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ABSTRACT

The statistical properties of rain attenuation which dominate
propagation at frequencies above 10 GHz are required for planning
radao systems at these frequencies, These propoerties are studies for
three frequencies, 11,2, 12,7 and 18,76 GHz and various link lengths,
2.5y 55 745, 10, 12.5 and 15 mi at six locations in Canada. Two
approaches were used to simulate the attenuation; one utilizes
weather radar data in the AZIOR format, a rectangular coordinate
variation of PPI; the other utilizes rainguage records and radiosonde
data and the concept of a synthetic storm, Rain attenuation statistics
are developed from these two approaches to describe the probaloility of
occurrence of an attenuatior; event for single links of various length,
pairs of parallel links with various separation distance anci i;or pairs

of links on the same routine,



PREFACE

The aim of this report is to collect in one place and in printed
form the results of three years of work on rain attenuation statistics.
Nothing, or close to nothing, has been done here toward the explanation
or rational interpretation, of these results in terms of storm modelling
or climatology, although these results contain much information on these
topies., These results should just be consiedered for what they are:
observations of the precipitation process translated in a form suitable
for the planning of radio systems across Canada,

I am grateful to the Atmospheric Environment Service for rain-
guage and upper-wind data, and to McGill Radar Weather Observatory for
radar records, (The basic radar there is cii loan from the Air Force
Cambridge Research Laboratories under their contract F19628-73-C-0052,)

I wish to acknowledge the contribution of lir, Chul-Un Ro who
carried on the analysis of the rainguage data for Montreal and the
other locations in Canada during his work toward a Master!s degree in
Meteorology.

I am deeply indebted to Prof, J.S. Marshall and to the other
members of the Stormy Weather Group; in particular to my friends
Dr. R.,R, Rogers and I, Zawadzki who had many suggestions and useful
eriticisms. Dr., K.S. McCormick and D,S. Stricklard of CRC (which
supported the work) have been most helpful and understanding.

Mr.,Daniel Salomon did all the computer work and his contri-
bution is greatly appreciated,
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RAIN ATTENUATION STUDIES

1. INTRODUCTION

For the planning of radio systems
making use of frequencies above 10 CHz the
knowledge of the statistical properties of
rain attenuation which dominate the propa-
gation at these frequencies is required.

The basic parameter in the design of
a radio system is the outage time of the system
which can be due to various causes, among which
is attenuation by rain. The outage time due
to rain attenuation depends on the possibility
of the system to recover from the noise on
attenuated signal. This possibility is limited
to a given threshold, which is a function of
the system characteristics. The outage time
is then the total time for which the rain
attenuation exceeds this threshold,

This work attempts to describe the
statistical properties of the time for which
rain attenuation exceeds a given value as a
function of the frequency and the hop length.
These properties are studied for three fre-
quencies (11.2; 12.7; 18.74 GHz) and various
hor lengths (2.5; 5; 7.5; 10; 12.5; 15 mi).
Results are given for six locations across
Canada. They are: Edmonton, Winnipeg,
Thunder Bay, Toronto, Montreal and Halifax.

Two approaches have been used, the

first, described in chapter 2, makes use of
the McGill weather radar data for 1971, jointly
wizh the data of an experimental link at 11.2
Gliz installed by BNR in Ormstown (fig. l). 1In
this experiment the radar data of the summer
1¢71 have been used to simulate the attenuation
process over a dense network cf links of various
lengths, and the observed statistics from the
BNR link have been used to calibrate the simu-
lation. This experiment has given unique infor-
mation about extreme events, and thanks to the
very large sample size of the data, events
with probability of ~10°" have been evaluated.
Further it has provided unique information
atLut joint probabilities of attenuation for
parallel links such as required for the design
of twin route systems.

A sccond approach, described in chap-
, consists in the developrent of a methol
~uiating the attenuation process from

tLer >
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raingauge records and radiosonde data. The
method is based on the concept of a synthetic
storm first introduced by Hamilton and Marshall.
The method has been tested with the aid of the
McGill Weather Radar and the BNR link and then
applied to ten years of data for the six loca-
tions across Canada (chapter 4). The results
allow study of the year to year variations of
the statistics of interest and will be of help
in planning radio systems across Canada.

2. ATTENUATION BY RADAR

2.1 Introduction

The purpose of this work has been to
obtain attenuation statistics for the Montreal
region. In order to design a radio system it
is desirable to know the probability of occur-
rence of attenuation events for one link down
to a very low fraction of time (typically 10-8
of one year). For the Montreal region, one
microwave link operating for a one year period
provides a sample of sufficient size to con-
tain events with a typical probability of
about 109, 1n a first approximation it would
be necessary to operate some 100 links a year
to reach the desired probability level, and
this is just for one frequency and one hop
length, It is obvious that this approach is
not practical or economical. As an alternative,
the information requested can be obtained empir-
ically from several years of raingauge records
(chapter 3) or from radar data. A radar can
cover a large geographical region, thus provid-
ing a large number of paths over which atten-
uation events can be calculated., In this work
this approach has been carried out, and atten-
vation statistics have been evaluated at 11.2,
12.7, 12.7 GHz. These statistics are for
single links of various length, for pairs of
parallel links with various separation dis-
tances and for a pair of links on the same
routc¢. With the method employed no informa-
tion about the duration of the cvents is oh-
tained, although this infor:ation, from the
raingauge data, is given in cheoter 5. Radary



simulation of attenuation has been used and
studied by various authors (1,2,3,). There
are two major problems that arise in this kind
of approach: calibration of the radar and
evaluation of absolute probabilities. They
will be discussed in 2.3 and 2.4.

The data used in this study have been
provided by the McGill Weather Radar and they
cover the summer months of 1971. A brief
description of the radar follows.

2.2 The McGill Weather Radar

During 1971 the main features of the
radar were:

Frequency 2,880 MHz

Antenna Diameter 30-foot paraboloid
(0, £ =0.8%)

Peak Power 2 MW
Pulse Repetition Frequency 60 Hz

Pulse length 0.3 n sec (pulse com-
pressing a 4 . sec pulse with a
factor 13)

Sensitivity - 104 dBm (equivalent to
a rainfall rate of 0.2 mm/hr at
200 km)

Dynamic Range 80 dB.

