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ORIGIN OF PRECIPITATION

F.H. SCHMIDT
Royal Netherlands Meteorological Institute, De Bilt

In Western Europe, precipitation is normal phenomenon; it is of importance to
all aspects of society, particularly to agriculture, in cattle breeding and, of course, it isa
subject of hydrological research. Precipitation is an essential part in the hydrological
cycle. How disastrous local conditions may be when precipitation holds off was obvious
recently in the Sahel territory, where for several years precipitation, which had previousty
been marginal, stayed well under normally expected quantities. This introductory paper
aims at conclusions that may be drawn with respect to the distribution of rainfall, when
judged from a scrutiny of the mechanism that is responsible for the very origin of precipita-
tion. (See Fletcher (1962) and Mason (1971)).

Precipitation is exclusively caused by clouds, and the origin of clouds is in itself some-
thing special. The condensation of water vapour, which results into clouds, cannot take
place in pure air. For, relative humidities of 300 to 400% would then be necessary and
such high humidities never occur in the atmosphere. That is why condensation of water
vapour in the free atmosphere always takes place on small particles, the so-called conden-
sation nuclei. These condensation nuclei can have different dimensions, generally in the
order of 107! to 10u. It is interesting to note that larger condensation nuclei generally
lead to larger cloud-drops.

Condensation of water vapour generally takes place in the form of drops, but when
these drops have temperatures below zero degrees centigrade, ice-crystals may be formed.
Generally speaking, in the free atmosphere this does not happen immediately at a temper-
ature of 0°C but as a rule at lower temperatures. Even at temperatures down to —10 or
—20°C or, in extreme cases, even —40°C, waterdrops can still exist as such. They are
called super-cooled droplets.

For the forming of ice-crystals it is generally that small crystalline particles are present
in the waterdrops; around these crystalline particles, the waterdrops start freezing. So
there are clouds consisting of waterdrops only. There are also clouds at higher levels that
exclusively consist of ice-crystals. Very important for the genesis of precipitation are
those clouds that largely consist of waterdrops but in which ice-crystals are present too.

Clouds are something special in that the presence of particles in the atmosphere is
necessary for condensation to take place, The phenomenon of precipitation in itself is

“Q”EB“B'é'éliﬁZ{“For there are clouds that do not give precipitation and others that do. This
means that apparently something special must be the matter with a cloud, should it
discharge in terms of rain, hail, or snow.
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That such a special thing has to happen, becomes clear when the dimensions of cloud
particles are compared with those of precipitation drops. A normal cloud drop has a
diameter in the order of 10 to 100 micron. On the other hand, a normal rain drop has
dimensions of 1 to 6 mm. This means that, as its volume is proportional to its radius to
the third power, one thousand to one million cloud drops should coagulate to form just
one element of precipitation. It is clearly out of the question that a million or even one
thousand cloud drops present in a cloud, should in some way or other, without any
obvious cause, unite to one precipitation drop.

It has been proved that the origin of precipitation can only be explained when, in a
cloud, particles of various dimensions are present. The larger particles in such a cloud,
having a higher rate of fall than the smaller particles, will fall, with regard to the latte},
and thus overtake them. It has also been proved that, in this way, such a large falling
cloud element can catch so many small cloud elements that the former at last gets
dimensions that correspond with the dimensions of a normal raindrop.
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1. Distribution of cloud drop dimensions in cumulonimbi, observed during 7 test flights with a Fokker
Friendship. Numbers of flights are indicated. Number 564 refers to the flight over Amsterdam.
Numbers between brackets give estimated surface windspeed in knots. (From F.H. Schmidt in
Geofisica Pura e Applicata, 50, 176, 1961).
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Now another difficulty remains in that the question should be answered: how do such
large particles originate in a cloud? In the first place this may be due to coagulation, when { ;;
there is more or less strong turbulence in the cloud. However, as a rule this process leads
to no more than the relatively small droplets that occur in a drizzle.

To come to real precipitation, i.e. real rain or real snow, nature has two important
processes at its disposal. It has already been mentioned that condensation nuclei of differ- (" *
ent_dimensions can be present in the atmosphere and that the larger condensation nuclei
generally lead to the occurrence of larger drops. Here one finds a first possibility for large
particles to be originated in a cloud. These large particles fall, with regard to the smaller

ones, coagulation takes place and precipitation drops are formed. This process mainly
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takes place when sufficient large condensation nuclei are present, and that is generally the
case above seas. For sea-salt nuclei generally have large dimensions and by the1r large
hygroscopicity, change into large cloud drops. Notably in tr0p1c11 ptatlon
due to such large nuclei is a rather normal phenomenon. Also at moderate latitudes do
.sea-salt nuclei occur. This has been evident from measurements made during testflights of
a Fokker Friendship. It was then found that above land, and especially over the city of
Amsterdam, a great number of small condensation nuclei and, therefore smaller droplets
were present in the clouds, whereas above the North Sea also large drops were observed to

occur in the clouds examined. (Fig. 1).
200
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3. Droplet spectrum in some cloud families.
Precipitating clouds are:
altostratus
nimbostratus
stratus (drizzle)
Non-precipitating are:
fair-weather cumuli
stratocumulus.
£ Cumulus congestus may develop into precipitating cumulonimbus.
(from Mason, 1971)
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Generally, another process is of much greater importance at moderate and high lati-
tudes. It was already mentioned that, besides waterdrops, also ice-crystals appear in many
clouds. Now the maximum pressure of water vapour in contact with ice is lower than the
one when the water vapour is in contact with a supercooled water surface (Fig. 2). When
in a cloud, a so-called mixed cloud, besides waterdrops also ice-crystals are present, the
vapour pressure in the immediate surroundings of the crystals will be lower than the
vapour pressure in the immediate surroundings of the water-droplets. This results into a
vapour transport from places with a high vapour pressure to places with a low pressure,
that is to say from the environment of the waterdrops to the environment of the ice-
crystals. The vapour pressure around the waterdrops now becomes too low; the water-
drops partly evaporate while the pressure around the ice-crystals becomes too high.
Higher, at least, than the maximum pressure that belongs to an ice-surface at the prevail-
ing temperature. This means that the ice-crystals will grow because vapour will condense
on them. And the large crystals start falling with respect to still smaller ones and small
waterdrops. They will overtake these and grow by coagulation. In due course they will
continue their fall as snow-crystals or snowflakes. This process notably takes place at

20

moderate and high latitudes, which means that precipitation in these latitudes then
generally or{gjnafés as snow. Figure 3 shows the distribution of droplet radii in some
precipitating and non-precipitating clouds.

When temperatures between the level where the snow is formed and the ground remain
below freezing-point everywhere, snow is maintained as such. When the temperature near
the surface of the earth, or the lower air-layers lies above the freezing-point, the snow will
melt and it will start raining. Everybody knows that, at temperatures close to the
freezing-point, e.g. +2° or +3°C, raindrops that fall on a windshield of a car may give the
impression of little spurts that can be interpreted as snow-crystals that just melted and
which essentially fall apart against that shield.

The two processes sketched above both entail on opportunity for rainmaking. The first
one is mainly of importance in the tropics, where the following procedure is sometimes
applied. When a cloud does not show any tendency of giving precipitation, a quantity of
salt is brought into it, for instance by means of a balloon. Explosives next cause that salt
to be fragmented into small crystals. Being highly hygroscopical, these salt-crystals, when
diffused through the cloud, cause the forming of large drops. These large drops, over-
taking the small ones, cause precipitation.

$
t

At temperature latitudes, precipitation can be generated when a cloud is available V\Ei"’h
temperatures below zero degrees centigrade in its upper parts, in which the amount of
ice-crystals, necessary to cause appreciable precipitation, is insufficient.

Particles are then brought into that cloud that have a crystal structure so much
resembling the structure of ice-crystals that the waterdrops contacting these crystals,
freeze. A well-known crystal used in this process is silveriodide. One can also decrease
temperatures in a cloud to about —60 or —70°C, by letting liquid CO, escape; in such
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low temperatures waterdrops cannot maintain themselves in the atmosphere and generally
a sufficient number of ice-crystals will be formed to cause precipitation in that way.

The vital point in measuring precipitation is the question to what degree the intensity
of precipitation will difffer from place to place. It may be clear from the above that one
cannot expect precipitation to be equally heavy in all places.

In fact there may be more ice-crystals in one place than in others. Besides, for various
reasons, the number as well as the diameters of the waterdrops in a cloud are highly
dependent on the upward movements in the cloud. This may be accounted for as follows:
due to its upward motion, the air will cool and as the gooling i intense, starting
from the same quantity of vapour in the air, the amount of vapour tha condense will
be larger. It means that also more or larger drops will then come into existence than in a
situation when the upward velocities in the air are lower. In the tests of the Fokker
Friendship, which we mentioned, the number of drops varied between 50 and 350 per
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4. The variation of drop diameter for range of updraught velocities according to Bowen. (from Mason,
1971)
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cm? for the 7 flights, while the number of drops with a diameter of 50 um varied from
1.79 to 0.03 per cm®.

A second reason why the amount of precipitation is related to the upward velocities
in a.cloud, lies in the fact that the stronger the updraught, the longer the larger cloud
elements can remain in the cloud, and they then have an opportunity to overtake more
small particles (Fig.4). In this way one can expect that clouds in which a strong upward
motion takes place, e.g. cumulonumbi, will generally give more precipitation than clouds
with weak upward currents like the layer-clouds that form along warm fronts. As a matter
of fact, the velocities at which the precipitating clouds pass the observation place is also
of importance. But, also within the cumulonimbus, the upward movement in one place
will be stronger than in another place; even in such apparently even clouds as warm-front
clouds, a stronger upward velocity will be present in one place than in an other. It means
that in both situations more precipitation will fall in one place than in another place, and
such precipitation differences may be present at rather short distances. To get a good
impression of the precipitation distribution in a certain area, one must therefore use a
great number of pluviometers.

Up to now there has been some talk of an accidental distribution of vertical speeds,
leading to an accidental distribution of water quantities in a cloud, and it is difficult to
find a conclusive explanation for this phenomenon. But there are other causes of precipi-

5. The effect of the city of Rotterdam on the amount of precipitation during NE-ly winds in summer.
Numbers are normalized as follows: (precipitation - average precipitation over the region): standard
deviation. Examples: Rotterdam, station at the Westerkade average 9.4 mm, regional average 8,9
mm, lowest value at Zandvoort, at the coast, west of Amsterdam 5.5.

6. The effect of the city of Rotterdam on the amount of precipitation during SW-ly winds in winter.
Normalization as in Figure 5. Precipitation between 5 and 10 mm. Figures 'S and 6 are based on an
an investigation by Mr. G.J. Yperlaan.
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tation differences that can be understood, as will now be shown with reference to some
relevant examples.

First of all, generally more precipitation falls at the leeward side of big cities than at
the windward side; this can be understood with the help of the preceding reasoning. A
city is a squrce.of heat and, as a result, an upward movement of the air above the city
arises. An upward movement that moreover is intensifed due to the larger. roughness in
the city compared with the surrounding area, which forces the horizontal air current
(the wind) to evade upward. So one might expect that at the leeward side of a city, more
water will be present in the clouds than at the windward side; as a rule more precipitation
will then fall at the leeward side of a city. One can even find this on some charts of the
Climatological Atlas of the Netherlands. Recent investigations have also shown that there
are slight differences in the quantities of precipitation; this can partially be explained by the
effect of cities and large industrial areas (Figs. 5 and 6).

Natural obstacles like woods and hills also cause vertical rising movements of air and,
along with them a strengthening of the precipitation. Some investigators are convinced of
the existence of a wave motion perpendicular to lines along which the surface rough-

ness changes more or less abruptly, like coastlines. The effect of such a wave motion,

characterized by very weak upward and downward motions, seems to be present in the
precipitation pattern in the Netherlands (Fig. 7). How strong precipitation can differ
from place to place during showery weather, appears from the total amounts when cold
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7. Possible effect of a weak wave motion, east of the coastline, on precipitation in the Netherlands
(from Timmerman, 1963).
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air penetrates the Netherlands from the south, putting an end to a hot summer period.
It is during such invasions of cold air that most precipitation falls in this country. Figure
8 shows how strongly this precipitation can differ from place to place.

