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RAINDROP-SIZE DISTRIBUTIONS AND THE MEASUREMENT OF PRECIPITATION BY 

RADAR IN A MARlfIMEjLOCALE ~'- by ANDREW JOHN ECCLESTON 

ABSTRACT 

The relevance of the measurement of r a i n d r o p - s i z e d i s t r i b u t i o n s i s 
d iscussed arid data c o l l e c t i o n using a Joss distrometer i s descr ibed 
The most important sources of e r ro r in the experiment, due to both 
instrumental and environmental f a c t o r s , are d i s c u s s e d . The r e s u l t s 
are analysed inra -convent iona l -manner , -prov id ing-a r e l a t i o n s h i p 
between r a i n f a l l ra te and radar r e f l e c t i v i t y f a c t o r ; 

The problems that a r i s e when a f ixed r e l a t i o n s h i p i s used to est imate 
r a i n f a l l from radar data are d i s c u s s e d . The v a r i a t i o n s of ra indrop-
s i z e d i s t r i b u t i o n s with respect to time are considered and t h i s leads 
to a means of varying one of the constants in the r e l a t i o n s h i p , based 
on a parameter which simply descr ibes the shape of the d i s t r i b u t i o n . 
The improvement produced by adopting t h i s approach i s demonstrated 
for simulated radar da ta . 

The c a l i b r a t i o n of actual radar data using t h i s method i s attempted, 
for the f i r s t t ime, using observat ions from a meteorological radar 
measuring a r e a ! . r a i n f a l l on an.operat ional , b a s i s . The r e s u l t s compare 
favourab1y__with_those-Obtained-by-using^the-conventional gauge c a l i - -
brat ion technique and some problems o f . i n t e r p r e t a t i o n and a n a l y s i s 
are d i s c u s s e d . - • 

The p o s s i b i l i t y , of using the r a d a r data alone as a b a s i s for c a l i 
brat ion i s ' e x p l o r e d b y consider ing v e r t i c a l ' r e f l e c t i v i t y p r o f i l e s . 
Recommendations for future work are g iven . 
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Symbols and abbreviat ions are explained as they 

a r i s e in the t e x t . 

References are numbered in parentheses using 

i t a l i c s , t h u s : , 

I V 



CONTENTS 

T i t l e -
Acknowledgements 
Abstract 
Author's, note 
Contents 

INTRODUCTION 

Page 

:i 
i i 

i i i . 
i v ^ 

1 

1 GENERAL FEATURES OF RAINDROP-SIZE DISTRIBUTIONS 

1.1 The form of the spectrum 

1.1.1 Histograms 

1.1.2 The Marshal l -Palmer d i s t r i b u t i o n funct ion 

1.2 Physica l re levance 

1.2.1 Integrat ion of the spectrum 
1.2.2 Ra in fa l l rate 
1.2.3 L iquid water content 
1 .2 .4 Radar r e f l e c t i v i t y f a c t o r 
1.2.5 Other physical parameters 
1;2.6 Relat ionships between physica l parameters 
1.3 Descr ip t ive parameters 

1.3.1 In tercept and slope 
1.3.2 Joss-Gor i parameter isat ion 

5 
8 

12 

12 
13 
14 
14 
16 
16 

19 

19 
20 

2 DATA COLLECTION AND PRIMARY ANALYSIS 24 

2.1 The s i t e '25 

2.1.1 S t . Mawgan, Cornwall 25 
2 .1 .2 Meteorological O f f i ce Instrument compound, S t . Mawgan 25 

2 .1 .3 I n s t a l l a t i o n v'25 

2.2 The instrument 29. 

2.2.1 • P r i n c i p l e of operation * 29 
2 .2 .2 Supporting hardware 33 
2 .2 .3 Sources of e r ro r \ - 36 
2 .2 .4 " E f f e c t s of noise ^ 47 
2 . 2 . 5 C a l i b r a t i o n '51 
2.3 Organisation of data 52 

2.3.1 Paper tape r e t r i e v a l 52 

2 .3 .2 Magnetic tape a rch ives 54 

2.4 Ana lys is of data 5 8 : 

2.4.1 Reading the paper tapes 58 
2 .4 .2 Computing the r a i n d r o p - s i z e d i s t r i b u t i o n 60 
274.3 Computing the in tegra l parameters ;: 64 



3 EXPERIMENTAL RESULTS' 

3.1 Checking the accuracy of the distrometer 

3.1.1 Comparison with syphon gauge readings 
3 , 1 . 2 ' The e f f e c t s of wind'on the distrometer catch 

3.2 Average drop-s ize d i s t r i b u t i o n s 

3.2.1 ' The s i g n i f i c a n c e of average drop-s ize d i s t r i b u t i o n s 

3 .2 .2 Resul ts from the present data 

3.3 Z-R re la t ionsh ips -

3.3.1 Conventional Z-R r e l a t i o n s h i p s 
3 .3 .2 Comparison with other publ ished r e l a t i o n s h i p s 
3 .3 .3 Var iable Z-R r e l a t i o n s h i p s 

Page 

65 

66 

66 
74 

82 

82 
82 

96 

96 
97 
97 

4 MEASUREMENT OF PRECIPITATION BY RADAR 

4.1 Var iable Z-R r e l a t i o n s h i p from distrometer observat ions 

4.1.1 
4 .1 .2 
4 . 1 . 3 
4 .1 .4 
4 .1 .5 
4 .1 .6 

4 .1 .7 

4 .2 

4.2.1 
4 .2 .2 
4 . 2 . 3 
4 .2 .4 

4 .3 

4.3.1 
4 .3 .2 
4 .3 .3 
4 .3 .4 
4 . 3 . 5 
4 .3 .6 

Var ia t ion of r a i n f a l l parameters with time • 
Simulated radar r a i n f a l l ra te , 
The e f f e c t of spectrum shape on r a i n f a l l r a t e - . 
A p p l i c a b i l i t y of shape parameters 

JLrequenci_es_j)f_N :_ ] 
The r e l a t i o n s h i p between spectrum shape and the 
constant A 
Appl icat ion of the N^-A r e l a t i o n s h i p 

The second data s e t 

Philosophy. 
Distrometer record 
Radar record 
Constantine'Bay record 

Analysis-^of radar data 

Conversion to Z values 
Occul tat ion and c l u t t e r 
In terpo la t ion of Z values 
Hal f -hour ly t o t a l s > 
Time-height p r o f i l e s • 
E r r o r s ^ - ' 

99 

100 

100 
102 
106 
108 

-109_ 
-111 

117 

120 

120 
120 
121 
128 

133 

133 
135 
137 
141 
141 
142 

5.1 

5.1.1 
5 .1 .2 
5 .1 .3 
5 .1 .4 
5 .1 .5 

COMBINING DISTRQMETER AND RADAR DATA 

Method 

Averaging of data 
Se lec t ion of data 
Processing of data 
Representation of data 
Comparison of r e s u l t s 

146 

147 

147 
147 
148 
150 
150 

V I 



Page 

5.2 Resul ts 153 

5.2.1 Distrometer , gauge-and radar t o t a l s . 153 
5.2 .2 Further modif icat ion of radar data 153 
5 .2 .3 Comparison of ha l f -hour ly t o t a l s 155 
5.2^4 Comparison of radar p r o f i l e s 165 
5 .2 .5 Var ia t ion of r a i n f a l l ra te with height 168 
5.2.6 Modified data r e s u l t s 170 

5.3 Discussion 183 

5-3..1 ..Distrometer versus gauge c a l i b r a t i o n 183 
5 .3 .2 Problems of o b j e c t i v e a n a l y s i s 184 
5 .3 .3 Genera l i ty of the data 184 

6 CONCLUSIONS AND RECOMMENDATIONS ^ 186 

6.1 Conclusions 

REFERENCES 

PLATES 

187 

6.2 Recommendations fo r future work 191 

194 

202 

APPENDICES . A 1 

I Distrometer hardware s jDeci f icat ion A 1 

I I Distrometer operating i n s t r u c t i o n s A 7 

I I I Computer hardware and software • " A 11 
V 

IV Average r a i n d r o p - s i z e d i s t r i b u t i o n s from second A 22 
data se t 

V Notes on c a l c u l a t i o n s A 31 

VI Synoptic and observat ional data ^ A 33 

VI I Time-height radar p r o f i l e s and sur face data A 40 

V H f Reference 54 A 103 

v n 



INTRODUCTION 

The formation of clouds and development of p r e c i p i t a t i o n i s a complex 
physica l process which i s widely s tudied by meteoro log is ts . Observation 
and measurement are v i t a l f ace ts of t h i s study and i t i s wel l known 
that p r e c i p i t a t i o n elements occur in a v a r i e t y of forms and s i z e s . 
This v a r i a t i o n i s due to the dynamical nature of clouds which are 
governed by l a r g e - s c a l e synopt ic fea tures and modified by l o c a l e f f e c t s . 

Measurements of the d i s t r i b u t i o n of raindrop concentrat ions with s i z e 

have been made with a v a r i e t y of instruments a t loca t ions a l l over the 

world s i n c e the l a s t century. Some of the e a r l i e s t r e s u l t s came from 

WIESNER (2) who used dyed f i l t e r papers to in te rcep t the f a l l i n g drops. 

This simple method has been used by many workers (see f o r instance 2» 

3, 4) and a lso by the present author ( 5 ) . 

Such a technique i s easy to perform and cheap to ma in ta in , but requires 

a great deal of tedious measurement and does not lend i t s e l f to rapid 

reduction by more modern computer i n t e r f a c i n g d e v i c e s . More important ly , 

i t does not e a s i l y al low continuous operation during r a i n f a l l which 

r e s u l t s in s h o r t - l i v e d , but s i g n i f i c a n t , features . remain ing undetected. 

However, SIVARAMAKRISHNAN (&) has -developed an instrument which made 

t h i s poss ib le by using a moving'tape of f i l t e r paper. 

A v a r i e t y of modern techniques are now a v a i l a b l e fo r measuring raindrop 

s p e c t r a ; these include photoe lec t r i c devices ( 7 , 8)\ Doppler radar ( P ) , 

and impact devices {10, 11): JOSS and WALDVOGEL have descr ibed a 

"distrometer" [11) which i s a v a i l a b l e commercially and has been used 

by other research establ ishments i n c l u d i n g , i n the UK, the Meteorological 

O f f i c e and the Appleton Laboratory. 



Having obtained a spectrum of raindrop s i z e s , i t i s p o s s i b l e to compute 

a number of parameters which have both phys ica l s i g n i f i c a n c e and 

app l ica t ion in a var ie ty o f f i e l d s of i n t e r e s t . The increased use 

of microwave frequencies f o r communications has demanded a considerat ion 

of the attenuating nature of hydrometeors. The use of radar as a 

meteorological tool requi res a knowledge of the r e l a t i o n s h i p between 

the r e f l e c t i v e propert ies of a raindrop population and the information 

required by u s e r s . The raindrop spect ra may a l s o be d i r e c t l y useful 

in meteorology, e s p e c i a l l y i f the temporal v a r i a t i o n of the d i s t r i b u t i o n s 

i s examined in r e l a t i o n to changes in the mesoscale organisat ion of the 

atmosphere. [12) 

The work presented here i s the r e s u l t of four y e a r s ' involvement in 

the measurement of r a i n d r o p - s i z e d i s t r i b u t i o n s . I n i t i a l l y the object 

was to c o l l e c t data and i d e n t i f y f r u i t f u l avenues of r e s e a r c h , a t the 

same time keeping the observat ions wi th in a maritime l o c a l e for which 

few data are a v a i l a b l e . The f i r s t data c o l l e c t i o n e x e r c i s e was made 

from s h i p s , on a semi-global s c a l e , using the f i l t e r paper method 

already re fer red to ( 5 ) . The disadvantages of t h i s technique led to 

the development of a doppler radar device which worked wel l in the 

laboratory but f a i l e d to withstand the r igours of f i e l d operat ion. 

A Joss distrometer was obtained on loan in 1977 and superseded the 

e a r l i e r techniques by providing r e l i a b l e and continuous data . The 

fol lowing pages descr ibe how these data were obtained and analysed 

to provide an understanding of the e r r o r which occurs in the measure

ment o f r a i n f a l l by r a d a r , through the v a r i a t i o n i n raindrop s i z e s . 

This source of e r ro r has been known for some t ime, but there has 

apparently been no attempt to quant i fy i t d i r e c t l y from observat ional 

evidence. In some operat ional radar systems i t i s compensated for by 



using a rea l - t ime c a l i b r a t i o n based on telemetering ra ingauges. The 

innovat ive approach presented here may provide a more e legant so lu t ion 

to t h i s problem which i s of real s i g n i f i c a n c e in the f i e l d of radar 

meteorology. 



CHAPTER ONE 

GENERAL FEATURES OF RAINDROP-SIZE DISTRIBUTIONS 



1.1 THE FORM OF THE SPECTRUM 

1.1.1 -Histograms 

The d i s t r i b u t i o n of raindrops w i t h . s i z e i s best represented by the' 

r e l a t i o n s h i p between drop diameters and t h e i r s p a t i a l concent ra t ion . 

Measuring techniques t y p i c a l l y involve in tercept ing raindrops near the 

sur face and a l l o c a t i n g them to s p e c i f i e d s i z e i n t e r v a l s . Th is method 

leads to the construct ion of a histogram where the area of the r e c t 

angles represents the frequency of the raindrops i n each s i z e i n t e r v a l 

Such a histogram appears in F igure 1 .1 . S i n c e the numbers of drops 

vary from very few to thousands, the s c a l e on the v e r t i c a l ax is i s 

logar i thmic . The un i ts o n , t h i s a x i s a r e : number of drops per cubic 

metre per uni t s i z e i n t e r v a l , which in t h i s case i s 0.25 mm. 

I f the s i z e i n t e r v a l s are not equal (as in the .Jpss d i s f r o m e t e r ) , care 

must be taken to e rec t the rectangles to conform to the u n i t s . Through 

out t h i s work the spec t ra w i l l be represented on axes of diameter (D) 

in mi l l imet res and number ( N Q ) per cubic metre per m i l l i m e t r e . A 

spectrum from the distrometer i s shown in Figure 1 .2 . 

A s impler method of represent ing a histogram with equal c l a s s i n t e r v a l s 
J. 

i s by the use of a frequency polygon, obtained by p lo t t ing each 

frequency against the mid-point of i t s range. For ease of i l l u s t r a t i o n 

most of the spectra w i l l be represented in t h i s manner although i t must 

be r e a l i s e d that t h i s frequency polygon i s for a d i s t r i b u t i o n with 

unequal c l a s s i n t e r v a l s . C a l c u l a t i o n s on the spectra are performed on 

the b a s i s of the d i s t r i b u t i o n ' a s represented by the f u l l histogram. 

Hence Figure 1.2 may be represented by Figure 1.3. 
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Figure 1.1 Drop-size spectrum represented by a 
histogram with equal c l a s s i n t e r v a l s 
Af te r MASON and ANDREWS ( 4 ) . 
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Figure 1.2 Drop-s ize spectrum 

represented by a histogram 
with unequal c l a s s i n t e r v a l s 
(Min 3439 of present data) 
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1.1.2 The Marshal l -Palmer d i s t r i b u t i o n funct ion 

The previous two examples of actual r a i n d r o p - s i z e d i s t r i b u t i o n s have "a 

s i m i l a r range in respect of each v a r i a b l e . Furthermore, the d i s t r i b u -
- , . 1' ' . ' ' 

t ions have a markedly s i m i l a r shape, there being many more smalt drops" 

than large drops and evidence of a simple l o g - l i n e a r r ie la t ionship . ^ 

Many raindrop spec t ra produce t h i s shape of d i s t r i b u t i o n and an expo

nent ia l d i s t r i b u t i o n function was f i r s t proposed by MARSHALL and RALMER 

(hereaf ter abbreviated to M-P) in 1948. {13) 

These authors used f i l t e r paper data and the r e s u l t s of LAWS and 

PARSONS {24) and found t h a t , except a t small d iameters , both s e t s o f 

observations could be f i t t e d by a general r e l a t i o n : 

N o = N „ e - ^ 0 . . . ( i ) 

where D i s the diameter, Nĵ sD i s the number of drops of diameter 

between D and D + 6D in un i t volume o f . s p a c e , and i s the value of 

for D = 0. 

I t was found that; 

= 0.08 cm""* (8 x 10^ m'^ mm'^) 

for any i n t e n s i t y of r a i n f a l l , and that : 

X = 41R'°v^^cm'^ (4.1 R"°-^^ mm"^) ( i i ) 
I. • 

where R i s the r a i n f a l l ra te in mm h r ' ^ . (See 1 . 2 . 2 . ) 

These da ta 'a re shown in Figure 1.4 arid the trend towards a;-common value 

of N q for a l l ra tes of r a i n f a l l i s ev ident . Th is i s perhaps a 

s u r p r i s i n g r e s u l t fo r such a complex and v a r i a b l e phenonfenon as r a i n 

f a l l and i t i s only achieved c o n s i s t e n t l y by measuring a number o f 

8 . 
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Figure 1.4 D is t r ibu t ion function ( s o l i d s t r a i g h t l i n e s ) 
compared with the r e s u l t s of LAWS and PARSONS {24) 
(broken l i n e s ) and Ottawa observat ions (13) 
(dotted l i n e s ) . 



spect ra of s i m i l a r r a i n f a l l r a t e s , although ind iv idua l spect ra may , 

o c c a s i o n a l l y produce the same numerical r e s u l t s . 

I t i s now es tab l ished that the value of-N^ fo r averaged spectra v a r i e s 

considerably (55) and indeed the change of oyer shor t i n t e r v a l s of 

time may be of some i n t e r e s t {12), However, the M-P d i s t r i b u t i o n i s a 

most useful "yardst ick" in t h i s work and has been, used as. such by many 

workers. (See for ins'tance 7, 1 2 , 26\)' - •-

I f the r a i n f a l l ra te i s known, the d i s t r i b u t i o n i s e a s i l y computed from 

(i) and ( i i ) and may be compared with an observed d i s t r i b u t i o n having the 

same value for R. Figure 1.5 shows the spectrum of F igures 1.2 and 1.3 

compared with the appropriate M-P d i s t r i b u t i o n . The de f ic iency of small 

drops in the observed d i s t r i b u t i o n i s apparent and the f i t , i s qui te good 

for diameters above 1.0 mm. 

10 
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Figure 1.5 Spectrum 3439 compared to M-P d i s t r i b u t i o n 
for same r a i n f a l l r a t e . R = 2.95 mm h r ' l . 
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1.2 PHYSICAL RELEVANCE 

1.2.1 In tegra t ion 'o f tKe spectrum 

• • t ^ . ' . 

Raindrop spectra may be integrated in severa l ways to produce results-^. 
•. ' ' 

of physica l re levance . For ins tance the tota l volume o f - a l l t h e . r a i n 

drops in a spectrum may be expressed a s : 
roo 

Np D^dD mm̂  m"̂  ( i i i ) 
o 

where W i s the l i q u i d water content . This r e s u l t and the r e s u l t of 

other in tegrat ions w i l l be d iscussed in the fol lowing s e c t i o n s . 

A general form of t h i s expression may be w r i t t e n : 

P(n) = C . Njj D"dD . . . ( i v ) 

where P(n) i s the " in tegra l parameter" (27) for a p a r t i c u l a r in teger 

value of n ( 0 < n ^ 6 ) and C i s a constant . I t may be seen that ( i i i ) 

i s a p a r t i c u l a r case of ( i v ) with C = ^ and n = 3. 

In p rac t i ce the spectrum i s integrated between d e f i n i t e l i m i t s , 

corresponding to the upper and lower measuring l i m i t s o f the i n s t r u 

ment, and i s the number of drops in the range D to D + 60. Hence 

for each step of the in tegra t ion 0^60 must be computed from the 

f i n i t e - d i f f e r e n c e approximation: . 
: • - • 

>n _ 1 / r * n . p, n D' -i (D i" + D . ^ P ( D , , , - D . ) . . . ( V ) 

where and D^̂ ^ are the l i m i t s of a p a r t i c u l a r s i z e i n t e r v a l and 

'^i+i ^ ^ i " ^" "̂ ^^^ distrometer t h e . i n t e r v a l (D-^j - D . ) 

v a r i e s for reasons explained in 2 . 2 . 2 . 
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1.2.2 R a i n f a l l rate 

The r a i n f a l l r a t e , R, i s the depth of water c o l l e c t e d on a hor izonta l 

sur face in uni t time i f R remains constant . The depth i s convention

a l l y measured in mi l l imet res and the time un i t i s one hour. 

I t i s wel l es tab l ished (16, 18, 25 , 20) that r a i n f a l l ra te i s a very 

v a r i a b l e quanti ty over even very shor t time i n t e r v a l s . Hence R i s 

never constant for one hour but a un i t of mm hr~^ i s s a t i s f a c t o r y for 

manipulation and as a b a s i s f o r crude comparison between s p e c t r a . I t 

i s a l s o e s s e n t i a l for const ruct ing the M-P d i s t r i b u t i o n . 

R a i n f a l l ra te may be determined by severa l methods a l l o f which involve 

an averaging process . The approach to an instantaneous value improves 

as the sampling in te rva l i s reduced. An average value of R over a 

period of some hours may be obtained from conventional r a i n gauge 

records or over shor ter i n t e r v a l s by measuring the s lope of the 

hyetogram from an autographic gauge. NORBURY and WHITE {20) developed 

a rapid response raingauge which could be interrogated a t 10 s e c . 

i n t e r v a l s and y i e l d near instantaneous r a t e s up to 200 nin hr"^ with 

an e r r o r of not more than 1055. SEMPLAK and TURRIN {21) reported a 

gauge with a c o l l e c t i n g area of 730 cm^ and a sampling time of 1 s e c . 

The Joss distrometer in the present work uses a c o l l e c t i n g area of 

50 cm^ and a sampling time of 1 minute. R a i n f a l l ra tes are c a l c u l a t e d 

in mm hr '^ for each spectrum hence the to ta l depth of p r e c i p i t a t i o n 

represented by each spectrum i s ^/QQ mm. 

R may be derived from ( i i i ) by inc luding the v e l o c i t y o f the f a l l i n g 

drops thus: 
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which reduces to: 

Np Vjj do m m'^. m s e c ' ^ 

n _ 3.6TT 

^ - mm • O 

Np Vp dD mm hr '^ . . . ( v i ) 

where Vp i s the terminal v e l o c i t y of raindrops of diameter D mm, 

1.2.3 L iqu id water content 

The l i q u i d water content , W, was introduced i n 1.2.1 and may be 

computed from ( i i i ) . I t i s re la ted to the r a i n f a l l ra te and has 

considerable s i g n i f i c a n c e in meteorology e s p e c i a l l y when determined 

wi th in a c loud. In th is case the magnitude and s p a t i a l d i s t r i b u t i o n 

of W f a c i l i t a t e s the study of cloud dynamics, p a r t i c u l a r l y the growth 

mechanisms_of_precipitat ion elements. I t i s a l s o of d i r e c t re levance 

in the study of i c e accret ion on a i r c r a f t {22). Measurement of W a t 

the sur face i s perhaps of l e s s d i r e c t v a l u e , but may be of use 

i n d i r e c t l y in descr ib ing s p e c t r a , as d iscussed in 1.3. 

1.2.4 Radar r e f l e c t i v i t y f a c t o r 

Radar i s now a highly-developed tool in the hands of the meteorologist 

and one of i t s most useful a p p l i c a t i o n s i s i n the detect ion and 

measurement of p r e c i p i t a t i o n . Considerat ion of r a i n d r o p - s i z e d i s t r i -

butions i s fundamental in t h i s , r e s p e c t . 

PROBERT-JONES (23) has s h o w n t h a t , provided the pulse volume i s 

uniformly f i l l e d with r a i n , t h e n : ' ' - . 

f = Ci C2 K ^ 2 . . - ( v i i ) 
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where P i s the average power returned to the radar from the ra in at 

range r , i s a constant known from the radar parameters ( e . g . wave- -

l eng th , a e r i a l dimensions e t c . ) " , i s approximately constant and 

re la ted to the d i e l e c t r i c proper t ies of ra indrops , K i s the ; . coe f f i c ien t 

of a t tenuat ion , mainly due to the r a i n in the path between the a e r i a l 

and the pulse volume under c o n s i d e r a t i o n , and Z^-is the radar r e f l e c 

t i v i t y fac tor defined as the^-suni of the s i x t h powers of the drop 

'diameters per un i t volume, i . e . : ' ' " - - -

Z 6 
\ D dD . . . ( v i i i ) 

which i s equation ( i v ) with C = 1= and n = 6. 

This simple r e l a t i o n s h i p a r i s e s from the Rayleigh s c a t t e r i n g law which 

i s appl icab le when the radar wavelength i s long compared with the d i a 

meter of the s c a t t e r i n g p a r t i c l e s . , I t has been shown {24) that a t wave

lengths between 3 and 10 cm (which inc ludes most meteoro log ica l - radars ) 

the Rayleigh approximation i s v a l i d for the observat ion of r a i n . 

For a s i n g l e spher ica l drop,- the back s c a t t e r i n g cross s e c t i o n i s 

given by: 

V , X ^ - • 
%' • • 

where x i s the wavelength ( 2 5 ) . This i s known as the "Rayleigh 

approximation". Hence for a population of spher ica l drops £n^D^^ i s 

required and t h i s i s known as the "Radar r e f l e c t i v i t y f a c t o r " . 
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1.2 .5 Other physica l parameters 

Several other parameters may be computed from the spectrum; for 

ins tance i f C = ^/ i^ and n = 2 i n equation ( i v ) we produce the o p t i c a l 

ex t inc t ion cross sec t ion a where 

Njj.D^ dD mm̂  m"^ . . . (x) 

which i s the tota l sur face area of a l l the drops in one cubic metre. 

This parameter i s a lso re la ted to the washout in a c loud. 

ATLAS {26) has defined the median volume drop diameter, D^, as that 

diameter which d iv ides the drop d i s t r i b u t i o n in such a way t h a t . h a l f of 

the l i q u i d water content i s contained in drops greater than D^. This 

r e s u l t i s not d i r e c t l y useful but may be used as a d e s c r i p t i v e para

meter, e s p e c i a l l y i f the same concept i s used in a more developed form 

as descr ibed in 1 .3 .2 . 

1.2.6 Relat ionships between phys ica l parameters :̂ <̂  

The r e l a t i o n s h i p s that e x i s t between these phys ica l parameters 

generated by the spectra may be examined e m p i r i c a l l y and t h i s . i s a 
J • i 

1 ^ • -

most f r u i t f u l area to explore . For i n s t a n c e , i f a we l l -de f ined « 

r e l a t i o n s h i p e x i s t s between R and Z , then the radar equation ( v i i ) 

may be used to enable radar to measure r a i n f a l l . 

These re la t ionsh ips are most e a s i l y examined by p lo t t ing one parameter 

aga ins t the other on logar i thmic axes . Th is almost i n e v i t a b l y leads to 

a s t r a i g h t l i n e from which an empir ica l power r e l a t i o n s h i p in the form: 
•i 

X = A.Y^ 

may be deduced, where X and Y are two phys ica l parameters and A and B 
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are constants . The Z-R r e l a t i o n s h i p , i s the most commonly used and 

w i l l be descr ibed in the fo l lowing d i s c u s s i o n . 

MARSHALL and PALMER ( i 3 ) proposed a r e l a t i o n s h i p Z = 220 R^'^ in 1948 

and Z = 200 R^*^. has been commonly quoted (27) and used fo r reduction 

of radar data f o r some y e a r s . I t i s now accepted that there are no 

absolute ly r e l i a b l e values for the constants A and B and in^a number 

of s tud ies many r e l a t i o n s h i p s have been propl)sed (see 25 fo r a summary). 

This i s due to the complex v a r i a b i l i t y of r a i n f a l l leading to v a r i a t i o n s 

in the Z-R re la t ionsh ip between synopt ic t y p e s , loca t ions and small 

s c a l e features of r a i n f a l l events . The r e l a t i o n s h i p i s a l s o very 

s e n s i t i v e to the ex is tence of h a i l or snow in the population and an 

approximate re l 

snowflakes {28) 

approximate r e l a t i o n s h i p Z = 2000 R^"° i s appropriate f o r aggregate 

T h e ~ f i r s t 7253 minutes~of the p resen t -da tawereexamined and a l i n e a r 

regress ion of log R and log Z for a l l raindrop spectra represent ing 

r a i n f a l l rates of 0.1 mm hr"^ and above (4586 minutes) y i e l d e d the 

r e l a t i o n s h i p Z = 269 R^*^® with a c o r r e l a t i o n c o e f f i c i e n t of +0.94. ^ 

This i s wel l wi th in the compass of the many published r e l a t i o n s h i p s 

and may be compared with Z = 296 R^"**^ which i s the r e s u l t obtained 

by the d i r e c t in tegra t ion of the M-Pvdistr ibut ion assuming Rayleigh ^ 

s c a t t e r i n g . These r e l a t i o n s h i p s and some, others, appear in F igure 1.6. ^ 
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1.3 DESCRIPTIVE PARAMETERS 

1.3.1 In tercept and slope 

I t i s useful to be able to descr ibe a r a i n d r o p - s i z e d i s t r i b u t i o n with 

some c h a r a c t e r i s t i c parameters which would i d e a l l y def ine the spectrum 

completely. This f a c i l i t a t e s the comparison of spect ra without the 

need to r e s o r t to simply comparing the numbers of drops in each s i z e 

in te rva l which i s inconvenient , e s p e c i a l l y when using data from 

d i f f e r e n t instruments, which may use d i f f e r e n t s i z e i n t e r v a l s . 