Every 5 minutes the radar scans a
hemisphere with a radius of 200 km. The
scanning consists of successive azimuth rota-
tions at different elevation angles from 0.5°
to 33°. Each rotation is completed in 10
seconds. The measured reflectivity is stored
on 35> mm films with 5 dB thresholds. Use is
made of the range resolution of 50 meters in
combining the data from several contiguous
contributing volumes (5 at the closest range
of 25 km and 80 at the furthest range of
200 km) and then peak detecting in order to
reduce random-phase fluctuations (4,5,6,7).

The data format, AZLOR, is on rectan-
gular coordinates, azimuth (600 values) on
abscissa and logarithm of range on ordinate
(200 values going from 25 to 200 km) (8).

Although this radar system has not
been designed for attenuation studies, it
is very adequate for the purpose and some
of its features are very helpful in this
respect.

The AZLOR data format, although it
distorts shapes and does not conserve areas,
is very rational and is well suited for the
attenuation simulation carried on by computer.
The main advantage over PPl is that the data
are relative to square areas so that links
can be simulated {n radial and tangential
direction easily and promptly.

The antenna program limits the
sampling time to 5 minutes, when one {s
interested in a simulation over a place as
close to the ground as possible, but offers
the possibility of using a plane at higher
elevation in the frequent case when the
weather at lower elevation is masked by
ground clutter, thus increasing substantially
the sample sizes This procedure must be
applied with some cauticn in relation to the
altitude of the echo, pcssible presence of
bright band and generally altitude of the
freezing level, to avoid a contamination of
the data with precipitation other than rain
for which attenuation properties are not yet
well known.

2.3 Data collection and analysis

The 1971 summer data have been used
to calculate attenuation statistics. For
this purpose, out of the elevation cycles of
the antenna, one azimuth scan was chosen with
as low an elevation angle as possible in
order to constder echoes below freezing level
but high enough to avoid ground clutter ef-
fects. Except for a few cases the elevation
angle used was 0.8° above the horizontal. 1In
order to reduce the amount of data to be
analyzed, a threshold was applied to the
original reflectivity data such that only
attenuation events over 10 dB were considered.
For each scan the reflectivity data were read
from the film and punched on cards. A pro-
gram made corrections for peak reading as a
function of the number of independent samples,
which depends on range. The program then
transformed the data from reflectivity to
attenuation using the following relations:

Y(db/mi) = .0003795 z’775(m6/m3) @ 11.2 GHz

Y= 0006431 2°7°° € 12.7 CHz
Y = .00258 2°687° @ 18.7 Gz
(2.3.1)

The data were integrated over a dense
grid of paths of various lengths and separation
distances. The attenuation events were weighted
in function of range because of the logarithmic
distribution in range and then they were collec-
ted in histograms.

The network was composed of parallel
and perpendicular links directed along and
across range. The network of links did not
have a fixed geographical location but it was
simply superimposed on a patch of weither so
that the maximum possible number of aitenuation
events was observed.



In this way the possibility of obtain-
ing absolute probabilities is apparently lost;
but this shouldn't be cause of grief because
this possibility has been lost already for
more helpless reasons than inadequate way of
processing the data. In fact the radar wasn't
working all the time, ifor various reasons:
power failures, equipment failures, maintenance
requirements, among which one in particular is
annoying, i.e. the compulsion technicians have
to run calibration patterns in the middle of
the most interesting convective activity and
then to run them again after a short time.

Over the whole summer, the usable data for
this analysis covered six different days for
a total of 22 hours and 20 minutes, which is
a small part of the whole summer.

One must bear in mind that the data
collected were subject to the condition that
they could generate attenuation events of at
least 10 db. In this way not only a large
portion of data for a given day were neglected
but also whole days were not considered, so
that the present data are representative of
a period of time much larger than the six
davs over which they were collected. Un-
fortunately it is not possible to establish
exactly the representativeness of the data
because not enough is known about the weather
when the radar wasn't in operation for the
reasons above. Further, these reasons are
not independent of the weather, in the case
of power failures, thus complicating the
problem further. In this work it has been
assumed that the data are representative of
the whole summer, although, a distinct
possibility exists that significant data have
been missed.

The various histograms of attenuation
events can be interpreted as conditional dis-
tribution functions with the condition that
the probability of the 10 dB event is given.
They were integrated to give probabilities
and normalized in such a way that the prob-
ability of the 10 dB event was unity. One
example is given in,.fig. 2 for a length of
5 miles and at 11.2 GHz.

This was done for all lengths and
all frequencies. To obtain absolute prob-
abilities it is enough to estimate the prob-
ability of the 10 dB events and then to
szale the probabilities for higher attenu-
ation values accordingly.

As exposed in chapter 3, the esti-
mate of the probability of the 10 dBz events
can be obtained from raingauge records, thus
allowing construction of absolute probability
curves for all attenuation events. The ac-
tual results are presented in paragraphs 2.5
and 2.5,

2., Radar Calibration

The radar equation for weather radar
with STC (sensitivity time control) can be
written as:

(z)gp =C+ (P)yp (2.4.1)

where Z is the reflectivity factor, Pr is the
average received power and C is the calibra-
tion constant which includes the character-
istics of the radar and the dielectric con-
stant of the precipitation. C changes in

time and has been determined daily following
the procedure described by Smith (9). The
radar data have then been used to caiculate
attenuation statistics for 5 mile links at
11.2 GHz and these have been compared with

the one obtained by a real 5 mile link
operating at Ormstown within radar range (10),
fig. 2. The probability curves are normalized
to 1 for 10 dB of attenuation and are obtained
using different values of C in steps of 0.5 dB

in order to obtain the best fit between the
calculated and the observed statistics (dotted
line). It is apparent that the computed sta-
tistics are very sensitive to the radar cali-
bration. The probability of exceeding 30 dB
changes by a factor 10 for only a 2 dB vari-
ation in the constant C. This effect is in-
fluenced by hop length and frequency and
would be different 1f the curves were more
logically normalized to O dB but this example
at least gives an idea of the order of magni-
tude. 2 dB is about the accuracy one can
reasonably expect from a careful electrical
calibrat{ion of the radar. The importance of
a calibration "ad hoc'" is then apparent, that
is a calibration based on the fit of the
attenuation statistics obtained from a large
sample of data. In this case the discrepancy
between the "electrical calibration constant"
and the "attenuation calibration constant"
was about 4 dB which compares well with the
value of 3.) found by 1. Strickland in Ottawa
for 1970 data (2), following a similar method.