N

8. Precipitation in mm between 18 July 1964, 7.40 gmt. and 19 July 1964, 7.40 gmt., due to passage
of a cold front after a period of hot summmer weather in the Netherlands. (hagel= hail; regen =rain).
(from H. R. A. Wessels, 1965).
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An irregular precipitation pattern is often found along weak warm fromts. In such
situations it even happens that no precipitation is falling at all.

All in all it seems that evexin a flat country like the Netherlands, with only few natural
obstacles, the distribution of precipitation may be quite irregular. Some aspects of this
irregularity appear on climatological maps. This means that, certainly for every day or for
every period of one hour or a few hours, the differences from place to place will be large.
Consequently, if one wants to have, for all kinds of purposes, an accurate impression of
the amount of precipitation that falls in small areas, special measurements should be

made to obtain sufficiently reliable results.
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THE ACCURACY OF MEASURING AREAL PRECIPITATION
WITH A RAIN GAUGE NETWORK

H.A.R. DE BRUIN
Royal Netherlands Meteorological Institute, De Bilt

1. SYNOPSIS

The main purpose of this technical meeting of the Committee for Hydrological
Research TNO, is to report on the use of radar for precipitation measurements. In
practice, areal precipitation is at the moment mainly determined by rain-gauge measure-
ments at individual points. The aim of this paper is to discuss the accuracy which this
method may yield.

Firstly, the instrumental errors of a rain-gauge proper are described. Secondly, the
spatial variability of a precipitation field is discussed. Thirdly, a theoretical approach of
the problem is given and, lastly, some results are shown of experiments carried out with
a relatively dense network of rain-gauges.

2. INTRODUCTION

For many hydrological applications, information on the precipitation depth averaged
over a certain area, S, and fallen in a certain time interval, T, is desirable. In practice, this
average is mostly determined with rain-gauge measurements taken at a finite number of
individual points. ,

It is perhaps interesting to relate that this method was first described many centuries
ago; Biswas (1971) reports that the Chinese scientist Chiu Chiu Shao, who lived about
1200 A.D., discussed it in his book “Shu Shu Chiu Chang”.

The accuracy of the method depends on several factors. The instrumental accuracy is,
of course, important; the spatial statistical structure of a precipitation field, depending on
the climatological characteristics of the area of interest, plays a prominent part, while
further the quantities S, T, the number of rain-gauges, N, the spatial distribution of the
gauges, and the method of estimation itself may affect the accuracy of the method.

3. INSTRUMENTAL ERRORS OF A RAIN GAUGE

General remarks

A rain gauge is an instrument that has been used for thousands of years (Biswas,
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1971). It usually has the form of a collector above a funnel leading into a receiver.

In the Netherlands, the so-called “national standard rain gauge” is installed with its
rim 40 cm above ground level, while since 1962 its orifice has an area of 200 em?.
(Before 1962, its area was 400 cm? and before 1946 its height 1.50 m).

In general, the catch of this rain gauge differs from the true precipitation depth
because of instrumental and observational errors. Some of these are discussed in the
following sections.

Systematic errors

A rain gauge is affected by a number of systematic errors. For instance: evaporation
and wetting losses; rain can splash in and out, and wind also acts on the gauge. Although
these errors depend on such factors as the nature of the gauge, the meteorological condi-
tions and characteristics of the site, Kurtyka (1953) (see also Rodda (1971)) has made the
following approximations (see Table 1) of the magnitude of the most important systema-
tic measuring faults:

Table 1
Evaporation = Adhesion  Colour Inclination Splash Wind and exposure
~1.0% —-0.5% —0.5% ~0.5% +1% —5t0—-80%

It will be seen from this table that, except for the error caused by splash, the effects
are all negative, while the error due to wind and exposure appears to be the most impor-
tant. Therefore, this error will now be discussed in more detail. B

The process of wind acting on a rain gauge is rather complicated. Qualitatively it can

be described as follows:
Wind interacts with the gauge and the feature of the site to produce eddies and turbu-
lence in such a way that, in the region immediately above the gauge, raindrops or snow-
flakes are accelerated. This results in an alteration of their trajectories by which a fraction
of the drops or flakes, which otherwise would have reached the orifice without distur-
bance, is not caught by the gauge.

In Figure 1, taken from Green and Helliweil (1972), streamlines are drawn as measured
above a rain gauge installed in a steady wind flow of about 3 m/s produced in a wind
tunnel. It is immediately noticeable that the effect of the rain-gauge is to cause a conver-
gence of streamlines from the windward edge of the gauge. The alteration of raindrop
trajectories is due to this convergence. Qbviously, the trajectories of small raindrops are
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Fig. 1. Streamlines above the Mk 2 rain-gauge funnel with a wind speed of 3.05 m/s, taken from
Green et. al. (1972).

altered more than those of blgger ones, while a - much greater proportion of snowflakes is

being deviated because of their larger su larger surface area and their lower fall-velocities.

The results shown in Figure 1 are valid for steady wind flows. In natural field condi-
tions, the flow will be far from steady: it will be more gusty. Furthermore, the wind flow
is influenced by obstructions, such as bushes, in the vicinity of the rain-gauge. All these
factors together make that a quantitative description of the process is hardly possible.

In practice, the order of magnitude of the error due to the wind, as far as liquid
precipitation is concerned, is obtained by comparing the catch of the rain gauge of
interest with that of a so-called “pit gauge”. This is a rain gauge installed in such a way
that its rim is at ground level. Usually an anti-splash grid is constructed to protect the
pit gauge against splash.

It is generally accepted that a pit gauge is not affected by wind. In the Netherlands, a
number of comparisons between the national standard rain gauge and a pit gauge was
carried out (see e.g. Braak (1945), Dey (1968), Colenbrander and Stol (1970)).
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Fig. 2. Seasonal fluctuation of the difference in precipitation depth between the standard rain gauge,
hg, and an international reference pit gauge, hy (0-0-0), and the seasonal fluctuation of the
mean wind speed (x-x-x); hp = 100%.

In Figure 2, the result of such comparisons made in 1972—1975 within the framework
of an international comparison programme, organized by the World Meteorological Orga-
nization through its Commission for Instrumentation and Methods of Observation, are
given for the Dutch stations De Bilt, Eibergen (Hupsel) and Noord Sleen. It is seen that
in winter the pit gauge catches 6—8 per cent and in summer about 3 per cent more than
the national standard gauge.

4. RANDOM ERRORS OF A RAIN GAUGE

Random errors due to reading the measuring glass

In the Netherlands, the measuring glass is read to 0.1 mm. The average daily rainfall
amount is about 4 mm, if only wet days are taken into account. So the random error due
to reading the measuring glass is about 2.5 per cent of the average daily precipitation depth.
As about 50 per cent of the days are dry, the random error of monthly totals due to this
effect can be estimated with an accuracy better then 1 per cent.

Errors due to the “random character of rain”™

Let us imagine a cloud which procedures raindrops, so that the dropsize distribution
and the rainfall intensity do not vary with time. During fixed time intervals, T, we take
samples of the rainfall depth, h. If Nj is the number of raindrops caught during the it
sample, we can write:

Ni(D*)i .
_r - A
hi %6 0 (l)
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where ¢ D%); is the average value of the third power of the diameter of the raindrops
caught during the ith sample, and 0 the area of the rain gauge. Doing so, it will be
observed that in general the values of h;, h,, hj, ... are not equal. This variation is
caused by random variation in N and D°, due to sampling effects. Appendix I shows,
that the relative value of the random error caused by this effect is given by:

o(h) 4 / D° )
h N(’ﬁa )2

It should be noted that N is proportional to 0, so o(h)/h «|f1/0.

During 1968 and the first few months of 1969, raindrop-size measurements were
carried out at De Bilt, using a filter-paper technique (Wessels, 1972). These data (one
purpose to collect them was to determine the relationship between rainfall rate and radar
reflectivity) were used to get an impression of the order of magnitude of o(h)/h. It should
be remarked that the measurements could only be carried out in working time. Table 2
shows some results for “daily” rainfall amounts and for two values of 0 (20 and 200 cm?).

Table 2
0 =20 cm? 0 = 200 cm?
date Fmm o(h)/R.100 o(h)/h.100 N(0=20 cm?)

5-1-68 0.16 6.7 2.1 1355

9.2-68 0.60 43 14 4651
14-2-68 0.06 4.9 1.5 3402
21-2-68 048 2.5 0.8 5898
21-3-68 1.9 24 0.8 11216

2-4-68 1.3 2.5 0.8 13820

4.4-68 2.7 2.8 09 12462
23468 3.0 1.5 0.5 23892
29-4-68 0.2 5.2 1.6 1727

7-5-68 1.6 34 1.1 8705
13-5-68 0.3 6.5 2.1 2903

6-6-68 4.0 1.7 0.5 34815
17-6-68 43 29 09 18364
10-7-68 8.3 1.5 0.5 39856
26-9-68 6.3 1.0 03 50025
20-2-69 1.4 39 1.2 6916

13-3-69 11.2 1.0 0.3 48142



22

Table 3 shows some examples of short time intervals:

Table 3
0 =20 cm? 0 = 200 cm?

AT min A mm o(h)/R.100 o(h)/h.100 N(0=20 cm?)
5 0.427 7.3 23 1271
5 0.096 8.8 24 1691
1 0.177 13.0 4.1 463
1 0.1732 14.6 4.6 512
1 0.329 8.9 2.8 799
1 0.052 21.0 6.7 175
1 0.241 17.6 5.6 1099
5 0.245 10.3 33 422

From these tables it can be concluded that the error due to random character of
rain is negligible for rain gauges having an area of 200 cm?.

In the literature (see for instance Kalma et al. 1969), rain gauges with smaller areas are
described. It is seen from Tables 2 and 3 that for these types of gauges the values of
o(hj/h are not negligible.

ARDELNG REERSLAG tetmasitatalan alg

P1aEst O 24 rrws QT2

@ s QS
PRacoNpeest

Fig. 3. Spatial distribution of daily precipitation amounts, as measured in Salland on May 24, 1972,
with the national rain gauge network (Fig. 3a) and a dense network (Fig. 3b).
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S. SPATIAL VARIABILITY WITHIN A PRECIPITATION FIELD

From our own experiences we know that the spatial distribution of precipitation can
be highly irregular. The meteorological processes responsible for this variability were
reviewed this morning by Schmidt (1976).

To illustrate the possible differences over a short distance, the spatial distribution of
the daily precipitation amounts is shown in Figure 3, as measured on May 24, 1972, with
a dense network installed in Salland, a district in the eastern part of the Netherlands, in
1970—1972. This was done within the framework of a hydrological research programme
(Santing et al., 1974).

In this figure the same precipitation field is drawn as “seen” by the (less denser)
national rain gauge network of the Royal Netherlands Meteorological Institute.

This example shows that, over distances of 1 kilometre, differences of 20 mm/day can
occur.

Generally, these differences within areas such as Salland are not systematic. For most
of the practical applications, areas in the Netherlands of, say, 1000 km? can largely be
considered to be climatologically homogeneous and isotrope.

It will be pointed out in the next section that a convenient quantity to describe the
statistical spatial structure of a precipitation field is the correlation coefficient, p, defined

by:

Bl — hyhy
Pik =g (3)

in which the bars indicate an average over a long time series; h; and hy are the precipita-
tion depth measured at the ith and k™ station, while o; and oy are the standard devia-
tions (of time series) of these stations.

If the distance between the two stations is denoted by I, it is to be expected that
P decreases with increasing r,, if a homogeneous and isotrope area is considered.