There are a v a r i e t y of p o s s i b i l i t i e s , and the use of in te rcept (N^) 

and slope ( A ) of the exponential d i s t r i b u t i o n was f i r s t proposed by 

MARSHALL and PALMER {13). This method s u f f e r s from the main disadvan

tage that few spect ra are per fect exponential d i s t r i b u t i o n s . These 

authors proposed that had a common value of 8 x 10^ mm"̂  m"̂  for 

a l l r a i n f a l l r a t e s . As noted e a r l i e r t h i s r e s u l t i s only poss ib le 

when many spect ra are averaged and so such a parameter isa t ion , using 

a f ixed value fo r N^, i s useful for genera l ised r e l a t i o n s h i p s , such 

as the Z-R c u r v e , but ignores small s c a l e f l u c t u a t i o n s in the raindrop 

s p e c t r a . 

The v a r i a b i l i t y of the value may be exp lo i ted to improve i t s use as 

a d e s c r i p t i v e parameter as demonstrated by WALDVOGEL {12). Th is author 

used a simple transformation from equations ( i ) , ( i i i ) and ( v i i ) to 

show that : 

% = 446 (^)5.W . . . ( x i ) 

W and X = 6.12 ( ^ ) 3 . . . ( x i i ) 

19 



The r e s u l t s were in terpreted as fo l lows : 

~ 4 - 3 -1 

" large values of (N^:^ 2 x 1 0 m, -mm ) mean spect ra whose 

balance between small and large drops i s s h i f t e d towards small 

drops ( d r i z z l e ) whereas small values of {H^< 2 x 10^ m'^ mm"^) 

mean.spectra whose- balance between small and large drops i s 

s h i f t e d towards la rge drops ( l o c a l thunderstorm) as compared 

to a d i s t r i b u t i o n found in a s t e a d y - s t a t e widespread ra in 

s i t u a t i o n ( N q ' - I O ^ m"^ mm'^)." 

Figures 1 . 7 and 1.8 show examples of spect ra with small and large 

values of N^. These d i s t r i b u t i o n s from the present data s e t have 

almost i d e n t i c a l r a i n f a l l rates but in the case of the large drop 

spectrum ( 2 2 0 2 ) the value of Z i s much l a r g e r than would be expected 

from the conventional Z-R r e l a t i o n s h i p (Z = 2 0 0 R^*^)*and more than 

double the value of the smal:l^ drop spectrum (9656) . The exponential 

d i s t r i b u t i o n f o r the computed values of and'A i s shown and provides 

a bet ter f i t to the data than an M-P d i s t r i b u t i o n . 

The v a r i a t i o n of these shape parameters with time w i l l be d i s c u s s e d 

l a t e r ( 4 . 1 ) and an in te rpre ta t ion of t h e i r s i g n i f i c a n c e g iven. 

1 . 3 . 2 Joss -Gor i parameter isat ion 

The values and \ have no d i r e c t phys ica l r e l e v a n c e , being the 

number of drops with zero diameter - c l e a r l y an a b s t r a c t quant i ty . 

JOSS and GORI (17) have proposed a more s o p h i s t i c a t e d parameter isat ion 

based on the values of a , W, R and Z. This technique i s su i ted to the 

Joss distrometer and vSiell defined up to r a i n f a l l ra tes of 1 0 0 mm hr"^. 
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= . 2.20 m hr";^ 

= 859.3 rm%'^ 

= 1 2 9 . 5 mm?m"^ 

= 4630'6 m"̂ mm'̂  

= 3.26 mm ^ 

D (mm) 

Figure 1.7 Spectrum for min. 2202 (Low N ) 

. D -(mm) 

= 2.23 mm h r " ' 

= . 365.3 m m V " ^ 

= 173.5 m m \ " ^ 
= 28689;3 m'-^mm'^ 

= 4 .78 mm""* 

Figure 1.8 Spectrum-for min. ;9656 (High N )̂ 
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These authors propose 12 parameters div ided in to 3 s e t s : 

In tegra l parameters a , W, R, Z 

Median parameters DM(a), DM(W), DM(R*), DM(Z) 

Shape parameters S(W, a ) , S { R * , W), S ( Z , R * ) , S ( Z , a ) 

The f i r s t s e t are the magnitudes of parameters of d i r e c t phys ica l 

re levance , described in 1.2 and are used as the b a s i s fo r the other 

two s e t s which descr ibe the drop-s i ze d i s t r i b u t i o n in more d e t a i l . 

The median parameters are a s e t of diameters which i n d i c a t e the 

region of the d i s t r i b u t i o n which contr ibutes most to the assoc ia ted 

in tegra l parameter. The parameter DM(W) i s synonymous with D̂  

descr ibed in 1.2.5 and the other median parameters are s i m i l a r l y 

def ined. R* i s given by equation ( i v ) with C = 1 and n = 4 and i s 

used in preference to R to s imp l i f y comparison of the observed data 

with an exponential d i s t r i b u t i o n . 

The th i rd s e t of parameters descr ibes the dev ia t ion of the observed 

spectrum from the exponential over c e r t a i n port ions of i n t e r e s t . A 

concept analogous to a second d i f f e r e n t i a l or curvature i s used to 

ind ica te the form of the d i s t r i b u t i o n contr ibut ing to the s p e c i f i e d 

pa i rs of in tegra l parameters. For example, i f S(W, a ) = 1, an 

exponential d i s t r i b u t i o n i s appropriate fo r the drops contr ibut ing 

to W and a and as t h i s shape parameter tends to zero the d i s t r i b u t i o n 

tends to monodispersity. 

Some of the present data were analysed using t h i s r e l a t i v e l y soph is 

t i c a t e d parameter isat ion technique and the r e l a t i o n s h i p to other 

published work was considered {29, 30), In view of the l i n e of 

research subsequently pursued, which would r e l a t e to an actual 
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operational problem, i t appeared that the r e l a t i v e complexity of the 

JOSS-GORI parameter isat ion was not s u i t e d to t h i s i n v e s t i g a t i o n and 

that only s t u d i e s which would be concerned p r i m a r i l y with the .micro-

physical meteorological impl icat ions of p r e c i p i t a t i o n would warrant 

such s o p h i s t i c a t i o n . 
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CHAPTER TWO 

DATA COLLECTION AND PRIMARY ANALYSIS 
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2,1 THE SITE 

2.1.1 S t , Mawgan, Cbrnwal1 

S t . Mawgan i s a v i l l a g e in north twest CorhwaTl some^25'km north of 

Truro;and near to an RAF base. RAF S t . Mawgan i s an operat ional base 

which houses a Meteorological Forecas t ing O f f i c e in the control tower 

bu i ld ing . The a i r f i e l d i s an extens ive f l a t area with runways 

extending up to the coast and some d is tance i n l a n d . The area i s open 

to Watergate Bay and the A t l a n t i c Ocean to the w e s t ; south wester ly 

a i r a r r i v e s having t r a v e l l e d over approximately 160 km of land. The 

area i s genera l ly e l e v a t e d , the Meteorological O f f i c e instrument 

compound being 103 m above mean sea l e v e l . The loca t ions re fe r red 

to in t h i s work are shown in Figure 2 , 1 . 

-2M-^2 -^Meteorological , O f f i ce Instrument Compound, S t . Mawgan 

The r e l a t i o n s h i p of the compound to the surrounding bui ld ings and 

roads i s shown i n F igure 2 . 2 , A general view appears i n P la te 1. 

The distrdmeter was i n s t a l l e d c lose to the 5 inch s t a t i o n gauge and 

approximately 3 m from the autographic gauge with which comparisons 

were made. Some s h e l t e r was to be expected from a support of the 

chain l i n k fence , although the e f f e c t was not ser ious ( 3 : 1 . 2 ) . As 

can be s e e h , i n the p l a n , the compound i s not s i g n i f i c a n t l y a f f e c t e d 

by the nearby b u i l d i n g s . * 

2 .1 .3 I n s t a l l a t i o n 

The makers recommend that the transducer be. mounted with the sensor 

leve l with the ground to reduce the turbulent e f f e c t s o f s t rong 'winds , 

Care must be taken to prevent the t ransducer from becoming flooded and 
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i t must be surrounded by a sur face that w i l l not cause raindrops 

landing nearby-to sp lash onto the r e c e i v i n g - b o d y . - A foam rubber -

surround i s suggested {31) but i n . the present experiment the advice 

of Meteorological O f f i ce techn ica l s t a f f was sought and t h i s , r esu l ted 

in the i n s t a l l a t i o n as descr ibed below. Th is i s s i m i l a r to that used 
-J V 

in the Dee Weather Radar P r o j e c t . 

A' varn ished , open-en'ded plywood bbx 60 cm x 60 cm x 20 cm deep was 

sunk into the ground and the bottom of the p i t so formed was f i l l e d 

with coarse gravel to a s u f f i c i e n t depth to bring the sensor l eve l 

with the ground (P la te 2 ) . An a n t i - s p l a s h surround was f i xed to the 

corners of the box (P la te 3 ) . Th is was constructed from a p l a s t i c 

l i g h t d i f f u s e r having a 1 cm x 1 cm mesh. A hole was l e f t in the 

centre' for the sensor and the surround was or ien ta ted approximately 

East^West, I t was an t i c ipa ted that much of the r a i n would be blown 

from"a~westerly quadrant and^such o r i e n t a t i o n w o u l d - p r o v i d e - t h e -

maximum benef i t from the dimensions a v a i l a b l e . Exhaust ive experiments 

(32) have shown that for absolute r a i n f a l l measurement, a gauge s e t 

with the rim a t ground l e v e l . s u r r o u n d e d by an a n t i - s p l a s h surround, 

gives the best r e s u l t s . 

The cable from the t ransducer (which can be seen in P la te 2) was 

buried in the grass and connected .to a junc t ion box on a pedestal near 

to the Stevenson screen (P la te 1 ) . From there, the cab les pass under-
I. 

ground to the Meteoro log ica l -Of f ice area in the .Control Tower, 50 m 
' " *. ' * . . . , , 

d i s t a n t . The i n s t a l l a t i o n proved s a t i s f a c t o r y throughout the e x p e r i -

ment; i t was inspected r e g u l a r l y and the cover removed to keep the 

grass cut as necessary . 
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2.2 THE INSTRUMENT -

2.2.1 IPrrr ic ip ie of operation . . . 

"The bistrometer for raindrops i s an instrument for measuring 

ra indrop -s i ze d i s t r i b u t i o n s continuously and automat ica l ly . 

I t was developed because s t a t i s t i c a l l y meaningful samples of 

raindrops could not be measured prev ious ly without a p roh ib i t i ve 

amount of work. The instrument transforms the v e r t i c a l momentum 

of an impacting raindrop into an e l e c t r i c p u l s e , whose amplitude 

i s a funct ion of the drop diameter. A conventional pulse heiight 

a n a l y s i s y i e l d s the s i z e d i s t r i b u t i o n of the raindrops" {31), 

A Joss d is t rometer , together with i t s ^supporting hardv/are, was obtained 

on loan from the Meteorological O f f i ce Radar Research Laboratory. This 

instrument had prev iously been used in the Dee Weather Radar P ro jec t 

(DWRP) and some, publ ished, r e s u l t s were a v a i l a b l e . 

The distrometer c o n s i s t s of two u n i t s : 

- the transducer which i s exposed to r a i n ( P l a t e 4) 

- the processor ( P l a t e 5) 

The s p e c i f i c a t i o n of the instrument i s contained in Appendix I. 

The distrometer transforms the mechanical momentum of an. impacting 

raindrop into an e l e c t r i c p u l s e . This transformation i s achieved by 

a feedback system c o n s i s t i n g of two c o i l s in magnetic f i e l d s and ah' -

ampl i f i e r (see Figure 2 . 3 ) . .The raindrops are in tercepted by.a r i g i d 

cone made of hard styrpfoam which has a non-absorbent t o p . s u r f a c e . 

Two c o i l s are f i r m l y ' a t t a c h e d to t h i s element and the whole i s 
• "' - ' C -. 

supported.by two spr ings which const ra in any movement to be a x i a l . 

On the impact of a ra indrop, the coneand c o i l s are dr iven downwards 

-inducing a voltage in the lower c o i l as i t i s moved through a magnetic 
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f i e l d . This voltage i s then ampl i f ied and fed back to the upper c o i l 

which produces an a x i a l force in a d i r e c t i o n opposite to the o r i g i n a l 

d e f l e c t i o n . The system i s thus e lect ronica l ly -damped and the amplitude 

of the current in the upper c o i l i s a measure of the drop s i z e . 

The amplitude of the e l e c t r i c pulse i s proport ional to the mechanical 

momentum of the f a l l i n g ra indrop, given by the product of the mass and 

the terminal v e l o c i t y . ( I t i s assumed throughout that raindrops are 

a t terminal v e l o c i t y on impact . ) Thus the amplitude i s roughly propor

t iona l to the fourth power of the drop diameter: 

The large r a t i o in the dynamic ranges of the measured s i g n a l s (U) and 

the diameters (D) leads to a high order of accuracy even for small 

drops. (See Figure 2 . 4 . ) The makers c la im that the standard deviat ion 

of the measured drop diameters i s l e s s than 5% (33). 

As seen i n Figure 2.4 the output pulses fo r drops from 0 , 3 mm to 5.0 mm 

range from 0.3mV to lOV corresponding to a dynamic range of 90 db. 

The processor compresses t h i s to a range of 36 db to f a c i l i t a t e s igna l 

process ing . The compressed s igna l output (U^) v a r i e s from 0.16V to lOV 

fo r drops in t h i s s i z e range. A simple r e l a t i o n s h i p i s found between 

and D and i s i l l u s t r a t e d in Figure 2 . 5 . (An ind iv idua l c a l i b r a t i o n 

i s provided with the instrument - t h i s i s contained in Appendix I . ) 

The processor a l s o contains c i r c u i t s to e l iminate unwanted s i g n a l s , 

mainly due to acous t ic n o i s e . Hence when a high l e v e l of a c o u s t i c 

noise i s encountered, the instrument w i l l f a i l to record drops which 

produce a s igna l below the l e v e l o f i n t e r f e r i n g n o i s e . Although t h i s 

r e s u l t s in drops being e l iminated from the record on o c c a s i o n s , i t i s 
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preferable to the a l t e rna t tye of a burs t of noise being recorded as 

a number of perhaps la^rge and non-ex is tent impacts. 

2 ,2 .2 Supporting Hardware 

The s igna l from the processor must be fed to a pu lse -he ight ana lyser 

in order tha t pu lses may be converted to appropriate drop s i z e s . 

These data must then be recorded together with a timing re fe rence . 

The makers of the Distrometer a l s o produce a pu lse -he ight ana lyser 

which i s designed to be compatible and render the data e a s i l y 

recordable on a va r ie ty of d e v i c e s . The s p e c i f i c a t i o n s of t h i s 

device (Analyser AD 69) are given in Appendix I and i t can be seen 

in P la te 5. A v i s u a l ind ica t ion of raindrop impacts i s given by a 

se t of 20 red ind ica to r lamps on the f ront p a n e l , one for each 

—channelVcorrespondihg- to 20-ranges of drop diameters. —These are -

given in Table 2 . 1 , together with input /output information. The 

c l a s s l i m i t s of the channels are arranged so that the r a t i o between 

the c l a s s i n t e r v a l s and the re levant drop diameters remains near ly 

constant . This ensures a propor t iona l ly wider sampling range for 

the r e l a t i v e l y infrequent impacts of the l a r g e r drops. 

- . * "' • -

These s i g n a l s are fed to a FACIT 4070 paper tape punch as a permanent 

record . This d e v i c e ' i s s p e c i f i e d in Appendix I ^̂ and a l s o rece ives 

s i g n a l s from a c r y s t a l - c o n t r o l l e d d i g i t a l c lock to provide a 

uniquely-coded frame on the paper tape a t i n t e r v a l s of one minute. 

• 1-

The c lock i s a VENNER type TSA 6686 and i s modified to produce the , 

required pulses and fed to the processor v i a - t h e "clock connection box" 

suppl ied by the Meteorological O f f i c e . The e n t i r e conf igurat ion i s 

shown in P la te 5 and schemat ica l ly in F igure 2 .6 . 
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CHANNEL 
No. 

DROP 
DIAMETER 

(mm) 

INPUT AMPL. 
c i r c u i t a 

( v o l t s ) -

20 LINE 
OUTPUT 

pulse at 
pin No. 

BINARY OUTPUT 
l o g i c l e v e l 

at pin No. 
A B O D E 

1 0.3 - 0.4 0.16 - 0.245 A 1 1 1 0 1 
2 0.4 - 0.5 0 .245- 0.34 B 1 1 T O O 
3 0.5 - 0.6 0.34 - 0.44 C 1 1 .0 1 1 
4 0.6 - 0.7 0,44 - 0.56 D 1 1 0 1 0 

5 0.7 ^ 0.8 0,56 - 0.68 E 1 1 0 0 1 
6 0.8 - 1.0 . 0.68 - 0:94 F 1 1 0 0 0 
7 1.0 - 1 . 2 0.94 - 1,22 H 1 0 1 1 1 
8 1.2 - 1.4 • 1.22 - 1.55 .- J ' 1 0 1 1 0 

9 1.4 - 1.6 1.55 - 1,90 K 1 0 1 0 1 
10 1.6 - 1..8 1.90 - 2.25 L 1 0 1 0 0 
11 1,8 - 2 : 1 2.25 - 2.80 M 1 0 0 V. 1 
12 ' 2.1 - 2,4 2 . 8 0 : - 3.40 N 1 0 .0 ' 1 0 

13 2.4 - 2.7 3.40 - 4.05 P J _ ^ 0 ^ „0__0 1--
-n " *2.7 - 3.0 4 .05^- 4.75 R 1 0 0 0 0 

15 3,0 - 3.3 4.75 - 5,45 S 0 1 1 1 1 
16 3.3 - 3.7 5.45 - 6.40 T 0 V 1 1 0 

17 3.7 - 4.1 6,40 - 7.50 U 0 1 1 0 1 
18 4.1 - 4.5 7,50 - 8.60 V 0 . 1 1 0 0 
19 4 .5 - 5.0 8,60 -10.00 W . 0 1 0 1 1 
20 5.0 - 10,00 - X 0 1 0 1 0 

A u x i l i a r y input 1 (pin F) 
A u x i l i a r y input 2 (pin H) 
A u x i l i a r y input 3 (pin J ) •̂ 

- 0 
0 
0 

0 
0 
0 

0 1 0 
0 0 1 
0 0 0 

Table '2 .1 Channel C a l i b r a t i o n 
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2.2 .3 Sources of e r ror 

The potent ia l sources of e r r o r recognised in t h i s experiment a r e : -

Acoust ic noise at distrometer s i t e 

Incor rec t c a l i b r a t i o n of d istrometer 

Var ia t ion in f a l l speed of raindrops of same s i z e 

Var ia t ion in shape of raindrops 

Inadequacy of sampling volume » . - _ „ _ „ 

Inadequate response time in high r a i n f a l l i n t e n s i t i e s 

Insplash to sensor from surroundings 

Splash products formed on sensor 

Timing e r r o r s . 

The f i r s t e r ro r i s unique to a p a r t i c u l a r experimental s i t e and w i l l 

be d iscussed separate ly in the next s e c t i o n . The c a l i b r a t i o n i s 

„ descr.i bed_i n .2.2 ..5.__The_remai ni.ng_pp_tenti al sources of e r r o r are 

common to a l l distrometer experiments, and are d iscussed below: . 

Var ia t ion in f a l l speed of raindrops of same s i z e 

As explained in 2 . 2 . 1 , the instrument r e l i e s on the e x i s t e n c e of a 

f ixed r e l a t i o n s h i p between the amplitude of the s i g n a l s produced and 
—." • • 1" 

the.rtiechanical momentum of the raindrops s t r i k i n g : t h e t ransducer . Th is 
• • ' - ' ^ ' ' • ' 

assumes that raindrops of the same s i z e are t r a v e l l i n g a t the.same 
> • . .• - • -- . 

speed when a r r i v i n g at. the t ransducer . This v e l o c i t y i s assumed, to 

be the terminal ve loc i . ty .o f the drops in s t i l l a i r ; . 

• 

Furthermore when computing the raindrop-si-ze d i s t r i b u t i o n in the 

conventional form of number per un i t volume per un i t s i z e i n t e r v a l , 

the terminal v e l o c i t y i s again introduced. C l e a r l y any f luc tua t ion 

36 



in the f a l l speed of raindrpps of the s^jije s i z e w i l l lead to e r r o r s . 

The most l i k e l y mechc^nism to-cause such f l u c t u a t i o n would be v e r t i c a l _ 

a i r motion (VAM). 

This matter has been widely d iscussed (see for instance" i^?, 3 5 , 3?) 
• • ' ' • '•• • • - . 

and the conclusion i s that, e r ro rs due to t h i s mechanism are u n l i k e l y 

to be s e r i o u s . In f a c t the Ooss distrometer has been used as an 

independent measure of the spectrum of raindrop s i z e s in an experiment 

to inves t iga te VAM using Doppler radar ( 3 ^ ) . The authors (BROWNING 

et a l ) s ta te "The in f luence of VAM on the accuracy of the distrometer 

has been shown to be n e g l i g i b l e in most p r a c t i c a l c i rcumstances" . 

Var ia t ion in the shape of raindrops 

I t has been suggested by KINNELL ( 3 5 ) that i f raindrops of a d i f f e r e n t 

shape^to those used to c a l i b r a t e the distrometer o c c u r - i n - n a t u r a l r a i n , 

then the r e l a t i o n s h i p between the s igna l pu lse and the drop diameter 

(descr ibed in 2 .2 .1 ) w i l l not hold . Such a s i t u a t i o n may a r i s e during 

high wind v e l o c i t i e s . 

Free ly f a l l i n g raindrops develop a concave depression in the base when 

the diameter exceeds 5 mm ( 3 ^ ) . Such raindrops are counted in the 

l a r g e s t s i z e category measured by the distrometer (Channel 20) and in 

the present data no drops were recorded in* : th is category. From the 

r e s u l t s d iscussed in 3 . 1 . 2 , comparing gauge and d is t rometer -der ived 

r a i n f a l l with wind v e l o c i t y , there does not seem to be any systemat ic 
• - • i ' • • * • . 

var ia t ion which suggests that i f e r r o r s due to drop shape changes are 

present , then they are small and do not s y s t e m a t i c a l l y a f f e c t the 

observat ions. 
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The designers of the distrometer WOSS & WALDVOGEL) reply to KINNELL's 

paper and l a rge ly discount the r e s u l t s s i n c e the l a t t e r s p e c i f i e d 

extreme condit ions which are u n l i k e l y to occur i n natural r a i n f a l l {37) 

These authors a l s o s t r e s s that the distrometer i s n e c e s s a r i l y a compro

mise to optimise the cont rad ic t ing s p e c i f i c a t i o n s f o r the inst rument : -

- s t a t i s t i c a l l y s i g n i f i c a n t raindrop samples 

( la rge rece iv ing body) 

- small r inging time constant : few drops l o s t (smal l 

rece iv ing body of damping m a t e r i a l , broad band width) 

- no dependence on the impact locat ion (small r e c e i v i n g 

body, low frequency response) 

- no dependence on drop shape (low frequency response) 

- no dependence on acous t ic noise and wind (high frequency 

response, small rece iv ing body) 

The opt imisat ion i s achieved by the c o r r e c t choice of two parts of the 

instrument , f i r s t l y the rece iv ing body (geometry and mater ia l ) and 

secondly the e l e c t r o n i c processing c i r c u i t r y (centre frequency and 

bandwidth). 

Inadequacy of sampling volume 

Raindrop-s ize d i s t r i b u t i o n s are quant i f ied as a number of drops per 

cubic metre. In the present experiment the volume of atmosphere 

sampled in each channel i s given by: 

VOLUME = A X Vr. x t m̂  
^i 

where i = channel number ( l 4 i ^ 2 0 ) 

A = c o l l e c t i n g area (0.005 m )̂ 

VQ = terminal v e l o c i t y of drops in channel i 

t = sampling i n t e r v a l (60 s e e s . ) 
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The volume sampled in each channel fo r t h i s i n t e r v a l ; . i s given in 

Table 2 . 2 . I t . t s not unttli^channel 6 that at l e a s t one cubic metre 

i s sampled and t h i s i s not n e c e s s a r i l y t yp ica l of the r a i n f a l l - s i t u a t i o n 

The e f f e c t of t h i s e r ro r depends on the in tegra l parameter under 

cons idera t ion . C l e a r l y . t o measure Z accurate ly requi res the sampling 

of a l a rger volume than that required to measure R with the same degree 

of accuracy , because the l a r g e s t drops, which contr ibute very s i g n i f i 

cant ly to Z , are much s c a r c e r than the smal le r drops. 

The sample s i z e required to measure R with a p r o b a b i l i t y of 95% which 

deviates l e s s than 10% from the mean has been c a l c u l a t e d t h e o r e t i c a l l y 

( 3 5 ) . For a f i l t e r paper technique (which i s i d e n t i c a l in p r i n c i p l e to 

the distrometer c a l c u l a t i o n ) 1.5 m^sec. i s required and f o r a drop 

camera (where a volume i s sampled d i r e c t l y ) 11 i s requ i red . The 

sample provided-by- the-d is t rometer - is -0 .3 -m?sec. -which.suggests„that 

a longer i n t e r v a l , perhaps 5 minutes, should be used. However, such 

an approach would mask some of the i n t e r e s t i n g , s h o r t - t e r m f l u c t u a t i o n s 

in r a i n f a l l and s ince a 60 second in te rva l i s most commonly used, i t 

would.render the r e s u l t s l e s s e a s i l y comparable with other published 

work. The use .o f the r e s u l t s without a cor rec t ion i s therefore a 

compromise between a high order of accuracy ( d i f f i c u l t to achieve with 

such a random and f luc tua t ing phenomenon a s . r a i n f a l l ) . a n d the most 

complete q u a l i t a t i v e descr ipt ibr f of the event . 

I t i s l i k e l y . t h a t the wide, range-of Z - R 7 r e l a t i o n s h i p s .which have been 

deduced by^various techniques i s due in^some par t to the s t a t i s t i c a l l y -

induced v a r i a b i l i t y in observat ions a r i s i n g from t h i s s o r t of e r r o r , 

for which i t would be d i f f i c u l t to compensate. 
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Channel 
number 

Volume,sampled 
• (m^) 

1 " o:42-
2 0.'55 
3 0.68 
4 0.80 

• 5 0.92 
6 1.10 

. 7 1.30 
8 1.47 
9 1.62 

10 1.76 
11 . 1 . 9 2 

~U 2,09 
13 2.24 
14 . 2,36 
15 2.46 

16 2.'55 
17 2^63 
18 2.69 
19 2.72 
20 2.74 . 

Table 2:2 . Sample volume, of each distrometer^ 
channel for ah' interval of one minute 
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Inadequate response time in high ra infa l l intensi t ies 

Raindrops which are intercepted by the sensor whilst the system i s 
recovering from a previous impact wi l l not be counted. The recovery 
time of the transducer is only a few milliseconds (e .g . for 1 mm drops 
the recovery time is about 1 ms. {29)). The operational speed of the 
paper tape punch i s 75-80 rows per second (see Appendix I ) . This 
determines the maximum rate at which the system can count raindrops 
and corresponds to a response time of 13 ms. 

The manufacturers claim that s igni f icant errors due to coincidence 

counting are only l ike ly at high ra infa l l in tens i t i es . Although 

there i s much published work based on distrometer observations, 

there has apparently been no attempt to quantify this error. Hence 

an investigation was made into the l ike ly effect of missing impacts 

whi lst the system is recovering. These effects are normally con

sidered in the case of other part ic le counters - in part icular 

Geiger counters and Coulter counters. For a raindrop-size d i s t r i 

bution the problem is complicated by the need to know the s ize 

distribution of the impacts missed i f the error is to be quantified 

with any degree of certainty. 

Two methods of calculating the error were devised and applied to the 

observed average drop-size distributions (discussed in 3 .2) . The 

f i r s t method is based on the distribution s t a t i s t i c s and the second 

simply on average counting rates. Two different results are obtained 

and detailed in Table 2.3. The methods are outlined below. 

METHOD 1 

Theoretical and experimental investigations have shown {39) that the 

numbers of drops in eê ch size interval in a given volume wi l l be 
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distributed according to the Poisson distr ibut ion. Assuming that a l l 

drops are equally l ike ly to be missed, then i t i s possible to estimate 

the effects of coincidence counting when 2 or more drops arr ive at 

the sensor within the response time of the system. 

I f N drops arrive at the sensor in 1 minute the average number of drops 

arriving during the response interval (0.013 sees. ) i s : 

TT 0.013 X N 
'̂ t = — 5 0 — 

IT^ = 2.2 X 10"'*.N drops. 

The probability that at least two drops wi l l arrive before the system 

has recovered is given by: 

P (x>.2) = 1 - (P(o) + P ( l ) ) 

where P(x) i s the probability of x drops arr iv ing. 

Hence P(x?>2) = 1 - (e'^t + e''^t) 

I f N = 1000 (a number which would be appropriate for a ra in fa l l rate 

of about 9-10 mm hr'^ - see Table 2 . 3 ) , then 

P (x^/2) = 1 - (e"°*^^ + 0.22 e'°*^^) 

•= 0.02 

Therefore in 2 out of every 100 periods of 0.013 sees, coincidence may 

occur and at least one drop could be los t . 

There are ^ 4615 periods of 0.013 sees, in one minute. 

Hence 4615 x 0.02 = 92.3 drops may be missed. 
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This calculation was repeated for each of the f i r s t 8 ranges of 

ra infa l l rates for which average raindrop-size distributions were 

deduced. The results appear in Table 2.3. As expected, at the lower 

ra infa l l rates (when N is small) the numbers of impacts missed are 

small . As R increases more drops are missed, r is ing from about 3% of 

the observed impacts at ra infal l rates about 1 mm hr^ to 10% in the 

highest category. 

To quantify the effect of these losses in terms of the integral para

meters R, Z and W, i t was assumed that the drops missed would be 

distributed in the same proportions as the drops observed. Then by 

re-forming the spectrum using the calculation described in 2.4.2 i t 

was possible to compute the contributions to R, Z and W by using 

equations ( v i ) , ( v i i i ) a n d ( i i i ) . These results are given in Table 2.3; 

again the losses are small in both absolute and percentage terms at 

f i r s t but increasing as the precipitation becomes heavier. 