2.5 Single link attenuation probabilities

Following the method outlined in 2.3
and 2.4 attenuation statistics were obtained
from radar observations in the summer of 1970.

Fig. 3 shows the probability that a
given attenuation is exceeded at 11.2 GHz for
various link lengths. For comparison fig. 3
shows the probability curve obtained from the
real link (dotted) and the probability curve
obtained for 5 mile links from 10 years of
raingauge records normalized to the same prob-
ability for 10 dB (dashed).



It is possible to observe some inter-
esting features. The lowest fraction of time
observed for the single link is ~107°; for
10 link years is ~10“7; for about a total
of 24 hours of radar data is ~10"8. All the
curves are exponential until a certain value
of probability and then they follow a law of
the type Sif . The single link is exponen-

tial until ~3.10°7, the 50 years until '\‘3.10'6

and the radar until~3.10 It appears that
increasing the sample size increases pro-
portionally the range of probability over
which the process observed can be considered
exponential. This suggests that the process
is exponential and that it is our method of
observation that introduces deviations from
the exponential form.

Figs. 4 and 5 show the same.statis-
tics for 12.7 and 18.7 GHz. The hop length
dependence is shown more explicitly in figs.
6,7,8, where the probability of a given
attenuation is plotted versus hop length at
the three frequencies. In fig. 5 the statis-
tics from 10 years of raingauge records are
plotted for comparison (dotted lines). The
fit is forced on the 10 dB level.

2.6 Joint probabilities

For the design of twin route radio
systems the knowledge of joint probabilities
of parallel links is required,

The knowledge of joint probabilities
of adjacent links on the same route is re-
quired if a too conservative design is to be
avoided (11). Both these probabilities have
been evaluated from the radar data. Figs.9,
16,11,12,13,14, show joint probabilities for
parallel links at 11.2 GHz, for values of
hop length of 2.5, 5, 7.5, 1G, 12.5 and 15
miles versus separation distances. Figs.l5,
16,17,18,15,20 are analogous to the previous
one except at 12.7. Finally, figs.21,22,23
are at 12,7 GHz for hop length of 2.5, 5,

7.5 miles. As expected the joint probabil-
ities approach the probabilities of single
links when the separation distance approaches
zero.

Conditional joint probabilities for
links on the same route are given for ad-
Jacent links and links separated by a link
length. It is preferred to use conditional
probabilities instead of absvlute joint
probabilities because their use is more
direct in the design of the communication
system.

Figse 24,25 show these statistics
at 11.2 GHz, figs. 26,27 at 12.7 and figs.
28,29 at 12.7 GHz.

2.7 Accuracy of the results

There are many causes for errors in
this approach. They correspond to the var-
lous steps necessary to arrive at the final
results which consist of an estimation of the
time that a given attenuation is exceeded.
For this,measurements of reflectivity aras
made. The errors associated with these mea-
surements depend on various factors, some of
them controllable, some not. Random phase
fluctuations are a first source of uncertainty
which can be reduced increasing the number
of independent samples (Smith, Marshall,
Hitschfeld) (4,6). Reflectivity gradients
also introduce uncertainties (Rogers) (7).
Finally the reflectivity {s stored in thres-
holds, in our case 5 dB, and this also
introduces errors (Marshall) (5). Further,
the McGill radar makes use of pulse com-
pression and this introduces other uncertain-
ties because of the time-side-lobes associated
with this technique. The reflectivity values
stored on film are then manually transferred
to computer cards, thus introducing new errors,
although the careful check employed limited
this to a minimum. The simulation of attenu-
ation introduces more errors because the
exact length of the links could be obtained
only in particular cases. The tolerance on
length has been T 1077.

The effect of all these factors is
difficult to estimate. For this reason no
clear statement on the accuracy of the method
is available, although comparison of the re-
sults with the results of other independent
approaches can be carried on. The statistics
obtained with this approach compare very well
with the ones obtained by a real link and by
the raingauge method, figs. 3 and é. From
these comparisons it appears that the accuracy
of the method is at least satisfactory be-
cause it produces estimates of attenuation
probabilities that agree with estimates ob-
tained independently.

2.8 Conclusions

Radar provides a powerful tool to
evaluate attenuation statistics for microwave
links. The main advantage over other methods
is the enormous sample size of attenuation
events that it 1s possible to collect in a
few days. Of the six days considered here,
two, 27 July and 10 August, contributed to
most of the events. The reason is that one
day of convective activity over a region of
200 km radius offers a full range of vari-
ability i{n rainfall rate and in precipitation
patterns.

The sample size depends on the
sampling time of the data and on the areal
coverage of the radar. With the present
antenna program of the radar the minimum



sampling time {s 5 minutes. 1t was observed
on a section of the data that sampling every
1C minutes did not affect the results so that
it was possible to reduce the data analysis
by a factor two. It was also found that
sampling every 20 minutes affects the re-
sults. This obviously depends on the area
and this problem will be studied in detail.

Disadvantages of a radar approach
are, among others:

- great sensitivity to calibration, which
imposes the auxiliary use of a microwave
link or of a raingauge.

- practical impossibility of calculating,
with the radar alone, absolute prob-
abilities.

Furthermore, year to year variations
in the statistics obviously cannot be extracted
from a few days of radar data, but they can be
evaluated by raingauge records or directly by
microwave link data.