It has been found (see e.g. Stol (1972) and De Bruin, (1975) that the “correlation
function™, p(r), can be (more or less) satisfactorily described by:

p)=poe " @)
which relationship can be written for r <<14 in the form: ~
p(r) =po —1/1o (5)

Stol fitted the daily observations of a 10-year period from 9 selected stations situated in
the eastern part of the Netherlands to equation (4). He did so for each month. The
(“smoothed™) results are given in Figure 4 (according to Stol, 1967), while the values of
po and 1y, as found by Stol, are listed in Table 4. It should be noted that he only took
those days when at least 0.5 mm had been recorded at each station.
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Table 4

month Po ro km
1 97 962
2 .96 630
3 95 320
4 94 190
5 93 135
6 91 111
7 91 104
8 92 110
9 93 133
10 .95 186
11 96 309
12 97 609
Year 94 188
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Ten days total from 36 stations in the same area and of the period 19661972, were
processed by De Bruin (1975). He concluded that for r, up to about 30 km, equation (5)
can be used. However, he found a big scatter plotting p against r (a scatter which, after
all, is also present in the data of Stol). De Bruin pointed out that this scatter is partly due
to random observational errors, because these lower the value of p and, therefore,
increase its variability.

Table 5 shows the values of p,y and ro from (5), as found by De Bruin for 14 selected
stations. Furthermore, the corresponding values of all 36 stations are listed.

Table 5
14 selected stations all 36 stations
period
Qo ro km Po rokm
Nov.—March : .99 1000 95 1000
Sept., Oct., Apr., May 99 270 98 270
July—Aug. 99 190 .99 190

It is seen from Tables 4 and 5 that a seasonal effect exists: in winter, ry has a
maximum and in summer a minumum value. This is so because in winter mainly frontal
(that is large-scale) precipitation occurs, whereas in summer also convective storms (small-
scale precipitation) are likely to occur.

Table 6 lists the values of pg and r, from equation (5) for 5-day periods and different
“seasons”, as found in Salland by means of the records of the dense raingauge network
mentioned before. The values found in this network for 1 and 10-days periods were
similar to those listed in Tables 4 and 5. ’

Table 6

selected stations
period

Po tokm
“year” 97 230
“summer’’ .97 150
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6. ACCURACY OF THE ESTIMATES OF AREAL PRECIPITATION

Estimate with one rain gauge

A homogeneous, isotrope and square area, S, with edge £ is considered. In the centre.

P, of this area, a rain gauge is installed.
The precipitation depth averaged over the area is denoted by hg, while that measured
at P is called hg. As the area is supposed to be homogeneous, an estimate of hg is:

hg =ho (6)

Appendix II shows that the standard error of this estimate, E, defined by E? =
(hg —hg)?, can be written as:

To

E? = ¢? [(1 —po) +0.23 \/§] (7)

where o is the standard deviation of a long time series taken at an arbitrary point in S.
This relationship is valid, if equations (4) or (5) are supposed to be true.
Introducing Z = E/h and C, = o/h, we obtain:

Vs (3)

To

Z=Cy \/(1 —pg) +0.23

Table 7 shows some characteristic values of C,, for different time intervals.

Table 7
T days Cy=o0/h
1 14
5 1.1
10 09
30 0.5

Accuracy obtained with N evenly distributed rain gauges

Next, the case is considered that N rain gauges are evenly distributed over area S. The
recorded precipitation depths at these stations are denoted by h, ,h,, ..., hy.
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An estimate of hg is now given by:

N
L3 n 9)

he =R

while the relative error Z can be written as

(See Appendix II, and also Kagan, 1972).
Figures 5a, b, ¢ and d present Z drawn as a function of S/N for various values of S and
for different time intervals.

Some remarks on equation (10)

The reliability of equation (10) depends on the quantities po and ry, found with the
empirical correlation function given by (4) and (5). But, because of the rather big scatter
observed when correlation coefficient p is plotted against distance 1, the accuracy of
these quantities (notably that of po) is not very high. This is one of the main problems of
this “theoretical” approach.

Quantity po has been introduced as a result of the random errors of observation (see
Appendix II). Although po can be determined only with a relatively low accuracy, it is
interesting to see what happens when the value of p, is altered.

In Figure 6, Z is drawn as a function of /N for 1000 km? and 10-day totals, while the
following values of po were chosen: 0.96, 0.99 and 0.9975, corresponding with A = 0.20,
0.10 and 0.05 respectively (A is the random error of observation divided by o). Suppose
we have a rain-gauge network with S/N = 100 km? and A = 0.20. It is then seen from
Figure 6 that in a network with S/N~230km?® and A = 0.10, or S/N =~ 320 km? and
A =0.05, the same value of Z is obtained. This example is given to illustrate that under
certain circumstances it can be more economical to decrease the number of rain gauges,
if at the same time the random measuring error is lowered (for instance, by means of
automation of the network).

7. COMPARISONS WITH A DENSE NETWORK IN SALLAND AND IN ZUID-HOLLAND

It is in itself a problem to test the reliability of equation (10). The only thing one can
do is compare the records of a dense and a less dense network of rain-gauges with one
another, assuming that the densest network gives the true areal precipitation depth.

In this manner, the data of a network of rain gauges installed in Salland during 1970—
1972 were used.
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Within an area of about 1100 km?, rain gauges were erected at 65 points. These are
plotted in Figure 7. It is seen that in principle the gauges are evenly distributed over the
area. They form a 5x 5 km grid. In the centre of the area (in the neighbourhood of
Heeten), the network had a special density.

1 [w]
1.1 .2 1'.3 1'.4 1.5 1‘6 Rheeserveen
Vecht ﬂ
L 2.1 2.2 2.3 2.4 2.5 26
1 /\,M\’;\D X X
Vilsteren
34
3.1 a2 33 . 36
° [ [ [
O 5kMm
0 Heino Vroomshoop
4.3 4.6
4.2 44
. o . o
0 Hellendoorn
5.1 52 5.3 54 55
X . d ° °
6.1 6.2 20 63 6.4
. . ® 05 ® 6.5
30 )
29
50 O ow
7.4 72 7.3 74 7.5
[ ] N L ] L] X
O Lettele
0 Deventer
82 Schipbeek 86
hd )
Q’o O Markelo
e,
B,
6@
Qf
Berkel

Fig. 7. The dense network of rain gauges in Salland.
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Here the distances between two stations were up to about 750 m. In order to avoid the
systematic measuring error due to wind, pit gauges were used. For budgetary and orga-
nizing reasons, a special, cheap type was developed; see Figure 8.

V/W’ » 4 Y
-

270

385 »

A

750

Fig. 8. Schematic cross-
section of the
‘Salland pit-gauge’
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Comparisons between this type of rain gauge and an international standard pit gauge,
mentioned in one of the previous sections, were carried out at De Bilt in 1972-1975.
Two “international” pit gauges were installed next to three “‘Salland™ pit gauges.

150 o
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| A
100'— ,/'
/,//
— /9/
/,/
u ~
- 7
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50 .
| V(/
o
,V
. /’y
n ' pit
0 T N N N U N T N N (O M MO N O B
0 50 100 150

Fig. 9. Comi)arison between the monthly precipitation depth measured at De Bilt with the “Salland
pit-gauge” and the international reference pit-gauge (mm).

In Figure 9, the means of the monthly totals measured with the three “Salland” gauges are
plotted against those of the two “international” gauges. It is seen that there are hardly
any differences between the two types of pit gauges. (De Bruin, 1973).

Unfortunately, it appeared that the daily records of about 30% of the stations were
inadequate (Yperlaan, 1974), so only the data of 42 stations could be used for testing
equation (10) as far as daily totals were considered. For 10-day totals all 65 stations were
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used. The arithmetic means of the records of these data were taken as the true areal
precipitation depth.

The areal precipitation depths of 72 10-day periods were estimated with 1, 2 and 5
stations of the national rain gauge network, respectively, each covering about 1000, 500
and 200 km?, respectively. As the five stations were not evenly distributed over the area,
the “Thiessen average” was taken as an estimate. These estimates were compared with the
“true” precipitation depth obtained with the dense network. The respective values of Z
were calculated; they are plotted in Figure 10. In this figure, also the theoretical line
given by equation (10) is drawn. It is seen that there is fairly good agreement between
experimental and theoretical values of Z. It can be shown that (10) underestimates Z, if
the stations are not evenly distributed. This explains the rather big deviation of the ex-
perimental Z-value for S/N = 200 km?.

The same procedure was followed for daily totals. The results for 1000, 100 and
1 km? are given in Figures 11 and 12. Again, there is agreement although with a tendency
that (10) underestimates Z.

Unfortunately, the procedure under consideration only gives a few examples for
testing equation (10); it is, therefore, dangerous to draw definite conclusions.

Finally, similar experiments are being considered, carried out by Kruizinga and Yper-
laan, 1976 with the records of 35 stations situated in the province of Zuid Holland, in the
western part of the Netherlands. The total area was about 4000 km?.

" The mean daily precipitation depth over this area was estimated with the daily records
of 4 stations, and the average over a sub-area of about 400 km? was estimated with the
measurements at 1, 3 and 4 points, respectively. In the case of four points, the stations
were situated outside the area.

Kruizinga and Yperlaan did not use quantity Z as a measure of error of estimate. They
took the mean of the absolute value of the differences between the estimate and the true
areal rainfall depth. So, in the first instance, their results are not comparable with
equation (10). However, experiments with the records of the “Salland network™ reveal
that the “mean absolute difference” error is about 0.5 times the “root mean square”
error, from which Z is derived. This is partly due to the sensitiveness of Z to outliers.

Using this conversion factor, we plotted the results of Kruizinga and Yperlaan in
Figure 13, where also the theoretical lines for 400 and 4000 km?

It should be noted that Kruizinga and Yperlaan described the error of estimates as a
function of the “true” areal rainfall depth and the four seasons, while dry days were also
concerned. The values given in Figure 13 are recalculated for rainy days. No distinction
is made between the rainfall depth and the seasons.

Again, it can be concluded that equation (10) fits fairly well to the experimental
values of Z. However, we should bear in mind that the experimental values of Z for this
example were obtained in a rather crude way.
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APPENDIX I

ERRORS DUE TO THE “RANDOM CHARACTER OF RAIN”

When the precipitation depth, h, is measured with a rain gauge, a number of raindrops,
N, with different diameters is caught during a certain time, T.

If we were able to repeat the experiment, it would be expected that we would not find
the same number of drops and the same dropsize distribution. This indefiniteness in both
the number of drops and the size distribution springs from the random nature of the rain-
producing process.

We can write:

N D’

h=%-5 (L1)

oV ]

where D® is the average value of the third power of the dropdiameters, and O is the area
of the orifice of the rain gauge. If we could repeat the measurement of h many times, we
would get the average value of h, N and D, denoted by respectively h, N and De.

Our problem is to find the random fluctuations of h, N and D? round their means.

A measure for these functions is the standard deviation o defined by:

02(x)=(x —X)? = x* — X2

First, we remark that it is reasonable to assume that the random fluctuations of N and
D? are independent, so we can write for small ¢ (N) and o (D?):

2 N3y \2
2[5 .

Further, we note that the standard deviation of the mean of P samples of a stochastic
variable is equal to the standard deviation of the variable itself, divided by v/P. So we can
estimate o(D?) with

a2 (D NEg HPL

02(D?) =21

(D%) % S

This results into:
Vo~ 2 ~z
oMN\ _1 D° 1 13
’53 _ﬁ(’]‘)’a)z _ﬁ 1.3)

The problem to determine o (N) remains. We, therefore, divide the time interval, T,
into M equal time intervals, where M >> N. If it is assumed that two raindrops never



43

reach the orifice simultaneously, which makes it possible to choose M in such a manner,
that never more than one drop is caught during an interval; the chance that during any
interval a raindrop is caught is N/M. The chance that during any given interval no drop is
caught is (1—N/M). It can then be proved that the probability that during N intervals a
raindrop is caught can be written as:

M! N N N M-—-N
P<N>=m(ﬁ) (1 “ﬁ) a9

For large N, this equation transforms into:

. NN e—ﬁ

P(N) = N (1.5)
This is the Poisson distribution, for which

o(N) =vN (1.6)
From (I.2), (I.3) and (1.6) we obtain: ‘

o) _ 1 B° (%)

RV N@y
( ). 1 D¢

If we have only 1 sample ——= is of course estimated with

N (DB )2

APPENDIX 11

DERIVATION OF EQUATIONS (7) AND (10)

It is assumed that the region of interest is square-shaped and has an area S, while at its
centre, P, a rain gauge is installed. Let h, be the precipitation depth measured at P during
a certain time interval, T. The mean precipitation depth over S is denoted by hg.

