-year and location-to-location varia-
tions in rain rate distribution values. For a better representa-
tion of the rain rate distribution to be expected on the average
at a point, a tailored distribution can be prepared (within the
United States) using excessive precipitation data from nearby
First Order Weather Stations for 0.001 percent of the year and
the model calculations prepared by Rice and Holmberg [3] for
percentages of the year greater than 0.1 percent. Care should
be exercised in using a tailored model since local variations
may compromise the expected increase in model precision. Re-
finement using measured instantaneous rain rate distributions
is not recommended due to the expected year-to-year varia-
tion in the measured values and the current lack of measure-
ments spanning time intervals of 10 or more years.

I1I. PREDICTION OF RAIN RATE AND SPECIFIC
ATTENUATION ALONG A
PROPAGATION PATH

A model for the prediction of surface point rain rate is only
the first step in a model for the prediction of attenuation.
Rain is characteristically inhomogeneous in the horizontal, and
a statistical model is required to provide an estimate of the ef-
fect of the inhomogenity on the estimation of attenuation.
For application to attenuation modeling, rain is often divided
into two classes, stratiform and convective. Weather radar ob-
servations reveal that stratiform or widespread rain generally
contains regions of imbedded convection and convective cells
that are often surrounded by more stratiform regions of lighter
rain [14]. Crane [18] has found a marked similarity in the
underlying structure of both widespread and showery rain.
The rain cell sizes and spacings observed by radar in wide-
spread and isolated shower conditions on the Kansas high
plains are identical to those observed in widespread rain in
Coastal Virginia. The cell sizes also match those observed in
Switzerland, France, Japan, and Malaysia [22] .

In the semi-empirical modeling of fluid flow, similar results
are expected for situations characterized by the identical values
of nondimensional parameters such as the Prandlt number, the
Reynolds number, the Rayleigh number, etc. In application to
convection in the atmosphere, the fluid dynamical parameters
used to characterize the flow are only weakly dependent on
climate; hence, the horizontal structure of rain should not de-
pend on climate region. Data on rain cell size, spacing, and the
conditional point-to-path variation in rain rate, therefore, can
be pooled from different geographic locations and rain climate
regions. A ) o

Although radar provides the ideal tool for observing the
spatial structure of rain '[10], insufficient radar data are avail-
able to provide a conditional point-to-path relationship. Suf-
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ficient data, however, are available from a limited number of
rain gauge networks. Jones and Sims [20] reviewed the Thun-
derstorm Project rain gauge network measurements (obtained
in 1946) and more recent data from England to obtain rela-
tionships between point and path averaged rain rate values at
equal exceedence probabilities. Data were also available from
a dense rain gauge network operated for a limited time period
by Bell Laboratories in New Jersey [29] and from a line of
gauges along a 20 km path in the Rhine Valley of West Ger-
many [30]. These data were pooled to provide an empirical
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Fig. 8. Rainrate distribution observations in the United Kingdom [28].

relationship between point and path average rain rate as de-
picted for a distance of 5 km in Fig. 9,

The path averaged rain rate was plotted versus surface point
rain rate for equal exceedence probabilities. Surface rain rate
was used as the independent variable rather than probability
because the rain rate values are a better measure of rain in-
tensity (hence the dynamics of the meteorological situation
that produced the rain) than is percentage of the year when
the data are pooled from a number of climate regions. The
path average value is expressed as an effective path average
factor r where '

r=E/Rp

where R is path averaged rain rate and R p is the surface-point
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Fig. 9. Path averaged rain rate observations and point-to-path model.

rain rate. The data from Florida, New Jersey, and West Ger-
many form an approximate power law relationship; the power
law curve is the median of these data. Data for other observa-
tion path lengths also displayed approximate power law
relationships.

Data were analyzed for path lengths of 5, 10, and 22.5 km.
To obtain a sufficient sample size at 22.5 km, it was assumed
that, for point rate rates in excess of 25 mm/h, their occur-
rence probabilities were independent over distances greater
than 10 km. This is a reasonable assumption based upon ex-
perience with weather radar data. The assumption also pro-
duced agreement between observations at path lengths of 10,
15, 20, and 22.5 km and with the power law approximation as
displayed in Fig. 10. In using the independence assumption,
the path integrated rain rate value (RD) for a path of length
D, is equal to the value for a path of length D, when the ex-
ceedence probability is adjusted by the relative lengths of the
paths:

_ _ D, _ _ _
P(R1D1)=P(R202)'[D'—:l, RD=R\D; =R,D,
2

M

where P(RD) is the probability of R being exceeded on a path
of length D and the subscripts identify the path.