The joint probabilities presented
here contain useful information about the
spatial structure of precipitation patterns.
At 17,7 GHz rainfall rate and specific atten-
uvation are almost proportional, so that a
value of attenuation is proportional to the

mount of rain accumulated along the same
path or to the rain accumulated to a point

in an interval of time equal to the time nec-
essary for the precipitation pattern to travel
a Zistance equal to the path length. Tnis
equivalence of space and time statistice of
precipitation pattern is known as the Taylor
hyzothesis. Evidence of the validity of this
hyrothesis can be found in the measurements
of autocorrelation functions cf precipitation
patterns by 2awadzki (12) and in the
successful application of this hypothesis to
the use of raingauge records for evaluating
attenuation statistics (Chapter 3). From

the joint probabilities of attenuation for
parallel or adjacent links it is possible

to evaluate the joint probabilities of
accurulated precipitation for points
separated by various distances and for the
various periods of accumulation. This sta-
tistic is of interest in a variety of appli-
caticons.

S ATTENUATION BY RAINGAUGE IN MONTREAL

2.1 Introduction

Rain attenuation statistics can be
estimated from raingauge records provided
that the speed of translation of the precip- '
itation patterns is known. This approach is
quite appealing because suitable raingauge
records are available from many locations in
Canada 2nd for a sufficient number of years.
This study establishes a technique to evaluate
attenuation statistics from the raingauge re-
cords. The technique is then applied to cal-
culate statistics for six locations across
Canada for a period of time of ten year: so
that year to year variability can be accounted
for. Further, ten years of data provide an
adequate sample size. In this chapter the
results for Montreal are presented, the re-
sults for the other locations being presented
in Chapter L.

2.2 Technique. [escription and
testing

The method of employing raingauge
records to generate attenuation statistics
is bzscd on the concept of "synthetic storm",
first used in 1971 by Hamilton and Marshall
(1:) to calculate the effects of rain atten-
uvation on data obtained by a weather radar
operating at a wavelength of 3 cm. The pre-
sent method is an application of the Hamilton
and arshall concept to the estimation of
attenuaetion over a particular ground communi-
cation link.

As a storm or rainfall pattern moves
over a railngauge, the measured rainfall rate
varies with time. The variations arisa from
two effects, the advection of the spatial
pattern of rain and changes that occur within
the time required to pass over the raingauge.
These effects are both present in raingauge
records and are not separable without addition-
al information about the structure and motion
of the rain pattern. The Hamilton-Marshall
"synthetic storm" is a description of the
rain pattern in terms of rainfall rate as a
function of distance along a line in the
direction of storm motion. It is obtained
from a raingauge record by converting the raw
data of rainfall rate versus time into a
function of distance by employing a storm
translation velocity to transform time to
distance. In the original Hamilton-Marshall
approach, weather radar data on storm motion
provided the velocity needed for the time-to-
distance conversion. As will be demonstrated
below, radar data may not be essential for
establishing this velocity.

Since the synthetic storm is based
on the assumption that ail time changes ob-



served at a point on the ground arise from
the advection of spatial variations, it will
not give an exact description of the distri-
bution of rain with distance. It may be,
however, that statistical properties of a
large number of synthetic storms are approxi-
mately the same as the corresponding statis-
tical properties of real storms. This is the
hypothesis tested in the present study, where
the properties of interest are certain inte-
grals of the rainfall rate over specified
distances.

This hypothesis is also known as
Taylor'!s hypothesis. Evidence of it's valid-
ity can be found not only in this work but
also in Zawadzki (12).

The synthesized storms express rain-
fall rate R as a function of distance x.
As the first step in this analysis, rainfall
rate is converted to specific attenuation Y
through the formula

Y=k (dB/mi) (3.2.1)

where k and &« are empirical parameters depend-
ing on radio frequency. The attenuation over

a distance L may be calculated by integrating
Y(x) over an interval of length L:

x -+L
o

A(xo,L) = Y(x)dx . (3.2.2)

The result of this integration will generally
depend or. the starting point x, as well as
the length of the interval. The variation

of attenuation with time can then be simu-
lated by changing xo at a rate equal to the
velocity of storm motion. In order to test
the technique the measurements obtained

from the BNR link in Ormstown (fig. 1) were
used. Three raingauges were located along
the link and they supplied the rainfall data.

Fig. 30 {llustrates a particular
synthetic storm in terms of both rainfall
rate and specific attenuation, with the time-
to-distance conversion indicated.

Attenuation was calculated as a
function of time for this storm by use of
(3.2.2), with L set at 5 mi and x, changing
at a rate of 14 mi/hr (as obtained by radar).
Values of k and X were selected to corres-
pond to 11.2 GHz. The result of this calcu-
lation is shown in Fig. 31 and compared with
the actual attenuation observed on the link.

That the calculated and actual atten-
uations are quite different is not surprising.
First, the calculated attenuation cannot ac-

count for any time variations occurring in
the storm as it moves along. Secondly, the
simulated attenuation record corresponds to
a link that is parallel to the direction of
storm motion. In this example (as in most
of the actual cases) the storm had an appre-
ciable component of motion across the Ormstown
link. Fig. 31 also shows that the simulated
attenuation has a smoother curve than the ob-
served attenuation. This is associated with
the fact that the raingauge records do not
allow rainfall rate to be measured with a
time resolution better than about 1 min. No
attempt was made to calculate attenuation
with a finer resolution.

The experiment has been carried on
for the summers of 1971 and 1972 and statis-
tics from the link and the gauges are com-
pared in fig. 32,

In these comparisons a set of values
of k and % has been chosen so that the
best fit is obtained. The values of k and «
are given in table I for the three frequencies
of interest, and they compare well with the
values given in the literature, (14).
In spite of the fact that an individual syn-
thetic storm may not lead to an attenuation
record that agrees with observations, fig.
32 indicates a good agreement provided that
the sample size is sufficient. While it
may have been expected that tie method of
calculating attenuation wouid lead to some
systematic bias effect, since all the simu-
lated links are in the direction parallel to
storm motion, this does not appear to be the
case. Moreover, the results here indicate
that the 1 minute resolution of the raingauges
is adequate, at least over paths as short as
5 miles.