Further, it is assumed that the area is climatologically homogeneous and isotrope.

Because of these assumptions, a reasonable estimate of hg will be:

hg = h, _ (IL.1)

Now let us imagine that S is covered by a dense and regular network of ideal rain
gauges. The precipitation depths obtained at these stations are denoted by hi, hi ., hy.
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We can write:

"Mz

hg = R

1
N i
In fact:

he = ki l%h* (I1.2)
G- Nl-—rfloo N i=1 ! ’

A measure of accuracy of the estimate given by equation (II.1) is the quantity defined
by

E? = (hg —hg)? (IL3)

The bar denotes an average over a large series of hg and ﬁg.
From equations (11.1), (I1.2) and (I1.3), we obtain:

1
E? = lim lg Z<h*h* h*ho—h*ho+h2> (11.4)

The measured precipitation depth, hg, can be written as
ho =h% +8 (11.5)

where hf is the true precipitation depth at P, and 6 is a random measuring error with
& = 0. (For the sake of simplicity it is assumed that hy has been corrected for systematic
errors such as those due to wind).

Further, it is reasonable to assume that:

h*6=0 (i=0,1,2..N) (11.6)

The Quantity 52 is the standard error of observations at P.
From equations (I1.4), (I1.5) and (11.6) we get:

1 PRS— e
E? I\}1_r)nm1\1 2 :Z h¥h¥ — h;“h;‘)‘—h;"h:+hg‘2+82> an7n

As the homogeneity of S has been assumed, we can write:

[— J— —\ 2 —_— —\72 .
h# =hf=x and (hz;) —h;‘;2=(h§> ~hl=g 2 (11.8)
(i=1,..N).

Thus the correlation coefﬁcient

h¥h# — ﬁ%h*

pl= e (11.9)
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is equal to

pf = o — (11.10)

So we obtain:

E = lim -:Tiigljz:l(p?;_p%—p?o"*'l'l'é\z) (IL11)

where
A == (I1.12)
o

As we have seen, the correlation coefficient can be described by equation (4):

p (1) =po ™70

It is noted that this relationship has been found for the correlation coefficients
computed with the series of measured precipitation depths, while p;‘; stands for the corre-
lation between two series of true precipitation.

If, analogously to (I1.5), we write:

h; = h¥ +5,, hi=hj“+5j (I1.13)
then it can easily be shown that:

1 ..
Pij =p?jA2_+—i (1:#])

If it is assumed that:

=6} =57, while 82/0? = N?

5161 = O, 5i =-g; = Os 6i

=
hald

¥=0,5

-

the “true” correlation function, p;‘;, will reach the value 1 for r = O.*) Thus, combining
equations (4) and (I11.13), we find:

1
_ .14
Po A+ ( )
and
Py = el (IL.15)
If A<025, then ElTl ~1—A%, s0 AP~ 1 —p, (IL.16)

*) assuming that pg is independent of Tjj-
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Substituting (11.15) and (I1.16) into (11.11) we get:

2 __ 2 . 1 NN e .
E°=0"(1—pg)+ lim — T 3 e FiifT0 _ o~Fio/TO _ o= Tjo/r0 + |
N—w N2 i=1i=1

(11.17)
With the aid of a computer, the term
lim 1 % § <e—rij/ro — e fio/To _ g—Tjo/To 4 1)
N—ow N2 i=1ji=t
was determined for a square area S (see Kagan, 1972).

In this way

E? = g2 [(1—Po)+0—r'2§\/§:] (I1.18)

0

is obtained.

Next, we consider the situation that n rain gauges are evenly distributed over S. The
precipitation depths recorded at these points are denoted by h; ,h,, ..., hy.

Each rain gauge covers a subarea S/n.

The areal precipitation depths of this subarea is now estimated with the precipitation
depth recorded at the station belonging to it.

lllat means ﬂlat:
ni=t i ( ’ )

The standard error of estimation for the i*" subarea is given by (I1.18):

E; =\/02 [(1 —Po) + %‘02‘3 %} (11.20)

Assuming that the errors of estimate for the various subareas are independent, we can
write for the standard error of the estimate given by (11.19):

A e AL [0+ 224
E—‘\/nEl \/no (1-po) + o Vs (I1.21)
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THE PRINCIPLES OF MEASUREMENT OF PRECIPITATION WITH RADAR:
A SHORT INTRODUCTION

H.A.R. DE BRUIN
Royal Netherlands Meteorological Institute, De Bilt

1. SYNOPSIS

It is to be expected that the technical meeting on radar measurements of precipitation
organized by the Committee for Hydrological Research TNO will be attended by hydrolo-
gists and others concerned with water management and water supply, who are generally
not acquainted with the principles of radar and its application for precipitation measure-
ments. Therefore, the basic physical formulae and their background are briefly reviewed.

2. QUALITATIVE OUTLINE

Radar is based on the principle that an electromagnetic wave propagages along a
straight line through the atmosphere with a velocity equal to light speed (=~ 3.10% m/s).
Objects such as raindrops will scatter and reflect electromagnetic energy. When an
instrument is constructed which is able to transmit an electromagnetic pulse and which
can also intercept reflected signals, one can measure the time interval between the trans-
mission of the pulse and the reception of the reflected signal and thus determine the
distance to the object. Measuring the intensity of the reflected pulse will yield infor-
mation of the object itself. Such an instrument is called ‘radar’, when it transmits radio
waves (with wavelengths of the order of cm—m).

antenna

transmitter ~—-——-€o

receiver -

data process-
ing system
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Radar (see Fig. 1) essentially consists of a transmitter whick produces the power at the
radio frequency, a parabolic antenna which radiates the power in a narrow beam, an anten-
na which intercepts the reflected signals, a receiver which detects and amplifies the inter-
cepted signals, and an automatic switch to close the receiver during the short interval
when the transmitter is operating.

Finally, a radar is equiped with a system which processes the returned signals. Often a
cathode ray tube is used, together with an oscilloscope, to visualize the received power.
Today also computer systems are “interfaced” to the radar set.

It is noted that in practice a single antenna is used for both transmission and recep-
tion.

3. BACKSCATTERING OF A SINGLE SMALL SPHERICAL PRECIPITATION PARTICLE

Let Wy, Ug and A respectively be the power per unit area, the amplitude and the wave-
length of the transmitted radio wave. This wave is scattered in all directions by a spherical
precipitation particle at a distance r from the radar set and with a diameter D << A. The
amplitude, Uy, of the backscattered wave intercepted by the radar antenna can qualita-
tively be derived by the following dimensional analysis.

The incident wave will induce an electric polarization of all molecules of the particle,
which varies periodically in time with the same frequency v(= c/A, ¢ = light speed) as the
incident wave. All these induced vibrating dipoles in turn emit secundary waves in all
directions. As D <<, the differences in phase of the secundary waves intercepted by the
antenna are very small. Thus the amplitudes intensify one another. This means that Uy, is
proportional to the number of molecules and thus to volume V of the particle; so
Uy D3,

The remaining quantities involved with the problem are U,, A, r and the optical
properties of the particle described by the (complex) refraction index, N. Obviously,
Up ~ Up/r (the intensity I, ~ Utz, is proportional to 1/1?).

These arguments give:

U
2 VN - g )

U ~
b T

where f(N) and g(}) are, respectively, functions of N and A.
The dimension of \?/ is [length®]. As N is dimensionless, g(\) must have the dimension

of [length ™21, so we obtain:

1
g™~ 1, e)
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This gives:
s~ 2Y 0~ 22 @
e rA?

The intensity of the scattered wave intercepted by the antenna is proportional to UZ,
so we can write (as U3 ~ W, ):

W, D¢

Wb ~
2t

£2(N) 4)

where Wy, is the power per unit of area intercepted by the antenna. Equation (4) is the
well-known scattering law of Rayleigh.

4. BACKSCATTERING OF A NUMBER OF PARTICLES

When one uses radar for precipitation measurements, the radar beam illuminates a large
group of raindrops (snowflakes, hailstones, etc.). So the backscattering of a large number
of particles has to be considered. A radar pulse covers, during “pulse time” T, a distance
h (the “pulse length”). The power backscattered by particles at a range (r + h/2) from the
front of the pulse of length h arrives at the antenna, at the same time as the power back-
scattered by particles at a range r from the rear of the pulse. At a certain time t, the anten-
0%r?h

8

na receives signals from particles within a volume that is equal to about
Fig. 2) where 0 is the “beam-width”.

(see

0 = 1:62r2
r> h

th

Assuming that the particles are distributed at random, the total power per unit of area
received by the antenna can be written as:

Wo
Wb N;i—)\: £2 (N) 6%r*h V%:l D? (5)
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where E D{ is the sum of the 6th power of the diameter of the particle within a unit
of volum?. Z = ZJID6 is oficn called the ‘reflectivity factor’.

It has been found that the backscattered signal varies from one reflected pulse to the
next. This is caused by movements of the particles with respect to one another. There-
fore, in practice the averaged power per unit of area W, of a number of reflected pulses
is detected.

5. THE RADAR EQUATION

Until now the averaged reflected power per unit area Wy, intercepted by the antenna
has been described as a function of Wy, the power per unit of area intercepted by the
scattering precipitation particles.

The power, P;, transmitted by the radar set is concentrated in a narrow beam of width
0. Particles at a range r along the axis of this beam will receive a power per unit of area
W, , which is proportional to P,/O (see Fig. 3).

x ezra

Obviously, O ~ 821, So we obtain, if the radar beam is entirely filled with. precipi-
tation particles:

W, ~ Py/6%¢? (6)
Substituting (6) in (5), we can write:

. P¢h

Wb ~a f2(N)Z (7
The total average power, Py, intercepted by the antenna is equal to Wp * Ae, where A

is the effective area of the antenna. It is found that A, = % A (A is the actual area of the
antenna), if the antenna is circular.
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This gives:
— PiAh
P, ~ Ty 2(N)Z (8)
be shown that £2 N —1)?
It e shown that =|— 9
can \ N) N 12 9

It should be noted that f>(N) may be taken as 0.93 and 0.20 for water and ice parti-
cles, respectively.
From (8) and (9) we obtain the “radar equation”:

_ P.Ah|N2_1]2
=g [ (10)
A% IN2+2
where C is a constant (which is about 50).
This equation can be written as:
= Z
P,=C -C (11)

I

where C; is a parameter that depends on the characteristics of the radar set, and C, is
related to the optical properties of the precipitation particles.

In the derivation of (11) no provision is made for attenuation caused by absorption
and scattering of precipitation present between radar and observed volume.

Some authors (e.g. Collier) introduce an attenuation factor K; (11) can then be written
as:

P, =C, C2K£2 (12)
I

This factor is introduced to describe the effect of attenuation of precipitation that
occurs between the radar set and the observed volume.



6. SOME NUMERICAL EXAMPLES

In order to get an impression of the magnitude of the various quantities, Table 1 lists
some characteristic values.