METHOD 2 

An alternative method was investigated by considering the average 

counting rate and deducing the amount of "dead time" during which i t 

was assumed that drops would be arriving at the same rate and therefore 

being missed. 

N 
Average counting rate = ^ impacts per second. 

N 

Dead time per second = ^ x 0.013 sec. 

Drops lost per minute = -gjj x 0.013 x -gjy x 60 

= 2.2 X 10""* N .̂ 

I f N = 1000, as in the example above, then 220 drops would be los t . 
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The results of thi^ ce^lculftttpn for each ra in fa l l raite are. given in 

Table 2.3 ^nd are seen to be 5ipproxirT)c^teiy t>/ice"the the 

numbers for method 1/ ' The contributions to R,. Z and W are also 

larger. 

The effect of these losses in relation to the ra in fa l l total may be 

deduced by calculating the amount represented-by-all-the-observed- ~ 

average raindrop-size distributions (given by the product of the number 

of spectra in each category and the average ra infa l l rate divided by 

60 - see 3 .2 .2) . Thus the losses by methods 1 and 2 represent 4.5^^ 

and 9,5% of the ra infa l l to ta l , respectively. This difference is 

partly due to method 1. only predicting co-incidence and the loss of 

at least one drop. Method 2 offers a more comprehensive solution, 

based on average counting rates , and should include a l l the drops 

missedr These-results may-be-regarded as-the^upper-and_lowerJimits 

of the loss due to this factor. 

When the distrometer data are compared with raingauge records (3:1.1) 

i t i s shown that the distrometer over-reads by a few percent overall 

(a result in agreement with other published results {26))\ Therefore 

no correction procedure for coincident passages was devised. The 

application of such a correction would also render the'present results 

less comparable with those published by other workers who have 

apparently without exception regarded this source of error* as 

unimportant. - . . . 

• • ' 

Ihsplash-to sensor from surroundings 

Raindrops which land in the v ic in i ty and break up may cause impacts on 

the sensor leading to erroneous results due to the counting of splash 
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4̂  
<J1 

Rainfall 
rates 
about:_ 
(mmhr" ) 

Number 
of 
spectra 

Number of 
spectra 
as a 
percentage 
of a i r 
spectra 
(17655) 

Number 
of 
impacts 

Impacts 
m i ccaA 

1 
Contribution to: 

1 
Mean 
rainfal l 
rate of 
average 
distribution 

Rainfall 
total 

(mm) 

Contribution 
n-P I ' m n n / H - l - r 

Rainfall 
rates 
about:_ 
(mmhr" ) 

Number 
of 
spectra 

Number of 
spectra 
as a 
percentage 
of a i r 
spectra 
(17655) 

Number 
of 
impacts I- ! 

mm hr,. ) 

z 

• m m 6 - 3 

mm m 

. w 

mm̂  m ^ 

Mean 
rainfal l 
rate of 
average 
distribution 

Rainfall 
total 

(mm) 
V 1 1 III^JC 

missed 
rainfa' 
tptal 

to 
1 
mm) 

Number of 
spectra 
as a 
percentage 
of a i r 
spectra 
(17655) Method 

1 
Method 

2 
Method 

1 

1 
Methoc 

2 
Method 

1 
Method 

2 
Method 

1 
Method 

2 
(mm hr'^) Method 

1 
Method 

2 

1.0 3968 22.5 275 8 16 0.030" 0.060 n 23 2 4 -0.90 59.52 1.98 3.97 

2.0 1374 7.8 381 14 31 0.086 0.178 . - 40 83 , 5 11 ' 1.93 44.20 1.97 4.08 

3.0 j500- 2.8 460 . 21 46 0.152 0.326| 83 179 9 17. : ,2.91 24.25 1:27 2.72 

.4.0 160 0.91 .525 28 60 0.214 0.4651 
1 

112 244 12 26 3.89 10.37 •0.57 1.24 

' 5.0 58 0.33 '551 30 66 0.314 0.682, 
j 

271 589 16 35 4.90 4.74 0.30 0.66 

6.5 39 0.22 673 45 98 0.469 1.031! 
1 

367 808 25 54 ; 6.31 4.10 0.30 0.67 

8.5 26 0.15 868" 72 • 163 0.692 ) 
1.566i 390 881 38 85 8.24 3.57 0.30 ; .0.70 

. 10.5 • 10 0.06 ;1153" 122 ' 288 1.101 2.640 742 1782 56 140 10.21 11.70 0.18 0.44 
'< , 

" l ' l ' 

I 

I TOTAL ,152.45 '6 .;87" 14.48 

1 • 
> \ 

1 . 

4-.5i' 9-..5X 

Table 2.3i The effects of coincidence counting 



products as well as direct ratndrpp i.mpe^cts. I t has been shown {4) 

that large raindrops may produce a lairge number of splash drops which 

may r ise to a height of some 65 cm. This e f fect varies with drop s ize 

and the surface onto which the drops f a l l . Drops smaller than 2.5 mm 

produce very few splashes. 

To reduce the effects of insplash the transducer must be surrounded by 

a suitable absorbing surface. In the present experiment a p last ic grid 

was used (see 2 .1 ,3 ) , Most of the raindrops landing in the v ic in i ty of 

the sensor wi l l fa l l through the grid into either the instrument pit or 

grass and those which str ike the mesh wi l l find a cutting edge which 

wi l l severely disrupt them and reduce the chance of splash products 

reaching the sensor. 

Splash products formed on sensor 

Raindrops which land on the sensor may form splash products which wi l l 

fa l l back onto the sensor and be counted again in a lower channel. 

MASON and ANDREWS {4) have shown that the number of splash drops and 

the height to which they r ise decrease considerably as the drop s ize 

decreases and also many fewer splash drops are produced from a dry 

surface than from the same surface when i t i s wet. 

This source of error may be minimised by ensuring that the sensor stays 

dry - hence a non-absorbent convex surface from which the water drains 

rapidly. Only splash drops with a near vert ical trajectory are l ike ly 

to f a l l back onto the sensor. In the present data, few very large 

drops were measured, reducing s t i l l further the chance of large 

errors due to this factor. 
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Timing errors 

The chronology of the data re l ies on the accuracy and continuous 

operation of the crystal-control led clock which produces a signal 

pulse every minute. The minute count from each paper tape was compared 

with the elapsed time between the s ta r t and f in ish times entered on the 

log sheets at the instrument s i t e . In many cases an exact agreement 

was obtained although sometimes there was a discrepancy of a few 

minutes which was perhaps due to an observational error in the log. 

More serious discrepancies occur on four paper tapes when the clock 

stopped (notably PT25, see Table 2.6) due to an instrument or power 

fa i lure . By careful editing these discrepancies were removed although 

this was not possible in the case of PT25. Hence the times on PT's 25 

and 26 are suspect. 

Where these data are compared with autographic raingauge and anemograph 

records, there exists the further poss ib i l i ty of timing discrepancies 

due to errors in those instruments. These factors are discussed in 

3.1.1. The accuracy of the clock was checked by comparison with an 

independent time reference and a wholly acceptable agreement was found. 

2.2.4 Effects of noise 

The signal produced by a raindrop str ik ing the transducer is a d is t inct 

0.5 ms pulse. The signal recognition c i r c u i t in the processor can d is 

tinguish betv/een these signals and the more uniform osci l la t ions caused 

by acoustic noise. For raindrops to be counted in a noisy situation i t 

is necessary for the amplitudes of these pulses to exceed those of the 

osci l la t ions caused by acoustic noise. 
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The distrometer s i t e at RAF St. Mawgan i s generally very quiet with 

infrequent bursts pf noise at a high level when a i rc ra f t take off and 

land or taxi nearby. Observations have indicated that these high 

levels of noise occur for only a few seconds at a time and total only 

a few minutes per day. I t was thought improper to request or compile a 

detailed log of a i rc ra f t movements at the Base. 

The equipment was observed in operation during both dry conditions and 

when precipitation was being recorded to assess the effects of a i rc ra f t 

noise. I t was noted that these high levels of noise did not produce 

any signals when i t was not raining, showing that the noise l imiter in 

the processor was working s a t i s f a c t o r i l y . During ra infa l l the smaller 

drops were not recorded when an a i rc ra f t used the runway and therefore 

some small drops were lost from the record. This interruption usually 

lasted for 10 seconds or l e s s . 

Since these interfering noises occupy only a very small proportion of 

the time and do not necessari ly occur during r a i n f a l l , they are unlikely 

to cause the loss of such a large number of drops that the record of 

many thousands of minutes wi l l be noticeably affected. However, any 

analysis that examines individual minutes must be scrutinized careful ly 

to ensure that any unrepresentative distributions polluted by noise are 

eliminated. Under conditions of a high background sound level the 

recording of small drops wi l l be eliminated. Such a situation occurred 

during the GATE experiment when a Joss distrometer was operated on the 

ship "RESEARCHER", as reported by CUNNING and SAX {40). In the 

presence of continuous generator and motor noise a l l drop sizes less 

than 1 mm were eliminated and the number of drops in the 1-2 mm range 

was greatly reduced. The authors devised a technique to overcome this 

problem by extrapolating a bes t - f i t curve to the distribution of drop 

s i z e s , not affected by the noise problem, back to small drop diameters 
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in a consistent manner. This resulted in-.a better agreement betv/een 

distrometer-dertyed rainfcill and gauge catchej as: shown in Table 2.4. 

THe results of this comparison for the present-experiment are.discussed 

in 3.1.1 and are appreciably better than even the corrected values in 

the GATE experiment; this suggests that a s imi lar procedure for the 

present data would be unnecessary. 

At the beginning of the experiment i t was noted that-occasional, signals 

were generated by the equipment when no precipitation was evident. To 

ensure that these signals were not generated by foreign objects being 

blown onto the transducer or by wind turbulence deflecting the sensor, 

the distrometer and surround were covered with a metal l i d . The 

occasional signals were s t i l l observed, but they were very infrequent 

and at a low level ( i . e . mainly in Channels 1.& 2 ) . They were a t t r i 

buted to local e lect r ica l interference from the large amount of 

-electronic-^equipment .and .switchgear__in the_Cohtrol_Tpwer;buiIdAng in 

which the distrometer hardware was situated. 

Several hours of. operation without precipitation on PT3 were examined 

.to determine a level at which to re ject minutes with few impacts as 

being due to these spurious interfering s igna ls . Failure to do so 

would result in the records containing these signals alone being 

written to the main body ofvdata arid wasting storage space. . : 

By far the worst case of .interference in this period was when'-6r(frames 

occurred between timemarks asT detailed in Table 2.5. Even this level 

of noise represents an insigni.ficant contribution to ra infa l l rate, 

although the contribution to the valiie i s noticeable. I t must be 

emphasised that the^example under consideration i s an extreme case -

normally the interference consisted of a so l i tary signal in Channel 1 
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6 minute averages, Ju ly '8 1974 - Researcher 

Time Siphon 
Gauge (mm) 

• Distrometer' 
Time Siphon 

Gauge (mm) Uncorrected Corrected 

. 1745-51 6.2 3.5 4.6 
1751-57 10.9 6.7 12.0 , 
1757-1803 9.3 5.1 '7.8 
1803-09• 7,6 3.p> 6.3 
1809-15 6,7 1.7 2.4 
1815-21 3.9 V.O 1.4 
1821-27 7.3 2.6, 4.'5/' 
1827-33 6.4 211 3.3 

TOTAL 53.8 .24.7 42.3 

Table 2.4 Comparison of distrometer-derived-rainfall with 
that -from siphon gauge on-board ~Researcher-^(4f?j. 

1: 

CHANNEL " No. D̂ R mm hr"^ % total R 

s 1 ' 1 24.0' 0.0003 4 
2 4. 72:-5 .- 0.0024 : 32 
6 1 ' 4 . 6 0.0048 64 

TOTAL 
• ^ 

>101,1 0.0075 100 

Table 2.5 Example of--signals recorded during a dry period on PT3 
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or 2 ( this was the only example of a signal in Channel 6 ) . I f this 

noise is also present during ra infa l l then i t must be expected that 

the Njj values for Channels 1 or 2 may be incremented occasionally. 

There was no convenient method of separating the e lec t r ica l noise from 

the record and therefore i t was decided to re ject a l l minutes when 6 

signals or less v/ere recorded in one minute. This task was carried out 

by RAINSPECTRA (see 2 .4 ,2 ) . Despite this procedure a small number of 

records were s t i l l produced during dry periods but again the inter 

ference was at a very low level representing ra in fa l l rates of a few 

thousandths of a millimetre per hour. These could be eliminated when 

analysing large portions of data (e .g . to calculate Z-R relat ionships) 

by using only minutes with ra infal l rates > 0.1 mm hr~^. (0.1 mm i s 

the smallest quantifiable amount of precipitation measured on a con

ventional raingauge.) 

2.2.5 Calibration 

The distrometer was received direct ly from a manufacturer's overhaul 

when the calibration of the transducer against the processor had been 

carried out. I t remained only to check the calibration of the pulse 

height analyser. 

This calibration check was carried out in accordance with the directions 

given in the manufacturer's manual {41). I t was found that the analyser 

was correctly calibrated and no adjustment was necessary. The oppor

tunity was taken to connect the paper tape punch and verify the codes 

given in Table 2.7. 
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2.3 ORGANIZATION OF DATA 

2.3.1 Paper tape r e t r i e v a l . 

At the start of the experiment i t was not known exactly how many data 

would be col lected. Observation was expected to l as t for some months 

which would require the archiving of at least 10^ minutes of records. 

Clearly in an exercise of this magnitude i t is essential to organize 

the data properly. 

When the instrument was previously operated by the Meteorological 

Office,:the exercise was. served by a small team of personnel, both on 

s i te and elsewhere, to co l l ec t , compute and archive the data. The 

author was faced with;the task of developing software from f i r s t 

principles and ins ta l l ing and operating the equipment at a remote 

stat ion. Thus the paper tape retr ieval organization had to be both 

simple and f lexible to make the experiment feasib le . I t had to be 

accepted that gaps might occur in the observations and that in any 

event,, a considerable amount of travel l ing was inevitable. 

Ideally the distrometer system should have a dedicated on-site operator 

to switch on the equipment at the onset of precipitation and log a l l 

the necessary de ta i l s , switching off at .the errd,of the ra infa l l event. 

This ensures that no precipitation is'missed and the records consist 

almost entirely of the data of interest - raindrop-size-distr ibut ions. 

RAF St . Mawgan has ,a very busy operational Meteorological Office and 

i t was determined that^the most suitable method of observation was to 

leave the instrument running, continuously and to change the paper tape 

only when i t ran out; i f a t a l l possible changing the tape during ra in-

fa l l was to be avoided. ;.The author would then travel to the station 

at approximately. 3 week intervals to col lect completed'-.tapes, log sheet 

and station data and also to check the equipment. 
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Although previously mentioned in the Acknowledgements, the author 

records again, in this context, the excellent co-operation of the 

Meteorological Office s ta f f at RAF St . Mawgan in playing their part in 

this programme. The instructions l e f t on s i te are included in Appendix 

I I . When the author v is i ted the s i te the s ta f f were informed of 

progress in the experiment, the station records were made available 

and much useful advice and discussion offered. 

Having already developed the software in pr inc ip le , using dummy data, 

i t had been decided that ten blank frames would be necessary at the 

star t and f in ish of the paper tape record. Hence the requirement to 

run out tape at the star t and f i n i s h , and to avoid switching off in 

the middle. Also when the anci l lary devices (processor, analyser and 

timer) were switched on, some spurious signals were always punched on 

the tape and these had to be eliminated from the record. This method 

of creating clean run-out was simpler and more f lex ib le than punching 

and spl ic ing special header sequences, and, in general, i t worked well 

throughout the experiment. 

Having collected the paper tapes from the instrument s i t e i t was 

necessary to check that the blank frames were present at the end of 

the record, rewind the tape and check the start ing frames. The tape • 

was then ready for reading and i t was considered essential that the 

record should be duplicated for security reasons so that i f any data 

became corrupted i t would be possible to recreate the original record. 

Each minute of data required the storing of 25 integer variables 

(see 2.4.1) and this applied even during periods of no ra in . Hence 

for 10^ records, storage space for 2.5 x 10^ values was required. The 

only practicable f a c i l i t i e s for storing such a mass of data were 

magnetic tapes or d i s c s . The f l e x i b i l i t y and simplici ty of magnetic 

tape data f i l e s was chosen and this i s described in the next section. 
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I t was desirable that there should be a f a c i l i t y for examinirig the 

paper tape record for^errors at an early stagerin processiing and the 

minutes suspected.of containing errors ,to be printed out on reading the 

tape, together with a summary of the data. Thls*ie'd^tp-th^ development 

of a three-level data-processing system as depicted in Figure 2.7. 

Table 2.6 contains a summary of the 32 paper tapes used in this analysis 

Only 17655 distributions are used due to discrepancies in tapes 25.and 

26 as explained in the table. I t can be seen that in the 131127 

minutes (-^91 days) of the experiment, 116615 minutes were recorded 

(89%) and 17821 were during ra infa l l (15%). 

2.3.2 Magnetic tape archives 

The paper tapes were read, by the package RAINDROPS (described in some 

detail "irr2'.471 )~and"the'datTrwritten to a generation of magnetic tapes 

called ECCRAIN. On reading each new paper tape, the previous magnetic 

tape record was re-written to a scratch tape and the new data.,added. 

This ensured further duplication in the event of data becoming corrupted 

during processing. The data were s p l i t into three portions to economise 

on computer time in this copying process. All data then appeared on 

three tapes: -

ECCRAIN 11* PT 1 - 12 -

ECCRAIN 25" PT 13 - 25 " r̂ ' 

ECGRAIN 37 PT 26 - 32 r .. 

* f i l e generation number 

On reading each paper tape a summary and error .prof ire was output to 

the l ine printer and a sample of this is included in 'Appendix H I . 
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1 

o 
TRANSDUCER 

TIMER 

.. 

PROCESSOR 'ANALYSER PROCESSOR 'ANALYSER 

PAPER TAPE 
DATA 

PAPER JAPE 
PUNCH 

ST.-MAWGAN 

o 

RAINDROPS* 
Read paper tape, sort drop 
s i z e s , identify errors and 
write to magnetic tape 
with time marks 

ECCRAIN^ 

PLYMOUTH 

Output summary 
of paper tape 
data and errors 
i f any 

Sorted paper tape data with 
time marks and error profi le 

© 

RAINSPECTRA* . 
Compute raindrop-size dis 
tribution and ra infa l l 
rates. Write to magnetic 
tape and flag errors 

ECCSPECT* 
Complete record of drop-size 
distributions with ra infa l l 
rates, time marks and er ror 
flags . i-'"- ' ' 

Output complete 
record, summar
is ing periods 
without rain 

© 

Figure 2,7 Hhree-level data-processing system for distrometer 
experiment 

* RAINDROPS and RAINSPECTRA are the identif ications of computer jobs 
ECCRAIN and ECCSPECT are magnetic tape f i l e s . 
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PT MINUTES MINUTES MINUTES MINUTES MINUTES 
No. START FINISH TOTAL RAINFALL ERRORS 

1 1 2870 2870 894 3 
2 2884 (3653) 769 694 0 
3 3845 5603 1758 251 0 
4 5608 6524 916 459 1 
5 6560 7859 1299 545 0 
6 7876 10907 3031 367 1 
7 11596 13783 2187 768 0 
8 13982 16169 2187 597 0 
9 16180 22319 6139 577 0 

10 22448 29363 6915 595 0 
11 29418 (31004) 1586 814 0 
12 31410 (34834) 3424 693 0 
13 37936 38880 944 415 0 
14 38944 39951 1007 502 2 
15 39960 (42456) 2496 387 1 
16 42546 (46346) 3890 623 0 
17 46504 49134 2630 506 1 
18 49143 49953 810 598 0 
19 51040 (51590) 550 549 1 
20 52115 (55502) 3387 442 0 

21 55623 55883 260 90 0 

22 55902 57105 1203 571 0 
23 57643 69341 11698 475 0 

24 69342 71625 2383 503 6 

25 *76290 82060 5770 413 0 

26 *82061 (83872) 1811 627 0 
27 85217 91078 5861 414 0 

28 91155 98349 7194 1323 0 

29 98528 101903 3375 287 0 

30 101930 105308 3378 604 0 

31 105541 115013 9472 727 1 

32 115712 131127 15415 511 1 

TOTALS — — 116615 17821 18 

Table 2.6 Summary of paper tape records 

Times are given in minutes from 1600 GMT 20 FEB 1978, 

Times in brackets were recreated from paper tape record when 
tape ran out unnoticed and no accurate f i n i s h time was logged 

* Approximately 166 minutes more data appeared on PT25 than was 
expected. This has been e l iminated from the magnetic tape 
f i l e . Hence the times for tapes 25 and 26 are s u s p e c t . 
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This generation of tapes was read a t i n t e r v a l s to compute ra indrbp-s i ze 

d i s t r i b u t i o n s and .carry out p r e l i m t n a r y - a n a i y s i s . In view of: the^^smal l 

number o f ' e r r o r s encountered in the data-, e d i t i n g was c a r r i e d out at^a- ' 

l a t e r s t a g e . These tapes were r e a d , using the same"duplicat ing 

procedure descr ibed above and under control of RAINSPECTRA (descr ibed 

i n d e t a i l in 2:4..2) and a generation of tapes ECCSPECT r e s u l t e d : :̂ 

ECCSRECT 3 MINS 1 3 4 8 3 4 

ECCSPECT 6 MINS 37936 - 81818 

ECCSPECT 8 MINS 81819 - 130870 

RAINSPECTRA a lso output a l i n e p r i n t e r record of d i s t r i b u t i o n s and 

r a i n f a l l ra tes with minutes containing e r r o r s f lagged. A sample of 

t h i s output i s included in Appendix I I I . 

These three tapes were read onto a s i n g l e tape: 

ECCSPECT 12 MINS 1 ^ 130870 

and a t . ' th is stage minutes with a ser ious e r r o r p r o f i l e (3 in a l l ) 

were e l im ina ted . The. e r ro rs shown on PT14 in Appendix I l l were not 

considered ser ious enough to warrant e x c l u s i o n . 
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2,4 ANALYSIS OF DATA 

2.4.1 Reading the paper tapes 

As described e a r l i e r , the paper tape record contained a s e r i e s of coded 

frames giv ing information on raindrop impacts with a time mark each 

minute. The paper tape code was suppl ied with the equipment ( tab le 2 .7) 

and t h i s was used as the bas is to develop RAINDROPS, a package to read 

the paper tapes. 

As seen in the table there are 23 codes in the s e t but in f a c t 25 

poss ib le frames had to be allowed f o r . In addi t ion to the 20 channe ls , 

time marks and reference marks i t was poss ib le that a blank frame 

might occur (other than at the s t a r t and f i n i s h of the record) or a 

spurious code might be punched which was not in the charac ter s e t . 

A fur ther complication was that the code i s a non-standard, 6 - t rack 

code and therefore a binary-imaging technique had.to be employed to"" 

read i t . To decode a frame the holes must be converted to t h e i r 
y 

binary image and then fed to a program to s o r t them as requi red . Th is 

technique requires a leve l of computer per ipheral control not a v a i l a b l e 

in a FORTRAN program. Hence a PLAN program (TPRD) which had been 

developed elsewhere in Plymouth P o l y t e c h n i c , to read tapes from a 

remote weather s t a t i o n , was obtained and adapted by compiling i t as 

a segment of RAINDROPS. 

This program segment was c a l l e d as a subroutine from the FORTRAN master 

segment (SORT) to supply the binary images of the coded frames in 

groups of ten . I t was required that the FORTRAN segments s h o u l d : -

1 Copy previous data from input magnetic tape to a scra tch tape 

2 C a l l TPRD to supply binary images 

3 Recognise time marks and increment time, reference 
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Channel Tracks Binary 
No. 1 2 3 4 5 6 Remarks 

1 0 0 34 0 .3 - 0,4 mm 

2 0 0 ' 3 0.4 - 0 .5 mm 

3 0 0 36 0 .5 - 0.6 mm 

4 0 0 5 0.6 - 0,7 mm 

5 0 0 6 0.7 - 0 ,8 mm 

6 0 0 0 0 39 0 .8 - 1,0 mm 

7 0 0 40 1.0 - 1.2 mm 

8 0 0 9 1.2 - 1.4 mm 

9 0 0 10 1.4 - 1.6 mm 

10 0 0 0 0 43 1.6 - 1.8 mm 

11 0 0 12 1,8 - 2.1 mm 

12 0 0 0 0 45 2.1 - 2.4 mm 

13 0 0 0 0 46 2.4 - 2.7 mm 

14 0 0 0 0 30 2.7 - 3,0 mm 

15 0 0 48 3,0 - 3.3 mm 

16 0 0 17 3,3 - 3.7 mm 

17 0 0 18 3,7 - 4.1 mm 

18 0 0 0 0 51 4,1 - 4 .5 mm 

19 0 0 20 4 .5 - 5.0 mm 

20 0 0 0 0 53 5.0 -(5.4)mm* 

Aux 1 0 0 0 0 23 Above Reference * * 

Aux 2 0 0 33 Below Reference * * 

Aux 3 0 0 0 0 0 0 63 Time mark 

Table 2.7 Distrometer paper tape code 

0 = Hole 

* Channel 20 counts a l l drops 
over 5,0 mm diameter, however 
for c a l c u l a t i o n purposes i t 
i s necessary to s e t an upper 
l i m i t to the c l a s s . This was 
chosen a r b i t r a r i l y to be 5.4 mm, 

* * These codes are generated when 
the voltage comparators in the 
hardware determine that the 
equipment i s not operat ing 
wi th in i t s designed to lerances 
Only 4 such occurrences were 
found in the present data . 
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4 Sort the frames between time majks into drop s i z e s or 

e r rors â hd Increment a counter for ee^ch channel 

5 Write new data to s c r a t c h tape < 

6 Write e n d - o f - f i l e mark on sc ra tch tape 

7 Output to l i n e p r i n t e r a. surranary of data and 

minutes containing e r r o r s . -

The program l i s t i n g i s included i n Appendix I I I ; The input- to-each -

run cons is ted of the previous ECCRAIN tapes and the paper tape to 

be read. 4 cards were changed, namely the INPUT and CREATE statements 

in the Program Descr ipt ion and the tape number and s t a r t i n g time in 

the master segment. The paper tape was read on l i n e with the binary 

image board i n place on the paper tape reader . The program was run 

without using theyTRACE mode, thus reducing the mi l l time on these 

jobs which.was usua l ly severa l thousand seconds. 

E a r l y t e s t s on the data using unformatted magnetic tape records proved 

to be impract ica l due. to the large amount of tape w r i t t e n . Hence a 

formatted data f i l e , w a s developed to make best use. of storage space . 

A l l 25 values in each record are in tegers which occupy one word under 

'A' format; thus records were wr i t ten in blocks of .2502 words which 

gave 100 records per block with two words fo r c o n t r o l . 

2 .4 .2 Computing the r a i n d r o p - s i z e d i s t r i b u t i o n t; 
'• . . . 

The ECCRAIN tapes contain the numbers of impacts at the distrometer;^ 

t h i s i s not a convenient form to d e s c r i b e - t h e d r o p - s i z e d i s t r i b u t i o n , 

e s p e c i a l l y i f comparison with the r e s u l t s of other workers i s required 

These data are for a p a r t i c u l a r sampling"area and sampling i n t e r v a l . 

I t i s des i rab le to standardize the r e s u l t s to numbers of drops per 

un i t volume per un i t s i z e in te rva l (as described in 1 . 1 . 1 ) . 
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To obtain Np (the number of drops per cubic metre per m i l l i m e t r e ) , the 

equation: . ' . _ ' 

'^D. = "D;/(^'\-^'(^i4ar- ^^)m•^mm"•' 

was used where: 

i = distrometer channel no. (1 ^ i ^ 20) 

Np = number of drops in channel i 

- nr. = number of impacts observed in channel i -
^ in t s e e s , ( t = 60) 

A = area of t ransducer head (0.005 m ) 

= terminal v e l o c i t y of drops in channel i 

D^l^j, = upper and lower l i m i t s of measuring i n t e r v a l . 

This equation takes account of the varying c l a s s i n t e r v a l s for each 

channel (D-.̂ .̂  - D- ) . The values for the terminal v e l o c i t i e s of the 

drops are those used widely by other authors ( e . g . 12, 13) and are 

given in Table 2 .8 . ^ 

To obtain r a i n f a l l rate (R) the fol lowing equation was used: 

P _ Period ^ V . it^if D i + i 3 V 1 
^ - -JF^ ui \ 3 ^ M - ^ + - L ^ y m m h.r 

which reduces to: , -

• ' ' ' • 

* - ' . • ^ 

where: Period = 60 mins 

Area = 5000 mm̂  ' 

The distrometer observat ions were converted to ra indroprs i ze 

d i s t r i b u t i o n s in the des i red form under control of RAINSPECTRA. The 

requirements of t h i s package were: 
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Channel 
No. 

Mean 
diameter 

Ve loc i ty 
m.sec"^ 

1- 0.35 1.40 
2 0,45 V;84 ' 
3 0.55 2.26 
4 • 0,65 2.67 
5 0,75 3.07 . 
6 0,90 3,65 
7 1.10 4.33 
8 1.30 4.90 
9 1,50 5.41 

10 1,70 5.87 
11 1,95 6.40 
12 2,25 6.98 
r3 2,55 7.48 
14 2.85 7.88' 
15 3,15 . 8.21 
16 3.50 - 8.50 
17 3.90 • 8.77 
18 4.30 8.95 
19 4.75 . • 9.05 
20 5.20 9.12 

Table 2.8- -Terminal v e l o c i t y of raindrops (42) 
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1 Copy preyigus dd^U frQH) input magnetic tape to a s c r a t c h 

tape, i f requi red , 

2. E l iminate observat ions with l e s s than seven impacts 

(see 2 . 2 . 4 ) . 

3 Summarize a l l other periods without p r e c i p i t a t i o n and 

output on l i n e p r i n t e r record . 

