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Abstract

The only way to measure the areal precipitation directly at present is to
use the weather radar. Unfortunately, however, the relation between radar echo
and precipitation varies with conditions so much that it is difficult to use the
radar as rain gauge. One of the ways to overcome this difficulty is to calibrate
the measurement of radar by rainfall telemeters. For this purpose, it is possi-
ble to construct a system composed of a central computer, weather radars and
rainfall telemeters, but there arise other difficulties, because the transmission
of the high-frequency radar signals necessitates a very expensive communication
system and the data processing of the computer becomes difficult. In consider-
ation of the very low frequency of hydrological phenomena, such a communica-
tion of the radar signal itself seems to be somewhat superfluous, and an idea is
proposed and discussed with regard to the integration of the radar signal at the
site to cut off its high-frequency components.

With gate circuits and integrators it is possible to comstruct an [analog de-
vice which gives local averages of radar signals on polar coordinate meshes.
It is necessary to rotate the antenna slowly in order to make the communication
density low, and thus the data can be transmitted by usual telephone line at
low cost. The processing has another important merit in making the informa-
tion density low, so that many radars can be controlled with one central com-
puter. In this system the radars need not be powerful and of long range. The
aimed region can be covered with circles of radar ranges, so as to avoid the
interruption of mountains. The results of experiment show that this system is
promising.

1. Purpese and Outline of the System

1.1 One of the most important and difficult problems in water balance is the
measurement of areal precipitation. We can only estimate it from a set of rain
gauges, and as we cannot measure directly areal precipitation itself, the error
of estimated areal precipitation must be a theoretical one, that is, the error is
derived from some hypotheses, and cannot be evidently proved.

1.2 We consider that the only way of measuring the areal precipitation
directly at present is to use the weather radar. Unfortunately, however, the
relation between the intensities of radar echo and precipitation varies with con-
ditions so much that it is very difficult to use the radar for rain gauge. One of
the ways to overcome this difficulty is to calibrate the measurements of radar
by rainfall telemeters. For this purpose, we can use the central computer con-
nected with the radar and rainfall telemeters. Moreover, with the use of a cen-
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tral computer we can construct a system for flood forecasting, heavy rain warn-
ing, dam-gate control, etc. (M. Sugawara ef «l., 1968; M. Sugawara, 1968).

1.3 There lies in communication another difficulty that the radar signal re-
quires very high frequencies, and so the communication system becomes expen-
sive and moreover the data processing of the central computer becomes difficult.
As the hydrological phenomena are of very low frequency, there must be some
superfluousness to communicate radar signal itself. And we have got an idea of
integrating the radar signal at the radar site by cutting off its high frequency
components (M. Sugawara, 1968; E. Kessler and K. E. Wilk, 1968).

1.4 If we integrate the radar signal at each of sequential intervals with the
use of gate circuits and integrators for time duration 4f, setting the radar an-
tenna in a fixed direction, we obtain the local integral of radar echo in time and

space, where the integral domains are as

i shown in Fig. 1, in which 4r is determined
by the time interval of gate opening and

o 4% is the width of radar beam.
Fig. 1 1.5 By stepwise rotation of the radar

. antenna with rotating angle 46, after fix-
ing it for time interval 4¢, we can get the local integral of radar echo on polar
coordinate meshes.

But the stepwise rotation is not essential, and we may rotate the antenna
continuously at a constant speed.

1.6 It is important to rotate the antenna slowly, and then we can set the
long time interval 4¢{, which causes the following large merits:

1) The noises with cancel each other during the integration interval 4f, so
that the noise level becomes lower by inverse proportion to the square root of 4f.

2) The communication density becomes lower by inverse proportion to 4t

1.7 For example, let 44 be 3° and 4¢ be 1 second, then the rotation period
is 2 minutes. If we divide the radar range into 30 intervals, and as each of
integral values can be expressed in 7 bits, we can transmit the obtained infor-
mations with 210 bits per second or it may be sufficient with 300 bits per second
even when other necessary signals are included. Therefore, it is easy to com-
municate with the usual telephone line at low cost.

1.8 As the result of low communication density, there arises the possibility
of controlling many radars with one central computer. In this system the radars
need not have long ranges, because our purpose is to cover the area with a set
of radar ranges overlapping at their peripheries (M. Sugawara, 1969a and 1969b).

1.9 The use of a set of short-range radars has several merits as follows:

1) The radars need not be powerful because of their short range.

2) The interruption by high mountains can be avoided by appropriate dis-
tribution of radars.

3) An inadequate height of radar beam, which is caused by the curvature
of the globe or by the elevation angle of radar antenna, does not occur in the
cases of short-range radars.