Table 1

Quantity

transmitted power Py 10°-10° W
minimum detectable power P 107141073 w
pulse time T 0.2--410°s
pulse length h 60—1200 m
beam width 6 0.5-2 deg.
wavelength A 003-0.1m

Now it is supposed that we have a radar set with P; = 2.10°W, Pin=2.10"13W,
A= 15m? A= 0.05m and h = 900 m, while we observe spherical waterdrops at a
distance of 100 km.

Equation (10) can then be written as:

P ~2.10°Z (W) (13)

The backscattered power intercepted by the radar antenna will be detected only if
threshold value Py iy, is crossed.
So the waterdrops ate “seen”, if:

zZ>1017 (m®/m?) ' (14)

Typical values of drop sizes are 1 mm and 0.15 mm during rain and drizzle, respective-
1y, whereas cloud droplets have diameters in the order of 3.107° m.

So condition (14) is fulfilled if within 1 m® at least 10 raindrops, 9.10° “drizzle
drops” or about 10'® cloud droplets are present. For rain and drizzle thcse values are
realistic, but the maximum concentration of cloud droplets is about 108 per m®. So this
example shows that with radar rain and drizzle are detectable, whereas clouds are not
“seen”.

7. SPECIAL PROBLEMS

Some factors limit the use of radar for precipitation measurements. We would mention
four:
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A. Melting layer
In one of the previous sections it has been seen that water and ice have different

N2 _ 1 2 -
5 (0.93 and 0.20, respectively).

optical properties, resulting in different values of

When a snowflake is melting, first a water-skin arises. At this stage, the flake is “seen”
by the radar as a waterdrop with the size of the snowflake. This causes an increase of the
radar echo. So, when the radar beam intersects the 0°C layer, a “bright band” is observed.
This effect limits the accuracy of rainfall measurements.

B. Attenuation

It was noted before that rain present between the radar set and the volume of interest
will attenuate the power. Especially with heavy rainfall, this problem is serious.

C. Alteration of rainfall rate with height

Radar detects rain above ground level; so when the rainfall rate alters between the
radar beam and the ground, a wrong rainfall rate is observed.

D. Anomalous propagation

Under some atmospheric conditions, radio waves do not propagate along a straight
line.

8. RELATION BETWEEN Z AND PRECIPITATION RATE, R

The last step missing is the relation between Z and precipitation rate R. This relation-
ship depends on the shape of the distribution of the sizes of particles. This follows direct-
ly from:

Dmax

R= Déo NDMDUD AD (15)
where Np is the number of drops per unit size range per unit volume of air in the class
AD whose average diameter is D, Mp is the mass of the individual particles and up, is the
fall speed. (Obviously, Mp = ZpD?3, p is the density).

In the same way, Z can be written as:

Dmax
Z= DEO Np D® AD (16)
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Marshall and Palmer (1948) gave an approximation of Np :
Np = Noe P an

where A is a constant.
With the approximation of Gunn and Kinzer (1949) for the fall speed:

p ~ 1304/D (18)

(D in metres, up in m/s) we obtain, after elimination of A, if we take a typical value for
No=10"m™:

Z~210R**/° mm®-m™ (19)
(R in mm/hr).
This analysis is too crude. Therefore, in practice, the empirical relationship
Z=A-RB (20)

is used.

The problem of this equation is the large variability of its parameters A and B.

Several authors (see e.g. Hitschfeld and Bordan (1954) and Collier (1975) have shown
that the accuracy of radar precipitation measurements will be improved if rain gauges are
used to calibrate parameters A and B. This is, for instance, achieved in the Dee Project
and in the experiments at Hohenpeissenberg. Both will be described during this meeting.

For more detailed information on the principles of radar, and its application for preci-
pitation measuring, readers are referred to Battan (1973) and Kessler and Wilk (1968).
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AREAL PRECIPITATION MEASURED BY RADAR

W. ATTMANNSPACHER
Deutscher Wetterdienst, Meteorological Observatory at Hohenpeissenberg, FRG

1. INTRODUCTION

The measuring of precipitation seems to be the oldest meteorological facility on earth;
from the literature it is known that about 400 B.C. the first rain measurements were done
in India (Kautilya, 1915). About 2000 years later Wren built the first rain gauge in England
(PLeiss, 1969). Most of the rain gauges used in Europe today were developed in the
1880’s and 1890’s (Hellmann, 1885 and Fuess, 1897). The necessity of higher accuracy
has led to new designs and constructions of rain gauges in recent years, for example the
Obrometer of Joss (1967) and that of the Observatory at Hohenpeissenberg (Attmann-
spacher, 1973). Such an instrument provides suitable knowledge on local precipitation in
terms of duration, amount and intensity at one point.

29.5.1968:rain shower

Fig. 1: Minute precipitation intensities during a rainshower (upper part) and during *‘steady” rain;
Hohenpeissenberg, 1968.
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An example of variation in precipitation intensities from minute to minute is shown
in Fig. 1. Within a shower, the precipitation intensity changes from minute to minute by
a factor of 10. For steady rain, the minute-to-minute differences reach a factor of 4. The
areal variations are at least of the same order as those of time. Single measurements at
one point, over a period of some years, will smooth the differences in time and area. But
for many specific questions in hydrology, knowledge of the true areal precipitation for
single cases is doubtless necessary. To be able to get sufficient knowledge of these areal
precipitations, a dense rain-gauge network may be useful. Else an other facility for areal
precipitation measurement will have to be found.

Fig. 2 shows the amount of precipitation in a dense rain-gauge network, which is
installed north of the Hohenpeissenberg, and the results of areal precipitation measure-
ment using radar. Even with the data of this dense network of about 50 rain-gauges
operating in an area of 750 km?, it is impossible to draw realistic isohyets; but they can
be drawn easily if radar measurement is practised.

As early as 1904, the German Patent Office granted a patent to an engineer, Huels-
meyer (Brockhaus Lexikon, 1954) for a navigation instrument which received radio waves
being reflected from a ship. About 30 years later, this idea was used in systems for radio
navigation developed in several countries. Those systems were soon found to be disturbed
in situations of bad weather. Meteorologists next studied the unwanted echos and, finally,
radar became an important tool in meteorological science. For example, for measuring
areal precipitation. As the literature reveals, more than 20 years ago the first steps in this
field were taken by Americans (Battan, 1973) and Russians (Borovikov, 1967). Over the
last 10 years scientists in other countries also started much work on radar used for hydro-
logical measuring.

2. PRINCIPLE OF AREAL PRECIPITATION MEASUREMENT USING RADAR

The measuring of areal precipitation is a simple technique: a pulse of the radar equip-
ment is sent out and the echos coming back from the precipitation, that is from the rain-
drops, are received and their intensity is measured. As long as the rain-drop diameters are
much smaller than the radar wavelength (Ralleigh Approximation) based in the Mie
Theory, the radar equation can be written as:

F =Pt'h'Ae

T
8+ 1?

‘F-K'Zo 1
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Jsohyets = Radar Results

O = Raingauge

Fig. 2: Radar- and rain gauge results; Hohenpeissenberg, 1.9.1970, 13.35—-17.30 MET.
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P; = mean received power
transmitted peak power
h = pulse length

=z
I

A, = effective aerial aperture

r = range

F = correction factor for partly filled radar volume

K = Correction factor for attenuation of radar power by the rain itself

o = equivalent back scattering cross-section of all drops in unit volume of the beam.

The factors in this equation are functions of the radar equipment; or of the objects
causing the echo, in other words: the raindrops.

To be able to get realistic measurements of areal precipitation, the electronic data of
the radar device have to be as steady as possible. This can hardly be realised with old
radars using electronic tubes only; normally it is much easier with fully transistorized
radars with integrated circuits. Three more conditions must be satisfied:

— the radar must have a very sharp radiation beam, to make sure that the radar volume,
that is the volume from which the echo is coming back, is always filled with precipi-
tation;

~ the areal precipitation should be measured close to the earth surface, so that the
precipitation measured reaches the surface in the very spot where it is measured;

— the height of the freezing level, at which water-drops and ice particles co-exist, should
be avoided; echos from mixed originators can hardly be used for precipitation
measurements.

These three points call for a sharp vertical radar beam and a horizontal one. Fig. 3
shows a radar beam of one degree and another of two degrees, as a function of distance
and altitude. It can be seen that the beam of one degree transmitted at a vertical angle of
one degree already reaches an altitude of three kilometers at a distance of 100 km. Due
to the earth curvature, the radar beam, which is nearly straight, will reach higher and
higher areas with increasing distance. This means there exists a limit for realistic quantita-
tive measurements of areal precipitation; it seems to be at about 100 to 120 km radius
from the radar. However, qualitative measurements are possible beyond these distances.
In practice, a radar beam of 1 degree can easily be realised for short waves. For the wave-
length of 3 cm, today an aerial of 2.1 m is necessary; for 5cm one of 3.5m and for
10 em one of 7 m diameter.

Another very important point that has to be considered is the attenuation of the radar
energy by the precipitation itself; factor K in equation 1. As can be seen in Fig. 4, this
attenuation reaches the highest values at 3 cm and the smallest at 10 cm wavelength.
Theoretically it is possible to correct this attenuation but correction factor “K” is a
function of the precipitation amount which is to be measured.
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&~

height in km

~

20 L0 60 80
distance in km 109
Fig. 3: Radar beam width of oﬁe and two degrees and distance.
K=10 fi"ddr:K—Ko"R 2)
0
R =mm/h

Factor K, respectively exponent v, is mainly dependent on the wavelength of the
radar device.

This precipitation amount also contains the electronic data of the instrument itself;
cf equation (1). Theoretically, one may obtain a good correction factor as long as an echo
is coming back; but an error of 1 dB may lead to useless correction (W.M.O., 1968).
Based on these attenuations, the best equipment would be the 10 cm radar. But, as it was
shown before, a radar beam of 1 degree can only be realised for a 10 cm wavelength
through specialized engineering and at high financial cost. A 5 cm radar has an attenua-
tion value of one sixth to one seventh of that of the 3 cm radar (see Fig.4). Therefore
this radar, the so-called C-band radar, seems to be a good compromise as regards meteoro-
logical needs and economic features.
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Fig. 4: Attenuation of radar energy by precipitation for 3 wave length.
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The equivalent back-scattering cross section “o”, can be used to calculate the precipi-
tation; it can be written as:

5

2
zo=" (£ L

P Zn;Df 3)

The sum, n; D¢, which is the so-called radar reflectivity (Z), is a function of the precipi-
tation amount:

Z=2n;D{ = AR 4

A and b are factors, respectively exponents; R represents the rain amount in mm per
hour. A and b are largely functions of the precipitation itself, that is of the meteorlogical
processes.

The main meteorological problem in measuring areal precipitation amount by radar is
shown in equation (4). In it, the 6th power of the diameter of the rain-drop sizes has to
be known, but normally the rain-drop size distribution is unknown during the measure-
ment operation. To avoid this difficulty, at the Hohenpeissenberg Observatory the so-
called “Aneichmethode” (calibration method) was developed. First, a “rough precipi-
tation amount” using a mean dropsize distribution is calculated. These rough data added
up over the whole period of time that percipitation occurs at one rain-gauge point, are
compared with the results of the rain-gauge measurements at this station. Dividing the
rain-gauge amount by the rough radar value, we obtained a factor to be used for cali-
brating the whole radar measurement. Authors in other countries, for example J.W.
Wilson (1970), also successfully calibrate their data in a similar way .

From all these results, an important statement can be derived: Normally the rain-drop
size distribution in a single shower does not change much; otherwise these good results
would have been impossible.

3. SOME EXAMPLES AF AREAL PRECIPITATION MEASURING

At the Hohenpeissenberg Observatory research was started in 1968 with an X-band
radar. The project was sponsored by the Deutsche Forschungsgemeinschaft. As was
shown in the previous chapter, a radar of 3.2 cm wavelength can in special cases be used
only as long as there is some weak or no attenuation of the radar energy by the rain itself.
Fig. 5 presents data on a situation of weak precipitation. The circles represent the precipi-
tation amount measured by single rain-gauges, the isohyets are based on radar measure-
ment; they were calculated by the “Aneichmethode”. The results of the two measure-
ment techniques are in good agreement.