3.3 Dependence on the parameters

Velocity. The translation velocity
of the storm plays an essential role in this
analysis. Radar provides the best estimate
of this velocity. But because radar facfli-
ties are not as common as raingauges, an
attempt has been made to estimate the trans-
lation velocity from conventional radiosonde
data. It has been found that the 700 mb wind
nearest in time is a good estimate of the ve-
locity. 700 mb corresponds on average to
3 km above sea level and is often referred
to as "steering level®. Fig. 33 compares
probabilities obtained using radar and 700 mb
velocities. The soundings are from Maniwaki
120 miles away from the experimental location
(fig. 1). This comparison is considered
successful and it justifies the use of radio-
sonde velocities as estimates of the trans-
lation velocity of precipitation patterns -
k and &~ .,



The probability of a given value of
attenuation depends on the value of k and = .
In this study no direct evaluations of k and
A were available so that values were chosen
in order to have the best fit between calcu-
lated and observed statistics. This is a
circular argument. To increase the confidence
in the results the sensitivity of the results
on k and » has been determined. The prob-
ability that a given attenuation is exceeded
can be considered exponential:

P(a) = P_e"M Ao (5.3.1)

where Byjisa function of hop length and A, isa
function of frequency and hop length; A is
dependent on k and x .

It is of interest %ﬁ in function of
bk and L

R doesn't depend on k and & because
it is the percentage of time when it rains.
Differentiating one obtains:

DA oA

LP A (<]

e [ + (i —) B3GR

Fodsen S agyd) (3.3:2)
(<)

Using a set of values of k and « one can de-
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3., Ten years statistics - single
links

Using the technique described in 3.2,
ten years of raingauge records for Montreal
have been analyzed. The years go from 1961
to 1570 and each year goes from May to
September. <

Fig. 3L shows the probabilities ob-
tai~ed for 3 miles hop length at 11.2 GHz
for the 10 different years. 1G4, has a
pect.iiar tehavior: one storm is such that
it extends the curve up to 7. dB. This is

the record storm for Montreal with an inten-
sity of L:0 mm/hr. The return period of this
event exceeds 100 years so that it cannot be
included in averages over a ten year period.
For this reason it has been disregarded in
the analysis.

1t is not clear to the author which
is the best form of presenting statistics of
events like the one in fig. 34. It has been
decided to plot average probabilities over
ten years for various hop lengths and frequen-
cies (in this paragraph) and to describe year
to year variability separately (3.8). An
alternative approach is illuscrated in fig.
35, where not only average probabilities are
plotted but also probabilities corresponding
to certain percentages of the population.
The probabilities of a given attenuation in
the various years are assumed to be random
events normally distributed. Although this
approach is limited here to one frequency
and one link length it can be extended to
other values using the data on year to year
variability in 3.8.

Figs. 35,37,38 plot probabilities
versus attenuation at 11.2, 12.7, 18.7 CHz;
for hop lengths of 2.5, 5, 7.5, 10, 12.5,
15 miles. The curves are straight lines
until a certain percentage of time (~ 3.107
of one year) so that the probabilities can
be considered exponential until that prob-
ability level. Comparison with radar data
for larger sample size (paragraph 2.5)
suggests that this is an observation effect
due to insufficient sample, so that the
probabilities should be considered exponen-
tial all the way.

~

3.5 Joint probabilities

With the same technique described
in 3.2 it it possible to calculate statistics
of joint attenuation events for successive
links, these statistics being of interest in
the planning of radio systems. Statistics
for adjacent links are plotted in figs. 39,
40,41 in the form of conditional probabil-
ities, the condition being that a given
attenuation is exceeded on one of the links.
At 18.7 GHz the plots are limited to a length
of 5 miles. Figs. L2,43,44 present the same
statistics for links separated by a hop length.

3.6 Durations

Table II presents a comparison of
the durations of the attenuation events in
the 1971 Ormstown experiment. It appears
that the link and the raingauges agree al-
though the sample size i{s so small that 1t
is impossible to ussess the caipability of the
raingauge to reproduce the statistics of



durations experienced by the link., Neverthe-
less, it appears that the two sets of obser-
vations are consistent. i'istograms of dura-
tions of fade are presented for various
lengths at 11.2 GHz only in the tables 111,
v, v, VI, VII, VIII. As an example,figs.

45 and oZ show the dependence on hop length
and on attenuation level.

3.7 Frequency dependence

From the 10 years statistics presented
in figs. 35,37,38 it is possible to obtain
some information about frequency dependence
of attenuation probabilities. In figs. 47,48,
!9 attenuation of events with the same prob-
ability and hop length but different frequency
are correlated so that the following empirical
results are found:

K = ARy (3.7.1)
Mg = 194150 (3.7.2)
Ay~ = 1254, 5 (3.7.3)

which relate the values of attenuation at two
frequencies for the same length and probability.

From the above relations one can ob-

tain:
A 1.72
) = (3.7-4)
fo o

which at least in the range 11 to 12 GHz allows
one to czlculate empirically the attenuations of
an event at frequency £ given the attenuation

of the szme event at f,, the same event meaning
the same iink length and probability.

2.2 Year to year variability

As can be seen in fig. 34 there is
a substantial variation in the probtability
of a given attenuation event across the years.

For any length and frequency the
probability that a given attenuation is ex-
ceeded for a given yeas is very likely to be
a Gaussian variate. X“ tests for typical
values cannot reject this hypothesis at any
probability level but the number of samples
is so small that the significance of the test
is, at least, dubious.

These yearly variations have to be
taken into account in the planning of radio
systems and also in establishing the duration
of experiments to collect attenuation statis-
tics. These variations depend on frequency
and linx leagth in a complicuted wave In

w

fig. 50 the coefficient of variation of the

probability of a given event is plotted as

a function of hop length for discrete atten-
uation levels. The coefficient of variation
is defined as follows:

S
- x 100
B

c'o.v. =

where § is the sample variance and p is the
sample mean, the variable being the prob-
ability of a given event.

4.  ATTENUATION BY RAINGAUGE ACROSS CANADA

L.l Introduction

For the purpose of obtaining some
information about the geographical dependence
of the attenuation statistics of interest, 5
more locations have been selected to carry
on a study similar to the one carried on for
Montreal. Fig. 51 shows these locations and
the radiosonde stations whose upper air data
were employed in the analysis. As in Montreal,
10 years of raingauge data were analyzed for
each location covering the months from May to
September for the decade from 1962 .o 1971.
The actual locations were chosen as corres-
ponding to highly populated regions and with
the intention of covering the possible routes
of Canadian radio systems. The west coast
and the Rocky Mountains were excluded be-
cause of the strong r.ographic character of
the precipitation there.