The power law relationship parameters were empirically
established for distances from 0 to 22.5 km. The power law
is expressed by

r=yDR,*P); R=rR,=9R,'*® )
where (D) is given in Fig. 11(a) and 8(D) in Fig. 11(b). For
paths D longer than 22.5 km, the value RD=rR pD is identical
to the #R,'Dy value for a Doy = 22.5 km path, but the R’
value to be used for the 22.5 km path calculation is obtained
from the rain rate distribution function at the probability of
occurrence P, P’ = (22.5/D)+P where P is the probability of
interest.

This path average model produces the desired relationship
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between the rain rate at a point and the rain rate averaged over
a horizontal path of length D. The specific attenuation, how-
ever, is a nonlinear function of point rain rate; hence, the
model is not adequate for the estimation of attenuation. A
statistical model of the profile of instantaneous rain rate along
the path is required which then can be integrated to produce
the desired attenuation value.

The simplest path profile for rain rate which, when inte-
grated produces the observed median power law relationship,
is the derivative of the power law relationship with respect to
path length. The data in Fig. 11 were numerically differen-
tiated to obtain this simplest profile model. The results are
presented in Fig. 12. These data display the expected behavior.
At high point rain rates, the intense rain occurs close to the
origin or sampling point location. At low point rain rates,
higher rain rates are more likely at distances in excess of 6 km
from the sampling location. The latter value is half the average
spacing between significant cells observed by Crane [18] . The
path profile is still not in a form useful for attenuation model-
ing because it cannot be readily incorporated into an integral
expression for attenuation. This last step is accomplished by
a piecewise representation of the curves (Fig. 12) by expo-
nential functions. An adequate model results when two ex-
ponential functions are used to span the 0-22.5 km distance
range, one from O to d km, the other from d to 22.5 km. The
resultant model for attenuation (or path integrated rain rate)
is given by

k)

euﬁd —1 bﬁ cfd bﬁ cBD
A(Rp,D)=aRp3[ e e

up B B

d<D<?225km

8D — |
———|; o0<D<d 3)
up

A(R,,,D)=aRpﬂ[

where 4 is in dB, R, in mm/h, the specific attenuation in
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dB/km is related to point rain rate by aR® [32], and the re-
maining coefficients are empirical constants of the piecewise
exponential model,

In [be®9]
u=—"-"

Fat dinkm 4
b=23R,”%'7"; R, inmm/h )
c=0.026—0.031InR, (6)
d=38—06InR,. Q)

The expression for path attenuation reduces to an expression
for the path integrated rain rate when a = § = 1. The use of
this model for the estimation of the effective path average
factor is illustrated by the dashed curves in Figs. 9 and 10.

A number of other path average models have been devel-
oped using either simultaneous attenuation observations [6],
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Fig. 13. Comparison between observations and model for data from

the United Kingdom (after Harden et al. [28]).

[7] or an assumed Gamma distribution and the observed spatial
correlation properties between point rain gauge observations to
model the rain rate distribution [31]. Several of these models
are also displayed in Fig. 10. With the exception of the Gamma
distribution model, the models do not portray the increase in
the effective path average factor shown by the data at low rain
rates. The Gamma distribution does not adequately represent
the observed dependence of effective path average factor on
point rain rate at rain rates below 20 mm/h.

Harden et al. [28], in their consideration of attenuation
estimation for terrestrial communication systems, presented
the results of additional point-to-path conversion measure-
ments which were not used in the development of the power
law and piecewise exponential models. Their data ‘are pre-
sented in Fig. 13 together with the model predictions. The
power law model predicts the experimental results with 10
percent of the observed values; the piecewise exponential
model is within 20 percent. On the basis of the variations of
all the observations including those used for the preparation
of the model and other observations that have since become
available, the piecewise exponential model will predict the
observed path average rain rate given the equal exceedence
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probability point rain rate with an rms uncertainty of 17
percent.