With the results of our precipitation measurements for 1970, a correlation coefficient
was calculated between the radar measurement at each of the 50 stations within the rain-
gauge network over an area of about 750 km? and the rain-gauge measurement amount
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isohyets=radar - measurement [mm]

O =raingauge network [mm]

, JAN .

10 km Hp 10 km

Fig. 5: Radar and rain gauge results; Hohenpeissenberg, 20.7.1970, 13.40—14.20 MET.
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there. The correlation was better than 0.99. This coefficient may seem unexpectedly
high. However, only separate cases with weak or no attenuation of precipitation itself
were measured. Moreover, the Hohenpeissenberg is an ideal place for radar measurement;
it is a single mountain overlooking a relatively flat area. Which means it is possible to
measure between cloud level and surface. And thirdly the correlation coefficient does not
give an answer to the problem of correspondence of absolute values of measurements. To
check this correspondence, another statistical test had to be made. The precipitation
amounts were classified by a logarithmic scale: smaller than 0.6, 0.10, 0.16, 0.25, 040
mm and so on; next, the amount of rain at each station based on radar measuring was
compared with that of the rain-gauge. The result is given in Table 1.

Table 1. Differences of classified amount of rain measured by radar (Ra) and rain-gauges
(Rg), as a function of distance (Hohenpeissenberg, 1970).

Ra — Rg
2 1 0 -1 -2 -3
Distance >30 2 3 4 5
from radar 25-30 14 15 2
station (km) 20-25 2 20 9
15-20 1 1 41 5
<15 1 3 26
z 2 6 103 32 6 5

Up to 20 km, the two measurements are in good agreement. At stations more than 20
km away from the radar, the amounts of the rain-gauges are higher than those of the
radar measurements. These differences are caused by attenuation, and we tried to correct
it.

The results of the measurements shown in Fig. 6 could thus be improved. However the
overall results of measurements in the last few years have confirmed our tentative con-
clusion that for a 3-cm radar attenuation corrections can be made that only display
limited usefulness.

About one year ago, a new fully automatic 5.4-cm radar device was installed; it has a
digitalised videa signal and direct connection to a computer. Fig. 7 compares the results
measured by an X-band radar, a C-band radar and the rain-gauge network. The 3.2-cm
radar data are corrected for attenuations, the 5.4-cm radar data are not. This figure con-
firms that measurements made by a C-band radar, at least in many cases, do not need an
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Fig. 6: Comparison of corrected (right) and uncorrected (left) measurement and rain gauge results;
Hohenpeisenberg, 24.7.1971, 16.50-17.50 MET.
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Fig. 70 Comparison of corrected X-band-radar- (left), uncorrected C-band-radar-measurements (right)
and rain gauge results in mm; Hohenpeissenberg, 12.8.1975, 09.35—13.35 MET.
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attenuation correction. For technical reasons, our C-band measuring starts further off
the radar station than that of the X-band. Calculation of areal precipitation, using the
latter facility, was found inadequate at distances more than 38 km.

In co-operation with the Hydrological Institute “Wasserbau III”” of Karlsruhe Universi-
ty, some radar areal precipitation measurements were used as input for inflow forecasts
on water reservoirs. One example is shown in Fig. 8 (Ander! and Schultz, 1975). The

ja(mys)

4

0,8+

Fig. 8: Windach river flood of 28./29.7.1972.
observed hydrograph
computed hydrographs based on rainfall measurements by:
- weather service rain gauge network
-~~~ special rain gauge network Hohenpeissenberg
....... radar

computed hydrography based on rainfall measuring by radar, fits best the observed
hydrography. The computed hydrography based on the special network may fit the
needs of hydrologists, too. The isohyets within the catchment area and the results of the
rain-gauges are compared in Fig. 9, where it will be seen that in this special case the
results of these rain-gauges fairly represent the mean value of precipitation within this
small area. A bigger catchment area with local, high-density rain, outside a station, would
have caused a poor resuit. The last curve, which is based on the normal official weather
service network, is useless for this hydrological purpose.
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Fig. 9: Radar- and rain gauge network results; Hohenpeissenberg, 28./29.7.1972, 20.20—03.20 MET.
(Windach catchment areg inside of dashed line.)

4. USE OF RADAR FOR AREAL PRECIPITATION MEASURING IN HYDROLOGICAL
PRACTICE

All results shown above have been obtained in a research program. At first measure-
ments were mainly manual, (Attmannspacher and Aniol, 1971), later semi-automatic
(Attmannspacher, Hartmannsgruber and Riedl, 1974) and finally fully automatic and
there was a direct connection of the radar device to a computer.

Generally speaking radar should be used for measurement only if its economic benefits
are higher than its cost. Modern radar devices are electronically stable enough for these
measurements. Calculation of radar results, and of the rainfall run-off model, has to be

. made during the measurement operations and with the aid of a computer. Using the
“Aneichmethode” it is generally not necessary to know the dropsize distribution, though
some cases may show up where these distributions should be known. It may happen that
the “Aneich-Ombrometer” value does not reach the computer station, or that really
strong showers outside the “Aneich Ombrometer” place are measured; or that one has to
correct the measurement because of attenuation of the radar energy. This correction has
to be made with rough data for the first period of time. In these situations it will be use-
ful to have the so-called rough precipitation measurement value as close as possible to the
real value. There are several instruments (mechanical, optical and electronic systems) that
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measure the raindrop size distribution. The resulting data are highly different, and today
there are still meteorologists who think there is no possibility to connect the rain-drop
size distribution to meteorological conditions. In view of the statement at the end of
chapter 2, it seemed useful to look for such relationships. Therefore, the rain-drop size
distributions -of the precipitations at Hohenpeissenberg over a period of 2 years were
classified by Aniol (1975), using four simple meteorological classes:

— precipitation due to warm air advection;

— precipitation due to cold air advection and “Stau” situations;

— precipitation based on weak pressure gradients, and

— thunderstorms.

R Mean Z/R relations for different weather situations during rainfalt
{mm/h) at Hohenpeissenberg, summer 1972 and 1973
10.0 Typ I ‘ 1I 1y

Typ! : warm air advection

TypIl : orographic ascent(Stau)

Typ Il : situation of weak pressure gradient
TypIV : thunderstorm

|
10 100 1000 10000 I{mmb/md)

0.1

Fig. 10: Radarreflectivity Z and precipitation R for special weather types.

These weather types show significant differences in the A and b values of the Z/R
relation (Fig. 10). The measurements of these rain-drop size distributions were made by
an electronic instrument: the ‘“Distrometer”, as described by Joss and Waldvogel (1967).
Such measurements only represent the situation at one point, or in the area were they
have been made. However the rough data for this area can be improved by using typical
Z /R relations for different weather situations. '

The differences between calculated areal precipitation measurement data using a mean
weighted Z/R relation, or weather type Z/R relations, are shown in Fig. 11; it is copied
from an article published by Aniol and Riedl (1976). The mean weighted relation only
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Fig. 11: Precipitation amount for weather type Z/R-relation in % of a weighted mean Z/R relation
(w.m.).

may be “off” 40% with regard to the real value. These calculations are based on an
electronic error of + 1 dB; in practice this is the absolute minumum which may be
reached.

Another tool to improve the radar areal precipitation measurement should be some
type of areal precipitation statistics. Such statistics will be a matter for the hopefully near
future; sufficient areal precipitation measurements are not available yet. Future statistics
should help meteorologists to a sound basis for a forecast of the precipitation amount, in
terms of at least some hours. This, anyway, seems to be very important for hydrological
purposes.

I would emphasize, finally, that areal precipitation measuring cannot and should not
replace precipitation measuring at one point. The two types of measuring together can
help meteorologists and hydrologists in attaining improved knowledge of the real precipi-
tation falling on the surface of our earth.
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MEASUREMENT OF RAINFALL BY RADAR IN THE UNITED KINGDOM

T.W. HARROLD
Meteorological Office, Bracknell, United Kingdom

1. INTRODUCTION

Ever since it was realized that radar could be used to detect the presence of precipi-
tation, attempts have also been made to measure the quantity reaching the ground. How-
ever, although the qualitative use of radar is now well established, progress in the quanti-
tative measurements has been slow. This has been largely because of (i) uncertainties in
the accuracy of the measurements and (ii) the technical difficulties involved in processing
the large amount of data obtained by using radar. During the last four years considerable
progress has been made in the United Kingdom towards the solution of these problems.

It is worthwhile summarizing the advantages of the radar method of measuring preci-
pitation compared with the only practical alternative of using rain-gauges. The advantages
are that:

— the measurements can be made over an area {(most users, if not all, require measure-
ments over an area);

— the measurements can be processed, transmitted and displayed in near real time;

— the measurements are made from a single location, which simplifies maintenance in
comparison with that associated with the operation of a network of rain-gauges;

— snowfall can be measured; and that

— the availability of measurements over an extensive area enables short term quantitative
forecasts of precipitation to be made.

Possible disadvantages of a radar-based system of measuring rainfall, compared with
the use of a rain-gauge network, are that accuracy may be less and cost may be greater.
This is referred to briefly in Section 6.

2. THEORY

The basic principle of the technique of using radar to measure precipitation is that the
power (P) back-scattered to the radar from the precipitation particles of diameter D at
range r is given by

_C% D¢

P="5 (1
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where the summation is over unit volume and the constant (C) consists of various
measureable characteristics of the radar and of the dielectric constant of the particles.
The rate of rainfall (R) is related empirically to D by an expression of the form

TD® = ARB 2)

so that

P="R" 3)

Hence R can be estimated from P by using predetermined values of C, A and B. A and
B are variable because there is no unique drop-size distribution for each rate of rainfall,
and this variability is a potential source of error in the radar technique. The error can be
reduced if the radar estimates are calibrated at a single point within the field by matching
the radar estimate over that point with an independent estimate for the point, obtained
for instance by using a rain-gauge (see Harrold, English and Nicholass (1974), Wilson
(1970) and section 3 of this paper).

3. ACCURACY OF ESTIMATES OF SURFACE RAINFALL

The Meteorological Office, together with the former Water Resources Board, the Dee
and Clwyd River Authority and Plessey Radar Limited, have made an intensive study of
the accuracy of radar estimates of rain falling on hilly subcatchments of the River Dee in
North Wales. This study has been a phase of the Dee Weather Radar Project (Harding,
1972), the ultimate aim of which is to develop a radar system to measure areal precipi-
tation in real time on a space and time-scale appropriate to the hydrological requirements
for water management and river regulation.

A standard Plessey 43S weather radar was installed at Llandegla in North Wales during
1971 specifically for this project. This radar operated on a wavelength of 10 cm and had
a beam width of 2°. In 1973 the radar was modified to operate on a beam width of 1°,
this being accomplished by changing the operating wavelength to 5.6 cm. The change was
made in order to secure a reduction in the extent of ground clutter (Harrold, 1974) and in
the number of occasions when the radar beam intersected the metting layer.

The radar measurements were evaluated by comparing them with estimates based on a
1000-km? network of up to 70 battery-operated modified Plessey MM 37 tipping-bucket
rain-gauges incorporating a magnetic-tape event-recorder. All but a few of the 740-cm?
gauges were mounted in pits, with the rims at ground level and surrounded by a5 x5 x 5
cm plastic non-splash lattice.