The results of this study are cer-
tainly not conclusive or complete, leaving
large parts of the country uncovered. In
particular, the region between Halifax and
Montreal needs further analysis as well as
the region between Edmonton and Winnipeg.
Nevertheless an overall pattern appears from
the available Zata. There is a region con-
taining Montreal, Toronto, Thunder Bay and
Winnipeg where attenuation statistics are
severe and particularly similar for the four
locations. East of this region, maritime
climate generates less severe statistics
(Halifax), and westward (Edmonton) less
severe statistics occur in correspondence to
a continental climate. The boundaries of
this region are not well defined at this
stage of the analysis.

In carrying on this study a further
hypothesis has to be introduced. That is
that the 700 mb winds are representative of
the precipitation patterns motion all over
the country. This is largely arbitrary be-
caucc this hypothesis has been tested enly



in Montreal (fig. 33). Nevertheless this
appears to be a reasonable hypothesis and
certainly not a critical one; fig. 52 shows
Winnipeg statistics calculated using radio-
sonde data from International Falls and
Sault Ste. Marie. The curves are very close
to each other thus insuring a certain re-
liability to the study. In the following
paragraphs the statistics for the various
locations are presented.

L.2 Halifax

Figs. 53,54,55 show provabilities
versus attenuation at 11.2, 12.7, 18.7 GHz.
Like for Montreal the probability :chat a
given attenuation is exceeded decreases
exponentially versus attenuation at least
to a probability of about 3.10°° of one year.

The joint probabilities (figs. 56,
57,58,59,350,41) are very small for every value
of attenuation, length and frequency. This
result has important consequences for the
design of radio systems because attenuation
events on consecutive links can then be con-
sidered independently.

Tables IX to X1V present histograms
of duration at 11.2 GHz for various hop lengths.
Fig. 62 shows the coefficient of variation
across ten years. For the definition of these
curves see paragraph 3.8. The curves in fig.
62 diffc- from the Montreal onc. fig. 50, in
the sense that the variability in Halifax is
substantially larger, and the length depen-
dence is different, suggesting smaller high
rate rain cells than in Montreal.

L.2 Toronto

Figs. 63,6.,45 show probabilities
versus attenuation at 1ll.2, 12.7, 18.7 GHz.
The curves are very close to those for
Montreal although, as will be seen {n para-
graph 4.7, the precipitation statistics are
different.

The joint probabilities (figs. 66,
67,68,66,70,71) suggest complicated inter-
actions between cell size and hop lengths.
They are generally higher than in Halifax
and similar to those in Montreal. The values
are such to make these statistics an impor-
tant factor in the design of radio systems.

Histograms of duration at 11.2 GHz
are given in the tables XV to XX in corres-
poncence to varfous lengths.

The coefficients of variations are
plotted in fig. 72 (for the definition sece
paragraph 3.2). 1t appears that the yearly
variability {s generally somehow higher than
in Montreszl and less than in Holifax,

L4 Thunder Bay

As the name says, Thunder Bay is
quite stormy at least for what concerns atten-
vation. Figs. 73,74,75 show probabilities
versus attenuation at 11.2, 12.7, 16.7 CHz.
These curves are very close to the ones for
Montreal and Toronto. The joint probabilities
(figs. 76,77,78,79,80,81) are close to the
Montreal-Toronto onesfor short lengths and
somehow less for longer lengths suggesting
smaller sizes of rain cells. Also in Thunder
Bay the values of joint probabilities are
such to make them relevant in the design of
radio systems.

Histograms of duration are presented
in Tables XXI to XXVI. The coefficients of
variation are plotted in fig. 82 (for the
definition see paragraph 3.8). Relative to
the other locations the variability in
Thunder Bay is higher than in Montreal,
slightly higher than in Toronto and lower
than in Halifax.

L.5 Winnipeg

Figs. 83,84,85 show probabilities
versus attenuation at 11.2, 12.7, 18.7 GHz.
Again these curves are very similar to
those for Montreal. In calculating these
curves some extreme events were discarded
from the data.

The joint probabilities (figs. 85,
27,82,99,90,61) are very similar to those
for Montreal.

] Histograms of durations are presented
in Tables XXVII to XXXII. The coefficients
of variation are plotted in fig. 92 (for the
definition see paragraph 3.8). Relative to
other locations the variability in Winnipeg

is higher except for Halifax.

L.6 Edmonton

A well established pattern of simi-
larities in the attenuation statistics is
encountered moving westward from Montreal.
This pattern presents a marked discontinuity
in Edmonton and whether this is the result
of a gradual change or of an abrupt discon-
tinuity somewhere between Winnipeg and Edmonton
is not yet known. The available climato-
logical data do not furnish an explanation
of this problem and it will probably be
necessary to analyze raingauge data for lo-
cations between Winnipeg and Edmonton.

Figs. 93,94 and 95 show probabil-
ities versus attenuation at 11.2, 12.7 and
18.7 GHz. For any length and frequency the
probability of exceeding a given attenuation
is much less than {n any other locality in



this study, thus allowing much longer hop
lengths.

The joint probabilities (figs. 96,
97,98,99,100 and 101) are so small that no
advantage can be obtained by taking them in-
to account for the design of radio systems.
The behaviour of the single link and joint
link statistics {n Edmonton can be interpreted
in terms of frequency of occurrence of given
rain events and their size. Something in
this line will be attempted in the next
paragraph.

Histograms of durations at 11.2 GHz
are given in Tables XXXIII to XXXVIII. The
coefficients of variation are plotted in
fig. 102 (for the definition see paragraph
3.8), they are generally higher than in the
other locations but, of course, the smaller
sample :ize of the events has to be taken
into account in explaining this behaviour.