4 Compute ra indrop-s ize d i s t r i b u t i o n and r a i n f a l l ra te for 

minutes when p r e c i p i t a t i o n was observed and output on l i n e 

p r i n t e r record , with minutes containing e r r o r s f lagged 

(1 = e r r o r , 0 = no e r r o r s ) . 

5 Write new data to sc ra tch tape in compact form. 

6 Write e n d - o f - f i l e mark on s c r a t c h tape. 

The program l i s t i n g i s given in Appendix I I I . The input to each run 

cons is ted of an ECCRAIN tape .and, i f r equ i red , the previous ECCSPECT 

"tapeT Th"e~INPUT and CREATE statements were a l te red - to - the -appropr i ate -

tape generation numbers. The input data i s f i r s t s c r u t i n i z e d by the 
'• ' . X 

' '• * 

master segment (DROP) and theni i f r equ i red , control i s t rans fe r red to 

a subroutine (SPECR) to compute the r a i n d r o p - s i z e d i s t r i b u t i o n and 

r a i n f a l l rate and wr i te to magnetic tape data f i l e . 

In view of the large amount of data to be w r i t t e n , ca re fu l cons idera -

t ion was given to the format of the ECCSPECT tapes to economise on 

space . Each observation cons is ted of 23 v a l u e s , 2 in tegers and 23 

rea l numbers. The 20 real numbers comprising the.Np values were 

wr i t ten as integers^^.by convert ing them to 10^ x logj^N^i preserving 

the des i red accuracy and using only h a l f the space that would be 

required for real numbers. These data were wr i t ten to the l i n e p r i n t e r 

as logarithms to 2 decimal p l a c e s , a form that was convenient for any 

fur ther o f f - l i n e process ing . 
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The ra infa l l rates were f i r s t multiplied by 10^ before writing to the 

magnetic tape as integers but are printed as real numbers on the l ine 

printer. As with th'e ECCRAIN tapes the blocks contained 100 records, 

giving a block length of-2302 words. 

2.4.3 Computing the integral parameters 

I 
In 1.2 the integration of the spectrum of raindrop sizes was discussed 

Three integral parameters are identif ied as being of part icular 

interest and the equations used to compute them in the various 

programs are given below: 
20 

Rainfall Rate (R) = V -V^^^ .J ^ + . ^ + 1 ^ ) • (D^+i - )-̂ mm hr'^ 

(Except in RAINSPECTRA, see 2 .4 .2 ) . 
20 

Liquid wateT Wtem~(wr=~-^" "£"Np~r(D^^^ 
20...* . 

Radar re f lect iv i ty factor (Z) = N̂ ^ . J ( D / + 0..^^^). ( D . ^ ^ - D . ) mm̂  m"̂  

The:iprograms used data sets for V^ (given in Table 2 .6 ) , D̂ . (the class 

l imits for the diameters, 21 values 0.3 - 5.4 mm) and N-. read from the 

magnetic tapes. 
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CHAPTER THREE 

EXPERIMENTAL RESULTS 
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3.1 CHECKING THE ACCURACY OF THE DljSTROMETER 

3.1.1 Comparison with syphon gauge readings 

I t i s des i rab le to have an independent check of the distrometer 

observations and t h i s may be achieved to a f i r s t approximation by 

comparing the d i s t r i b u t i o n s integrated fo r r a i n f a l l amount with 

raingauge readings. 

Autographic syphon raingauge t o t a l s for a l l the whole hours of 

p r e c i p i t a t i o n wi th in the distrometer record were abstracted from the 

appropriate copies of Metform 3440, tabulated a t the Meteorological 

O f f i c e , RAF S t . Mawgan. This form r e c o r d s , for each hour of the day, 

the number of tenths of that hour when the r a i n f a l l rate exceeded 

0.1 mm hr"^. To ensure a r e l i a b l e comparison only whole hours of 

continuous p r e c i p i t a t i o n were used. Thus the data are fo r non-

showery type r a i n f a l l , although there i s no reason to suppose that 

the distrometer should perform any l e s s a c c u r a t e l y than a gauge 

during showers. This allowed 79 hours of data for comparison, 

comprising 4740 d i s t r i b u t i o n s or about 11% of a l l the data . 

The distrometer hourly r a i n f a l l t o t a l s were computed by adding a l l the 

r a i n f a l l rate values for the appropriate minutes of the distrometer 

magtape record (ECCSPECT 12) and d iv id ing by 60. These d a t a , together 

with the re levant gauge t o t a l s , are de ta i l ed in Table 3 . 1 . 

Figure 3.1 compares the r e s u l t s and i n d i c a t e s the area between which 

the gauge records 80S of the distrometer to ta l and 120%. Figure 3.2 

shows the cumulative t o t a l s for gauge and distrometer over the 79 hours 

The gauge tota l was 81.3 mm and the distrometer to ta l was 83.86 mm. 

The r e s u l t s fo r F igure 3.2 are not s e q u e n t i a l ; three periods are 

i d e n t i f i e d in Figure 3 . 3 , f o r a number of sequent ia l hourly t o t a l s 

given in Table 3 . 2 . 
66 



FROM TO -• GAUGE DISTR. FROM TO GAUGE DISTR. 
(rnins) (mins)"' -̂ '(rnrn) (mins) (mins) (mm)' (jm) ~ 

121 180 . 
• V 

. 0 . 1 f 0.10 " 55321 55380 * 1 .4 ' 1.40 
181 240 • ^ ̂  0.1 i 0.01 ' 55381 55440 1.8 1.17 

2161 2220" 1.2 : j l . 4 9 55441 55500 0 .8 1.10 
2221 ' 2280 1.7 1.91 71161 71220 1.0 0.91 
2281- 2340 2.3 2.07 71221 71280 0.2 0.32 
2341 2400 0.7 0.72 73981 74040 0.7 0.75 
3061 3120 1.5 1.40 74041 74100 ' 115^ 1,32 
3121 3180 0.2 " .0 .42 74101 74160 0.2 0.24 
3241 3300 0.7 0.88 .74161 74220 1.3 1.21 
3301 3360- 0.6 0.77 .. 80941. 81000.. 2 .7 . 2.83 
3361 3420 - 0.4 0.50 81001 * 81060 0 .3 0.43 
3421 3480 1.6 1.36 81541 81600 0.7 0.54 
3481- 3540 1.0 1.18 81601 81660 0 .8 0.87 
3541 3600 0.-8 1.08 83461 83520 1.8 1.72 
6601 6660 3.0 2.72 83521 83580 1.0 1.04 
6661 6720 1.1 1.15 83581 ,83640 1.1 1.00 
7741 7800 0.7 0.72 83641 ' 83700 . 0.2 0.32 

14041 14100 0.7 . 0.74 90781 90840 1.4 1.76 
14101 14160 0.5 0.60 90941 90900 3.0 2.73 
14161 14220 0.5 0.67 90901. 90960 1.2 1.10 
14221 14280" 0.5 0.54 91861 91920 0.5 0.76 
15961 16020 0.9 1.18 91021 91080 2.9 2.93 
16021 16079 1.6 • 1.76 . 91081 91140 . 1 . 8 . 1.87. 
16081 16140 2.6 2.94"^ 91:14r .91200 0:6 0.82 
39661 39720 1.2 0.80 92641 92700 0.1 • 0.23. 

-39721__ _ _39.Z80 0 .8 0.52 92701 92760 0.1 0.16 
39841 39900 0.6 1.45 98461 98520^ 1.0 1.28^ 
39961 40020 2.2 1.93 98521 98580. 0.2 0.31 
40021 40080 2.6 2.54 98581 98640 0.1 0.12 
48961 49020 0.9 1.12 103081.. 103140: 0.4 • 0.57 
49021 49080 2.2 1.98 103141 103200 0.4 0.49 
49261 49320. 0.6 0.34 103201 103260 0.2 0.31 
49321 49380 ' .0 .5 0.51 105301 105360 ' 1.0 1.28 
49741 49800 1.4 0.73 110581 110640 1.3 1.20 
51061 51120 1.0 1.22 110641 110700 0.4 0.17 
51121 51180-: 1.7 1.58 110761 110820 . 0 .5 0.51 
51181 51240 2.0 2.17 110821 110880 0.6 0.50 
51242 51300 0.9 1.07 51242 51300 0.9 1.07 
51301 51360 0.2 0.39 TOTAL 79 hours 81.3 . 83.86 
51361 
51421 

5T420 
5*1480 

0 fi 1.06 
0.80 

-. 51361 
51421 

5T420 
5*1480 

u. u 
1 . 5 -

1.06 
0.80 

51481 51540 0.2 t 0.47 

Table 3.1 Gauge and distrometer hourly t o t a l s 

The 1s t data s e t comprises 17655: spec t ra represent ing 
a to ta l r a i n f a l l of 186.8 mm. 

The data above represent 27% of a l l records and AS% 
of the measured r a i n f a l l . 
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/ / ^ ' 

DISTROMETER (MM ) 

Figure 3.1 Comparison of gauge and distrometer hourly catches 
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Distrometer 

2 0 4 0 6 0 8 0 
TIME ( H R S ) 

100 

Figure 3.2 Comparison of gauge and distrometer cumulative t o t a l s 
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Case I 

5 

Case I I 

Cumulative 
R a i n f a l l 
(mm) 

Case I I I 

10 

5h 

Figure 3.3 Cumulative 
comparison of gauge and 
distrometer for sequent ia l 
hours. 

"Yq" Hours 

10 Hours 

Distrometer 

Gauge 

10 
Hours 
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Cumulati ve.Totals•(mm) 

Gauge Distrometer 

Case I 

Case I I 

Case I I I 

22/23 FEB 2300-0400 

Mins. 3301 -^3600 

28 MAR 0400-1100 

Mins. 51061 - 51540 

24 APR 1800-2400 

Mins. 92641 - 91200 

5.1 

8.1 

11.4 

5.77 

8.76 

11.97 

Table 3:2 De ta i l s of sequent ia l hourly t o t a l s shown in Figure 3 .3 . 

Year . Gauge Distrometer 
Hours 

of data ^ ^ ^ ^ ^ X 100 D i s t r , ^ '"^ V 

1972 104,0 119,1 1580 ' 87.3%' 
1973 145.6 154.6 2256 94.21- . 
1974 93.6 82,2 1275 113.9% • " 

TOTAL 343,2 ; . 355:9 - 5111 • 96.4% ^ 

Table 3.3 R a i n f a l l measured by gauge and distrometer 

Af te r NICHOLASS and,LARKE (16). . 
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An these results demonstrate that the distrometer records more rain

fall than the autographic gauge. The gauge total is 96.9% of the 

distrometer total .- This result has been reported before;-for example 

NICHOLASS and LARKE {16) gave results for the comparison* between a 

Plessey m 37 tipping-bucket gauge and distrometer derived-rainfall 

(Table 3.3). These data were obtained during summer rainfall..in Wales 
• 

and, taking the three years together, i t is found that the gauge total 
- . - • . ^ - , . 

is-96.4%-of the distro'meter total a result comparable to the-present 

data. These authors conclude that although errors are likely with 

both the gauge and the distrometer, the measurements are sufficiently 

alike to assume that the distrometer correctly measures raindrop-size 

distributions. 

There are several reasons for the differences; indeed the precipitation 

intercepted by the two devices should differ because'they are both 

-ef-fectively-pointrmeasur-ing^instruments-and-since-they^are at , - ^ 

different locations, experiencing different expjDSures, they could 

onlyagree exactly when the rainf ie ld was perfectly homogenous for a 

whole hour. 

The syphon gauge operates on a completely different principle from 

the distrometer and the latter will continue recording whilst the 

gauge is syphoning. The distrometer will not suffer loss due to 

evaporation, although this loss is very small for a gauge; Other 

reasons fori the distrometer recording too many drops.have been 

discussed in 2.2.3. I t ' i s also-well known that a gauge mounted with 

its rim at ground level will catch more than one-mounted some 

distance above i t . Figure 3.4 shows the variation in catch ratio 

for unshielded gauges compared with the sophisticated .9Thole gauge 

used as a standard by GREEN-.(32). At a height of 30 C!ii (the height 

of the syphon gauge at,St. Mawgan) the catch^ratio is about 0.96. 



-!-> 
cn 

9 hole 
gauge 

0.9 0.95 
Mean catch ratio 

1.0 

Figure 3.4 Comparison of catch ratios for 9 hole gauge 
and other unshielded gauges at various heights 
After GREEN (32). 
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This is in fair agreement with the present data and suggests that 

most, i f not a l l , of the difference.is due to the variation in exposure 

as a function of vertical separation. 

Autographic gauge readings are "adjusted" so that the 12-hourly 

totals agree with the station gauge measurements.and this introduces 

the possibility of gross errors. Typically any difference between 

station gauge and syphon gauge totals is distributed as an addition 

to, or subtraction from, the largest hourly totals. 

Gross errors due to timing are possible since different clocks are 

used as a timing standard and a discrepancy of even a few minutes, 

particularly in heavy rain, can lead to a significant discrepancy in 

hourly totals. Other inaccuracies may occur in the calibration of 

the distrometer and the interpolation of the hyetograms from the 

syphon gauge. 

Thus the comparison between the gauge and distrometer is favourable; 

many of the data are within the tabulated accuracy of the autographic 

gauge (±0.1 mm) and the occasions when larger differences occur may 

be due to gross errors in timing or interpolation. Such errors do 

not affect the accuracy of the distrometer as a drop-size measuring 

device and i t is reasonable to assume that'the}raindrop-size 

distributions produced are representative. 

3.1.2 The effects of wind on the distrometer catch ' 

As noted earl ier, the performance of the distrometer in high wind 

velocities has been crit icised (55). In order to investigate the 

effect of both wind direction and speed on distrometer catches, the 
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anemograph records at RAF St. Mawgan were abstracted for the same 

times as the gauge records discussed in the previous section. Hourly 

mean wind directions and speeds were compared with the distrometer-

gauge differences for each of the 79 hours. The results of this 

comparison appear in Figures 3.5 and 3.6. 

Maximum shelter is on a south-v/esterly bearing, notably from a post 

supporting the chain link fence, clearly visible in Plate 1. The 

data in Figure 3,5 show that this effect is not serious and the only 

systematic trend (apart from the general trend for the distrometer to 

over-read, as discussed in 3.1.1) is for a positive distrometer-gauge 

difference for winds in a northerly quadrant. However, these 

differences are very small, half of them being 0.1 mm or less. 

The catch differences in relation to wind speed (Figure 3.6) also 

show l i t t l e or no systematic variation, both positive and negative 

differences occurring throughout the range of wind velocities. 

To investigate in more detail the effect of high wind velocities on 

results, some data collected during a three hour period when winds 

were relatively strong were compared to the data set as a whole. The 

period considered was from 0501 - 0800 on 22 FEB 1978 (mins. 2221 -

2400). The relevant catches and anemograph data are given in Table 3.4 

Figure 3.7 shows the meaned distribution for the whole data set for 

rainfall rates about 2 mm hr"^ (discussed in more detail in 3.2) and 

the distribution for the same range of rainfall rates from this subset 

of data. The former (Distribution A, solid line) is derived from 

1374 distributions and the latter (Distribution B, broken line) from 

77 distributions. 
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Figure 3.5 Comparison of hourly distrometer-gauge 
differences with wind direction 
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Figure 3.6 Comparison of hourly distrometer-gauge 
differences with wind speed DISTROMETER READS L E S S 
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10" 
1.0 2.0 
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Figure 3.7 Average raindrop-size distributions for 
rainfall rates about 2 mm hr"l . 

All data (1374 distributions) 
Mins 2221-2400 during winds ~ 25 knots 
(77 distributions) 
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FROM 
(mins) 

TO 
(mins) 

Gauge 
(mm) 

Distr. 
(mm) 

Wind FROM 
(mins) 

TO 
(mins) 

Gauge 
(mm) 

Distr. 
(mm) Direction 

(^T) 
Speed 
(kts) 

2221 2280 1.7 1.91 160 24 
2281 2340 2.3 2.07 160 26 
2341 2400 0.7 0.72 160 25 

TOTALS 4.7 4.70 160 25 

Table 3.4 Gauge, distrometer and anemograph data relevant 
to Figure 3 . 7 . 

i channel No. 
1 2 3 11 12 13 14 

Distribution A 

Distribution B 

1737 

794 

977 

417 

933 

501 

10.2 

8.3 

2.5 

1.5 

1.2 

1.0 

1.0 

0 

B as a 
percentage of A 

46 43 54 81 60 83 0 

Table 3.5 Numbers of drops in Distributions A and B 

Distribution A - al l data, rainfall rates about 
2 mm hr'^ (1374 spectra) 

Distribution B - 2221-2400, rainfall rates about 
2 mm hr"^ during winds 25 kts 
(77 spectra) 
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The spectra are broadly similar although the data for high wind 

velocity show a substantial reduction in the number of small drops 

intercepted and a smaller reduction in .the largest drops. The 

numbers of drops in the three smallest intervals and the four 

largest intervals which appear.in these data are detailed in Table 3.5 

The effect of losing drops in the smallest intervals is very slight 

compared to the loss of the larger drops; these effects are examined 

in Table 3.6 in^ terms _of the values of_ the Jntegral parameters R, Z 

and W and shape parameters and A : 

I t is readily apparent that many small drops may be lost without 

seriously affecting the integral parameters, although the shape 

parameters are somewhat altered. However, when larger drops are 

lost the effects are more pronounced, particularly for the Radar 

Reflectivity factor, Z (which depends on the sixth power of the 

drop diameter). The differences in the shape parajneters^ are of a _ 

similar magnitude to those which occur during rainfall as a con-

sequency of real variations of a meterological nature (see for 

example 12 and 43). Thus this difference may be due to a real 

change in the shape of the distribution rather than an experimental 

error resulting from the high wind velocity. 

The subset of data considered here was obtained .in conditions which 

would represent the extreme effects of wind velocity for. this 

experiment. Although some differences ..in integral and shape para

meters may occur in^such a situation they-are not serious enough 

to warrant the evolution of a wind velocity-dependent correction 

scheme. 
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1 2 '•" 3 4 
• 1 

! 
5 6 7 8 

R 1.93 1.93 1.90 1.87 
• \ 

1.80. 1.87 1.64 1.58 

Z 681.4 902.0 .901.6 900.7 897.8 900.0 548.8; .546.8 

w 123.6 128.8 124.6 lis|.8 111,5 120.3 117.8i 109.3 

5,658,9 4283.0 3971.2 3626.4 3078.7 3667.8 6747.0 * 5701.4 

3.46 3;'2 3.16 3.12 
1 

3.05 - 3.,13 3.66 3.58 

0 0 

Table. 3.6; The effect on integral and shape parameters when drops of various sizes are lost 
1 Distribution B 
2 Distribution A i 
3 Reducing cha"hnel 1 in A to a single drop 
4 Reducing .channels 1 and 2 in A to a single drop., 
5 Reducing channels 1, 2 and 3 in A to a single drop' 
6 Reducing channels 1, 2 and 3 in A by 50% 
7 Reducing channels 11, 12, 13 in Aby percentages in Table- 3.5 
8 Combination of 6 and 7.| .(cf. 1) 



3.2 AVERAGE DRQP^SIZE DISTRIBUTIONS 

3.2.1 The significance of average drop-size distributions^ 

As noted earlier (1.1.2) the M-P exponential distribution is only ^ 

consistently obtained by meaning a number of spectra of similar 

rainfall rates. Such a procedure seems obligatory in studies of 

raindrop-size distributions although tKe variations in individual^ 

spectra may be more interesting than similarities in smoothed or 

averaged data."(4). 

However, the grouping of data in this way provides a useful check 

of their validity, particularly when compared with the.results of 

other workers. I f the results from the present data showed any 

large deviation from the M-P distribution or differences when compared 

with raindrop-size distributions, from other sources (different 

measuring techniques, different locations e tc . ) , then there would 

be -reason-to-suspect ei ther experimental~error''or a^real~differeh'ce 

due to other factors, such as location (e.g.'Maritime Locale). 

•r 
3,2.2 Results from the present data 

-1 J-

Figures 3.8 to 3.17 show average raindrop-size distributions from 

the present data for the following ranges of rainfall rates: 
0.5 ^^ R 4 1,5 mm hr" 
1,5 < R 2.5̂ rnm hr" 
2.5 < R ̂  3.5̂ rnm hr" 
3.5 < R 4.5 mm hr" 
4.5 < R ̂  5.5 mm hr" 
5.5 <̂ R ^ 7.5 mm hr' 
7.5 < R ^ 9.5 mm hr" 
9.5 < R * 11.5 mm hr" 

11.5 < R 6 15.5 mm hr" 
15.5 < R 

• , 
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The R value given in each figure is the average for the d is t r i 

butions in each range and the straight line is the appropriate M-P 

distribution. 

The data are a good f i t to the M-P yardstick, particularly at the 

lower rainfall rates for which more data are available. The 

deviation from an exponential is well known and has been observed 

by other workers using different techniques (see for example 9 

(Doppler radar) and 44 (Photoelectric spectrometer)). The results 

of MARSHALL and PALMER (13) also show the same trend. 

In Figures 3.16 and 3.17 (for 10,2 and 39.2 mm hr"^ respectively) 

some points appear above the M-P line at the smallest diameters, 

which are contrary to this trend. I t should be noted that these 

distributions are based on a small and perhaps unrepresentative 

number of spectra and that in Figure 3.17 the result is based on a 

very wide range of rainfall rates (R ^ 15.5 mm hr"^). 

When all the meaned distributions are plotted on the same axes 

(Figure 3.18), two kinks are accentuated; one at the smallest 

diameters (Channels 1-5) and another at about 1.5 mm (Channel 9). 

A similar result was obtained when the same distrometer was used 

in DWRP, as reported by NICHOLASS and LARKE {26). 

In that work, the f i rs t kink was attributed to a slight inaccuracy 

in calibration and was overcome by pairing size intervals, reducing 

the f i rs t 8 intervals to 4. However the effect of allocating some 

drops to the wrong channel at small diameters is very slight when 

the integral and shape parameters are considered (see Table 3.6). 

In addition there is evidence to show that some alteration in slope 
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generally occurs at this end of the spectrum (5, 5, 45) and such a 

procedure would tend to mask this effect. 

The kink in the middle of the spectrum was in evidence in the DWRP 

work although i t passed without written comment. The fact that this 

feature appears in results which are independently derived in all 

respects, except that the same instrumentation was used, strongly 

suggests that i t is attributable to the hardware and not to any real 

meteorological factor or fault in interpretation of data. Although 

a noticeable feature of the distribution when represented diagramma

tical ly , i t is not significant in numerical terms when the integral 

and shape parameters are considered. The drops involved are of 

moderate size but i t appears that only a small percentage of all 

the drops in channels 8-10 are involved. 
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o 
o 

R f l l N F f l L L RATE : 0 - 9 0 MM/HR 

NUMBER OF SPECTRA 3 9 6 8 

0 . 0 0 0 . 8 0 1 . 6 0 2 . 4 0 3 . 2 0 
DIAMETER (MM) 

4 . 0 0 4 .81 

Figure 3.8 Average raindrop-size distribution (IST DATA SET) 
Rainfall rates about 1.0 mm hr'^. 
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o 
o 

R A I N F A L L RATE : 1 . 9 3 MM/HR 

NUMBER OF SPECTRA : 1 3 7 4 

0 . 0 0 0 . 3 0 1 - 6 0 2 . 4 0 3 . 2 0 
DIAMETER (MM ] 

4 . 0 0 4 . 8 0 

Figure 3.9 Average raindrop-size distribution (IST DATA SET) 
Rainfall rates about 2.0 mm hr"^ 
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o 
o 

R A I N F A L L RATE : 2 . 9 1 MM/HR 

NUMBER OF SPECTRA : 5 0 0 

0 . 8 0 

Figure 3.10 

1 - 6 0 2 . 4 0 3 . 2 0 
DIAMETER (MM) 

4 . 0 0 4 . 8 0 

Average raindrop-size distribution (IST DATA SET) 
Rainfall rates about 3.0 mm hr"^ 
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o 
o 

0 . 0 0 0 . 8 0 

R f l l N F f l L L RATE : 3 - 8 9 M h / H R 

NUMBER OF SPECTRA : 160 

1 - 6 0 2 . 4 0 3 . 2 0 
D l f l M E T E R (MM) 

4 . 0 0 4 . 8 0 

f i g u r e 3.11 Average ra indrop-s i ze d i s t r i b u t i o n (1ST DATA SET) 
. R a i n f a l l ra tes about 4 .0 mm h r " ^ 
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o 
o 

0 . 0 0 

R f l l N F f l L L RATE : 4 . 9 0 MM/HR 

NUMBER OF SPECTRA : 58 

0 . 8 0 1 -60 2 . 4 0 3 . 2 0 
D l f l h E T E R (MM) 

4 . 0 0 4 . 8 0 

Figure 3.12 Average ra indrop-s i ze d i s t r i b u t i o n ( IST DATA SET) 

R a i n f a l l rates about 5.0 mm hr"^ 

89 



o 
o 

0 . 0 0 0 . 8 0 

R f l l N F f l L L RATE : 6 . 3 1 MM/HR 

NUMBER OF SPECTRA : 39 

1 - 6 0 2 . 4 0 3 . 2 0 
D I A M E T E R ( M M ] 

4 . 0 0 4 . 8 0 

^^^"'^^ ^•''^ Average r a i n d r o p - s i z e d i s t r i b u t i o n ( IST DATA SET) 
R a i n f a l l ra tes about 6.5 mm h r " \ 
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o 
o 

R A I N F A L L RATE : 8 - 2 4 MM/HR 

NUMBER OF SPECTRA 

0 . 0 0 0 . 8 0 1 . 6 0 2 . 4 0 3 . 2 0 
DIAMETER (MM) 

4 . 0 0 4 . 8 0 

Figure 3.14 Average ra indrop -s i ze d i s t r i b u t i o n (1ST DATA SET) 

R a i n f a l l ra tes about 8.5 mm h r ' \ 
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o 
o 

R A I N F A L L RATE : 1 0 . 2 1 MM/HR 

NUMBER OF SPECTRA 

0 . 0 0 0 . 8 0 1 . 6 0 2 . 4 0 3 . 2 0 
DIAMETER (MM) 

4 . 0 0 4 . 8 0 

Figure 3.15 Average r a i n d r o p - s i z e d i s t r i b u t i o n ( IST DATA SET) 

R a i n f a l l rates about 10.5 mm hr 

92 



o 
o 

R f l l N F f l L L RATE : 1 3 . 1 6 MM/HR 

NUMBER OF SPECTRA 

0 . 0 0 0 . 8 0 1 . 6 0 2 . 4 0 3 . 2 0 
DIAMETER (MM) 

4 . 0 0 4 . 8 0 

Figure 3.16 Average ra indrop -s i ze d i s t r i b u t i o n ( IST DATA SET) 

R a i n f a l l rates about 13.5 mm h r ' ^ . 
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o 
o 

R A I N F A L L RATE : 3 9 - 2 2 MM/HR 

NUMBER OF SPECTRA 

0 . 0 0 0 . 8 0 1 . 6 0 2 . 4 0 3 . 2 0 
D I A M E T E R (MM J 

4 . 0 0 

Figure 3.17 Average ra indrop-s i ze d i s t r i b u t i o n ( IST DATA SET) 

R a i n f a l l ra tes above 15.5 mm h r " \ 
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' ^ . o o 0 . 8 0 1 - 6 0 2 . 4 0 3 . 2 0 
D l f l M E T E R (MM) 

4 . 0 0 4 . 8 0 

Figure 3.18 A l l average ra indrop-s i ze d i s t r i b u t i o n s (1ST DATA SET) 
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3.3 Z-R RELATIONSHIPS 

3.3.1 Conventional Z-R re la t ionsh ips 

As noted e a r l i e r ( 1 .2 .4 and 1.2.6) an empir ica l r e l a t i o n s h i p between 

Radar R e f l e c t i v i t y f a c t o r and R a i n f a l l Rate may be used to derive 

meteorological and hydrological information from radar data . Much 

of the research concerning r a i n d r o p - s i z e d i s t r i b u t i o n s i s d i rec ted 

towards obtaining these re la t ionsh ips and there are almost as many 

Z-R re la t ionsh ips as there are s tud ies [46). A summary of r e s u l t s 

from many d i f f e r e n t locat ions and covering a period of 32 years has 

been published by BATTAN (25 ) , 

Such re la t ionsh ips are general ly produced by obtaining r a i n d r o p - s i z e 

d i s t r i b u t i o n data and then performing a l e a s t squares l i n e a r 

regression on the logs of the derived Z and R v a l u e s . In the 

context of radar meteorology, i t i s l o g i c a l to t r e a t Z as the 

independent va r iab le and hence perform the regress ion of log R on 

log Z. I t i s sometimes not c l e a r whether publ ished re la t ionsh ips 

have been deduced in th is way or by regress ing log Z on log R; the 

e f f e c t of so doing i s to reduce the values of A and B in the 
p 

re la t ionsh ip Z = AR for a p a r t i c u l a r s e t of data . 

The present data were analysed by performing a l i n e a r regression of 

log R on log Z for a l l minutes with r a i n f a l l ra tes above 0.1 mm hr"^; 

th is gave the r e l a t i o n s h i p Z = 264 R ^ ' ^ ^ for 11087 data pa i rs with a 

cor re la t ion c o e f f i c i e n t of +0.93. (When a l l data are used the 

r e s u l t Z = 251 R^'^^ i s obtained for 17654 data pa i rs with a 

cor re la t ion c o e f f i c i e n t of +0.98.) 
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3.3 .2 Competrison with other publ ished r6lc^tiohShips -

The r e s u l t obtained-from the present data i s wel l w i th in the compass 

of other published r e s u l t s a n d . i s t y p i c a l for widespread r a i n . Some 

studies have taken''account of the e f f e c t s ^ o f s y n o p t i c , seasonal 'and 

geographical va r i a t ions and published a range of Z-R r e l a t i o n s h i p s 

(see fo r example 5 , 16^ 47). Resu l ts often show that in thunderstorms 

A has a large value and fo r d r i z z l e a sma l le r value i s found for the 

same value of the exponent B. The range of values fo r A i s t y p i c a l l y 

100 - 500 and B l i e s between 1 and 2. Therefore the vailues obtained 

in the present data are those expected in an e x e r c i s e that did not 

involve any considerat ion of synopt ic type or seasonal d i f f e rences 

and may be compared with the value suggested by JOSS (47) for 

'widespread' r a i n . 