On occasions when large rainfall gradients occurred the rain-gauge network estimates
of the areal rainfall may have contained significant errors. In these circumstances the



72

radar-derived pattern of rainfall was used to interpolate between gauge readings, each
reading being assumed correct so as to derive an ‘optimum’ rainfall field which was then
used for comparison with the radar estimate (see Harrold, English and Nicholass (1974)
for more detail).
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Fig. 1. Difference between estimates of hourly subcatchment rainfall related to rain gauge density
(after Collier et. al. 1975).
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Figure 1 (full lines) shows the difference between the radar and rain-gauge (or opti-
mum) estimates of hourly rainfall over subcatchments of area typically 60 km?. Three
years of data are summarized. The radar estimates were calibrated by using various num-
bers of calibrating sites. The lower (greater-accuracy) line is for occasions when the radar
beam was entirely within rain. The upper line is for occasions when a mixture of rain and
snow was present within the beam. The figure shows, for example, that when the beam
was within rain, if the radar was calibrated using two rain-gauges sites per 1000 km? then
the estimates over subcatchments of 60 km? were on average within 18 per cent of those
based on the entire rain-gauge network. Since these latter estimates contained some errors
the true error of the radar estimate of surface rainfall was less than this value.

Also shown on the figure, as dashed lines, is the average difference between the full
rain-gauge network (or optimum) estimates and estimates obtained by using various num-
bers of rain-gauges without a radar. The lower dashed lines are for widespread rain and the
upper lines are for showery conditions. These dashed lines show, for example, that in
typical showers estimates of rainfall over catchments of area 60 km? obtained by using
a network of 20 gauges per 1000 km? differ from the optimum estimate by 26 per cent
on average.

The figure can be used to derive the number of rain-gauges required to measure rainfall
with the same accuracy as a radar system calibrated at a specified number of rain-gauge
sites. For example, in typical showers a radar calibrated by using two rain-gauge sites gives
the same accuracy over subcatchments of area 60 km? as a rain-gauge network of about
50 gauges per 1000 km?.
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Fig. 2. Variation of the accuracy of radar measurements of areal rainfall in relation to period of in-
tegration and catchment, size.
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The accuracy of radar estimates of areal rainfall depends on the area of measurement
and on the period of integration — see Fig. 2, after Collier (1975). For example, over the
Dee, average differences between the radar (calibrated at a single site) and the rain-gauge
estimates of hourly rainfall decreased from 37 per cent for point comparisons to 20 per
cent for comparisons over 100 km?> and to less than 15 per cent over areas between 300
and 700 km? (Harrold et. al., 1974). This is because the drift of the rain in the wind
between the volume sampled by the radar and the ground becomes progressively less
important as the area is increased.

The accuracy of the radar estimates of surface rainfall obtained over the Dee is greater
than that reported by most other authors, even though the measurements have been made
over the type of terrain which would be expected to increase the difficulties of the tech-
nique because of ground clutter and the low-level changes which occur in the orographic
precipitation of North Wales. The most important single contributory factor to this
improved accuracy was probably the use of rain-gauges to calibrate the radar system.
Other significant factors were that the measurements were assessed within a range of 50
km, which is much less than in some studies, and that the actual rainfall (the standard
against which the radar is evaluated) may have been more accurately estimated than in
some studies.

- Factors which limit the accuracy of the radar estimates include the following:

— Changes in the drop size distribution relation (equation (2)) over the area.

— Increase of the rain between the radar beam and the ground. In North Wales this
growth often exceeds a factor of two in the lowest kilometre of the atmosphere, so
the beam has to be as close to the ground as possible in order to minimize the error.
This growth is much more pronounced in the hilly terrain of North Wales than over
flatter terrain.

— Ground clutter. In the area of the experiment, measurements of precipitation were not
made in areas where ground clutter occurred in dry weather. Rainfall was estimated by
interpolating from around the area of clutter. The changing of the beam width from 2°
to 1° significantly reduced the amount of clutter observed.

— Blocking of beam. At Llandegla the radar view to the south, outside the area of main
hydrological interest, is blocked by a nearby hill. In order to estimate rainfall the
beam-elevation angle has to be increased, and this seriously reduces the accuracy of
estimates of the rainfall reaching the ground. In siting a weather radar with the inten-
tion of making quantitative measurements of surface rainfall it is essential that prior
consideration be given to he blocking and ground clutter which will occur. A computer
technique has been developed which enables this to be done in hilly terrain (Moores
and Harrold, 1975).

— The melting layer. When the radar beam intersects the melting layer the accuracy of
the estimates of surface rainfall can be in error by at least a factor of two (Collier
1974). A method has been developed (Harrold and Kitchingman, 1975) which enables
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this error to be reduced, but even then errors are greater than in the absence of the
melting layer — cf the two full lines in Figure 1. The melting layer sets a limit to the
accuracy of radar estimates of rainfall in temperate latitudes in winter.

— Anomalous propagation. The distribution of ground clutter did vary occasionally,
particularly when the atmosphere was such that anomalous propagation of that radar
beam occurred. These occurrences were objectively identified over North Wales once
the radar has been converted to operate with a 1° beam, by comparing echo intensities
at two beam elevations (0.5° and 1.5°). If these echoes above a single location differed
by more than 60 per cent they were attributed to anomalous ground clutter. It should
be noted that this technique was successful primarily because quantitative measure-
ments were only attempted within a rainge of 50 km; it would be less successful at
greater ranges, or if adopted in connection with radars with a wider beam width.

4. REAL-TIME PROCESSING, TRANSMISSION AND DISPLAY OF WEATHER RADAR DATA

Concurrent with the studies over North Wales the Royal Radar Establishment at
Malvern have been developing for the Meteorological Office a system the purpose of
which is to enable quantitative radar data to be processed, transmitted and displayed
remotely in real time.

Broadly speaking two kinds of data-processing are involved, for convenience termed
primary and secondary. The primary processing entails the conversion of radar signals
into meaningfull estimates of surface precipitation in cells with a space-time resolution
matched to potential users’ requirements. The secondary processing entails the synthesis
and rearrangment of the primary data into a more convenient format.

The primary processing is carried out at a radar site by a dedicated PDP 11-40 mini-
computer. There are several stages in this processing. First the radar signals from a num-
ber of pulses are averaged so as to provide a reliable estimate of the average power return
in cells, each of which is defined by 600 m in range and 1° in azimuth. (Only this average
power, not the noise-like signal returned from single pulses, can be related to rate of rain-
fall). The averaging is carried out in a specially developed hardware component. There
then follow several processes within the computer aimed at obtaining quantitative rainfall
measurements. At the present stage of development these processes include allowance for
partial blocking of the radar beam by high ground and for ground clutter. Other proce-
dures being developed include automatic calibration of the radar-derived estimates of
rainfall using measurement from a few telemetering rain-gauges and an attempt to correct
objectively for at least some of the errors introduced when the beam is within the melting
layer (Harrold and Kitchingman, 1975).

The last stage in the onsite primary data processing is that of transformation from
polar to Cartesian co-ordinates. This dispenses with the needlessly high resolution
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provided by polar co-ordinates at close ranges and thereby diminishes the amount of
data, which can then be transmitted by standard telephone lines.

There are several possible ways of handling and displaying the data at the receiving
terminal. To date the work has concentrated on developing a pictorial display on an inex-
pensive commercial colour-television tube. Some form of data storage is required before
the display can be generated and this has been accomplished by using semiconductor
storage elements. The entire system is described more fully by Taylor and Browing
(1974).

At present the system is used in conjunction with two weather radars, including that
at Llandegla in North Wales. Data from the latter are transmitted routinely to the River
Control Centre at Bala in North Wales. Data were also transmitted to the Meteorological
Office Central Forecasting Office at Bracknell for a 9 month trial, and are now (April
1976) transmitted to the forecasting office at Preston, in north west England.

Current investigations include assessing that the accuracy of the real-time estimates of
rainfall over North Wales are similar to those obtained off-line during the Dee Weather
Radar Project (see previous Section), using the radar data in a real-time hydrological
model being developed for the Dee Catchment, and determining methods of compositing
data from a number of radars into a single display.

5. FORECASTING OF PRECIPITATION USING RADAR DATA

When forecasting precipitation using radar data, account must be taken of
— the initial distribution of precipitation;
— the movement of the pattern; - :
— the development or decay of existing and new areas of precipitation;
— orographic efffects.

The extent to which these various factors are adequately forecast determines the
period of usefulness of the forecast. A very simple method of forecasting is to assume
that the pattern does not change, so that the existing field can be advected at its observed
velocity. This type of forecast can be made using objective techniques developed in
Pattern Recognition studies. In widespread rain the forecast can be useful for several
hours ahead, the period often being limited by precipitation from beyond the area ob-
served by the radar moving into the area of interest. (A network of radars with overlap-
ping coverage minimises this limitation). In convective conditions the precipitation field
changes quite rapidly, and on some occasions detailed quantitative forecasts may not be
possible to more than about an hour ahead, see Fig. 3 for an example. However, even in
these circumstances it is sometimes observed that, although individual cells change rapid-
ly, they recur within large clusters which persist for several hours and which can be fore-
cast.
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Fig. 3 Examples of objective forecasts of rain over two subcatchments of the River Dee in North
Wales on 31 July 1972.

As the period of a forecast is extended, probability forecasts can be made, or the
development of the pattern can perhaps be predicted adequately by objective techniques.
The latter could be attempted by observing the time changes of the system and extra-
polating these forward in time. An alternative means of forecasting some hours ahead is
to incorporate the radar data into a numerical (computer-based) predictién of the
behaviour of the atmosphere. Work has commenced on these type of forecasts.
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6. ECONOMIC CONSIDERATIONS

During the Dee Weather Radar Project a study was carried out into the use of a net-
work of radars in measuring and forecasting precipitation for a number of potential user
applications in the United Kingdom (Water Resources Board, 1973). The report included
a chapter and detailed appendix on economic considerations. Costs of six alternative radar
systems were estimated, the options being beams widths of 1.0° and 0.5° and three
degrees of manning: full-time, normal ‘working hours and once a fortnight. The manning
was assumed to be required for maintenance purposes only, routine operations being
automatic. It was concluded that although equipment costs would be less with a fully
manned system, the partially manned systems were to be preferred economically because
of the much smaller running costs.

In the report the cost of a radar network covering the United Kingdom, and manned
during working hours only, was compared with alternative methods of measuring areal
rainfall. It was concluded that “a rain-gauge network is the preferred means of measuring
rainfall over an area limited to less than about 3000 km? if forecasts are required for no
longer than 30 minutes ahead. For large areas, or if forecasts over longer periods are
required, a radar-based system is to be preferred. However, a network of radars covering
the entire country is the only means by which the user requirements ... can even be
approached’.

7. CONCLUSION

The accuracy of radar-derived measurements of rainfall is now known, and a method
of processing transmitting and displaying the quantitative data in real time has been
developed. Studies into possible methods of utilising these data in forecasting have com-
menced. However, the radars generally available for operational use in Europe at present
are such that all the potentialities of radar cannot be met. These potentialities can be
realised only be developing a network of radars with overlapping coverage, utilising a
narrow beam width (1° or less, at least in the vertical) and operating on a non-attenuating
wavelength (5 cm or more).
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IS WEATHER RADAR RELEVANT TO DUTCH CIRCUMSTANCES?

D.A. KRAIJENHOFF VAN DE LEUR

For a first attempt at an appraisal of benefits that could be derived from the applica-
tion of radar techniques for rainfall measurements in the Netherlands, a recapitulation of
the specific characteristics of this method may be helpful:

For a considerable area, covering both water and land, radar provides us with a
detailed image of moving precipitation in that such pictures are practically continuous in
space and time. A high precision of rainfall depths and rainfall rates can be obtained
through simultaneous operation of a sparse network of telemetering raingauges for cali-
bration of the radar image.

The amount of detail of such images seems to sufﬁce for determination of rainfall
depths on large and small catchment areas within appropriate time intervals. The space-
time resolution for the presentation and storage of discretized data from this continuous
image can be chosen in accordance with the potential user’s requirements.

Dr. Harrold’s closing sentence: “....a network of radars covering the entire country is
the only means by which the user’s requirements ... can even be approached” clearly
indicates the unlimited range of questions to which the supplier of precipitation data
is expected to provide the answers. Let us try and formulate some questions which
a Dutch hydrologist might ask.