IV. PREDICTION OF THE VERTICAL VARIATION OF
SPECIFIC ATTENUATION

The point-to-path model predicts the variation of rain rate
along a horizontal (surface) path and is suitable for use in the
design of terrestrial communication systems. For slant paths,
the variation of specific attenuation in the vertical is also im-
portant. Theoretlcal analyses indicate that frozen precipitation
in the form of ice and snow do not produce significant atten-
uation [10]. Water, when present in the form of raindrops or
water coatings on raindrop size ice particles, produces signifi-
cant attenuation. ] o

At one time, the bright band or so-called melting layer evi-
dent in radar observations of widespread rain was thought to
be caused by melting snow modeled as large water-coated
snow particles that could produce significant attenuation
[11]. Recent linearly polarized radar measurements of thé
change in cross section with the orientation of the polariza-
tion vector indicate that the bright band is in a region that is
still predominantly snow, and that significant melting takes
place below the bright band and at a height near the 0°C
isotherm [33]. Microphysical observations further suggest
that the brlght band is produced by snowflake aggregation at
about —2°C, and the melting process produces small liquid
droplets at the extremities of the snowflakes which subse-
quently enlarge until the flake collapses into a raindrop. In this
version of the melting process, increased attenuation due to
large, uniformly wet structures will not occur; the attenua-
tion will be proportional to the melted portion of the snow
liquid water content until the larger collapsed drop is formed,
at which time the theoretical specific attenuation, rain rate
relationship obtains. The simultaneous radar and attenuation
observations reported by McCormick [12] and by Goldhirsh
[13] support the contention that only the melted raindrops
produce attenuation and the regions of ice, snow, and aggre-
gated snow crystals (bright band) do not cause significant
amounts of attenuation. ’

Radar observations also show that rain is characterized on
the average by a constant reflectivity from the surface to the
height of the 0°C isotherm [15]. Based upon drop size dis-
tribution analyses, the constancy of the reflectivity value
implies constancy in the value of specific attenuation. A
useful model for the vertical structure of specific attenuation
therefore assumes a constant value from the surface to the
height of the 0°C isotherm. The specific attenuation value is
deduced from the surface-point rain rate using a theoretically
derived relationship based upon the analysis of drop size
distribution data [32], [34].

The height of the 0°C isotherm varies with meteorological
conditions. The seasonally and zonally averaged (averaged in
longitude at a constant latitude) height ‘of the 0°C isotherm
varies from 4.7 km in the tropics to 3.1'km at 40° latitude to
the surface at 61° latitude [35]. The height of the 0°C iso-
therm displays a marked seasonal dependence which, when
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coupled with the seasonal variation in the occurrence of the
higher rain rates, indicates that the 0°C height to be used for
‘the prediction of attenuation should have both a latltude and
probability of occurrence dependence

The dependence of the 0°C isotherm height on latitude and
general rain conditions was established for seven locations
within the United States using upper air sounding data, surface
maps to establish the occurrence of precipitation, and excessive
precipitation data to establish the correlation between 0°C
height and the occurrence of excessive precipitation events. A
high correlation between the average 0°C height and the height
at which liquid raindrops exist should not be expected for the
higher rain rates because large liquid water droplets are carried
aloft above the 0°C height in the strong updraft cores of in-
tense rain cells. Large drops can often be observed up to heights
corresponding to temperatures near —5 °C. As a model for the
prediction of attenuation, the average height of the 0°C iso-
therm for days with rain was taken to correspond to the height
to be expected 1 percent of the year. The highest height ob-
served with rain was assumed to correspond to the value to be
expected 0.001 percent of the year. Since the latter value cor-
responds to the average summer height of the ~5°C isotherm,
additional support is gained for its use. The latitude depend-
ences of the heights to be expected for surface-point rain rates
exceeded 1 percent of the year and 0.001 percent of the year
were obtained from the latitude dependences provided by
Oort and Rasmussen {35]. The resultant curves are presented
in Fig. 14. For the estimation of model uncertainty, the
seasonal rms uncertainty in the 0°C isotherm height was 500
m or roughly 13 percent of the average estimated height. The
value of 13 percent is used to estimate the expected uncer-
tainties to be associated with Fig. 14,

The correspondence between the 0° C isotherm height
values and the excessive precipitation events showed a tend-
ency toward a 11near relationship between R, and H where H
is the 0°C isotherm height for high values of R . Since, at high
rain rates, the rain rate distribution function dxsplays a nearly
linear relationship between R, and log P (P is probability), the
interpolation model used for the estimation of H for P be-
tween 0.001 and 1 percent is assumed to have the form

H=a+blogP. ()

This relationship was used to provide the intermediate values
displayed in Fig. 14.