3 .3 .3 Var iab le Z-R r e l a t i o n s h i p s 

Because Z depends on the s i x t h power of the drop diameter , then the 

Z-R r e l a t i o n s h i p depends c r i t i c a l l y on the r a i n d r o p - s i z e d i s t r i b u t i o n , 

which i s known to have a wide temporal and s p a t i a l v a r i a b i l i t y {48, 49) 

Most authors note that a s i n g l e Z-R r e l a t i o n s h i p i s not an ideal., 

so lu t ion to the radar problem. Many s tud ies have shown that the 

appropriate r e l a t i o n s h i p , v a r i e s both in time and space (see fo r 

instance-5^?, 5i)'1 r ^ " 

• ' V " r • -K • . - . 

.* . . • ' • ^ -

JOSS (47) suggested var ious values for A with B f ixed a t 1.5 and 

typ ica l values as fol lows 

Z-R r e l a t i o n s h i p "̂ o 

D r i z z l e Z = 140 R^'^ 30000 

Widespread ra in Z = 250 R^'^ 8000 

Thunderstorm Z = 500 R^'^ 1400 

97 



The author der ives a r e l a t i o n s h i p between and A thus: 

A = 230 ^252 f o r 0 .5 < R < 100 mm hr"^ 

and suggests the p o s s i b i l i t y of using radar data alone to i d e n t i f y 

d i f f e r e n t p r e c i p i t a t i o n p a t t e r n s , with t y p i c a l l y d i f f e r e n t values fo r 

and hence continuously ad jus t the parameters A and B to improve 

the radar est imat ion of p r e c i p i t a t i o n . 

The p o s s i b i l i t y of deploying distrometers in the radar f i e l d and 

telemetering observat ions in rea l time to the radar to a d j u s t 

continuously and automat ical ly the Z-R r e l a t i o n s h i p , i s genera l ly 

discounted because of the complexity and cost of the instrumentat ion 

required to monitor adequately the temporal and s p a t i a l v a r i a t i o n s 

in the Z-R r e l a t i o n s h i p . 

To examine the p o s s i b i l i t y of combining these concepts the present 

data were analysed to i n v e s t i g a t e the r e l a t i o n s h i p of the shape 

parameter and the 'constant ' A and to t e s t t h i s r e l a t i o n s h i p on 

simulated and rea l radar da ta . The observat ions of were r e l a t e d 

to the radar echo s t ruc tu re to inves t iga te the v i a b i l i t y of the 

suggestion made by JOSS {47). These i n v e s t i g a t i o n s required the 

archiv ing of more distrometer observa t ions , co-ordinated with actual 

radar data and the r e s u l t s are presented i n the remainder of t h i s 

work. 
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CHAPTER FOUR 

MEASUREMENT OF PRECIPITATION BY RADAR 
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4,1 VARIABLE Z-R RELATIONSHIP FROM DISTROMETER OBSERVATIONS 

4.1.1 Var ia t ion of r a i n f a l l parameters with time 

The in te rpre ta t ions of the present data d iscussed thus f a r have been 

concerned with the grouping of numbers of s p e c t r a to produce hourly 

t o t a l s , averaged d i s t r i b u t i o n s and Z-R r e l a t i o n s h i p s . Th is type of 

procedure reduces some of the e r ro rs present in ind iv idua l s p e c t r a , 

d iscussed previously in 2 . 2 . 3 , However, some of the features of r a i n 

f a l l may be u s e f u l l y invest iga ted by examining the v a r i a t i o n of s p e c t r a , 

or in tegra l and shape parameters derived therefrom, with respect to 

time. 

Such inves t iga t ions have been c a r r i e d out by a v a r i e t y of methods and 

in numerous l o c a t i o n s , notably HARDY and DINGLE {44) y DU TOIT ( P ) , 

SIVARAMAKRISHNAN (6), JOSS and GORI {21), WALDVOGEL ( 1 2 ) , NORBURY and 

WHITE {20), PASQUALUCCI ( 5 2 ) , BROWNING et al {34). A l l those i n v e s t i 

gat ions point to the v a r i a b i l i t y o f r a i n f a l l and t h i s was inves t iga ted 

in the present data by producing t i m e - s e r i e s of r a i n f a l l ra te together 

with computed N^ and A v a l u e s . 

F igure 4.1 shows one hour of data (mins. 40021 - 40080) during which 

gauge and distrometer catches were almost the same (2.6 and 2,54 mm 

r e s p e c t i v e l y ; see Table 3 . 1 ) . During th is period the value of R^ 

(d istrometer -der ived r a i n f a l l ra te ) var ied between 5.9 and a few tenths 

of a mi l l imetre per hour. The shape parameter - the i n t e r c e p t , -

was a t a high value a t the beginning of the hour (almost 2 x10^ m'"Wi" )̂ 

and progress ive ly decreased to a value much lower than the value which 

MARSHALL and PALMER (13) postulated as an appropriate va lue . The other 

shape parameter - the slope A - a l s o showed a s i m i l a r downward t rend. 
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Figure 4,1 

Totals 

RQ : 2.6 mm 

Rn : 2.54 mm 

Distrometer ( R ^ ) 

4002O 40025 40035 40040 4004S *0a3C 40055 
tllNUTE NUMBER 

400PO 400P5 a 00 70 40075 *00SC 



These data were recorded during a prolonged yarm s e c t o r r a i n f a l l on 

20.3 .78 when the wind was wester ly with a mean speed of 8 knots . Under 

these condit ions pf^continuous moderate r a i n f a l l there i s a marked 

v a r i a b i l i t y in a l l the parameters. When i t i s required to measure 

the va r i a t ions of the in tegra l parameter R by radar , the v a r i a t i o n in 

the drop-s i ze d i s t r i b u t i o n , ind ica ted by the f luc tua t ion in the shape 

parameters, i s of great s i g n i f i c a n c e . 

There are instances in these data where spect ra with s i m i l a r r a i n f a l l 

ra tes have markedly d i f f e r e n t shapes , represent ing a s h i f t to l a r g e r 

or smal le r drops. As d iscussed e a r l i e r ( 3 . 3 . 3 ) t h i s has a s i g n i f i c a n t 

e f f e c t on another in tegra l parameter - the radar r e f l e c t i v i t y f a c t o r , Z. 

4 .1 .2 Simulated radar r a i n f a l l rate 

-To- invest iga te the e f f e c t of"the^changing~shape o f ' the "drop-size 

d i s t r i b u t i o n on what a radar might measure i f observing the same 
' ' • * . " . 

s i t u a t i o n , a simulated radar r a i n f a l l rate i s introduced. 

The simulated radar r a i n f a l l r a t e , R^, i s computed by in tegra t ing the 

spectrum to produce Z and then convert ing t h i s to r a i n f a l l ra te by 
. c 
-J • 1 • 

using a s e l e c t e d Z-R r e l a t i o n s h i p . Th is ; approach w i l l not give per fec t 

r e s u l t s , s i n c e there are greai:. d i f f e r e n c e s between the way a d i s t r o -

meter measures r a i n f a l l ra te and the operat ion of radar to perform the 

same t a s k . These d i f fe rences are due to both the physica l d i f f e rences 

i n the hardware (electromechanical v . rad io ) and the s t a t i s t i c a l 

d i f f e rences a r i s i n g from the sampling technique (the distrometer 

measures fo r a f ixed i n t e r v a l and then a s p a t i a l d i s t r i b u t i o n i s 

deduced; the radar may be'.made to measure t h e . s p a t i a l d i s t r i b u t i o n 

d i r e c t l y ) . However, t h i s approach i s a t l e a s t as acceptable as using 
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a distrometer to produce empir ica l Z - R r e l a t i o n s h i p s fo r use on 

operat ional r a d a r s , a method which i s bound by the same c o n s t r a i n t s , 

but widely reported. (Jf i , ^ 0 , 47) 

Figure 4 . 2 shows the same hour of data with R ^ plotted f o r each minute 

using the widely accepted Z - R r e l a t i o n s h i p , Z = 2 0 0 R ^ * ^ ( 2 7 ) , This 

shows that R^ agrees qui te w e l l , the minute-by-minute d i f f e r e n c e s 

being genera l ly l e s s than 1 mm. The tota l fo r the hour a l s o compares 

favourably with both the gauge and the catch der ived d i r e c t l y from the 

d ist rometer . The agreement i s best during the middle of the period 

when the in te rcep t i s c l o s e r to the M-P v a l u e . The most s t r i k i n g 

feature of the comparison between R ^ and R^ i s that when i s h igh , 

RQ c o n s i s t e n t l y exceeds R^ and when i s low, R^ c o n s i s t e n t l y exceeds 

R Q . 

Figure 4 . 3 shows the same data using Z = 2 6 4 R ^ ' ^ ® , the b e s t - f i t Z - R 

r e l a t i o n s h i p deduced from the present data , A s i m i l a r r e s u l t i s 

obta ined, the hourly to ta l i n t h i s case not agreeing as wel l as 

before , but the port ions in which over -est imat ion and under-est imat ion 

take place are the same. I t i s not iceable that the r e l a t i o n s h i p with 

the higher value fo r the constant A performs bet ter at the end of the 

hour when i s low and that the conventional r e l a t i o n s h i p with A = 2 0 0 

i s be t te r a t the beginning when N̂^ has a r e l a t i v e l y high v a l u e . 

The behaviour described above may r e s u l t i n the c a l c u l a t e d hourly 

to ta l being in f a i r agreement with the measured tota l ( i n t h i s case 

the d i f fe rence i s 0 . 3 2 mm). Hov/ever, the minute-to-minute d i f fe rences 

may be s i g n i f i c a n t , and p a r t i c u l a r l y undesirable in a system which i s 

intended to produce data in r e a l - t i m e . In order to quant i fy t h i s 

e f f e c t the rms e r r o r for each hour was derived by computing the 
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Figure 4 . 2 
Totals 
RQ : 2 . 6 mm 
Rp : . - 2 . 5 4 mm 

R̂  : 2 . 7 5 mm 
(rms error: 

0 . 3 9 9 ) 

Z = 2 0 0 R -̂̂  

/^Distrometer {R^) 

y^Simulated 
Radar (R^) 

40020 400C5 40030 40035 40040 40045 40050 400; 400fiC 40065 40070 40075 4 0C3C 
MINUTE NUMBER 



Figure 4.3 
Totals 

2.6 mm 
2.54 mm 

: 2.22 mm 
(rms error: 

0.683) 
Z = 264 R̂ -̂ ® 

o 

Distrometer (Rp) 

Simulated 
Radar (Ry) 

4 0CC0 4 0030 40035 4 00*0 400*S ' 400SC 40055 
niNUTL' NUMBER 

400P0 40065 40070 40075 ^ b o s ; 



linear differences between the simulated radar rainfall rate and the 

distrometer values for eacK minute. As already noted, each method 

(gauge, distrometer and radar) can be expected to produce different 

results; in this analysis the distrometer rainfall rate values were 

used as the base measurement and the deviation from them as an "error" 

Any method adopted to improve the radar estimate should ideally both 

improve the hourly total and reduce the rms error. 

4.1.3 The effect of spectrum shape on radar rainfall rate 

Although only one hour of data was presented in^the previous section, 

many hours were examined in this way and similar results obtained. 

It appears, therefore, that when the balance in the drop-size d is t r i 

bution is shifted towards the smaller drops (high N^), the radar will 

under-estimate because the value of Z is less than expected and A is 

too high; when the balance is shifted towards the larger drops (low N^), 

the radar will over-estimate because the value of 2 is more than 

expected and A is too low. 

This effect may be shown quantitatively by considering two spectra 

with similar rainfall rates but different shapes - and hence different 

values. Minutes 40053 and 40072 of the data shown in Figure 4.3 

are detailed in Table 4.1, which shows the R2 values when the relation

ship Z = 264 R '̂̂ ^ is used; the final column indicates the magnitude 

of the discrepancy which may arise through the use of inappropriate 

values for A and B. 
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Minute Z % A Ẑ • '̂ D 
Number 

mm hr"^ mm̂  m"̂  m mm mm hr"^ mm hr"^ 

40053 1.84 540 . 8511 3.80 1.53 -0.31 

40072 1,73 1331 863 2.41 2.62 +0.89 

Table 4.1 Spectra 40053 and 40072 - simulated 
radar rainfall rates 
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Thus an inverse relationship betv/een and A emerges - as predicted 

theoretically {47^ 53). If a stable relationship between the 

observed value of and the appropriate value for A can be found, 

more reliable estimates of R from Z may be obtained by reference to 

at the time in question - a variable Z-R relationship. 

4.1.4 Applicability of shape parameters 

The shape parameters and X have been used by many workers as 

discussed in 1.3.1. The work of WALDVOGEL (12) and PASQUALUCCI (52) 

in particular has indicated the possibilities offered by a detailed 

consideration of the intercept parameter. Thus the present investi

gation was directed towards this end, ignoring to some extent the 

possibilities that may be offered by a further consideration of the 

slope of the spectrum. This should not be interpreted as a statement 

that, in the author's opinion, x may not be as useful in this respect 

as N .̂ 

From a purely statistical viewpoint may be crit icised as an 

estimator of spectrum shape because i t depends so strongly on the 

existence of a relatively small number of large drops in the spectrum. 

This may lead to a variability which is stat ist ical ly rather than 

meteorologically induced. In Figure 4.3, particularly during the 

f i rs t 20 minutes, there is a considerable variation in the value of 

from one minute to the next and doubtless some of this variation 

is stat ist ical ly induced, i .e . the sampling interval is too small in 

these circumstances. However, the trend is very clear and there are 

many examples in the present data where even shorter term trends are 

obvious, where the value shows a steady rise or fal l over several 

individual spectra and then continues at a new mean value. Indeed 
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NQ may sometimes *jump' from one level to another, indicating a 

mesoscale change in the atmosphere, as discussed by WALDVOGEL {12). 

An example of an hour's data when short term but sequentially consis

tent trends in occurred is displayed in Figure 4,7*(drawn from the 

2nd data set, discussed in 4.2). In this case the intercept value 

peaks at minute 520109, preceded by three ascending values and 

followed by four descending values. A secondary peak is seen at 

minute 520136, possibly caused by another mesoscale change in the 

atmosphere, taking place over a period of a few minutes. 

These data also show an example of what was probably a stat ist ical ly 

induced peak, at minute 520155, when the intercept value rises 

suddenly from a relatively steady value (although the rainfall rate 

was varying considerably) and then drops again to the previous level. 

This occurred at a very low rainfall rate and therefore a relatively 

small number of drops was sampled. 

4.1.5 Frequencies of N Q values 

The M-P results {23) suggest that a value of 8000 for might be 

typical. 17505 spectra from the present data were analysed to reveal 

the relative frequency with which particular values occur. The 

results appear in Figure 4.4. 

The most frequent value of is in the range 2000-3000 with the 

percentages dropping away quite rapidly after = 10000. (Over 70^ 

of the spectra have values < 10000.) The large percentage which 

occurs for > 50000 is mainly attributable to spectra with very low 

* p. 116 
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Figure 4.4 
Percentage of observed spectra having N 
values in specified ranges at intervals of 
1000 m'̂ .mm"̂  (e.g. the value plotted at 
N = 10000 is the percentage of the total 
number of observations wifh the range 
N. 9000 - 1000.0 m-3.mm-^) 

10000 20000 30000 40000 50000 
Intercept N (m-3,nim-l) 



rainfall rates and wKich ĉ re not included in the analyses which 

involve rainfall rates > 0 , 1 mm hr"^. 

Hence the most frequent values of observed by distrometer at 

St. Mawgan were of the same order as the value suggested by MARSHALL 

and PALMER. The fact that a difference exists is almost certainly 

due to the quite different methods of computing N .̂ As already noted 

the present data, when considered in the form of average raindrop-

size distributions (3.2.2), compare favourably with the M-P result 

when N Q = 8 0 0 0 m"̂  mm'̂ . 

4 . 1 . 6 The relationship between spectrum shape and the constant A 

As noted in 4 . 1 . 3 a qualitative investigation of the relationship 

between spectrum shape and rainfall rate suggests an inverse relation

ship between and A. To test this hypothesis quantitatively, 

values of and A were calculated for the same 1 1 0 8 7 data points 

as for the derivation of the static Z-R relationship ( 3 . 3 . 1 ) . A was 
D 

determined directly from the standard power law form (Z = A.R ) with 

B fixed at 1 , 6 and Z and R obtained from the integrated spectrum. 

Thus each computed A value is that which would give the correct value 

of R from Z because the shift in drop-sizes has been taken into account 

These computed and A values were used in a least squares regression 

for a power curve f i t with A as the dependent variable. The 

regression was carried out by a linear f i t to the logarithms of the 

variables. The curve of best f i t was found to be 

= 1 . 5 4 X 1 0 ^ A"2-24 
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with a correlation coefficient of -0.95. Thus a relationship between 

and A is found; the precise values for the "constants" are likely 

to vary from one instrument/atmosphere system to another. 

This technique was tested on a large portion of the distrometer record. 

Improvements in rainfall totals were often found and the rms error was 

consistently reduced. Although the best f i t relationship above was 

derived from the whole data set, i t was found that for many of the 

hours considered in this part of the analysis, a curve slightly lower 

than the best f i t gave the best results and this was used in subsequent 

investigations. This relationship, = 3.1 x 10® A'^, is shown in 

Figure 4.5 with some representative points chosen to cover a suitable 

range of and A values. This experimentally determined relationship 

agrees very well with WALDVOGEL's findings on a theoretical base 

(53. 5^). 

The spectra detailed in Table 4.1 have different values and, as 

already shown, produce different values of R .̂ When the relationship 

above is used to adjust the value of A and produce an enhanced radar 

rainfall rate - R̂ pj - i t is seen that the result obtained is much 

closer to the distrometer-derived value (Table 4.2). 

Applying this technique to the example under consideration (minutes 

40021 - 40080) yields the result in Figure 4.6. The total for the 

hour agrees more closely with both the gauge and the distrometer 

and the rms error is reduced considerably. 

Figure 4.7 shows the results for another set of data collected on 

7.12,78 during the passage of an occlusion and analysed in the same 

way. These data are distinct from those used to derive the N̂ -A 
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Figure 4.5 Relationship between and A. 
The data plotted are for mins. 15990-16185. 
The curve = 3.1 x 10^ A"^ is shown. 
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Minute 
Number 

mm hr"^ 
Adjusted A B ẐN 

mm hr"^ iron hr"^ 

40053 1.84 191 1.6 1.91 +0.07 

40072 1.73 599 1.6 1.64 -0.09 

Table 4.2 Spectra 40053 and 40072 - enhanced 
radar rainfall rates 
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Figure 4 . 6 
Totals 
R Q : 2 . 6 mm 
R Q : 2 . 5 4 mm 
Rj^: 2 . 4 8 mm 
(rms error: 

0 . 0 9 2 ) 

Distrometer (R^) 

Simulated 
^ Radar (R^^) 

400CO 40025 40030 4003S 40040 40045 40050 40055 40060 
MINUTE NUMBER 

4006S 40070 40075 "*0090 



Figure 4 . 7 
Totals ^ 
RQ : 3 . 4 9 mm 

. R ^ : 4 . 0 0 mm 
(rms error: 

0 . 7 6 9 ) 

_ R̂ N* ^'^^ ^ 
(rms error: 

0 . 1 8 6 ) 

Z = 2 0 0 R 1 - 6 

Distrometer (Rp) 

Simulated 
Radar (R^) 

Simulated 
Radar {Rj^) 

5Z0100 5:0105 5-:0l l0 520L15 5^0120 520125 5^10130 520135 S^OMO 520145 S^OlSO 5^0155 '=te0l60 
MINUTE NUnBER 



relationship presented here and the.results show a slight.improvement 

in the hourly total, reducing the rms error by more than haTf. 

• " - • ' . • 

I t is interesting to note that substitutirijgvthe original M-P Z-R 

relationship (Z = 220 R "̂.̂ ) into the curve of best f i t yields 

= 8.7 X 10̂  m" .̂mm"\ which is in fair agreement with their 

observed value (8 x 10̂  m"̂  mm"̂ ). 

4.1.7 Application of N Q - A relationship ' 

It is a relatively simple matter to compute from distrometer 

observations, but to apply a similar variable Z-R relationship to 

an operational radar would require a quite different technique to 

estimate N .̂ 

Implicit in the description of these distributions as 'large' or 

'small' drop spectra is a consideration of the growth processes in 

the vertical. WALDVOGEL (12) made such observations in conjunction 

with a vertically-pointing radar and showed that these distribution 

shapes may be characterised by differing reflectivity profiles. A 

bright-band type echo (when the radar beam intercepts snow or ice 

just below the 0°C isotherm), corresponded to a large drop spectrum 

whilst a high altitude and no bright-band echo was observed above a 

small drop spectrum. In the f i rs t case the growth of large snowflakes 

would be possible, causing a large drop spectrum at the ground and in 

the latter, the.melting of small graupel may lead to a predominance 

of small drops. : / '̂ • 

When a meteorological radar is operated to produce data at a series 

of elevations, i t may be possible to estimate at" the ground by 
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considering the changing vertical Z profile. To investigate the 

applicability of this approach to the real-time calibration of an 

operational radar, a second-data collection exercise was initiated 
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4.2 THE SECOND DATA SET 

4.2.1 Philosophy" 

- . . - •- . ' • 
The f i rs t data set collected from FEB ;1978 to MAY'1978 consisted 

of distrometer and St. Mawgan gauge observations. To investigate 

the possibility of applying a variable Z-R relationship to actual 

radar data, a second data set was collected to which were added radar 

observations made from Camborne and gauge records at Constantine Bay. 

The aim was to -co-ordinate radar and distrometer observations, 

deducing variable Z-R relationships for the radar by computing N ,̂ 

and comparing the results with the "ground truth" calibration 

technique (55, 5^). I f this approach proved acceptable the observed 
• * k 

* 1 • • 

values would be examined with reference to;the growth processes 

aloft, as revealed by the radar data in the vertical. To carry out 

this work, information on the operational procedure of the radar was 
obtained and an original interpretation technique developed. 

4.2.2 ,Distrometer record 

The f i rs t distrometer data set was obtained from the continuous 

operation of the instrument over a period of several months. The 

second distrometer data set. was obtained from selected observations 

between DEC 1978 and MAY 1979. These observations were continuously 

monitored to eliminate any uncertainty about equipmerit'.malfunctibn 

,and to note any high acoustic noise levels which might affect the 

results. 

The paper tapes were again analysed using RAINDROPS and a modified 

version of RAINSPECTRA, producing a continuous record even when no 

rain was fall ing. 
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Data were obtained on 5 occasions i d e n t i f i e d by the numbers 5 1 , 52, 

53, 54 and 55 as de ta i led i n Table 4 ,3 . These data were a l l w r i t t e n 

to one magtape - ECCSPECT 44. The data on PT51 and PT52 were not 

subsequently examined f o r reasons discussed i n 4 .3 .2 . 

To ensure tha t the distrometer was performing s a t i s f a c t o r i l y , and 

tha t the second data set would be consis tent w i th the f i r s t , several 

checks were ca r r i ed out . As before , the distrometer hourly catches 

were compared wi th the St . Mawgan gauge (de ta i l ed i n Table 5.2) and 

average raindrop-size d i s t r i b u t i o n s computed (see Appendix I V ) . The 

r e l a t i v e percentages o f values f a l l i n g i n t o spec i f i ed i n t e r v a l s 

was computed as before (Figure 4,8) and compared to the f i r s t data set 

(Figure 4 . 4 ) . A l l these comparisons show tha t the dis trometer p e r f o r 

mance was s a t i s f a c t o r y . The s l i g h t displacement o f the peak i n 

Figure 4,8 to smaller values i n the case o f the second data set 

is due to the f a c t that only occasions when some moderately heavy 

ra in was expected were chosen whereas i n the f i r s t data set a l l data 

co l lec ted over a longer period were considered. Thus i n the l a t t e r 

case the proport ion o f low r a i n f a l l rates w i l l be greater and such 

spectra t y p i c a l l y produce high values - hence an apparent s h i f t 

to lower NQ values i n the second se t . 

4.2.3 Radar record 

The meteorological radar located at Camborne i n Cornwall (see Figure 

2.1) forms par t o f a mini-network o f radars covering par t o f the UK 

{57) which i n turn is par t o f the FRONTIERS plan (55) . This 10 cm 

radar has an on-s i te minicomputer dedicated to detect ing and measuring 

r a i n f a l l over the south west of B r i t a i n . During 1978 the onsi te 

hardware was being commissioned using software developed by the 

Meteorological O f f i c e Radar Research Laboratory, Malvern (MORRL). 
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PT No. Date Commenced Mins Mins 
Total 

R a i n f a l l . 
.(mm) _„ _ 

PT No. Date Commenced 
From To: 

Mins 
Total 

R a i n f a l l . 
.(mm) _„ _ 

51 3 DEC 78. . 1606 5i0000 510033 . 33 0.71 

52 7 DEC 78 1133 520000 520212 212 4.10 

53 27 MAR 79 1132 530000 530431 431 2.64 

54 9 APR 79 1300 540000 540480 480 3.78 

55 22 MAY 79 1600 550000 550272 272 5.73 

TOTAL 1328 16.96 

Table 4.3 Second data set Distrometer record 
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The radc^r ae r i a l revolves once every minute and makes observations a t 

four e leva t ions . The time taken to elevate i s approximately 15 sees, 

or a quarter o f a r evo lu t i on . Thus a set o f elevations i s completed 

every 5 minutes and a "12 beam task" performed 4 times i n an hour. 

Some modif ica t ions are made to the scans to al low f o r nearby trees and 

other topography, but these do not a f f e c t observations i n the sector 

which includes Constantine Bay and St . Mawgan. Only the operat ional 

features o f the radar which re la te d i r e c t l y to the surface r a i n f a l l 

measurement were considered. The method o f convert ing the azimuthal 

data to a Cartesian format and the s t a t i s t i c a l considerations involved 

in i n t eg ra t i ng many signal pulses were not invest igated i n any d e t a i l 

since there v/as no easy way to a f f e c t these features o f the operation 

and the output data had to be accepted as t ransmi t ted . However, 

p a r t i c u l a r a t t en t ion was paid to the method o f producing r a i n f a l l 

rate data from the radar r e f l e c t i v i t y observations and to the 

proposed method o f c a l i b r a t i o n . 

The overa l l philosophy o f the operation o f t h i s radar i s to measure 

areal r a i n f a l l . I t has been shown (55, 5^) tha t t h i s i s cost 

e f f e c t i v e i n r e l a t i o n to a network o f telemetering gauges over areas 

larger than 3000 km^. Data are avai lable i n real time i n the form 

of colour video displays o f the lowest e leva t ion every 15 minutes. 

Such a display i s i n use a t Camborne Met. O f f i c e and the Regional 

Forecasting O f f i c e a t RAF Mountbatten, Plymouth, t ransmit ted by GPO 

l i n e . 

A l t e r n a t i v e l y the data are avai lable i n hard-copy form approximately 

three weeks i n arrears . This format includes the data at f ou r 

elevations f o r every scan and was thus more comprehensive and most 

su i tab le f o r the present purpose. The Meteorological O f f i c e Radar 
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Res,earch Laboratory yery k ind ly rnade these date^ avai lable to the 

author, f r e e o f charge. 

An example of-one page of hard copy data i s given i n Figure 4 .9 , 

comprising the resul ts o f a s ingle scan. The key to the r a i n f a l l 

rate symbols appears i n Table 4.5.* The g r i d squares i n t h i s case 

are 5 km x 5 km; a representation o f the lowest e levat ion data on 

a 2 km X 2 km-grid was also a v a i l a b l e , but not used i n the.present 

i nves t i ga t ion . 

Radar data were requested to correspond wi th the distrometer records 

and the required St . Mawgan and Constantine Bay observations abstracted 

by hand using a transparent over lay . The resul ts were t r ans fe r red to 

cards and subsequently w r i t t e n to a magtape archive. The reduct ion o f 

these data to a convenient form f o r ca l cu l a t ing hourly t o t a l s and 

-producing_ver.tica.l._pro.fi.les..is_discussed i n 4 .3 . ^ 

The points a t which observations were made (St . Mawgan and Gonstantine 

Bay) were not at the centre of the g r i d squares containing them. This 

i s shown in 'F igure 4.10 and i l l u s t r a t e s one of the many problems which 

are encountered i n the comparison o f po in t and area! measurements. 

- • 

The advantages o f radar over a raingauge^^network are best exp lo i t ed by 

measuring the p r e c i p i t a t i o n a r e a l l y . Because of the spa t i a l va r ia t ions 

i n Z-R re la t ionships already discussed, the evaluation o f R and Z a t a 

poin t to produce such re la t ionships i s not an -ideal s o l u t i o n , although 

widely reported. However, any" other method which employs such d i r e c t 

measurements i s l i k e l y . t o be very complex and probably uneconomic. 

A method which uses .the areal radar data themselves to regulate the 

c a l i b r a t i o n i s more l i k e l y to overcome t h i s problem. Therefore i n 

* p . 134 
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analysing the Camborne data an approach which allowed f o r a good 

spa t ia l and temporal representation'was aclopted. 