L.7 Comparisons

As stated in para. 4.1, the six
locations considered can be, in many respects,
distributed in three groups with different
properties. Fig. 103 shows, the attenuation
exceeded for a probability of 10~2 of one
year in function of hop length for the six
locations. It is apparent that Montreal,
Toronto, Thunder Bay, Winnipeg behave very
much in the same way, while Halifax and
Edmonton have a different behaviour. A
similar pattern could be observed for the
joint probabilities although less clearly be-
cause these quantities are determined with
a smaller sample size and thus with less
statistical accuracy. The year to year
variability doesn?t follow a pattern as
clear as the one for the probabilities, and
a comparison between the locations must take
into account the relative sample sizes.

For these reasons some statistics of the
precipitation processes in the various loca-
tions are presented here, having been ob-
tained from the same raingauge records used
for the attenuation studies.

Table XXXIX shows the number of
precipitation events in ten years exceeding
a given rainfall rate in the six locations,
and Table XL shows the features of the
population of the event sizes. It appears,
for instance, that the behavior of Edmonton
statistics 1is consistent with these data
which show rarer and shorter events which
corresponds to smaller probability of a
given attenuation.

10

/,.8 Planning a radio system across
Canada

The result presented here so far
can be used for the planning of a radio
system across Canada, at least in a general
sense. They are by no means sufficient for
a practical design for which a more detailed
coverage of the country would be needed. 1In
a general sense the data presented here allow
some considerations:

It appears that there is one large
region, at least extending from Montreal to
Winnipeg, where the probability of exceeding
a given attenuation is almost uniform so
that a uniform criterion of design is allowed.
Inside this region year to year variability
is larger in certain places than in other;
so that in order to have uniform performances
some allowances have to be made in this res-
pect. In this region the spatial structure
of the precipitation pattern i{s such that
joint events of sizeable attenuations are
frequent enough to make it worth taking them
into account for more economical planning.

Outside this region, both eastward
and westward, the probabilities are lower
thus making possible the use of longer hop
lengths although this advantage is partially
compensated by larger year to year variabil-
ity and independency of events. The boun-
daries of the region aie not known, so that
it i{s impossible to evaluate accurately the
cost of a system. For this further studies
are necessary.
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exceeded at 11.2, 12.7, and 18.7 GHz ver-
sus hop length. In Fig. 6 the dotted
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cords. A fit has been forced at the
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FRACTION

] 19 Figs. 21,22,23 (Left; Below Left; Below
= Right). Probability that a given atten-
w LA < e uation is jointly exceeded on parallel
S links at 18.7 GHz versus separation dis-
g lige tance for various hop lengths.
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Fig. 30 (Above). Synthetic storm of the 20th August 1971 (continuous line). The
dotted line refers to specific attenuation at 11.2 GHz.

Fig. 31 (Below). The storm of Fig. 30 has been used to calculate the attenuation
for a 5-mile link at 11.2 GHz., For comparison the actual attenuation experienced
by this link is plotted. Note the coincidence of the peak at 22 minutes. This
i{s due to chance because the storm hit the raingauge with its maximum intensity.
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o Fig. 32. Probability that a
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Fig. 34. Probabilities that
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[ Right). Conditional probability that a
" i given attenuation is exceeded contem-
z |} poraneously on adjacent links at 11.2,
= 10 4B 1207, and 1807 GHz.
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o Figs. 42,43,44 (Left; Below Left; Below
.3 Right). Conditional probability that a
¢ I Birdhe given attenuation is exceeded contem-
2 | R poraneously on two links separated by a
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FOR ADJACENT LINKS

COND. PROB.

ADJACENT LINKS

COND. PROB. FOR

lE- © 112 6M2 THNONTO Figs. 66,67,68 (Left; Below Left; Below
d Right). Conditional probability that a
[ given attenuation is exceeded contem-
| /—\ poraneously on adjacent links at 11.2,
\ 1048 12.7 and 18.7 GHz.
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PROO. FUK LINKS SEPARATED BY A HOP LENGTH

Figs. 69,70,71 (Left; Below Left; Below
Right). Conditional probability that a
given attenuation is exceeded contem-
poraneously on two links separated by a
link length at 11.2, 12.7 and 18.7 GHz.
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; w?{ Figs. 73,74,75 (Left; Below Left; Below
[ Right). Probability of exceeding a given
[ Fell 2 GM: THUNDERBAY attenuation at 11.2, 12.7 and 18.7 GHz
| for various hop lengths. The curves are
obtained averaging 10 years of data.
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E @112 6He THUNDERBAY Figs. 76,77,78 (Left; Below Left; Below
. Right). Conditional probability that a
o given attenuation is exceeded contem-
: | ’—\ poraneously on adjacent links at 11.2,
1048 1207, and 1807 GHz.
; O /—\
w 3 20
u o
< d
p p
- | 30
c 1]
o /
-
I com— 40
Q C
©
L 3
2
a
(%)
O~OOI A A Y N A A J
(] 29 -] 73 10 12:5 15 miles
HOP LENGTH
lr 'E_
E ® 127 62 THUNDERBAY : @ 18- TGN THRUNDERBAY
:: [ \ : . -0 ]
= 5 x
3 woew = f .
> 40
5 ol e e
S b
s « 5 3 ™
< ! Ll 2
3 ) 50
o + I L /
[ o) b
. - i
g 0-Ol.=— 20 3 00"-:—
& X : ‘
. - N
2 g 2
6 '?: -
o 2 1
OOO' - 't L 1 1 A ) OCOI A 4 e i A s
23 S 75 12 12:3 13 miles 0 | 2 3 4 S miles
HOP LIMNGTH HOP LENGTH



b 4
5
: F
-, b
§ 3 @112 GHe THUNDERBAY
o
<
2 I
S o=
= 3
] <
‘ p
3 s
3 9
] - 1
z
3 H{:}
g OO
o 4
[~ S
g o
¢ | Vi
:
P " e / : % .
o 23 s 73 ") Y 13 miles
NOP LENGTH
: 'F
- ;
é © 27T oM THUNDEABAY
L
-
=1
B oup
= 3
3 L
= ke
[ L
2 -ry
w
-
z 20
- o= 30
5 3
s F
g C 40
1
g !
L L i M i i i
0 293 ) 73 D] s IS miles

Figs. 79,80,81 (Left; Below Left; Below
Right). Conditional probability that a
given attenuation is exceeded contem-
poraneously on two links separated by a
hop length at 11.2, 12.7 and 18.7 GHz.