The complete model for the estimation of attenuation on a
slant path starts with the determination of the vertical dis-
tance between the height of the earth station and the 0°C
isotherm height (H — Hp where Hy is station height) for the
percentage of the year (or Rp) of interest. The surface pro-
jection of the path between the surface and the 0°C isotherm
is used to calculate D:

D=(H—Hy)/tan8; 6>10°

=FEy, VY inradians; 6 <10° )
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where

cos 6

g — 1 7
Y = sin [(H+E)

- V(Hy +E)Tsin? 0 + 2E(H—Hy) + H* —H,*

—(Hy + E)sin 9):\

E is the effective earth’s radius (8500 km) and 4 is the elevation
angle.

The surface-projected attenuation is calculated from (3),
and finally, the value for the slant path A4, is estimated using
the constancy of specific attenuation below H by

-As___LA(D)

D (10

where

L =DJcos0;0 >10°

=VE +Ho)? +(E +HYE —2E + Ho)E + H) cos ¥;
6<10°

V. PREDICTION OF VARIATION ABOUT THE
ESTIMATED VALUE

The expected value of attenuation to be exceeded a speci-
fied percentage of the year is obtained from a four-step pro-
cedure requiring: 1) the estimation of the surface-point rain
rate, 2) the specific attenuation given the point rain rate, 3) the
physical extent of the attenuating region, and 4) the attenua-
tion along the path. The procedure is empirical in nature; each
step utilizes a median value derived from a pooled sét of ob-
servations. The uncertainties claimed for each step are likewise
empirical, being obtained from the observed variance of the
pooled data. The uncertainties are summarized and combined
in this section to provide an overall estimate of the uncertainty
in attenuation prediction. The values are expressed as per-
centages and are to be used for all rain climate regions.

The rain rate climate regions were initially established to
span a 40 percent range in rain rate between the empirical dis-
tribution functions for adjacent regions at a specified proba-
bility value. Distribution functions were pooled from each
region to establish the median values of the distribution func-
tion at specified probability levels. The standard deviations of
the distribution function values were independently obtained
at selected probability levels from excessive precipitation data
and from the observations reported by Harden er al. [28] for
climate Region C. The resultant standard deviation estimates
for the distribution function were 30 percent (in rain rate) at
0.001 and 1.0 percent of the year and 20 percent at 0.01 and
0.1 percent of the year. As an independent evaluation of the
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uncertainty estimate, the mean and standard deviation of the
pooled region D, distribution functions were calculated at
0.01 percent of the year. The resultant values were 53 mm/h
and 24 percent for the mean and standard deviation (as per-
cent of mean), respectively. These values are in good agree-
ment with the 49 mm/h and 20 percent mode! values. '
The value of specific attenuation used in the model calcu-
lations is obtained from the point rain rate value using a power
law relationship to approximate computations employing the
Laws and Parsons drop size distribution [32], [34], [36].
Crane [10] found that differences between calculated values
of specific attenuation obtained from the Laws and Parsons
distribution and from a large number of observed drop size
distributions were not statistically significant for frequencies
up through 50 GHz. At higher frequencies, the drop size dis-
tribution measurement errors in theé :small drop size range,
characteristic of currently available disdrometers, affects -the
accuracy of the specific attenuation, rain rate relationship.
At frequencies up through 50 GHz, the power law relationship
matches the calculations based on the Laws and Parsons
distribution within an uncertainty of five percent over the
0.25-150 mm/h rain rate range of-interest. The additional
uncertainties associated with sampling the drop size dlStI‘lbu-
tion are negligible and may be ignored [10]. AR
The physical extent of the attenuating region is defined
without any uncertainty for a terrestrial path, but depends
upon the vertical extent of the rain region for a slant path.
in the latter case, the standard deviation associated with the
estimate of rain region height was 13 percent. .
The point-to-path relationship was obtained from a median
best fit curve to the observed variation of the effective path
average factor with point rain rate for data pooled from three
separate rain climate regions. The data show statistical varia-
tion (Figs. 9 and 10) about the piecewise exponential model
curve. The spread is associated with both the intrinsic varia-
bility of the relationship within and between climate regions
and the statistical uncertainties in the estimate of the dis-
tribution functions used for the calculation of the effective
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TABLE II
EXPECTED STANDARD DEVIATION OF MEASUREMENTS
ABOUT MODEL IN PERCENT