4.2.4 Constahtirie Bay record 

The i n t e g r a t i o n o f radar and raingauge data to improve surface r a i n f a l l 

measurements was demonstrated by the National Severe Storms Laboratory, 

Oklahoma (55) and the technique has been tested^and developed f u r t h e r 

i n the UK, notably during DWRP (5P). The p r i n c i p l e of th i s ' "ground 

t r u t h " technique i s tha t one or more c a l i b r a t i o n s i tes are chosen 

w i t h i n the radar f i e l d and telemetering gauges are i n s t a l l e d . The 

amount measured by the gauge is compared i n real time w i t h the r a i n f a l l 

measured overhead by the radar. A c a l i b r a t i o n f a c t o r , given by the 

r a t i o of these values, i s determined and applied, t o . t he remainder o f : 

the radar f i e l d , sometimes wi th a weighting f a c t o r based on the 

geography of the area. 

In DWRP the radar estimates o f areal r a i n f a l l were g rea t ly improved by 

using th i s technique and three rules were adopted: 

( i ) . No gauge c lus te r sha l l be used.for c a l i b r a t i o n 

unless the r a i n f a l l rate i s greater than 1 mm hr . 

( i i ) No gauge c lus te r shal l be used i f the r a t i o between 

the gauge value and the radar measured value i s . 
• • . r 

greater than 5 or less than 0 . 2 . F u r t h e r experience 

. may modify t h i s r u l e , 

( i i i ) Inverse distance weighting fac to r s sha l l be appl ied . 

The basis f o r comparison was by one-hourly t o t a l s which to some extent 

smoothes out the short- term f luc tua t i ons i n the po in t measurements 
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v;hich would not be observed by the areal measurements. Subsequent 

work on the c a l i b r a t i o n fac tors f o r the Camborne radar {60) has used 

a lower l i m i t o f 0.4 mm hr""^ f o r hourly comparisons. 

This operational repor t assesses the performance o f Camborne radar 

against 13 autographic gauge archives. I t was found tha t the r a t i o 

between the radar and gauge hourly t o t a l s was reduced from 1.5 i n 

November 1978 to about 0.4 i n May 1979. The mean values f o r March, 

A p r i l and May were 0,36, 0.42 and 0.43 r e spec t ive ly , i n d i c a t i n g 

tha t the radar performance had become more s t ab le . This improvement 

was a t t r i b u t e d to more e f f e c t i v e removal o f c l u t t e r - unwanted re tu rn 

signals which are produced by targets other than p r e c i p i t a t i o n 

elements, discussed i n 4 .3 ,2 . 

The p o s s i b i l i t y o f improving the radar-derived measurement of areal 

r a i n f a l l by the app l ica t ion of these c a l i b r a t i o n fac tors alone i s 

not ser iously contemplated. Such an approach would ignore the shor t 

term meteorological f l uc tua t i ons which have been discussed e a r l i e r 

but any seasonal var ia t ions might be compensated f o r . However, the 

analysis o f the second data set includes the resul ts o f applying these 

fac tors on a monthly basis. 

The r a i n f a l l , measured a t a s i t e other than Camborne (radar) or 

St . Mawgan (d i s t rome te r ) , was required to enable a "ground-truth" 

c a l i b r a t i o n o f the radar to be car r ied ou t . Operational considerations 

required t ha t the author should make these measurements personal ly , 

which precluded the use of other r a i n f a l l archives. The Meteorological 

O f f i c e intended to use the Constantine Bay s i t e f o r rea l - t ime c a l i 

b ra t ion a t some l a t e r date and therefore permission was sought to s i t e 

recording equipment a t the same l o c a t i o n . Two advantages accrued from 

th i s decision - gauges could conveniently be placed a t the s i t e en 
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route f o r RAF St . Mawgan and subsequently recovered on the re turn 

journey t o Plymouth, and any unexpected anomalies tha t might ar ise 

by c a l i b r a t i o n from a s i t e , other than the s i t e intended f o r when 

the radar was f u l l y commissioned, would be removed, 

A "Casella" t i l t i n g syphon autographic gauge was s i t ed at the 

Constantine Bay Golf and Country Club, a few metres from the s i t e 

to be used subsequently by the Meteorological O f f i c e . A 5 inch 

check gauge was also placed a short distance away. These gauges 

were operated during the c o l l e c t i o n o f the data on the l a s t 3 tapes 

i n Table 4 .3 . A hyetogram from the gauge i s shown i n Figure 4.11 

and the catch t o t a l s appear i n Table 4 .4 . 

The hyetograms were measured i n h a l f hour periods to f a c i l i t a t e 

subsequent analysis and radar c a l i b r a t i o n . These resul ts together 

wi th the relevant radar to t a l s are shown i n Table 5.2? 

p. 154 
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PT No. 
Autographic 5 inch check 

PT No. gauge t o t a l gauge t o t a l 
(mm) (mm) 

53 2.4 2.4 

54 8.1 7.9 

55 5.3 - 5.2 

Table 4.4 Comparison o f Constantine Bay gauges 
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4.3 ANALYSIS OF RADAR DATA 

4.3.1 Conversion to Z values 

The radar data were received i n hard copy form (Figure 4.9) which 

shows R values at each scan. Table 4.5 shows the meaning o f the 

symbols displayed together wi th an in teger code which was used by 

the author to f a c i l i t a t e o f f - l i n e processing. The data presented 

here are therefore r a i n f a l l rates a l loca ted to 43 spec i f i ed ranges 

and not exact values. More precise data are avai lable only i n a 

magnetic tape format which was not compatible wi th the avai lable 

computer f a c i l i t i e s . 

The nature o f the inves t iga t ion required an analysis of the Radar 

R e f l e c t i v i t y f a c t o r values. The ons i te computer employs a f i x e d 

Z-R re la t ionsh ip - Z = 200 R^'^ - and therefore these R values could 

be eas i ly converted to the appropriate Z values. This was achieved 

by converting the upper and lower class l i m i t s f o r each i n t e r v a l to 

t h e i r Z values and then converting the mean back to R. For example 

the r a i n f a l l rate denoted by the symbol ' + ' ( in teger code 39) 

represents 0.75 ^ R < 1.0 mm hr"^ which i s equivalent to 

126 ^ Z < 200 mm^m•^ The mean i s 163 mm^m"̂  (Z) which by Z = 200 R^'^ 

gives R = 0.88 mm h r " \ 

The f u l l set o f values i s given i n Table 4.5 together w i t h the 

decibel equivalent o f Z (dBZ : given by 10 log^^Z) which i s used 

l a t e r ( 4 . 3 . 5 ) . An a r b i t r a r y upper l i m i t o f 500 000 rmî  m"^ was set 

f o r the la rges t category although no r a i n f a l l rates t h i s high were 

observed. Errors which could ar ise through t h i s i n t e r p r e t a t i o n o f 

the data are discussed i n 4 .3 .6 . 
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SYMBOL INTEQER 
CODE 

R 

mm hr"^ 
- z 
6 - 3 

< mm m 

R' 
mm hr"^ 

dBZ 

I I 36 <; 0.25 11 0.16 10 
= 37 < 0.5 44 0,39 16 
* 38 < 0.75 96 0.63 20 
+ 39 < 1,0 163 0.88 : .22 
< 40 < 1..375 267- 1.20 24 
> 41 < 1.875 440 1.64 26 
0 42 < 2.5 707 2,20 28 

- 1 1 < 3.0 1013 2-76 30 
2 2 < 3.5 .1322 3.26 31 
3 3 < 4,0 1661 3.75 32 
4 4 < 4,5 2029 4.26 33 
5 5 < 5.0 2423 4,75 34 
6 6 < 5.5 { 2843 5,25 35 
7 7 < 6.0 3288 5.75 35 
8 8 < 6,5 3757 6.25 36 
9 9 < 7,0 4248 6,75 36 
A 10 < 7,5 4762 7.25 37 
B 11 < 8,0 5299 7.75 37 
C 12 < 10 6767 9.03 38 
D 13 < 12 9311 11:03 40 
E 14 < 14 12150 13,02 4 1 
F 15 < 16 15266 15,02 42 ^ 
G 16 < 18 18641 . 17.02 43 . -

- - -H-- _ 17_ < 20 22265 19,02 43 
I 18 < 22 26125 ~'21T02~ " — 4 4 -
J 19 < 24 30213 23.01 45 
K 20 < 26 34520. 25.01 45 
L 21 < , 28 38809 27,01 46 
M 22 < ' 30 . 43764 29.01 46 
:N 23 < 32 1 48689 • 31.01 47 
0 24 < 40 ; 62185 36,13 48 
P 25 < 48 85561 44.11 ^ 49 
Q 26 < 56 111652 52.09 50 
R . 27 < 64 140281 60.08 51 
S 28 < 72 171303 . 68.07 52 
T 29 7 < 80 ' 204602 76.06 53 . 
U 30 < 88 ! .. 240076 84.06 - 54 
V 31 < 96 . 277642-, 92.05 54 
W 32 < 104: 317222.-: ^100:05 . - ..-'55 
X 33 < 112 358752 108:04 56 
Y 34 <;120 402171 . 116^04 56 
Z • 35 . >"̂ 120 , ^ ' 462173/ 126.-58 57 

43 ' . 0 • •••.] 0 . 0 0 

Table 4.5 " Radar data - 43 level- display symbols 
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4.3.2 Occultat ion and c l u t t e r 

Occul ta t ion and c l u t t e r are f ac to r s which a f f e c t the 'operation b f a l l 

types o f radar. Occultat ion o f the radar beam is caused by the screen-

ing e f f e c t o f the land and therefore a f f e c t s the lowest e leva t ion only 

This at tenuat ion can be allowed f o r by using an azimuthr'depende'nt 

cor rec t ion f a c t o r . The v a l u e s / o r S t . Mawgan and Constantine Bay 

(1.33 and 1.16 respect ively) were obtained from MORRL. The onsi te 

computer was not programmed f o r t h i s cor rec t ion u n t i l 2.7V79 and-

therefore a l l subsequent processing o f the radar data presented here 

involved applying the cor rec t ion manually to the lowest e l eva t i on . 

The r a i n f a l l rate values produced by t h i s procedure are shown i n 

Table 4 .6 . A l l the data analysed are encompassed by the f i r s t 17 

in te rva l s and therefore only those r a i n f a l l rates are tabula ted . 

Other sources of a t tenuat ion , f o r example the range-dependent e f f e c t , ' 
^ V- •• • 

are deal t w i th automatically" by the radar computer. • 

r 

The term " c l u t t e r " describes strong re turn signals which are not 

des i rable ; the i n t e r p r e t a t i o n - o f what i s desirable depends on the 

requirements of the user. In the case o f a marine radar the operator 

i s in teres ted i n permanent echoes caused by land or ships and attempts 

to remove the t r a n s i t o r y c l u t t e r which may be due to waves or r a i n . 

For the radar meteorologist i t i s t h i s - t ransi tory c l u t t e r which i s 

of i n t e r e s t and i f an attempt i s to be made to q u a n t i f y the leve l o f 

signals returned from r a i n , then the existence of strong and permanent 

c l u t t e r can lead to serious e r r o r s . 

The Camborne radar i s corrected f o r t h i s e f f e c t by making " c l u t t e r 

maps" in"dry spel ls and then applying them i n a negative sense to the 
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• 

Integer . 
Code 

St . Mawgan Constantine Bay 
Symbol • Integer . 

Code 7 7 r-

mm̂  m ,̂ mm hr ^ m^: m"^ mm hr*^ 

I I 36 15 - 0.20 -13 0.19 -
= 37 59 . 0.47 . 51 0.43 
* 38 128 p.76 111 . 0.70 
+ 39 217 ^ 1.0.6 ' 189 0.97 
< 40 355 1.44; 310 1.32 
> 41. 585 1.96 510 " 1.80 

42 940 ' 2.64 • " . 820 2.42 
1 1 : 1347 3.30 1175 . 3.03 
2 2 .1758 3.90 1533 3.58 
3 3 2209 4.49 1927 4.13 
4 - 4 2699 • 5.09 2354 4.67 
5 5 T~3223" 5769 ~ 2811 —5;22 ; 
6 . -6 • 3781 6.28 3298 •5.77 
7 7 4373 6.88 3814 6.32 
8 8 4997 7.48 4358 6.87 

. 9 9 5650 8.08 4928 7.41 
A 10 6333 8.67 5524 7.96 

Table 4.6 Radar.data - St . Mawgan and Constantine Bay. 
values wi th occu l t a t i on -co r r ec t ion . app l i ed 
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d a t a , thus removing the s^recfs o f strong permanent echo cauS:ed by the 

loca l topography. To minimtse t h i s problem a t c l o s e range the data 

from scans a t the lowest 2 e leva t ions are combined automat ica l ly pn 

s i t e up to a range of 30 km. (The S t . Mawgan and Constantine Bay-

s i t e s are both more than 30 km from Camborne.) This technique,became 

e f f e c t i v e i n March 1979 {60) and therefore data c o l l e c t e d before t h i s 

date were not f u l l y analysed because of the p o s s i b i l i t y of s i g n i f i c a n t 

e r rors . a r i s i n g . 

4 . 3 . 3 In terpo la t ion of Z values 

As noted in 4 . 2 . 3 , the radar produces 48 se ts of data per hour but 

a t any p a r t i c u l a r e leva t ion values are produced a t approximately 5 

minute i n t e r v a l s . The distrometer data are a v a i l a b l e a t one minute 

i n t e r v a l s and therefore to provide the most d e t a i l e d comparison some 

interpoTatioTi W l h e ~ r a d ^ ^ ^ ; TT" 
• •• 

The Z values under considerat ion are>representat ive, of r e l a t i v e l y ' 

large volumes o f atmosphere and therefore a'reasonably.'vsmooth t r a n 

s i t i o n from one observat ion to the next would-be expected. I n t e r -

polation^was performed by taking four adjacent observat ions and 

f i t t i n g a cub ic - to the logs of the Z v a l u e s ; the in te rpo la ted values 

were then obtained Trom the curve between the 2nd and 3rd observa t ions . 

This approach preserves- the trend of the values in the f i v e minute 

i n t e r v a l s before and a f t e r the period under cons ide ra t ion . 

Th is technique i s more f u l l y descr ibed i n Appendix V a n d . i l l u s t r a t e d 

g raph ica l l y in F igures ' .4 .12 , 4.13 and 4.14 with some data from PTs 
• • " • • " \- -

53, 54 and 55. These in terpola ted data were wr i t ten to a-magnetic 

tape f i l e - ECCRADAR 3 , together with the one minute time-marks to 

coincide with the distrometer record. 
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Figure 4.12 Interpolat ion of Z values (PT 53) 
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ST.MflWGflN RflDflR DflTfl - 4 ELEVATIONS - OCCULTflTION FACTOR APPL IED TO ELEV 1 

ELEV 1 ^ ELEV 2 + ELEV 3 X ELEV 4 O 

Figure 4.13 Interpolat ion of Z values (PT 54) 
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f igure 4.14 Interpolat ion of Z values (PT 55) 
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4^,3.4 Hal f -hour ly t o t a l s 

The B a s i c ' i r i t e r v a l for comparison of gauge, d istrometer and radar data 

was chosen to be 30 minutes. This would al low a more de ta i l ed study 

than i f hourly t o t a l s were used (as i n the "ground-truth" c a l i b r a t i o n 

technique descr ibed in 4 , 2 . 4 ) . 
•A. 

The radar r a i n f a l l to ta l for the 30 minute i n t e r v a l i s given by the sum 

of the 6 R values for that period div ided by 12. The tota l der ived 

fnom the in terpola ted radar values.was a l s o c a l c u l a t e d for comparison. 

4 .3 .5 Time-height p r o f i l e s 

The representat ion of radar data as a t ime-height d isp lay has been 

reported 52 , 6:3). and i s a useful technique s i n c e i t al lows a 

comprehensive appreciation_of^the^observ.ations 5uch._prof i les_are-

normally produced, by Doppler or v e r t i c a l l y - l o o k i n g radar but a s i m i l a r 

representat ion was obtained^from the present data by p lo t t ing contours 

through the in terpola ted Z values descr ibed e a r l i e r ( 4 . 3 . 3 ) . 

The height of each elevated beam over S t . Mawgan was ca lcu la ted and 

the values of Z ( in dBZ) for a l te rna te minutes a t these 'he ights were 

used as the input data for a computer program which produced time-

height p lots such as the example in Figure 4 .15 . The contouring 

package a v a i l a b l e (CONB) required data at a l l g r id points, which meant 

that the 64 values (16 time ordinates x 4 e l e v a t i o n s ) had to be 

expanded to 96 values (16 time ordinates x 6 e l e v a t i o n s ) covering 

0-2 .5 km above S t . Mawgan. This was achieved by fu r ther i n t e r p o l a t i o n , 

performed o b j e c t i v e l y and by.a l i n e a r p r o c e s s . 
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The exc^mple in Figure 4.15 shoves hovy the o r i g i n a l dat^ (under l ined) 

releite to the t ime-hetght contours. The representat ion s a t i s f i e s 

a l l the values except for 2 which are s l i g h t l y - i n ^ e r r o r . Th is a r i s e s 

because they occur on the odd minutes which were not used as input 

data. This somewhat coarse in te rpre ta t ion was i n e v i t a b l e due- to . the 

r e l a t i v e i n f l e x i b i l i t y of the contouring package. Hence. th is diagram 

must be considered as a q u a l i t a t i v e r e p r e s e n t a t i o n , indicat ing, . the 

genera l -s t ruc ture of the atmosphere above S t . Mawgan. The.pat terns 

revealed in the t ime-height p r o f i l e s generated from the second data 

se t are d iscussed in the next chapter . 

4 .3 .6 E r r o r s 

There are severa l poss ib le sources of e r r o r in t h i s a n a l y s i s ; some 

of these e r ro rs are already in the data when received and others 

a r i s e through the a n a l y t i c a l techniques employed. One of the major 

e r rors in the former category i s due to the "bright-band" e f f e c t . 

This e f f e c t i s observed when the radar beam i n t e r s e c t s the O '̂C isotherm 

where melt ing snow or ice p a r t i c l e s may be present . I t i s revealed as 

an increase in echo i n t e h s i t y in a narrow a l t i tude : range and is. mainly 
' • • - . 

due to changes in the d i e l e c t r i c proper t ies of the r e f l e c t o r s causing 

an increase in r e f l e c t i v i t y of t y p i c a l l y 6dB {64), This causes the 

radar to over-est imate the amolint^of p r e c i p i t a t i o n . A r a d a r scanning- , 
. • - ' • c . • ' . .• • 

in azimuth a t a low e levat ion w i l l show a roughly annular band .o f ' 

enhanced echo a t ranges where the radar beam i n t e r s e c t s the s l e e t (^5) . 

The Camborhe radar w i l l eventual ly apply a c o r r e c t i o n for t h i s e f f e c t 

based on work c a r r i e d out by the Meteorological O f f i c e {65 and '56) . 
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Figure 4.15 Time-height radar p ro f i l e showing radar r e f l e c t i v i t y contours at 5 dBZ i n t e r v a l s . 
The or ig ina l radar data are shown underlined. 



The average height of the melting l a y e r in England during the winter 

i s about 1 km (67). Ascent data from Camborne (Appendix V I ) reveal 

that for the times under considerat ion the 0*C isotherm was at about 

t h i s l eve l and therefore would not a f f e c t the data in the lowest 

e l e v a t i o n . Hence the "bright-band" e f f e c t should not lead to e r ro rs 

in the sur face r a i n f a l l t o t a l s but may a f f e c t the t ime-height p r o f i l e s 

above 1 km. 

The time shown on each page of the radar hard copy data i s the time a t 

which the data were wr i t ten to the magnetic tape f i l e on s i t e and 

could be up to 2 minutes a f t e r the actual time a t which they apply . 

This introduces a poss ib le timing e r ro r which was a l l e v i a t e d to some 

extent by using a f ive-minute moving average of d ist rometer data as 

described in 5 . 1 . 1 . 

Some d i f fe rence i s l i k e l y to e x i s t between the p r e c i p i t a t i o n measured 

in the lowest e leva t ion (which i s approximately 300 m above the ground 

over S t . Mawgan), and the sur face r a i n f a l l . This may be due to the 

d r i f t of p r e c i p i t a t i o n in the wind and growth or evaporation of the 

raindrops below the cloud base. Such an e r r o r i s d i f f i c u l t to 

accommodate and i s fur ther complicated by the f a c t that the measuring 

points are not cent ra l in the g r id squares (F igure 4 . 1 0 ) . Allowance 

for wind d r i f t has been made in previous work {56) and some reduction 

in e r r o r achieved; however in t h i s i n v e s t i g a t i o n no attempt was made 

to e f f e c t such c o r r e c t i o n s . The aim u l t imate ly i s to s i m p l i f y the 

v a r i e t y of input data to the radar measurement of p r e c i p i t a t i o n ( e . g . 

by removing the need fo r c a l i b r a t i n g gauges) and a fu r ther input of 

anemograph and poss ib ly other observat ional data introduces more 

complexity. 
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The method of conversion of R values to Z v a l u e s , descr ibed in 4 . 3 . 1 , 

introduces an e r r o r because a r a i n f a l l rate a t approximately the mid

point of a range i s used ra ther than an exact v a l u e . The magnitude of 

t h i s e r r o r depends on the amount of r a i n f a l l - r e c o r d e d . At low r a i n f a l l 
• ' ' • • 

rates t h e ' i n t e r v a l s span only a few tenths of a mi l l imet re per hour 

whereas a t higher ra tes the in te rva l may be 2.0 mm or more. The 

extreme e r ro rs which could occur in the h a l f hour to ta l would be when 

a l l 6 values were e i t h e r at the lowest end of the range or at the 

h ighes t . 
. . I 

For the f i r s t h a l f hour period analysed (see Table 5 . 2 ) , the tota l 

obtained by using the values in Table 4.6 was 1.50 mm. I f . a l l the 

values had a c t u a l l y been the lowest p o s s i b l e , then a to ta l of 1.36 mm 

i s obtained and i f the h ighest values are s e l e c t e d then a la rger to ta l 

of 1.62 mm r e s u l t s . This represents an e r r o r of approximately ±8%, 

Such extreme cases are un l i ke ly to a r i s e and, s i n c e the example chosen 

was for the h ighest" ' ra in fa l l amount, even i f they did the e r ror would 

be smal le r than t h i s . 
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CHAPTER FIVE 

COMBINING DISTROMETER AND RADAR DATA 
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5.1 METHOD 

5.1.1 Avereigtng.of'data 

The second d a t a ' s e t forms the. bas is of a quanti t a t i v e e x e r c i s e to t e s t 

the e f f i c a c y of using distrometer observat ions to improve the accuracy 

of radar r a i n f a l l measurement. This approach i s l im i ted by the a b i l i t y 

of a point measurement to represent an area. - To improve the represen

ta t ion of a gauge for areal c a l i b r a t i o n i f has been recommended (68) 

that mean c a l i b r a t i o n s over a pen6d"of time should be used. 

A period of 30 minutes was used as the b a s i c time u n i t to compare r a i n 

f a l l measurements. Thus each time un i t inc ludes 30 r a i n d r o p - s i z e 

d i s t r i b u t i o n s , 24 radar observat ions and two autographic gauge t o t a l s . 

The radar completes a s e t o f e levat ions every 5 minutes and thus o f f e r s 

a near rea l - t ime d isp lay with a r e l a t i v e l y f a s t update. To r e l a t e the 

di s t r o m e t e r - r e c q r d ^ f i ve mi nute-movi ng-averages 'were~computed'for"each~ 

minute by meaning the four previous and the cur ren t values of R and N^. 

This has the e f f e c t of making the r a i n d r o p - s i z e d i s t r i b u t i o n more 

representat ive because i t i s appl ied over a longer period of t ime. The 

computed value a l s o appears about 2 minutes"""!ate" which improves; 

temporal c o r r e l a t i o n with the radar because of the delay in w r i t i n g 

the data on s i t e . (See 4 . 3 . 6 . ) ' - ' l -

5.1.2 Se lec t ion of data - • . 

Three portions of data were se lec ted from theVsecond data s e t , for 

de ta i led a n a l y s i s . I t was des i rab le to combine v a r i e t y with ,continuity 

and/to t h i s end^l6j hours was se lec ted i n . t h r e e continuous se ts which 

included the h e a y i e s t - r a i n observed on PTs 53 , '54 -and '55 and for which 

a f u l l s e t of gauge and radar data was a rch ived . Some of the h a l f hour 
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periods included have no r a i n f a l l recorded by one or more of the 

d e v i c e s . TKese were included to preserve cont inu i ty and a l s o to 

see the e f f e c t on the r e s u l t s . I t i s obviously as important that 

the radar should not record ra in when i t i s not r a i n i n g as that i t 

should record accura te ly when i t i s r a i n i n g . 

The se lec ted data are de ta i l ed in Table 5,1 in 33 numbered ha l f hour 

per iods . These numbers w i l l be re fer red to h e r e a f t e r to i d e n t i f y 

each per iod . 

5 .1 .3 Processing of data 

Radar and distrometer data from the magtape a r c h i v e s descr ibed e a r l i e r 

were read simultaneously by a computer program c a l l e d PANORAMA. This 

program ca lcu la ted values and performed the averaging process 

described above, in addi t ion to computing the radar -der ived r a i n f a l l 

to ta ls for each h a l f hour period at a l l four e l e v a t i o n s . The data 

for the lowest e levat ion were enhanced by applying the var iab le Z-R 

r e l a t i o n s h i p technique using the curve descr ibed in 4 . 1 . 6 . In 

s imulat ion of real t ime, each in terpola ted Z value was converted to 

i t s equivalent R value using a r e l a t i o n s h i p determined by reference to 

the 5 minute moving average of N^. When an average value was not 

a v a i l a b l e (when there were not 4 consecut ive va lues preceding the 

minute under considerat ion) the spot value was used. Where ne i ther 

the averaged nor the spot value was a v a i l a b l e , the Z-R r e l a t i o n s h i p 

reverted to the conventional form {Z = 200 R^"^) , 

The program a lso contained options for using a d i f f e r e n t Z-R 

r e l a t i o n s h i p , such as the one reported in 3.3.1 and the p o s s i b i l i t y 

of a l t e r i n g the raw Z v a l u e , A fur ther option allov/ed the app l ica t ion 
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^ Half hour PT No. Date Time Time 
period no. '"(GMT) (mins) ' 

r 53 • 27.3.79 1200 - 29 ' 530028.- 057 
2 1230 - 59 530058 - 087 
3 • . 1 3 0 0 - 29 530088 - 117. 
4 1330 - 59 530118 - 147 
5 1400 - 29 530148 - 177 
6 1430 - 59 530178.- 207. 
7 1500 - 29 51̂ 0̂ 08' - 237-
8 1530 - 59 530238 - 267 
9 1.600 - 29 530268 - 297 

10 1630 - 59 530298 - 327 
11 1700 - 29 530328 - 357 
12 1730 - 59 530358 - 387 
13 1800 - 29 530388 - 417 

14 54 9 .4 .79 1330 - 59 540030 - 059 
15 1400 - 29 5 4 0 0 6 0 - 0 8 9 
16 1430 - 59 540090 - 119 
1 7 " " ^ ' 1500 - 29 540120 - 149" 

>- 18 1530 - 59 540150 - 179 
19 1600 - 29 540180 - 209 
20 1630 - 59 540210 - 239 
21 1700 - 29 540240 - 269 
22 1730 - 59 540270 - 299 
23 • ' 1800 - 29 540300 - 329 
24 1830 - 59 540330 - 359 
25 1900^ r. 29 540360 - 389. 
26 1930 - 59 540390 - 419 
27 2000 - 29 540420 - 449 

28 55 22.5^79 1730 - 59 550090 - 119 
29 - 1800 - 29 •550120 - 149 
30 1830 - 59 550150 - 179 
31 1900 - 29 5501.80 - 209 
32 - 1930 - 59 550210 - 239 

" 33 - 2000 - 29 550240 - 269 

Table 5.1 Se lected data 
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of the mean monthly cc^Ubration f a c t o r s descr ibed in 4 . 2 . 4 . The 

three re levant r e c o r d s , R^* % ^"^7^0 "^^^ p lo t ted to f a c i l i t a t e 

comparison with the-time^height radar p r o f i l e s . 

The r e s u l t s presented here , which use t h e r f i x e d Z-R r e l a t i o n s h i p , are 

confined to the widely accepted vers ion with A = 200. The use of the 

re la t ionsh ip derived from the f i r s t ' d a t a s e t (Z = 264 R^'^®) makes a 

small d i f fe rence to the r a i n f a l l t o t a l s . The in tent ion h e r e i s , t o . 
, fc, ' • -

compare the new technique with an e s t a b l i s h e d method ra ther than y e t 

another s l i g h t v a r i a t i o n on the conventional approach. 

5.1.4 Representation of data 

The processed data descr ibed above have a considerable range of va lues 

and many d i s c o n t i n u i t i e s . To f a c i l i t a t e the comparison with the t ime-

height p r o f i l e s a representat ion was devised which used'the" l a r g e s t 
. • •» . \i. -

•. • 

s c a l e poss ib le w h i l s t al lowing a l l the data to be p lot ted on the same 

axes. Th is was achieved by using a t runcated logar i thmic s c a l e f o r 
' . ' • • • 

the meteorological va r i ab les and the same l i n e a r s c a l e on the horizon-

ta l time a x i s . Values of R^ and Rp below 0.1 mm hr"^ are therefore 

omitted and values appear only when the corresponding RQ value i s 

to be p lo t ted . These plots together.with the re levant t ime-height 

p r o f i l e s appear in Appendix V I I . 

5 .1 .5 Comparison of r e s u l t s 

The minute-to-minute c o r r e l a t i o n of the distrometer and radar derived 

r a i n f a l l ra tes may be judged by eye from the F igures in 'Appendix V I I . 

To compare the ha l f -hour ly t o t a l s , a numerical approach was adopted. 
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Comparison of radar ^r\6 gauge data has prev ious ly been made by 

comparing mean percentage d i f f e r e n c e s , regard less of s ign ( e . g . 59). 

This method s u f f e r s from three main d isadvantages. F i r s t l y , when 

r a i n f a l l rates are very low, small absolute d i f f e r e n c e s r e s u l t i n 

large percentage d i f fe rences and may d i s t o r t any c o n c l u s i o n s . 