® 107 G THUNOERSAY

COND. FiUB. FOR LI4KS SEPARATED OY A HOP LENGTH
o
H 8

g T
i A L I : A : n
¥

HQ2 LINGTH

[ 2 3 < S miles
HO? LEHGTH



| I
r. THUNDERBAY
8 @ 18 7 GH: @ 127 GHz @ 11-2 GHz
70 100aB
| 40 50\ e 59 60 7048
S
= 60 30
g
= 804dB
® | s0
> 20 £
40 80 60 | 20
; \au 20
w [
(]
= z‘D
4
ul
= 10
v
| S
1))
fo I
(&
10 |- A [l [ ] 1 i ' =T
0 5 10 15 0 ] 10 15 0 5 10 milze
HOP LENGTH

Fig. 82. Coefficient of variation of the yearly probability that a given attenuation
is exceeded versus hop length for 11.2, 12.7 and 18.7 GHz.

g™
L’.(’(



‘el & 1S TRCEFDL

IS EXCECDED

HOUMS ‘W A YEaR A

: Figs. 83,8,,85 (Left; Below Lett; Below
. Right). Probability of exceeding a
Foll 26H2 WINNIPED ; given attenuation at 11.2, 12.7 and
. ! 18.7 GHz for various hop lengths. The
; \ i curves are obtained averaging 10 years
oAl e of data.
|£ u"".
E
“,L o2
[
s
- i
d ' s n"HI
E |
i ra .
:— 28 miles 1 |
e 29 30 qla': 50 TRETT
W m! M.IﬂE ";rr
FeiB'T GMp WiNMiPEG
Fel2 T GHz WINNPEG
0 w03 H:I:;
(=]
-]
b
g
I lﬂ"' : I:
2 -
3
=
Qi ot T o4
2| &
AR
]
2+ ok oo
F 5
r 285 milen TS
-‘D_ ?.:2') J" -':.‘ Efa 1;: & 133 B

s

e e—— -

V. s e E T TS A S

[ P



e Figs. 86,87,88 (Left; Below Left; Below

@ n2om WINNIPEG Right). Conditional probability that a
=1 given attenuation is exceeded contem-
E | a poraneously on adjacent links at 11.2,
3 \ i ob 12.7 and 18.7 GHz.
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Right). Conditional probability that a
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is exceeded versus hop length for 11.2, 12.7 and 18.7 Gliz.
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Figs. 93,94,95 (Left; Below Left; Below

10°
FRE Sy RBMCNTON Right). Probability of exceeding a
given attenuation at 11.2, 12.7 and
18.7 GHz for various hop lengths. The
curves are obtained averaging 10 years
10 10-34 of data.
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e

: Figs. 96,97,98 (Left; Below Left; Below

b @ 126m EOMONTON Right). Conditional probability that a
o t given attenuation is exceeded contem-
z | poraneously on adjacent links at 11.2,
- . pu . 12.7 and 18.7 GHz.
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Figs. 99,100,101 (Left; Below Left; Below

£

: E Right). Conditional probability that a
~ 0 @112 oH: EOMONTON given attenuation is exceeded contem-

2 s poraneously on two links separated by a
. i link length at 11.2, 12.7 and 18.7 GHz.
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TABLE 1

Frequency
(GHz) K s
11.7 0.02304 1.24
12.7 0.0342 1.20
18.7 0.0977 1.10



Raingauge

Raingauge No. 2

TABLE I1

Attenuation No. of Individual duration Total duration
(dB) occurrences (mins ) (mins )
5 5 13,13,9,37,7 79
10 L 8,11,6,27 52
15 1 18 18
20 1 8
25 1 2 2
5 7 6,27,10,1,11,37 102
10 3 8,23,8 39
15 2 L,9 13
20 - - -
25 - - -

5 15 1,1,4,13,8,2,42 95
1,2,7.7,1,2,2,2

10 6 3,7,1,27,5,6 48

15 5" 4,1,5,2,3 15

20 1 1 1
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TABLE XXXIX

3#*
Number of rain events in 10 years for various rainfall rates

R(mm/hr ) 10 30 50 70 90
Halifax 483 159 66 39 26
Montreal 699 335 123 76 54
Toronto 423 188 105 70 50
Thunder Bay L36 210 99 68 53
Winnipeg L60 179 92 60 41
Edmonton 286 9L 38 14 11

An event of a given rainfall rate happens when rainfall rate
exceeds the given value. Unfortunately, in the same precipitation
pattern this can happen more than one time.



TABLE XL

Statistical properties of the sizes of rain events for
various rainfall rates. For each rainfall rate three
lengths are given in km. They correspond to the 50%

level (median size), the 703 level and the 90% level.™

R(mm/hr ) 10 30 50 70 90
Halifax 302 1-5 8 <o5 <o5
5'5 301+ 109 1 05
13.5 Te5 4.8 2.5 1.5
Montreal 2.1 1.3 1.7 1 o7
3.5 2.5 3.5 2.3 2
8.5 6.5 7.3 55 3.7
Toronto 2.75 1:7 l.1 1 ?
L.8 3.4 2 1.5 1.3
11.5 7.2 5¢5 3.5 3.3
Thundcr Bay 2.5 1.5 1.2 1 75
5 3.5 2.2 1.4 1.1
12.5 7.5 6.5 5 2.8
Winnipeg 2.4 1.5 1.2 75 7
4L 2.5 2 1.25 1
10 545 Le3 2:5 2.5
Edmonton 2.2 1.2 1 0.5 <.5
3'9 206 106 1-1 1
8.5 6.5 2.9 2.3 2.5
*

50% level means that 50% of the rain events are smaller than
indicated.

70% level means that 70% of the rain events are smaller than
indicated, and so on.

The size of an event 1is defined as the time for which rainfall
rate was larger than a given value, multiplied by the wind velocity.
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and R.H. Douglas, January 1970.
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