Path \ Percent | 4 .1 .01 .001
Tvpe of Year
Terrestrial Path 36 28 28 36
Slant Path 39 32 32 39

path average factor and point rain rate values due to the lim-
ited (a year or less) duration of the observations. Ignoring the
latter problem, the data show a 17 percent (rms) deviation
about the model curve.

In summary, the several steps of the attenuation predic-
tion model are based on the use of median values of statis-
tically variable quantities. The statistical processes associated
with each step can be assumed to be independent of each
other and the variances combined on that basis. The terms in
the attenuation prediction equation (3) corresponding to each
step are multiplicative; hence, we use the percent values
for the standard deviations. The variances of the logarithms
of the individual bounds were combined to produce the
final variance estimate (again expressed in percent). The
resultant standard deviation estimates are presented in Table
II. These values apply to the estimate of the year-to-year vari-
ability in attenuation on a single path or within-the-region vari-
ability of similar paths.

V1. APPLICATION OF THE MODEL
Terrestrjial Paths

The attenuation prediction model may be used for terres-
trial or slant paths operating at any elevation angle. The model
was developed solely on the basis of geophysical rain rate and
rain structure data, not on the use of simultaneous attenuation
observations. The utility of the model, however, can only be
established by comparison with attenuation observations.

Harden et al. [28] reported on the variation of observed
attenuation distributions with distance at fixed percentage of
occurrence values obtained on a number of terrestrial paths in
the UK. These data are depicted in Figs. 15-17 for frequencies
of 11.0, 20.0, and 36.5 GHz, respectively. Two model results
are presented: one for the rain rate distribution for rain cli-
mate Region C, the other for the average measured rain rate
distribution R, (Fig. 8). In calculating the attenuation values,
the o and § coefficients in Figs. 18 and 19 and Table HI were
used. These values were obtained for a Laws and Parsons [36]
drop size distribution and a 0°C drop temperature using the
procedure described by Crane [34].

At 11.0 GHz, the data are clustered about the model curves
for 0.01 percent of the year and about the model resuits based
upon the use of the average measured distribution at 0.001
percent of the year: The one standard deviation bounds (from
Table II) are plotted about the model calculation made using
the average measured rain rate distribution. Seventy percent
of the observations are within the one standard deviation
bounds at 0.01 percent of the year, 90 percent at 0.001 per-
cent of the year. These results show excellent agreement be-
tween prediction and calculation based on the average ob-
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served rain rate distribution. The observed variation about the
model calculation is caused by the within-region change in
the rain rate distribution. The model calculations using the cli-
mate Region C rain rate distribution are also in good agree-
ment with the observations; 70 percent of the observations
are within the one standard deviation bounds at 0.01 percent
of the year and 59 percent are within the bounds at 0.001 per-
cent of the year. The model does well at all distances well into
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PARAMETERS FOR COMPUTING SPECIFIC ATTENUATION

TABLE III
@ = aRpF (dB/km)

100

Frequency Multiplier Exponent
F - GH, o (F) 8(F)
1 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 1.09
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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the region requiring the application of the independence
assumption of Section III. It is noted that the measurements
and model agree at a frequency where the nonlinearity in the
oRP relationship is relatively important.

At 20 GHz (Fig. 16) reasonable agreement is again evident
between the model calculations employing the average meas-
ured rain rate distribution Rp,. At 0.01 percent of the year, 68
percent of the observations are within one standard deviation
of the model prediction (using either R, or climate Region C);
at 0.001 percent of the year, 71 percent are within the one
standard deviation bound for the model employing R, but
only 45 percent are within the bounds for calculations based
on the use of the rain climate C distribution. At 0.001 percent
of the year, all the out-of-bounds points relative to the Region
C calculation show less attenuation than predicted, a result
consistent with the difference between R, and the Region C
curve shown in Fig. 8. In general, the impression gained from
Fig. 16 is a tendency for the model to underestimate the atten-
uation for longer paths, a result that could be due to a limited
dynamic range of the observing equipment.