Secondly, i t i s impossible to compare r e s u l t s in t h i s way when one 

of the to ta ls under considerat ion i s z e r o , and f i n a l l y , when a r e s u l t 

i s obtained i t does not d i r e c t l y ind ica te the magnitude of the 

d i f f e r e n c e . 

Despite these d isadvantages, t h i s method was used to analyse the 

r e s u l t s to f a c i l i t a t e comparison with previous work and, in add i t ion , 

two other methods were considered. The work already re fer red to at 

the National Severe Storms Laboratory, Oklahoma ( 5 5 ) , used a root 

mean square (rms) e r r o r as a comparative measure. Reductions of 

over 20^ in the rms er ror were achieved when the radar was c a l i b r a t e d 

with one gauge. This method a lso has disadvantages - p a r t i c u l a r l y i f 

most of the l i n e a r d i f fe rences are of the same s i g n . A small rms 

e r ro r may be obtained from a success ion of small d i f f e r e n c e s , but 

i f they are a l l d e f i c i t s , the net e f f e c t may be qui te s e r i o u s . Hence 

a rms cumulative e r r o r was a lso computed. Th is i s obtained by 

c a l c u l a t i n g the rms value of the cumulative d i f f e r e n c e s . The methods 

used to c a l c u l a t e these comparative measures are explained in Appendix V 

A fur ther problem encountered in making these comparisons i s the choice 

of the base measurement. Rms e r ro rs have been c i t e d prev ious ly in t h i s 

work ( 4 . 1 . 2 ) where the distrometer was used as the base measurement, 

deviat ions from t h i s being descr ibed as " e r r o r s " . For the comparison 

of the h a l f hour t o t a l s from the second data s e t the choice i s not so 

obvious - e i t h e r the gauge or the distrometer could be used to a s s e s s 

the radar performance. In the DWRP work an "optimum f i e l d " {56) was 
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used for comparison. In t h i s c a s e , data from 62 gauges were i n t e r 

polated by reference to the radar -der ived i n t e n s i t y pa t te rn . A r a i n 

f a l l f i e l d i s computed which , based on the assumption that each gauge 

reads c o r r e c t l y , was denoted the "optimum r a i n f a l l f i e l d " . This 

method approaches the ideal so lu t ion more c l o s e l y , but was beyond 

the scope of the present work. 

Other comparisons are a l s o of i n t e r e s t - for example the d i f f e rence 

between the h a l f hour t o t a l s derived from 6 actual radar observat ions 

and the 30 in terpola ted values would show the v a l i d i t y of the l a t t e r 

as a reasonable representat ion of the o r i g i n a l da ta . Therefore the 

comparisons presented here provide a comprehensive a n a l y s i s showing 

the r e l a t i o n s h i p between a l l the methods used to c a l c u l a t e the h a l f 

hour t o t a l s . The e f f e c t of removing the periods when the s m a l l e s t 

to ta ls were measured (determined by the S t . Mawgan gauge reading l e s s 

than 0.1 mm) was a l s o examined. 
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5,2 RESULTS 

5.2.1 Distrometef , Gauge and Radar totc^ls 

Table 5.2 shows the d i i t rometer , gauge and radar t o t a l s a t S t . Mawgan 

and Constant!ne Bay fo r each, of the 33 h a l f hour per iods . The var ious 

methods produce d i f f e r e n t t o t a l s fo r the whole 16J hours although the 

distrometer and c a l i b r a t e d radar r e s u l t s a t St;- Mawgan agree w e l l . 

The ra t ios between the uncal ibrated radar and gauge t o t a l s at both 

S t . Mawgan and Constantine Bay a lso agree v e r y ' w e l l (0.66 and 0.67 

r e s p e c t i v e l y ) . This ind ica tes that the radar performance i s c o n s i s t e n t 

for d i f f e r e n t gr id squares . These r a t i o s are higher than the fac tors 

noted in 4 .2 .4 but the l a t t e r did not take account of the occu l ta t ion 

correct ion (60). This r e s u l t s in a lower radar -der ived to ta l and 

hence a lower r a t i o . 

5T272- - Further modif icat ion of radar^data . ' 

The uncal ibrated radar t o t a l s for both loca t ions are considerably l e s s 

: than the gauge t o t a l s which would suggest that the radar i s recording 

a c o n s i s t e n t l y low r e s u l t . This may be due to a va r ie ty of f a c t o r s , 

some of which are meteoro log ica l , and others assoc ia ted with hardware 

• cons idera t ions . When the radar beam diverges and in te rcepts p r e c i p i 

ta t ion at a greater he ight , an underestimate may occur through low-

leve l growth remaining undetected. I t has been noted prev iously ( 4 . 2 . 4 ) 

that t h i s underestimate may be due to the c l u t t e r removal process and 

the correct ion fac tors derived ind icated that the radar measured l e s s 

than h a l f the actual r a i n f a l l (GQ). This has been aff irmed i n a l a t e r 

operational Report (_5fl) which recommends.a range-dependent cor rec t ion 

fac tor to be applied to the radar data to make them more represen ta t i ve . 

For S t . Mawgan "th is fac tor i s , 2 . 3 9 , app l ied ' to the r a i n f a l l rate v a l u e s . 
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Half 
hour 

period 

St, Mfiwga n Constant!ne Bay Hal f 
hour 

period Distrometer Gauge Radar Gauge Radar 
no. 

(mm) (mm) 
Unca l . 

(mm) 
C a l . 
(mm) (mm) 

Unca l . 
(mm) 

C a l , 
(mm) 

1 1.00 1.6 1.50 1.29 0.5 0.58 0.62 
2 0.77 0.8 0.63 (0 .63) 0,0 0.29 0.37 
3 0.35 0.5 0.40 0.57 0,5 0.35 0.44 
4 0.01 0.0 0.02 0.02 0.0 0.00 (0 .00) 
5 0.10 0.0 0.14 0.09 0.1 0.16 (0 .16) 
6 0.00 0.0 0.05 (0 .05) 0.0 0.02 (0 .02) 
7 0.00 0.0 0.04 (0 .04) 0.0 0.00 (0 .00) 
8 0.00 0.0 0.02 (0 .02) 0,0 0.00 (0.00) 
9 0.07 0.1 0.03 (0 .03) 0.0 0.03 0.10 

10 0.00 0.0 0.03 (0 .03) 0.0 0.00 (0 .00) 
11 0.00 0.0 0.00 0.00 0,0 0.11 (0 .11) 
12 0.11 0.1 0.11 0.20 1.0 0,54 0.54 
13 0.03 0.1 0.03 (0 .03) 0.0 0.00 0.00 
14 0.00 0.0 0.02 (0 .02) 0 .0 0.08 (0 .08) 
15 0.03 0.0 0.07 0.04 0.1 0.18 (0 ,18) 
16 0.29 0.3 0,24 0.21 0.6 0.68 0.85 
17 0.71 0.7 0.61 0.69 0,9 0.80 0.92 
18 0.52 0.6 0.29 0.26 0.8 0.88 1.82 
19 0.22 0.2 0.10 0.18 0.4 0.22 0.44 
20 0.27 0.3 0.12 0.36 0.6 0.20 0.50 
21 0.35 0.4 0.10 0.33 0.6 0.18 0.72 
22 0.07 0.1 0.10 0.10 0.1 0.10 0.10 
23 0.01 0.0 0.00 0.00 0.2 0.06 (0 ,06) 
24 0.10 0.2 0.10 0.13 0,1 0.08 0.16 
25 0.33 0.5 0.17 0.85 0.8 0.16 0.47 
26 0.41 0 .8 0.26 1.41 1.3 0.24 0.74 
27 0.36 0.4 0.08 0.36 1.0 0.22 1.10 
28 0.19 0.2 0.12 0.60 0.1 0.02 0.03 
29 0.22 0.3 0.15 (0 .15) 0.0 0.06 0.12 
30 1.62 1.1 1.42 0.56 0.2 0.51 0.40 
31 2.59 3.2 1.31 1.46 2.7 2.43 5.94 
32 0.42 0.6 0.36 0.90 2.0 0,80 1.33 
33 0,01 0.0 0.00 0,00 0.3 0,06 (0 .06) 

Total 11.16 13.1 8.62 11.61 14.9 10,04 18.38 

Table 5.2 Ha l f -hour ly t o t a l s 

When no r a i n f a l l was recorded a t the c a l i b r a t i o n s i t e the uncal i 
brated radar tota l i s c a r r i e d forward and contained in b r a c k e t s . 
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An underestimate by the radar may a l s o be a t t r ibu ted to the use o f a 

f ixed Z-R r e l a t i o n s h i p {69^ 56). The l a t t e r reference notes that the 

ex is tence of a systemat ic e r r o r i s not i n i t s e l f o f major importance 

in t h i s app l ica t ion of radar s i n c e once known i t could be allowed f o r . 

Such an e r r o r i s not se r ious i n a gauge c a l i b r a t i o n e x e r c i s e (as 

evidenced by these r e s u l t s and d iscussed in 5 .3 .1 ) but w i l l s i g n i f i 

cant ly a f f e c t the v a r i a b l e Z-R r e l a t i o n s h i p approach which i s under 

considerat ion here . 

Therefore to a l l e v i a t e some of t h i s systemat ic e r r o r a cor rec t ion was 

appl ied to the data by doubling a l l the in te rpo la ted Z values and 

c a l c u l a t i n g new t o t a l s . This cor rec t ion procedure was preferred to 

modif icat ion of the R v a l u e s , as descr ibed above, s i n c e the radar 

r e f l e c t i v i t y f a c t o r i s the parameter measured d i r e c t l y . The a p p l i 

cat ion of a l i n e a r cor rec t ion f a c t o r to r a i n f a l l r a t e , which i s r e l a t e d 

in a non- l inear fashion to r e f l e c t i v i t y , may introduce a fu r ther un

des i rab le v a r i a t i o n in the r e s u l t s . 

The var iab le Z-R r e l a t i o n s h i p technique was appl ied to these modified 

data and to the o r i g i n a l data. The r e s u l t s for these and other 

methods are tabulated in Table 5.4 which summarises nine d i f f e r e n t 

ways of est imat ing r a i n f a l l at S t . Mawgan fo r the times under c o n s i d 

e r a t i o n . These nine methods are explained in Table 5 .3 . 

5 .2 .3 Comparison of ha l f -hour ly t o t a l s 

The t o t a l s in Table 5.4 were compared using the techniques descr ibed 

in 5 . 1 . 5 . Table 5.5 shows the mean percentc^ge d i f f e r e n c e s , regard less 

of s i g n . These comparisons omit the periods when very small or zero 

r a i n f a l l amounts v/ere measured, leav ing 22 periods v/hen the S t . Mawgan 
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Autographic gauge (G) 

Distrometer (D) 

Radar - 6 values Z = 200 R^-^ (R6F) 

Radar - 30 values Z = 200 R^-^ (R30F) 

Radar - 30 values Var iable Z-R r e l a t i o n s h i p (R30V) 

Radar - 6 values .̂ Gauge'ca l ibrated (R6GC) 

Radar - 6 values Average monthly cor rec t ion fac tors (R6MF) 

Radar - 30 values (x 2) Z = 200 R^-^ (R30x2F) 

Radar - 30 values (x 2) Var iab le Z-R r e l a t i o n s h i p (R30x2V) 

•Table 5.3 Explanat ion .of methods 1-9 

The, much-abbreviated form in brackets i s used 
t o - f a c i l i t a t e t h e M d e n t i f i c a t i o n of methods 
1-9 in the tables that fo l low. 
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Half 
hour 

period 
no. 

Method Hal f 
hour 

period 
no. 

1 
G 

2 
D 

3 
R6F 

4 
R30F 

5 
R30V 

6 
R6GC 

7 
R6MF 

8 
R30x2F 

9 
R30x2V 

1 1.6 1.00 1.50 1.39 1.29 1.29 3.85 2.14 1.71 
2 0 .8 0.77 0.63 0.79 0.63 0.63 2.19 1.22 0.97 
3 0 .5 0.35 0.40 0.36 0.57 0.57 0.99 0.55 0.46 
4 0.0 0.01 0.02 0.01 0.02 0.02 0.04 0.02 0.02 
5 0.0 0.10 0.14 0.13 0.09 0.09 0.36 0.20 0.18 
6 0.0 0.00 0.05 0.04 0.05 0.05 0.12 0.06 0.06 
7 0.0 0.00 0.04 0.03 0.04 0.04 0.09 0.05 0.05 
8 0.0 0.00 0.02 0.02 0.02 0.02 0.04 0.02 0.02 
9 0.1 0.07 0.03 0.03 0.03 0.03 0.08 0.04 0.04 

10 0.0 0.00 0.03 0.03 0.03 0.03 0.09 0.05 0.05 
11 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
12 0.1 0.11 0.11 0.09 0.11 0.20 0.25 0.14 0.16 
13 0.1 0.03 0.03 0.05 0.03 0.03 0.13 0.07 0.06 
14 0.0 0.00 0.02 0.01 0.02 0.02 0.03 0.02 0.02 
15 0.0 0.03 0.07 0.06 0.07 0.04 0.15 0.10 0.08 
16 0.3 0.29 0.24 0.22 0.24 0.21 0.52 0.34 0.23 
17 0.7 0.71 0.61 0.58 0.61 0.69 1.39 0.90 0.63 
18 0.6 0.52 0.29 0.34 0.29 0.26 0.81 0.52 0.31 
19 0.2 0.22 0.10 0.10 0.10 0.18 0.23 0.15 0.16 
20 0.3 0.27 0.12 0.12 0.12 0.36 0.28 0.18 0.20 
21 0.4 0.35 0.10 0.10 0.10 0.33 0.23 0.15 0.17 
22 0.1 0.07 0.10 0.10 0.10 0.10 0.23 0.15 0.16 
23 0.0 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
24 0.2 0.10 0.10 0.09 0.10 0.13 0.23 0.15 0.27 
25 0 .5 0.33 0.17 0.16 0.17 0.85 0.38 0.24 0.33 
26 0 .8 0.41 0.26 0.25 0.26 1.41 0.58 0.38 0.41 
27 0.4 0.36 0.08 0.09 0.08 0.36 0.22 0.14 0.18 
28 0.2 0.19 0.12 0.12 0.12 0.60 0.28 0.18 0.25 
29 0.3 0.22 0.15 0.14 0.15 0.15 0.32 0.21 0.22 
30 1.1 1.62 1.42 1.32 1.42 0.56 3.07 2.04 1.34 
31 3.2 2.59 1.31 1.38 1.31 1.46 3.21 2.13 1.69 
32 0.6 0.42 0.36 0.35 0.36 0.90 0.81 0.54 0.44 
33 0.0 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Tota ls 
(mm) 13.1 11.16 8.62 8.50 7.06 11.61 21,21 13.08 10.87 

Table 5.4 R a i n f a l l est imates a t S t . Mawgan 
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CJl 
00 

. Method 

1 • 

Totals 
(mm) 

COMPARED TO 
. Method 

1 • 

Totals 
(mm) 

1 
G 

2 3 
R6F 

4' 
R30F 

5 
R30V 

6 
R6GC 

7 
R6MF 

8 
; R30x2F 

9 
• R30x2y 

• " • •̂  
1 13.1 - 40 115 108 1 1 1 - 62 38 . 56 53 

2 . 11.00 24 - 72 72 77 , 49 43 41 ' 39 

, 3 , . 
• f •. '. 

8.23- 43 34 - 8 
1 

23 40 59 34 

,.4 ^ 8.17 42 37 24 45 59 34 ' 30'; 

5 6,,75 45 41 22 23 
1 

- 41 59 36 34 

6 ' . >11.3b -. ' :47 61 115 I2I 
1 

;;.rl06 - 62 79 61 

7 20.28 63 98 151 '145 166 122 - 62 76 ; 

8 ' 12.56 37 43 54 52 66 64 38 - 24 

9 10.39 35 42 54 33 
1 

53 48, 39 23 -

Table 5.5 Mean percentage di f ferences ( S t . Mawgan gauge '0.1 mm), 

The magnitude of the mean percentage di f ference depends on which total i s . being compared. 

The larger di f ference for any given pa i r 'occurs when the l a r g e r i s compared to the .sma l l e r r 



gauge measured at leas.t 0,1 mm. The mean percentage d i f f e rence for any 

method in r e l a t i o n to any other ma^ be examined and this-comprehensive 

treatment inc ludes some comparisons which are of l i t t l e i n t e r e s t . 

However, the comparisons between e i t h e r of the d i r e c t sur face measure

ments (gauge and distrometer) with any of the radar^based methods are 

important. The comparison between methods 3 and 4 (6 and -30 Z va lues) 

i s of i n t e r e s t b e c a u s e i t shows whether or not the in te rpo la t ion i s 

reasonable and the_comparison between the radar -der ived to.tals. from 

f ixed and var iab le Z-R r e l a t i o n s h i p s shows the extent to which the 

former are modif ied. 

Table 5.6 shows the same data in te rpre ted as average and cumulative rms 

er rors w h i l s t Table 5.7 includes a l l 33 h a l f hour per iods . There are 

some d i f f e rences between these t a b l e s , but they do not a f f e c t the 
I-

r e s u l t s in a q u a l i t a t i v e sense . Although not presented h e r e , the 

mean percentage er rors for the whole data s e t were computed, but only 

show s i m i l a r , r e l a t i v e l y small d i f f e r e n c e s . Table 5.7 s l i g h t l y favours 

the r e s u l t s from applying.the v a r i a b l e Z-R r e l a t i o n s h i p technique 

(because a t very low r a i n f a l l ra tes the absolute d i f f e r e n c e s , and 

hence the-rms d i f f e r e n c e s , are very low) and therefore d i s c u s s i o n w i l l 

be confined mainly to Tables 5.5 and 5 , 6 . : 

The s m a l l e s t d i f fe rence which occur^s i n these tab les i s between methods 

3 and 4 . This demonstrates that the i n t e r p o l a t i o n , which was used to 

expand the radar data to s u i t the format o f the-d is t rometer record , 

r e s u l t s in only a small deviat ion from the o r i g i n a l data . The 

d i f fe rence between the overa l l t o t a l s i s . a l s o very s m a l l , r e f l e c t e d 

in the cumulative rms e r r o r . 
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O 

Method TOTAL 
(mm) 

1 13.1 1 
G 

2 11.00 0.24 
1.09 

2 
D 

3 8.23 0.46 
1.29 

0.32 
0.70 

3 
R6F 

4 8,17 0.44 
1.30 

0.30 
0.71 

0.05 
0.12 

4 
R30F 

5 6.75 0.51 
1.56 

0.38 
1.12 

0.16 
0.87 

0.14 
0.86 

5 
R30V 

6 11.30 0.45 
0.79 

0.44 
0.75 

0.39 
1.03 

0.38 
1.04 

0.36 
1.34 

6 
R6GC 

7 20.28 0.74 
2.25 

0.80 
2.49 

0.86 
2.59 

0.86 
2.60 

0.99 
2.73 

0.97 
2.38 

7 
R6MF 

8 12.56 0.37 
0.74 

0.31 
1.31 

0.31 
1.49 

0.31 
1.50 

0.45 
1.72 

0.51 
1.08 

0.56 
2.12 

8 
R30x2F 

9 10.39 0.36 
0.76 

0.27 
0.77 

0.14 
1.05 

0.13 
1.05 

0.24 
1.36 

0.35 
0.19 

0.76 
2.37 

0.22 
1.06 

9 
R30x2V 

Table 5.6 Average and cumulative rms di f ferences ( S t . Mawgan gauge ^ 0.1 mm) 

The upper numbers in each box are the average rms 
d i f f e rences ; the lower are the cumulative rms d i f fe rences . 



en 

Method Total 
(mm) 

1 13.1 1 
G 

2 11.16 0.20 
0.99 

2 
D 

3 8.62 0.37 
1.06 

0.26 
0.37 

3 
R6F 

4 8.50 0.36 
1.08 

0.25 
0.43 

0.04 
0.24 

4 
R30F 

^0 

5 7.06 0.42 
1.37 

0.31 
0.95 

0.13 
0.88 

0.06 
0.35 

5 
R30V 

6 11.61 0.36 
0.61 

0.36 
0.78 

0.32 
0.87 

0.31 
0.90 

0.29 
1.23 

6 
R6GC 

7 21.21 0.61 
2.37 

0.65 
2.57 

0.70 
2.59 

0.71 
2.60 

0.81 
2.74 

0.79 
2.45 

7 
R6MF 

8 13.08 0.30 
1.02 

0.25 
1.43 

0.25 
1.47 

0.25 
1.49 

0.36 
1.71 

0.42 
1.19 

0.46 
2.14 

8 
R30x2F 

9 10.87 0.29 
0.22 

0.22 
0.97 

0.12 
1.03 

0.11 
1.06 

0.19 
1.36 

0.29 
0.57 

0.62 
2.38 

0.18 
1.05 

9 
R30x2V 

Table 5.7 Average and cumulative rms di f ferences ( a l l data) 

The upper numbers in each box are the average rms 
d i f f e rences ; the lower are the cumulative rms di f ferences 



The r e s u l t s d iscussed in 3.1.1 suggest that the gauge and distrometer 

measurements should c^gree very w e l l . However in t h i s i n s t a n c e , 

although the average rms e r ro r i s low^, the cumulative e r r o r i s 

r e l a t i v e l y high and the overa l l t o t a l s d i f f e r by almost 2 mm. In 

the previous d i s c u s s i o n , r e l a t i n g the d ist rometer catches to syphon 

gauge read ings , hourly d i f f e rences of t h i s magnitude were observed 

but over the somewhat longer period under considerat ion (79 h o u r s ) , 

they tended to compensate for each o ther . In the present da ta , 

periods 30 and 31 have large d i f f e r e n c e s , one pos i t i ve and one 

negat ive , and these contr ibute s i g n i f i c a n t l y to the rms e r r o r s . 

These p a r t i c u l a r d i f fe rences may be due to the d i f f i c u l t y in 

accura te ly in te rpre t ing the hyetogram when the r a i n f a l l ra te i s 

h igh. This i s supported by the f a c t that the t o t a l s for 30 and 31 

taken together agree very w e l l . 

The hyetogram may only be r e a l i s t i c a l l y in terpola ted to the neares t 

0,1 mm and when compared to the d ist rometer to ta ls (given to 2 

decimal p l a c e s ) t h i s adds to the e r r o r s . I t should a l s o be noted 

that the distrometer to ta l agrees wel l with the gauge-cal ibrated 

radar t o t a l . This i l l u s t r a t e s the problem of a r r i v i n g at an 

ob jec t i ve a n a l y s i s - d iscussed in 5 . 3 , 2 . 

The mean percentage d i f fe rence of the b a s i c radar data (method 3) 

compared to the distrometer r e s u l t i s 34% which agrees wel l with 

35% obtained in DWRP (5^ ) . The comparison with the gauge i s not 

as good (432) . The overa l l to ta l when the radar i s c a l i b r a t e d by 

reference to the Constantine Bay gauge i s much c l o s e r to both the 

S t . Mawgan gauge ^nd distrometer t o t a l s but the mean percentage and 

rms d i f f e rences both suggest that t h i s c a l i b r a t i o n has a c t u a l l y been 

detrimental to the r e s u l t s . Compared to the gauge, the mean per

centage r i s e s from43r;to 47;^, the average rms d i f f e r e n c e s are s i m i l a r 

162 



but the cumulative d i f fe rence reduces from 1.29 to 0 .79 . As d iscussed 

in 5 .1 .5 the l a t t e r ts: a more e f f e c t i v e comparison of the r e s u l t s s i n c e 

i t combines both the ind iv idua l d i f f e r e n c e s with the o v e r a l l e f f e c t 

r e f l e c t e d in the f i n a l t o t a l . • 

The use of mean monthly c a l i b r a t i o n f a c t o r s i s nbt^.on t h i s ev idence , 
e 

very s u c c e s s f u l . The e r ro rs a s s p c i a t e d with method 7 in these tables 

are much l a r g e r than any of the others and the o v e r a l l to ta l represents 

a considerable over -es t imate , r e f l e c t e d in.^the high cumulative rms e r ro r 

The reason for t h i s may be that the r a i n f a l l events under considerat ion 

here are not representat ive of the mean monthly weather and t h i s long 

time base method of c a l i b r a t i o n cannot reac t to v a r i a t i o n s on a smal le r 

s c a l e . Also t h i s type of cor rec t ion may be more appropriate when 

appl ied to the raw radar da ta , as d iscussed in the previous s e c t i o n . 

The main ob jec t of t h i s e x e r c i s e was to compare the e f f e c t of applying 

a va r iab le Z-R re la t ionsh ip , with the r e s u l t obtained by e x i s t i n g methods 

of measurement. The re levant r e s u l t s are drawn from the l a r g e r tab les 

and reproduced in Table 5 .8 . These cumulative rms d i f f e r e n c e s show 

that the d i f f e rence between the gauge and distrometer (methods 1 and 2 ) , 

both of which should represent a good est imate of the s u r f a c e r a i n f a l l , 

i s l a rger . than some of, the d i f f e r e n c e s in r e l a t i o n to the l e s s d i r e c t 

methods ( 5 , 6 and 9 ) . the v a r i a b l e Z-R r e l a t i o n s h i p technique, when 

appl ied to the unmodified radar data (5 ) produces a r e l a t i v e l y poor 

r e s u l t . . However, when-applied to the modifiedjda.ta (9) the rms .cumur 

l a t i v e d i f f e rence compared to- 'e i ther the gauge'or the d ist rometer i s 

almost i d e n t i c a l to the"d i f fe rence i n r e l a t i o n to the proposed "ground 

t ruth" c a l i b r a t i o n - ( 6 ) , When .a l l the data are considered (Table 5.7) 

method 9 c l e a r l y produces the best r e s u l t , ' 
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Method .Total 
(mm) 

1 13.10. 1 
G 

• 2 11.00 1.09 2 
0 

5 6.75 1.56 1.12 5 
R30V 

6 11.30 0.79 0.75 1.34 6 
R66C 

9 10.39 0.76 0,77 , 1.36. 0,19 9 
R30x2V 

_ _ „ 

Table 5.8 Cumulative rms d i f f e r e n c e s - Methods 1, 2 , 5 , 6 , 9 only 
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5.2.4 Comparison of radar p r o f i l e s 

The f i n a l stage of t h i s i n v e s t i g a t i o n i s to examined the p o s s i b i l i t y 
of deducing a value for from the v e r t i c a l radar p r o f i l e . These 
da ta , in the form of the t ime-height p r o f i l e s descr ibed i n 4 . 3 . 5 , 
appear in Appendix V I I . Some examples chosen to i l l u s t r a t e p a r t i c u l a r 
features are included in F igures 5.1 to 5.8 .* The sur face data are 
a lso shown in the form descr ibed in 5 . 1 . 4 . There are no p lots fo r 
periods 11 and 33 because no r a i n was detected by the radar . Per iod 
23 i s plotted because, although no ra in was detected at the lowest 
e l e v a t i o n , there were returns from a l o f t and some distrometer data 
at the s u r f a c e . 

The p r o f i l e s reveal a va r ie ty of pat terns which may be examined in 

terms of the atmospheric processes which they represent . There are 

examples of continuous and r e l a t i v e l y homogenous p a t t e r n s , as wel l 

as discontinuous and more var ied types . The most f requent ly observed 

feature i s that the r e f l e c t i v i t y inc reases towards the ground. 

Horizontal r e f l e c t i v i t y gradients are a l s o observed and they may be 

p o s i t i v e to l e f t or r i g h t . The r e l a t i v e dominance of these gradients 

determines the overa l l s t r u c t u r e of each p r o f i l e . Smal ler s c a l e 

features e x i s t in the form of c losed contours , usua l ly embedded in 

the s t r u c t u r e between 1 and 2 km. 

When the v e r t i c a l r e f l e c t i v i t y gradient dominates, the s t r u c t u r e may 

be descr ibed as " laminar" . This represents the growth of raindrops 

by accre t ion and coalescence under the in f luence of a g r a v i t a t i o n a l 

f i e l d . The ra indrop-s i ze d i s t r i b u t i o n a l o f t w i l l comprise mainly 

small cloud droplets and t h i s r e s u l t s in a low r e f l e c t i v i t y . The 

growth of the drops by accre t ion and coalescence during t h e i r 

descent increases the concentrat ion of large drops and produces the 
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higher Z ycilues found near the s u r f a c e . Th^e^e processes are important 

in strc^trforrp-clouds although when occurr ing jn"-tspla only 

produce l i g h t r a i n . P r o f i l e s ' 16-19 (F igures ; 5:4: V 5.7) show t h i s 

laminar -s t ruc ture with-continuous l i g h t r a i n at the s u r f a c e and during 
. * > • 

t h i s period s t r a t u s - c l o u d types predominated. - (See Appendix V I , ) 

These four p r o f i l e s , although dominated by the v e r t i c a l r e f l e c t i v i t y 

g rad ient , a lso have areas-wi th a hor izonta l g rad ient . . These gradients 

are genera l ly weaker and assoc ia ted with changes in the r a i n f a l l ra te 

a t the s u r f a c e . The hor izontal gradient i s p o s i t i v e to the r i g h t when 

the r a i n f a l l rate i s inc reas ing and to the l e f t when i t i s decreas ing . 

When hor izontal r e f l e c t i v i t y gradients are more developed, such as in 

p r o f i l e s 1, 2 and 3 (F igures 5.1 - 5 .3) a " c e l l u l a r " s t r u c t u r e emerges. 

These patterns have been observed by ROGERS {63) using Doppler radar . 

Th is j technique allows v e r t i c a l v e l o c i t i e s to be measured and in obser-

vat ions over Hawaii these c e l l u l a r patterns were assoc ia ted ,w i th strong 

updrafts and convective cloud types . The r a i n f a l l during p r o f i l e s 2 

and 3 was showery and assoc ia ted with cumuliform c loud. A well-formed 

;Cell with strong gradients both v e r t i c a l l y and h o r i z o n t a l l y i s seen in 

p r o f i l e 3 and t h i s i s o l a t e d cumulonimbus shower produced a shor t period 

of moderate ra in at the s u r f a c e . 