4) The radar beam widths need not be so small because of short range, and
the radar antenna need not be so great.

1.10 Although there may be a problem of cost in setting up a system of
radar net, we consider that such system is desirable because the communication
system is not expensive, and the radars also are not so expensive from the fol-
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lowing reasons:

1) Radars need not be powerful because of their short range.

2) As the final data from the radars are the integrated value, the noises
will cancel each other during the integration. Therefore, the radar apparatus
may have rather large noises.

3) Because of the short range, the radar beam widths need not be so small.

4) As we use the data from radars after calibration with rainfall telemeters,
the radar apparatus may have some drift or fluctuations of low cycles whose
periods are much longer than the time interval of calibration.

5) Each apparatus of the system, such as radars, integrators, etc., must be
made by the same specifications, and the production cost per unit may become
lower,

2. Results of Our Experiments

2.1 The first trial was to connect the computer with the radar directly.
Using the analog-to-digital converter, it was tried to convert the radar signal
itself into digits for obtaining the distribution of radar echo intensity on polar
coordinate meshes in digital forms. Then we can transform them into the pre-
cipitation distribution on polar coordinate meshes after calibration with the rain-
fall telemeters (M. Sugawara et al., 1968; M. Sugawara, 1968). After some suc-
cessful experiments, a conclusion that it would be better to integrate the radar
signal at the radar site before the transmission to computer was obtained, and
an apparatus was made for the test of that possibility (M. Sugawara, 1968).

2.2 The radar which was used for our experiment had many weak points.

1) The radar was made several year before and was too old for recon-
struction.

2) The radar was made at first for the detection of artificial rainfall and its
wave length is 3cm, being not suitable for rainfall measurements which require
longer wave lengths.

3) It is important to rotate the radar antenna slowly for our purpose, but
our radar antenna rotates 10 times per minute.

4) Our radar is situated at the center of a small plain surrounded by moun-
tains in all directions as shown in Fig. 2. It is the worst situation for rainfall
measurement.

5) In our new system with integrators, the noise level becomes low by in-
tegration, but our radar apparatus is made to cut off the radar signal under
original noise level. Therefore, we cannot utilize the weak radar signal which
may become useful in our new system.

2.3 The outline of the analog devices with gates and integrators is as fol-
lows:

1) The radar range of 60km is divided into 20 sections by gate circuits
which open for 20psec successively. The first section nearest to the radar is
not used because of noises.

2) Each of dissolved radar signals through the gates is integrated by the
incomplete integrator (the linear filter of first-degree lag system) of time con-
stant of 0.1 second, during which the radar antenna rotates by 6° in azimuth.

3) Each integrator is sampled and held simultaneously at the interval of 0.1
second, in other words at the interval of 6° in azimuthal angle.
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Fig. 2.

4) The integrated radar signals held in analog memories are sent out for
transmission. In our case they are recorded in a magnetic tape recorder for the
reproduction at the computer.

5) Thus, we can obtain the local integral of radar signals on polar coordi-
nate meshes, where Ar=3km and 46=6°. Smaller meshes of 4r=1.5 to 2km and
46=2" to 3° were wanted, but we could not get them because of expense.

2.4 The data recorded on analog magnetic tapes are reproduced and turned
into digits which are summed up on polar coordinate meshes for some time in-
tervals, usually of ten minutes, Then we get a map of radar echo distribution
in digital forms.

2.5 Distribution of radar echo intensity is transformed into rainfall distribu-
tion in a digital computer.

2.5.1 The first correction is the compensation of radar echo intensity weak-
ened by mountains. We assume that the effect of mountain shadow decreases
exponentially with distance. Therefore, we multiply the echo density by the
compensation factor.

A=14c¢ > giexp{—alr—r)},

7'i<?'
where « is a decreasing coeflicient, ¢ a constant, g; the intensity of ground echo
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of a mountain which lies at the distance #; from the radar, and » the distance
of the point which lies behind the mountain. The constants « and ¢ are so deter-
mined by trials as to give the good final results.

The corrected echo intensity on the mesh domain where the ground echo
exists must be corrected again by eliminating the ground echo.

2.5.2 Then the corrected radar echo must be turned into rainfall. The re-
lation between rainfall intensity R{#) and radar echo intensity P(#) is given as

r r
log R[r}:ﬁ[log Piry+2logr+A+B S exp {clog R(r’)}dr’ﬁ—Dr} 5
L0

where 7 is the distance from the radar, 8, A, B, C, D constants, and D among
them negligible in our case of the radar of 3-cm wave length.