At 36.5 GHz, the rain climate Region C distribution curve
provides a better fit to the observations; at 0.1 percent of the
year, 51 percent of the obervations are within the one stand-
ard deviation bounds of the climate Region C curve, while
only 14 percent are within the plotted bounds about the R
calculation. In this case, the rain climate region model provides
a better match to the observations. Again, the effect of poor
instrument dynamic range is evident at the longer ranges. At
0.01 percent of the year, 78 percent of the observations are
within the plotted bounds for paths with lengths shorter than
6 km or expected attenuation values less than 30 dB; 55 per-
cent are within bounds for ranges less than 10 km; but only
two observations (11 percent) are within bounds for ranges
greater than 10 km (observations which require dynamic
ranges in excess of 50 dB).

Measurements on paths having an expected attenuation
values of less than 30 dB show excellent agreement between
model prediction and observation, particularly when reliable
rain rate distribution estimates are available. The success of
the prediction method did not depend upon path length for
the data shown except where attenuation values in excess of
30 dB are expected. These results confirm the use of the
model on terrestrial paths.

Slant Paths

Recent observations using the CTS, COMSTAR, and ATS-6
satellite beacons allow the evaluation of the model at a number
of frequencies and locations in Regions D, and D3 of the
United States. An example of observations of CTS at 11.7
GHz [37] together with model predictions is given in Fig. 20,
The observations match (within 1 dB) the Region D2 model
between 0.2 and 1.0 percent of the year and are within the
one standard deviation bounds of the Region D2 model for
percentages of the year less than 0.03. Since agreement be-
tween measurements and model calculations is best expressed
on a percentage basis, the data are replotted in Fig. 21. The
measurements show generally good agreement with the model
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estimate; same data as Fig. 20.

predictions; 79 percent of the observations lie within the one
standard deviation bounds shown in the figure.

Comparisons between a larger sample of observations and
model calculations are presented in Fig. 22. The data pre-
sented in this figure include the comparison already presented
in Fig. 21 plus 11.7 GHz CTS observations from Waltham, MA

" [38] (see Fig. 4 for location), Holmdel, NJ [39], Blacksburg,
VA [8], and Austin, TX [40]; 19.04 and 28.56 GHz—COM-
STAR observations from Holmdel, NJ [41], Clarksburg, MD
[42], Wallops Island, VA [43], and Blacksburg, VA [8];and
20 and 30 GHz—ATS-6 measurements from Rosman, NC
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estimate for seven locations and three frequencies. The locations are
given in Fig. 4.

[44]. These data show excellent agreement between measure-
ment and model for percentages of the year less than 0.1 and
for all percentages at locations other than Blacksburg, VA.
For all the data plotted in Fig. 22, 76 percent of the observa-
tions were within the one standard deviation bound about the
model prediction. The model is also well supported on average
as shown in Fig. 23. In this figure, the mean deviation and
standard deviation of the measurements about model predic-
tions are displayed for the data averaged (over frequency and
years) at each observation site. The mean deviation is not sta-
tistically different from zero (at one standard deviation),
indicating that the model predicts attenuation without bias.
The standard deviation of the observations about the model
is also in good agreement with the predicted value.

Elevation Angle Dependence

The slant path attenuation model provides attenuation esti-
mates for all elevation angles. The sun tracker observations
made in the early 1970’s provide data for comparison with ele-
vation angle dependence estimates. Kinase and Kinpara [45]
provided data on the elevation angle variation of 11.7 GHz
attenuation observations for Klang, Malaysia (climate Region
H; see Fig. 6). The model calculations for 10 and 20 mm/h
(0.66 and 0.33 percent of the year, respectively) are presented
as a function of elevation angle in Fig. 24 together with the
observations for the same probabilities of exceedence. The
model results and measurements show definite departures
from a simple cosecant of the elevation angle dependence at
both high and low elevation angles. The model agrees with
observation at the rms deviation expected for observations
which vary in elevation angle in synchronism with the sun
(~53 percent rms). The data for all elevations and both proba-
bilities of occurrence have a 48 percent rms deviation about
the model predictions; at elevation angles above 10°, the rms
deviation is less than 36 percent. :

These data show excellent agreement between the predlc-
tion model and observations.
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VII. CONCLUSIONS

A new model for the prediction of atrenuation due to rain
for use on either terrestrial or slant propagation paths has been
prepared and tested against terrestrial system measurements
from paths of different length and satellite observations on
slant paths of differing elevation angle. For measurements of
acceptable quality, the measurements and predictions agree
within the predicted one standard deviation bounds for meas-
urements about the model. The average behavior of the pre-
dictions is also excellent; the mean deviations between meas-
urement and model are smaller than 14 percent.