Every year, hundreds of millions of guilders are spent on sewer systems designed
either to drain new urbanized areas or to reduce the number of overflows from existing
sewer systems into surface waters, What is the critical sequence of areal precipitation
rates that would produce such overflows? For the Netherlands, there is no satisfactory
answer ‘to this question. Nevertheless it is being asked with growing urgency, since the
water authorities try to protect the quality of their surface waters with increasingly
stringent constraints.

This design problem of urban drainage systems is bemg met by a world-wide effort to
interest hydrometeorological analysts in finding ways for determining the probabilities of
major rainstorms over various sizes of areas.

Larger storms can be analyzed with the aid of terrestrial networks of raingauges. Here
again the question arises whether the results of such expensive local studies can be trans-
posed to other regions. Obviously, there are climatological limits; they may relate to the
classes of atmospheric mechanisms that have produced such areal rainfalls.

High intensities of small areal rainfall are nearly exclusively due to convective local
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rainstorms. The precipitation field changes quite rapidly so that short-interval in-
formation from terrestrial networks calls for a large number of telemetering raingauges.
Such a network has been installed elsewhere: 225 recording raingauges were installed in
and around St. Louis, Missouri. This “Metromex” programme has definitely shown that,
locally, the urban environment substantially modifies the rainfall from a portion of the
raincells having already moderate to heavy intensity due to natural atmospheric proces-
ses. Among 300 heavy cells that occurred within the study period, the maximum 5-
minute volumes showed a medium increase of 43% water yield. It was reported last year
that “a major hydrologic implication from the Metromex studies to date is that rainfall
rate frequency distributions may vary significantly in large urban industrial regions™.

Such combinations of heavy industries and metropolitan areas have also developed in
the Netherlands, and the first indications of urban weather modificiation have already
been reported.

Would this imply the possibility of significant increases of storm cell precipitation?

Would radar be a helpful tool to study these high-intensity but local and short-lived
phenomena that should determine the capacity and layout of our expensive sewer
systems?

Referring briefly to all intermediate cases of rainfall runoff relationships in medium
size and larger catchment areas, one must suspect that the lack of reliable real rainfall
series of sufficient length has led to sub-optimal though generally acceptable drainage
projects.

Finally, some hesitant questions can be asked on the feasible role of weather radar as
an intermediate tool between a terrestrial network of raingauges and the Global Atmos-
pheric Research Programme (GARP).

A recent WMO-report tells us that the main objective of GARP is to extend abilities
to predict the motion of the atmosphere from one day to several weeks. Such extension
should permit improvement of meteorological forecasts used as inputs to hydrological
forecasting. We are also told that radar measurements may assist in the general analysis of
the current weather situation by identifying mesoscale patterns of organization which
otherwise would escape detection. Drs. Harrold and Attmannspacher have shown the
high accuracy of one to three hourly integrated rainfall measurements over areas up to
700 km? by means of a calibrated radar. Could such radar measurements supply the
“ground truth” for the calibration of the satellite images that are used in the World
Weather Watch (WWW) and in GARP?

WMO is already arranging the preparation of case studies and pilot projects for testing
and developing the capability of WWW systems to meet the needs of operational hydrolo-
gy, especially hydrological forecasting in large international basins such as the Rhine and
the Danube.
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Piecing these bits of information together does provide a tantalizing vision for a
country at the lower end of the River Rhine that would like to operate her water manage-
ment system of weirs, inlets, sluices and reservoirs on the basis of an optimal flow fore-
casting system.

How much real promise does this picture hold?

Summarizing the results of this brief reconnaissance, one can assume that weather
radar techniques clearly offer interesting opportunities in the field of hydrologic fore-
casting and prediction in the Netherlands. Therefore, close participation in this new field
should seriously be considered.
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COMMISSIE VOOR HYDROLOGISCH ONDERZOEK T.N.O.

Verslagen en Mededelingen

Verslagen van de Technische Bijeenkomsten 1—6 (with summaries in English,
avec des résumés en frangais), 1952.
1. Het waterhuishoudkundig onderzoek in de Rottegatspolder
De watervoorziening der gewassen 1
Waarneming van grondwaterstanden
Lysimeteronderzoek in Nederland
De watervoorziening der gewassen 11
Het vraagstuk van de verzouting van grond- en oppervlaktewater in
Nederland

A ol

Verslagen van de Technische Bijeenkomsten 7--10 en Verslag inzake het ver-
dampingsonderzoek in de Rottegatspolder over de jaren 1947-1952 (with
summaries in English, avec des résumés en frangais), 1955.

7. Bewerking van regenwaarnemingscijfers

8. Modelonderzoek van grondwaterstromingen

9. Metingen en verbeteringen in het stroomgebied van beken
10. Geo-electrisch bodemonderzoek

Verslagen van de Technische Bijeer?komsten 11—12 (with summaries in English,
avec des résumés en francais) en Rapport inzake de lysimeters in Nederland
(in de Engelse taal), 1958.

11. Watervoorziening van zandgronden

12. Kwaliteitseisen van oppervliaktewater

Verdampingssymposium Agrohydrologisch Colloquium C.O.L.N. en Rapport
inzake de lysimeters in Nederland II (with summaries in English), 1959.

Verslagen van de Technische Bijeenkomsten 13—14 (with summaries in

English), 1960.

13. Grondwaterstanden en grondwaterbeweging in de Nederlandse zand-
gronden.

14, Het water in onverzadigde grond
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Verslag van de Technische Bijeenkomst 15 (with summaries in English, avec
des résumés en frangais), 1961.

Enige onderzoekingen ten behoeve van de grondslagen van het beheer van de
Rijn, het IJsselmeer en het Zeeuwse Meer

Verslag van de Technische Bijeenkomst 16 (with summaries in English), 1962,
Het droge jaar 1959

Verslag van de Technische Bijeenkomst 17 (with summaries in English), 1963.
De stromingswetten van het grondwater en de toepassing daarvan in de prak-
tijk

Verslag van de Technische Bijeenkomst 18 (with summaries in English), 1963.
Wateroverlast

Steady Flow of Ground Water towards Wells, compiled by the Hydrologisch
Colloguium, 1964. :

Verslag van de Technische Bijeenkomst 19 (avec des résumés en francais, mit
Zusammenfassungen in Deutsch), 1964.
Geo-hydrologische karteringen

Proceeding of Technical Meeting 20 (in English), 1966.
Water Balance Studies

Proceeding of Technical Meeting 21 (in English), 1966.
Recent Trends in Hydrograph Synthesis

Verslag van de Technische Bijeenkomst 22, 1968.

Regenwaarnemingscijfers (II) en

Rapport inzake Lysimeters in Nederland (III) (both reports with summaries
in English)

Proceedings and Informations no. 15 (in English), 1968.
Soil — Water — Plant

Verslag ‘}an de Technische Bijeenkomst 23, 1968.
Kwelverschijnselen _
(Wordt niet gepubliceerd).
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Verslag van de Technische Bijeenkomst 24, 1970.
Stroming door de onverzadigde zone van de bodem
(Wordt niet gepubliceerd).

Verslag van de Technische Bijeenkomst 29 (with summaries in English), 1975.
Het hydrologische onderzoek ten behoeve van het Structuurschema
Drink- en Industriewatervoorziening Nederland

Proceeding of Technical Meeting 25 (in English), 1973.
Automatic Processing of Hydrological Data

Proceeding of Technical Meeting 26 (in English), 1974.
Hydraulic Research for Water Management

Proceeding of Technical Meeting 27 (in English), 1974.
The Hydrological Inverstigation Programme in Salland (The Netherlands)

Verslag van de Technische Bijeenkomst 28, 1973.

Kwaliteitsaspecten van het Nederlandse oppervlaktewater in relatie tot de
waterhuishouding

(Wordt niet gepubliceerd).

Proceeding of Technical Meeting 30 (in English), 1976.
Salt Distribution in Estuaries

Proceeding of Technical Meeting 31 (in English), 1976.
Groundwater Pollution

Verslag van de Technische Bijeenkomst 32 (with summaries in English), 1976.
Systeembenadering voor het waterbeheer

Proceeding of Technical Meeting 33 (in English), 1977.
Precipitation and Measurements of Precipitation



No.

No.

No.

No.

No.

No.

1.

86

COMMITTEE FOR HYDROLOGICAL RESEARCH T.N.O.

Proceedings and Informations

Proceedings of Technical Meetings 1—6 (with summaries in English), 1952.
1. Investigations into the Water Balance of the Rottegatspolder
The Water Supply for Crops I
Observations of Groundwater Levels
Investigations by Drain gauges in the Netherlands
The Water Supply for Crops II
The Problem of the increasing Salinity of Ground and Surface Water in
the Netherlands

N ol

Proceedings of Technical Meetings 7—10 and Report on the evaporation
research in the Rottegatspolder 1947-1952 (with summaries in English),
1955.

7. The Study of Precipitation Data

8. Model Research on Groundwater Flows

9. Measurements and improvement Works in Basin of Brooks
10. Geo-electrical Research

Proceedings of Technical Meetings 11—12 (with summaries in English) and
Report on the Lysimeters in the Netherlands (in English), 1958.

11. The Water Supply of Sandy Soils

12. Quality Requirements for Surface Waters

Evaporation Symposium and Report on the Lysimeters in the Netherlands II
(with summaries in English), 1959.

Proceedings of Technical Meetings 1314 (with summaries in English), 1960.

13. Groundwater Levels and Groundwater Movement in the Sandy Areas of
the Netherlands

14. Water in unsaturated Soil

Proceeding of Technical Meeting 15 (with summaries in English and French,
1961.
The Regimen of the Rhine, the Ysselmeer and Zeeland Lake
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Proceeding of Technical Meeting 16 (with summaries in English), 1962.
The dry Year 1959

Proceeding of Technical Meeting 17 (with summaries in English), 1963,
The Laws of Groundwater flow and their Application in Practice

Proceeding of Technical Meeting 18 (with summaries in English), 1963.
Water Nuisance

Steady Flow of Ground Water towards Wells, compiled by the Hydrologisch
Colloquium (in English), 1964.

Proceeding of Technical Meeting 19 (with summaries in French and German),
1964.
Geo-hydrological Cartography

Proceeding of Technical Meeting 20 (in English), 1966.
Water Balance Studies

Proceeding of Technical Meeting 21 (in English), 1966.
Recent Trends in Hydrograph Synthesis

Proceeding of Technical Meeting 22, 1968.

Precipitation Data (IT) and

Report on the Lysimeters in the Netherlands (III) (both with summaries in
English)

Proceedings and Informations no. 15 (in English), 1969.
Soil — Water — Plant

Proceeding of Technical Meeting 23, 1968.
See Page
(Will not be published).

Proceeding of Technical Meeting 24, 1970.
Flow in the unsaturated Zone
(Will not be published).

Proceeding of Technical Meeting 29 (with summaries in English), 1975.
Hydrological Investigations for Masterplan for the future Watersupply in the
Netherlands
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Proceeding of Technical Meeting 25 (in English), 1973.
Automatic Processing of Hydrological Data

Proceeding of Technical Meeting 26 (in English), 1974.
Hydraulic Research for Water Management

Proceeding of Technical Meeting 27 (in English), 1974.
The Hydrological Investigation Programme in Salland (The Netherlands)

Proceeding of Technical Meeting 28, 1973.
Water Quality of Dutch Rivers with respect to Water Management
(Will not be published).

Proceeding of Technical Meeting 30 (in English), 1976.
Salt Distribution in Estuaries

Proceeding of Technical Meeting 31 (in English), 1976.
Groundwater Pollution

Proceeding of Technical Meeting 32 (with summaries in English), 1976.
Systems Approach to the Management of Water Resources

Proceeding of Technical Meeting 33 (in English), 1977.
Precipitation and Measurements of Precipitation