2.5.3 In our system we use the integral log P(r) instead of log P(#), so there
appears a problem of putting P(r) and R(r) instead of P(r) and R(») in the
above radar equation, because both of the logarithmic and exponential functions
are not linear.

There exists also a more difficult problem in our system in which the weak
radar sighals below the noise level are cut off previously. If the weak radar
signal is fluctuating above and below the noise level during the integration in-
terval, the integral value with the cut-off signal must become greater than the
integral of original signal. Even the noise itself cannot cancel each other in
this case.

Therefore, if we put the integral of the cut-off signal into the radar equa-
tion without correction, we will get far greater values than the actual when the
signals are weak and the distance is large or the damping effect of the rain is
large.

2.5.4 The correction for the bias of this type must be statistical, and it is
rather reasonable to add the statistical correction to the radar equation which
has also a statistical origin in its main part. As we use the radar equation on
polar coordinate meshes, we put integer 7 instead of distance », where i corre-
sponds to the i-th radial interval. Thus the radar equation turns into the fol-
lowing form, where P, is the noise level.

foi R@:ﬂmg -};ﬁj) +Allog i+B)+C 3} {R(z’)}"} .

As this formula gives much larger rainfall than actual when the radar signal
P(i) is small and the second and third terms of the formula are large, we must
multiply correction factors F and G to the second and third terms, respectively.

o [ P . o v B .
log R(z)zg{log P 4+ F-Alogi+B)+G-C > {R(z)}“} .
0 =

The correction factors are given as

, i—1
| s —Ijﬁ” thee SUIR@Y, (when F<1)
i [\ =1

1, (otherwise)
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Observed J f@ylog PGy, (when G<1)
50~ mm/h G=
[ l 1, (otherwise)
| ; , Fi)=1/(a+bi),
20F
. " where k, a, b are constants. Mean-
10k Ce ing of the function f(/) may be prob-
F . .4 . ably a simple approximation of log-
5: . mgy N . arithmic function (k' logi-+B").

The forms and constants of the
correction factors are determined by

L g
sl . trials, so as to obtain good final re-
sults, but there remain still many

Calculated ambiguities.
% 7 5 10 20 g Mmih 2.5.5 One of the results ob-

tained by the above corrected formu-
la is shown in Fig. 3. The correlation
between the observed and estimated
Observed rainfall values becomes bad, while
50r mm/h the distance from the radar increases.
i Without the above correction, how-
ever, there is scarcely any correla-

Fig. 3. Before calibration (Kakezakoyama).

20r . tion at distant spots.
. LI 2.5.6 The relation between ra-
101 - dar signal and precipitation may
C P fluctuate with time partly from the
5[ R variation of distribution of rain
L W e drops, and partly from the fluctua-
- S A e tion of the power of radar, etc.

These fluctuations can be corrected

by multiplying the correction factor
Calculated that varies with time. These values
e “'10 20 '5'0 mm/h can be determined by comparing the
derived rainfall with the observa-
tion.

There may be also local fluctuation which can be corrected by local factor,

After these corrections we get slightly better results as shown in Fig. 4.

2.5.7 More important method to obtain better results must be the repeated
calibration with short time intervals. For example, if we repeat the calibration
at 15-minute intervals, then we get hourly precipitation as the sum of four cali-
brated values, We will get better results than in the case when we calibrate
one time per hour.

Unfortunately we can use hourly precipitation data only, and therefore, in-
stead of using the precipitation data of 15 minutes, we sum up the successive
four calibrated hourly data and compare the sum with the observed precipita-
tion of four hours. The results show better correlation as shown in Fig. 5, but
we consider them to be not sufficient for use.

2.5.8 One reason why the correlation is not good is that the value derived
from the radar data is the estimate of areal precipitation on polar cooridinate

Fig. 4. After calibration (Kakezakoyama).
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and Chausutoge).

3) Kessler, E. and Wilk, K. E. (1968):

purposes.
4) Sugawara, M. (1969a):
radars and a computer.
5) Sugawara, M. (1969b):
and Control, 8, No. 12, 129-136.

mesh domains and is different
from the value of point pre-
cipitation which is measured
by a rain gauge at a point.

Unfortunately we cannot
measure the areal precipita-
tion directly to compare with
the radar data. Instead of
areal precipitation we can use
the sum of point precipitations
of several rain gauges, and
the sum is compared with the
sum of corresponding values
derived from the radar data.
One of the results is shown
in Fig. 6.

2.6 Though the final re-
sults shown in Fig. 6 are not
satisfactory, it may be said
that our method is promising,
in consideration of many bad
conditions of our experiments.
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