The model provides both the outline of a general prediction
procedure and a set of detailed steps for making a prediction.
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The step-by-step procedure is summarized in the Appendix.
The model was developed for easy application; the results
presented in this paper were all obtained by the author’s

- teenage daughter using a pocket calculator.

Some of the steps in the model deserve additional consider-
ation. The model for the 0°C isotherm height was generated
using data from a limited number of upper air stations in the
United States, all of which have station heights within 300 m
of mean sea level. The model was extended globally on the
basis of zonal averages. Application has been successful for sta-
tions in low mountains near the coast, but no consideration
was made of the general modification of the vertical tempera
ture structure caused by large regions of high terrain such as
the high plains of Kansas or other similar regions.

Additional refinement in the rain rate climate description is
also possible, but requires high quality data spanning more
than 10 years at each location. More work is also required on
understanding the local variations in rain rate climate, but
again, long duration records are required for analysis. Noting
the assumed correspondence between measurements made at
one point in space over a long time period and over a larger
spatial area over much shorter periods, say of a year or two,
well-calibrated weather radar observations may provide the
data required to extend the model and establish the effects of
local terrain variations.

The model should be extended to provide seasonal and
monthly predictions. For many system applications, the prob-
lem is to establish the design for the worst month to be ex-
pected in a number of years. A useful definition of a worst
month has been established [46], but the procedures pre-
sented in this paper must be modified and expanded to pro-
vide a means to estimate worst month performance statistics.

APPENDIX

STEP-BY-STEP APPLICATION OF THE ATTENUATION
PREDICTION MODEL

Step 1-Determine Rain Rate Distribution Rp,.
la) Locate path endpoints (terrestrial) or earth station
on map (Figs. 3 or 4) and determine rain climate region, A-H.
1b) Obtain rain rate distribution from Table I (or Fig.
5or7).

Note that a tailored distribution may be prepared for spe-
cial locations (see text) and in some instances measured dis-
tributions may be available. Caution is recommended in the
use of measured instantaneous (1 min average) rain rate dis-
tributions if the observations are for a period of less than 10
years.

Step 2—Establish Surface Projected Path Length D.

2a) For terrestrial paths, D is the separation between
antennas.
2b) For slant paths, the distance D is calculated from

D= HP)—Hy)/tanb; 8> 10°

=Ey, see (9); 6 <10°
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where 8 is the elevation angle, Hy is the station height, and
H(P) is the 0°C isotherm height obtained by interpolation in
Fig. 14 for the percentage of time P of interest. To interpolate,
plot H(P) versus log P and use a straight line to relate H to
log P. ,
2¢) If D > 22.5 km, use both Dy = 22.5 km and a new
point rain rate R,," for the modified probability of occurrence,

D
P=p|=
D

for subsequent calculations.

Step 3—-Determine « and § for the frequency of mterest
from Table II or Figs. 18 and 19.

Step 4—Calculate the surface projected attenuation value 4
from the R, ‘and D (or R’ and Dy). R, is the rain rate ob-
tained from the rain rate distribution for the probablhty of
occurrence of interest P:

' - [eubd _ 1 pBeoBd  pBgesDT o

ARp,D)=aR,P -~ e
uf cB cB
d<D<D,
e“fD _
ARp,D)=aR,* D<d
up

AR,,D)= (HP)—Ho)R,’; D =0(8 =90%)

where .

In [pe®?]

u=
: d

b=23 R,_,‘o'”,
¢=0026—0031nR,, and
d=38—06InR,.
Step 5—Adjust for height along a slant path (do not per-
form this step for terrestrial application).

See (10) for § < 10°:

LAR,,D) AR,,D
A= Rp.D)_AR, ); 0>10°
D cos @

where A; is the slant path attenuation.
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