During t h i s shower the r a i n f a l l ra tes observed by the radar and d i s t r o -

meter, show a broad agreement, the peak ra tes are comparable and over 

the h a l f hour per iod. the t o t a l s are s i m i l a r . However,^ the f a c t that 

the shower l a s t s 9'rninutes at the d istrometer and 17 minutes over the 

whole g r i d square under l ines the fundamentc^l d i f f e rence between the 

measurements. There are very few occasions when r a i n f a l l i s observed 
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by the dis.trometer and not by the radar, but many minutes of radar 

rainfall occur when -̂nothing was recorded at RAp St, Mc\wgan; This is 

a logical result ,o-f>̂ ,the comparison of areal and. point measurements. 

In view of this and the uncertainty over systematic errors in the 

radar measurements, discussed in 5,2.2, it-^is, not possible to examine, 

the minute-by-minute variations in Rj^, R̂  and N .̂ This unfortunately 

precludes the^extraction of a semi-empirical relationship,-such as. 

that discussed in 4.1:6, which might improve on the results presented 

in 5.2.3. However, i t is possible to note some broad correlations 

between the behaviour of and the atmospheric processes revealed 

in the vertical profiles. 

In the case of a laminar structure there is evidence to show an inverse 

relationship between and the vertical reflectivity gradient. When 

ihe_ yerti_cal gradient is strong, tends to a lower; value, reflecting -' 

the more effective growth processes aloft producing a higher concen

tration of large drops at the surface. This is seen in^profiles 16-18 

where continuous light rain was fal l ing. . At the beginning of the 

next^half hour period the vertical gradient becomes less marked and 

shifts to a higher value for the next 2 hours. The highest values 

of occur in profile 24 when there is virtually no vertical gradient 

but a small horizontal gradient. 

In the cellular structures is generally more variable and when a 

horizontal gradient exists, where a cell is growî hg or decaying, the 

level changes to a lower.value in the case of a positive gradient to 

the right (growth, e,g.. jJrofile 17)V When the gradient is positive 

to the left (decay, e.g. profile 31) shifts to a higher value. 
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WALDVOGEL (J2) .suggested thftt a U r g e drop spectrum (low N^) might be 

asspc ia ted with a bright-band type echo. The.observat ions in Appendix 

VI show that t h e C C isotherm could have been in tercepted in any of 

these p r o f i l e s , genera l ly a t about 1 km. In p r o f i l e " 1 7 there i s 

evidence of a band of increased r e f l e c t i v i t y at t h i s height and the 

values at the sur face are low, p a r t i c u l a r l y a t the e n d o f the period 

when a strong echo e x i s t s between 1.0 and 1.5 km. 

Thus there i s evidence to show that trends in the value of could be 

deduced from the v e r t i c a l radar p r o f i l e . Any such deductions are 

l i k e l y to produce broad est imates and not the d e t a i l e d record produced 

by the distrometer . In view of the d i s c u s s i o n above i t i s poss ib le 

that t h i s approach would y i e l d bet ter r e s u l t s i f were estimated on 

an a rea l b a s i s and a s i m i l a r deductive process to that followed in 4.1 

were used to produce an N^-A r e l a t i o n s h i p based on a coarser t ime-sca le 

5 i2 .5 Var ia t ion of r a i n f a l l ra te with height 

Table 5.9 shows the r a i n f a l l , t o t a l s at each e l e v a t i o n for the data in 

the v e r t i c a l radar p r o f i l e s ' ^ c a l c u l a t e d using the f ixed^Z-R r e l a t i o n s h i p 

These r e s u l t s are included-because they give an i n d i c a t i o n of the 

strength of the v e r t i c a l r e f l e c t i v i t y gradient in each h a l f hour per iod. 
o-

The f a c t that d i f f e r e n t r a i n f a l l ra tes occur a t each e leva t ion does not 

n e c e s s a r i l y ind ica te that there i s any v a r i a t i o n in l i q u i d water content 

through the p r o f i l e . These r a i n f a l l ra tes are t h e o r e t i c a l equivalents 

of the observed r e f l e c t i v i t y and the magnitude of the ra tes depends on 

the r e l a t i o n s h i p employed. As discus'sed above these measurements of 

r e f l e c t i v i t y gradient may be re la ted to the growth of raindrops during 

t h e i r descent . This r e s u l t s in a s h i f t towards higher diameters and 
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Half 
hour 

period,, 
no. 

•Distrometer Eleyation 
1 

' Elevation 
2 

Elevcitipn 
3 

Elevation 
4 

1 1,00 1.39 : i . 0 6 ^ - 0 . 4 8 0.17 
2 0.77 0.79 0.47 : ^0121 0.09 
3 ' 0.35 0.36 0.26 •.p;08 0.,00 ' 
4 0.01 0.01 0.03 ,0.04 0.05 
5 0.10 0.13 0.06 0.02 0.00 
6 0.00 0.04 0.01 0.02 0.00 
7 • 0.-00 - 0.03 - 0.00 - 0.00 0.01.' 
8 0.00 0.02 0.04 0.00 0.01 
9 0.07 0.03 0.03 o.oi 

• •^ ' 
• 0.01 

10 0.00 0.03 0.01' 0.00 o.'oo 
11 0.00 O.flO 0.00 0.00 0.00 
12 0.11 0.09 0.04 0.02 0.00 
13 0.03 .0.05 0.02 o:oi 0.00 
14 0.00 0.01 0.00 ••'0.00 0.02 
15 0.03 0.06 ; 0.12. 0.12 0.08 
16 0.29 - 0.22 0.42 0.37 0.10 
17 0.71 :0,58 1.40 1.68 0.31 

" 1 8 " - -~ 0.52~ - ~073t4 0.-50- — -0.-73- - - 0 . 1 4 -
19 0.22 0.10 0.10 0.16 0.08 
20 0.27 .0.12 0.18 0.26 0.08 
21 0.35 0.10 0.10 0.19 0.06 
22 0.07 0.10 0.08 0.08 0.05 
23 0.01 0.00 0.01 0.01 0.01 
24 0.10 0.09 0.08 0.05 0.04 
25 0.33 : 0.16 0.15 0.13 0.06 
26 0.41/ - 0.25 0.19 0.23 0.10 
27 0.36 .0;09 0.07 0.07 0.05 
28 0.19. 0.12 -. 0.08;: ,,0.04 • 0.00 
29 0.22-- - .0.14 - O.U ^ oVii 0.02 
30 1.62 1.32 2.26 1.64 0.30 
31 2.59 1:38 1.95 1.21 0.32 
32 0.35 0.38" 0.18 0.05 
33 0.01 . 0.00 0.00 0.00 0.00 

Totals 
(mm) 11.16 8.50 - 10.24 " 8.15 2.21 

Table 5.9 Rainfall totals at each elevation 
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larger Z values, rather than any increased accumulation of liqutd 

water. Redistribution of the l iquid water wi l l - take place due to 

the increased fallspeed of the larger drops and th is wi l l also affect 

the observed re f lec t iv i ty prof i le . . . 

The ratio between surface ra infa l l and ra in fa l l a lof t haslbeen used 

previously as an indication of the existence of a bright-band alof t 

(47), A discontinuity, in the ratio was often observed near the bright-

band. In relation to the work referred to, the present data are not 

so detailed in the vertical (JOSS et al iused 7 levels up to 3.5 km). 

However this behaviour i s seen to some degree in the prof i les 

presented here. Profi le 17 (Figure 5.5) was previously used to 
* 

i l lus t ra te evidence of a bright-band and in this case the ratios 

between the radar-derived ra infa l l at each elevation and the surface 

ra infal l measured by the distrometer were as follows: 

Elevation 1 ^(~288~m) ~ 0T82-mm 

Elevation 2 ( 881 m) • 1,97 mm 

Elevation 3 (1474 m) . 2.37 mm 

Elevation 4 (2366 m) 0.44 mm 

The discontinuity between elevation 1 and the next two elevations 

suggests ;the existence of a bright-band between 288 m and 1474 m. 

The 0"C isotherm was observed at 700 m by the ascent from Camborne 

three hours earlier." (Appendix VI.*) 

5.2.6 Modified data results 
^ ' ' ~ ~ ~ ~ — 

The best results from combining the distrometer and radar data were 

obtained when the variable Z-R relationship was applied to the modified 

radar data (method 9 ) , As discussed above, this'doubling of the raw 
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radar re f lec t iv i ty y§\lues is quite ^rbitr?iry, but heeirs some relation 

to the real-time correction procedure implemented at the radar on an 

operational basis The^effect of making this modification may.be 

seen in detail in Appendix V I I . This shows that a doubling of the 2 

•value results in a smaller proportional increase in the corresponding 

R value. The total for the;^whole period is increased by 75% to a 

value very close to the gauge total (Table 5,4) . 

The results obtained from these modified data generally support the 

theoretical behaviour deduced ea r l i e r (4.1). in a more convincing 

manner than the unmodified data. In some cases the improvement i s 

quite noticeable in.terms of both the half hour total and the minute-

by-minute comparison (e.g. No. 30, Figure 5.9)* There are occasions 

when although the agreement between half hour totals i s improved, the 

detailed plot shows the ef fect to have been detrimental (e .g . No. 25, 

Figure 5.10)*.* This supports the requirement to measure N̂  on a coarser 

scale to relate more closely to the areal data. 

The 'occasions when, i t i s necessary either :to increment or decrement 

the radar total in relation to the distrometer catch to improve the 

correlation may be deduced from Table 5.4, I t i s found that the appl i 

cation of the variable Z-R relationship: predicts the correct sign of 

the increment on more occasions for the modified data than for the 

unmodified data. I t i s l ike ly that' the results could be much improved 

i f the exact value of the correction factor to .apply to the Z values 

were known and the most suitable values for.the "constants" in the 

N -̂A relatiohship discovered./ Some s l igh t ly different relationships 

were tr ied and it.was found that the correlation between hal f hour 

totals could be improved. However, there was no direct observational 
* - -

evidence for these relationships and hence the results presented here 

are derived using the "constants" given in 4.1. 

* p. 181 * * p. 182 



Key to Figures 5.1 to 5.10 

^ ^ / ' " N ^ - Distrometer surface ra in fa l l rate 
(five^minute moving average) 

• R̂ ^̂ *̂  ra infa l l rate at lowest elevation 
(interpolated values - method 4, Table 5.3) 

- Distrometer surface measurement 
(five-minute moving average) 

In^Figures_5.9 and„5.Ifl*_RQ_and NQ_are plotted as above but in the 

upper plot i s derived from the modified radar data (method 8, 

Table 5.3) and in the lowerplot is derived from these data after 

applying a variable Z-R relationship and the total i s denoted R̂ ĵ  

(method 9, Table 5.3) . 

p. 181-182 
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Radar Reflectivity 
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Figure 5.2 

(7) 530058 - 087 

1230-59 : 27.3.79 

Totals 

Rg : 0.8 • mm 

Rp : 0.77 mm 

; 0.63 mm 

- J 

4̂  

10 _ 

L. 

a: 

^ 10 

U 10 

o 

10 

Time (mins) 



Radar Reflectivity 

Contours (dBz) 

Figure 5 . 3 
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Radar Reflectivity 

Contours (dBzj 

Figure 5.4 
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Radar Reflectivity 
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Figure 5 . 5 
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Radar Reflectivity 

Contours (dBz) 

Figure 5.6 
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Radar Reflectivity 

Contours (dBz) 

Figure 5.7 
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Radar Reflectivity 

Contours (dBz) 

Figure 5.8 
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5.3 DISCUSSION 

5.3.1 Distrometer versus gauge calibration 

The results to be expected from this exercise depend to a s igni f icant 

extent on the performance of the radar. The gauge cal ibrat ion method 

is re lat ively independent of this consideration. Providing the 

performance of the radar is consistent over the radar f i e ld for the 

relat ively short periods of integration under consideration, any day-

to-day variat ions, from whatever source, wi l l be allowed for auto

matically. This i s the major advantage of the "ground-truth" gauge 

calibration technique. 

However, such a coarse method of characterising ra infa l l does not 

provide a suitable basis for the detailed interpretation of radar 

data which i s necessary to understand the meteorological variations 

which lead to errors when the raindrop-size distribution i s anything 

other than "average". These var iat ions, which are revealed as f luc 

tuations in the most appropriate values for the constants in the 

conventional Z-R relat ionship, can only be measured direct ly by a 

device which measures raindrop-size distr ibut ions. The use of a 

distrometer, or array of distrometers, to measure raindrop-size 

distributions and compute optimum Z-R relationships in real-time 

to improve radar measurements is often discounted on grounds of 

technical complexity and expense. The work presented here suggests 

that even i f unlimited funds were avai lable, there are s c i e n t i f i c 

problems which remain to be solved before this approach i s entirely 

successful . 
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5.3.2 Problems:of:objectiye analysis 
-V' -

— .. • " 

A major problem in this analysis.has been the d i f f i cu l ty in determining 

the true value of the j7ieasuremehts''whicK>are being cpmpared. I t i s 

well known that differences may occur over re lat ive ly short intervals 

in the catches of raingauges which are quite close to each other. . 

These differences ar ise through the innate;var iabi l i ty of ra in fa l l and 

the eff iciency of the gauge.i tself , The eff ic iency may be affected by 

external conditions, but the situation i s further complicated when the 

measuring devices are very dif ferent. The operational principles of 

the gauge and distrometer are very different and this doubtless contr i 

butes to their differing performance. The differences between them in 

the second data set were of the same order as the differences associated 

with the radar-based techniques under evaluation. This makes objective 

analysis very d i f f i c u l t . The use of an optimum ra in fa l l f i e l d , 

-described.earl ier, i s l i ke ly to_be^jgore^a^tisfactory base for 

comparison, part icularly for areal measurements. 

In the present analysis this problem is recognised in the comprehensive 

treatment of the differences between the various methods, allowing as 

broad a base for comparison as possible. In a l l other respects the 

analysis has been thoroughly object ive, with the intention of allowing 

any results to be readily translated to the radar operation which is 

largely automatic. 

5.3.3 Generality of the dc\ta -. ^ v ' -

The extent to which the d«ita represent ci general survey of the-behaviour 

of the atmosphere affects the val id i ty of this work. As noted ea r l i e r 

(4,2.2) the periods of observation were selected'to include reasonable 
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amounts of precipitation to jnake the considerable amount of travelling 

and organisation worthwhile. This means that a higher percentage of 

the data represents continuous and moderately heavy rain than might 

occur over a longer period. During the collection of the f i rs t data 

set 79 hours were recorded when the autographic gauge recorded rain 

falling continuously for an hour. This represented 11% of the archive 

and 45^ of the rainfall (3.1.1). In the second data set the gauge 

recorded a higher proportion of this type of rain. However, the 

feature which is under the closest scrutiny - namely the behaviour of 

the shape parameter - has a broadly similar distribution in relation 

to the f i rs t data set (see Figure 4.16), which covered 3 months of 

continuous observation. 

This similarity is achieved partly by including a wide range of rainfall 

rates in the record. This requires the inclusion of some periods of 

l i t t le or no rain. Removal of these data would reduce the archive 

considerably in terms of the number of hours of observation, although 

not the total rainfall measured. The major criticism of this archive 

of data is that i t should have been larger and therefore more 

representative. 

The scope of this work was considerably limited by the remote experi

mental site and a forecast of suitable weather to determine i f the 

journey to set up the equipment was worthwhile. It was also necessary 

that every hardware element should be working simultaneously. On one 

occasion, over 10 mm of rainfall passed unrecorded due to a minor fault 

in the digital clock. The radar data were not always available and the 

distrometer operation was ultimately terminated when the transducer was 

severely damaged by a third party. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 
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•V 

6..1 CONCLUSIONS 

The work presented here emcompasses two main aregs: 

- the measurement of raindrop-size distributions 

in a maritime locale using a Joss distrometer; 

- the combination of distrometer and radar data 

to enhance the measurement of precipitation. 

Some previous results have been confirmed and an original contribution 

has been made to ithe understanding of the complex relationship between 

natural rainfall and the operation of a meteorological radar. The 

interpretation of distrometer data to calibrate a radar in this way 

is entirely new. 

The operation of the Joss distrometer has been described^'n some detail 

„and„the_inclus.ion_of_,computer^program_l-istings-which-der-i.ve--raindrop 

spectra from raw data should assist any researcher who might wish to 

operate this instrument in the future. The most important sources of 

error in the experiment, due to both instrumental and environmental 

factors, have been investigated and discussed. No corrections have 

been proposed; this would contradict previous practice and is vindicated 

by the good"agreement of distrometer and raingauge catches. 

•< ' ' *• 

The distrometer archive .forms a useful data base for any investigation 

into raindrop-size distributions and is unique since previously pub-

lished work has been concerned with continental, data. This investi

gation has not been aimed towards examining any differences between 

maritime and continental archives. Although differences-between the 

atmospheric physics in these locales-undoubtedly exist , both in the 

sizes of condensation nuclei available and types of synoptic develop-
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ment which dominate, no large differences between the distributions at 

St, Mawgan and other published data were observed. 

The analysis of the distrometer data in the conventional manner, pro

ducing average drop-size distributions and a Z-R relationship, confirms 

the results of other workers and demonstrates the consistency of this 

method of measurement with other techniques. The data were also inter

preted in a non-conventional manner to produce a variable Z-R relation

ship which has often been suggested as an improvement to the measure

ment of precipitation by radar. This variable relationship depends 

on describing the variation in the shape of the raindrop-size d is t r i 

bution by a parameter which may be deduced from the distrometer obser

vations and is influenced by the growth processes in the atmosphere. 

The derivation of the relationship between this shape parameter (N )̂ 

and one of the constants in the conventional Z-R relationship (A) 

from actual observations supports a result derived previously from 

theoretical considerations. This empirical relationship was predicted 

by a qualitative argument and i ts performance was tested on simulated 

radar data. Using this technique for the f i rs t time, a significant 

improvement resulted when compared with the conventional, static Z-R 

relationship. 

The use of actual radar data to test the performance of the variable 

Z-R relationship required a further experiment including observations 

which allowed calibration of the radar using a ground-truth method. 

This method is well-tried and will be used in the operation of a 

network of radars to measure areal precipitation over the United 

Kingdom. The work here shows that this method is likely to perform 

well although difficulty was experienced in relating point and areal 

measurements and the data set was somewhat limited. Nine different 

estimates of rainfall over St. Mawgan were compared and i t was found 
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that the proposed yari^^ble relationship approach only performed well 

when the radar data were modified. This modification is in line with 

that carried out by the operators of the radar and affects the distro 

meter based calibration much more than the ground-truth method. 

The benefit of this approach to radar calibration is only fully 

realised i f the shape parameter can be deduced from the radar data 

alone. In order to initiate an investigation into this possibility 

the radar data were displayed in the form of time-height profiles 

which were compatible with the distrometer archive. Some trends 

were observed in the surface data which could be related to the 

broad features of the atmospheric structure. It seems likely that 

further work might reveal a consistent and useful relationship 

between the shape parameter at the surface and the radar data aloft. 

Such a relationship would reveal relatively large scale behaviour 

and this is likely to be more representative of the areal nature of 

the data than the present point measurements are. 

The measurement of areal rainfall by radar is now passing from the 

experimental stages to an operational status. I t is known that 

good results can be obtained when the rainfall field is calibrated 

in real time by reference to telemetering raingauges. However, 

this will always be regarded as a slightly inelegant solution and 

a more satisfying result is obtained i f the radar data alone can 

be used to produce the optimum result. There is evidence in the 

work presented here to show that, i f the radar data set can be 

interpreted comprehensively, variations in the raindrop-size 

distribution can be detected. These variations are fundamental 

to the accuracy of the radar technique. I f they can be compensated 
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for by the.application.of a variable pelatlpnshtp betweenthe 

rainfall r̂ ite and;reflectlyity feictor, a result is obtained which 

compares favourably with the ground-truth technique. 
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6.2 RECOMMENDATIONS FOR FUTURE WORK 

This work has shown that the use of a variable Z-R relationship, based 

on direct observations of raindrop-size distributions, may lead to 

improvements in the measurement of areal precipitation by radar. It 

was necessary to use a simple measure of the shape of the spectrum and 

the parameter chosen was based on the intercept of the exponential 

which was used to approximate the distribution. This approach was 

adopted because the work of previous authors had indicated that its 

behaviour could be related to the growth processes observed in the 

atmosphere. These give rise to the variation in raindrop sizes which 

so profoundly affects the use of radar to measure rainfal l . This 

ignores the possibility that the other shape parameter, described 

earlier and based on the slope of the exponential distribution, might 

be used in the same way. It would therefore be worthwhile to pursue 

a similar exercise to investigate this possibility, using the same 

data set. 

Further work is required to relate the behaviour of the shape parameter 

near the surface to the radar reflectivity profiles. The difficulty 

of relating point and areal measurements limited this part of the 

exercise in the present work. This problem does not arise with 

vertically-looking radars which have been reported previously. Since 

these instruments are not suitable for measuring areal ra infa l l , i t is 

necessary to make the point measurements more representative and this 

was achieved to some extent by using five-minute moving averages. 

Further lengthening of the timebase for comparison, to say thirty 

minutes, may improve this. The behaviour of the shape parameter over 

half-hour periods might be characterised by a simple parameter 

(perhaps the average value) which would set the Z-R relationship for 

that period. The St. Mawgan data set could be used for this , although 
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i t might be better to devise^.a new experiment when the radar is fully 

operati(yi~al with the caltbfating gauges installed'. A more sophisti

cated technique for estimating the true rainfall - for example, an 

optimum rainfield based on data from several gauges'- would improve 

the objectiveness of the experiment, but would require more resources 

than were available, to the present author. 

The time-height profiles required a certain amount of interpolation-to 

make them representative of one grid square. A similar approach might 

be adopted by using a line of twenty grid squares, perhaps arranged 

at right-angles to the line of an advancing front, to reveal atmos

pheric development over an area of interest. These cross-sections 

could be displayed to forecasters in a Siimilar manner to the areal 

data which are presented as a digitised colour picture on a visual 

display unit. This would enhance the capability of the radar as a 

means of—improv-ing-short-perii6j3„weather_forecasting-i ^ 

i ts use in measuring areal rainfall - thus increasing the" benefits 

gained by society from the study of meteorology. 
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PLATES 

General view of .St, Mawgan Meteorological Office 

compound and control tower. 

2, Distrometer transducer in pit 

3. Distrometer transducer with anti -splash surround 

and 5 inch station gauge. 

4. Distrometer transducer. 

5. Processor, analyser, clock and paper tape punch 
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Appendix I 

DISTROMETER HARDWARE SPECIFICATION 

Specification of distrometer (RD 69) 

Calibration curve for distrometer 
J" 

Specification of analyser (ADv69) 

Specification of paper tape punch (FACIT 4070) 

Specification of crystal -control led clock (Venner TSA 6686) 

'A 1. 



SPECIFICATION OF DISTROMETER (RD 69) 

Range of drop diameter: 0.3 mm - 5 mm 

Sampling area: 50 cm^ 

Relation between drop diameter D and amplitude of output pulse U 

Û . = 0.94 D^-^^ 

(U^ i s measured in vo l ts , D is measured in millimetres) 

Accuracy: ± S% of measured drop diameter 

Power requirements: 115 volts AC ± lOg or 230 volts AC ± 10% 

50 - 400 Hz, 5 watts 

or ± 1 5 volts DC, 50 m A 

Operating temperature range: 0** to 40**C 

Size: transducer: 10 cm . 10 cm . 17 cm 

processor: 10 cm . 23 cm . 27 cm 

Weight: transducer: 2,4 kg 

processor: 1.8 kg 

Length of cable provided with the instrument: 10 metres 

c 
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SPECIFICATION OF ANALYSER (AD 69) 

Number of channels: 20 

Channel spacing: individually adjustable, distributed over the 

range of input amplitudes to y ie ld convenient 

drop s ize classes i f operated in connection 

with the Distrometer Rd-69. 

Input amplitude range: for Processor Rd-69 signals: 160 mV - 10 V 

for tape recorder s ignals: 10 mV - 0.6 V 

Pulse length: 0.1 msec - 1 msec 

Accuracy 

Outputs: 

Power requirements 

± 2% of set value 

a) twenty l ine output (one l ine per channel) 

suitable for driving electromechanical 

counters. 

b) paral lel f ive b i t binary output. 

220 V AC ± }Q% or 110 V AC ± 10% 

50 - 400 Hz, 10 watts 

Operating ambient 
temperature range 

40*»C 

Size 15 cm . 23 cm . 27 cm 

Weight 3,8 kg 
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SPECIFICATIONS PAPER TAPE PUNCH (FACIT 4070) 

GENERAL DATA 
Operation speed: Up to 75 rows per second. 

Tape feed: Asynchronous, externally controlled. 

Feed Accuracy: Complies with or exceeds ISO standard. 
Adjacent rows. 3% 
10 rows, 1% 
50 rows. 0.5% 

Backspacing: Up to 10 steps. 

Punch hole 5 - 8 track ISO standard. 6 track type-
configuration: setting or 6 track Japanese telex. 

Tape Widths: 5 track tape, 11/16 inch (17.5 mm + 
0.1 mm) and 8 track tape. 1 inch (25.4 
mm ± 0 . 1 mm). 
Alternatively 6 and 7 track. 7/8 inch 
(22.2 mm ± 0 . 1 mm). 

0.08-0.11 mm. Optional control logic 
accomodates thicker tape. 

tSO-standardized paper tape. 

51 - 52 mm cores (2") as standard. 
Other types optional. 

Max. 200 mm (8"). 

Approx, 300 m which corresponds to 
about 120,000 rows. 

Built in. stores one row (max. nine 
bits). 

Customer-selected. Usually an all-hote 
delete character. 

Idling nil 
5 ch/s punching one track 59 dB (B) 
5 ch/s punching in all tracks 81 dB (B) 
75 ch/s punching one track 75 dB (B) 
75 ch/s punching in ail tracks 77 dB(B) 

Length 432 mm (17"), width 220 mm 
(8 5/8") and height 198 mm (7 3/4"). 

Weight: AC version: 13.5 kg (30 lb). 
DC version: 9.5 kg (21 lb). 

Thickness of tape: 

Type of tape: 

Hub: 

Outer diameter of 
tape reel: 

Reel Capacity: -

Store: 

Mark Character: 

Noise level with 
cover on (distance 
of 1 metre): 

Dimensions: 

INPUT SIGNALS 

Punch Instruction 
signal (PI): 

Data signals 
(Chi - Ch9): 

Signals shorter than 10 p s at 6 V 
signal level are rejected as noise. 

Min. pulse duration 0.1 ms. 
Input imp. min 2.2 kohms. 
Logical 1: +3.5 V to+12 V. 
Rise time: Max. 10 / i s . 
Logical 0: - 1 2 V to+1.5 V. 

Min. pulse duration 200 / iS . 
Chi to Ch 8 - f o r tracks 1 t o 8 -
iriput imp. min 22 kohms. 

Stepping Direction 
signal (SD): 

Remote Control: 

Ch9 - for feed hole track - input 
imp. min 22 kohms. 
Logical 1: +3.5 V to+12 V. 
Rise lime: MaxJ l O p s . 
Logical 0: - 1 2 Y t o + 1 . 5 V . 

Input imp.'min 2.2 kohms. 
Forward direction: -12 V.to +1.5 V. 
Backward direction: +3.5 V to +12 V. 

- 12 V signal voltage recommended to 
avoid interference. 

OUTPUT SIGNALS 
Punch Ready 
signal (PR): 

Tape Low 
signal (TL): 

Error signal 
(Err): . 

External signal 
(Ext): 

From logical 1 to logical 0 when 
information is stored in register. From 
logical 0 to logical 1 when punching is 
completed. 
Logical 1: +6 V. Output imp. 1 kohm. 

Logical 0: Max.+0.4 V. Max. 10 mA. 
From logical 0 to logical 1 whenTL is 
generated. 
Logical 1: +6 V via reed relay. Max. 
10 mA. 
Logical 0: 0 V via 470 ohms. 

From logical 0 to logical 1 when Err is 
generated. 
Logical 1: +5 Va t 3mA. 
Output imp. 100 ohms. 
Logical 0: Max. +0.6 V at 1 mA. 

0 V when EXT-key is depressed. 
(Floating when not depressed). 

SUPPLY VOLTAGE 
AC version: 115/127/220/240 V + 15% 

DC version: 

VARIANTS 

Facit 4070 for: 

- 1 0 % 
50 to 100 Hz. Optional 400 Hz. 
Max. power consumption 200 W. 
Min, power consumption 50 W. 

^ ^ ^ - 1 5 % 
Max. power consumption 180 W. 
Min. power consumption 2 - 5 W. 

Both the AC and DC venions are 
dimensioned to provide extra DC out
puts for additional electronics of 1A 
at+6 V and-{-24 V. 

Four variants of both the AC and DC 
versions are available. 

5 and 8-track standard tape 
6 and 7-track standard tape 
6 track typesetting tape 
6 track Japanese telex tape 

Foci l policy is ono of cont inuous improvcmont and tho tight is rotorvod to revise oquipmoni specif ications ond dotoils publ ished without prior notice. 
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SPECIFICATION OF CRYSTAL-CONTROLLED CLOCK (VENNER TSA 6686) 

Supply: . ••- . 

"lOO - 125V, 50 Hz • 
or 200 - 256V:; 50-Hz-^- ' T ' • ^ 

(N.B. Voltage adjustment at internal transformers) 
Consumption: approx. 24W. /" 

Timing Signal Source: 
Oven-controlled^crystal osc i l l a tor 
Crystal frequency: IMHz + 2 parts in 10^ 
Warm-up or stabi l izat ion period approx. 10 minutes 

Display: 
'Tens' and 'units* of Hours, Minutes & Seconds 
(In 1-second increments to 23 hrs, 59 mins, 59 sees. ) 
Display presented by s ix in - l ine side-view neon indicator tubes. 

Start & Stop Inputs: 
( i ) S igna l : - . 

Signal _jj^iegatj[ve_p^l^e 
Amplitude: min. 4V peak 

-max. 50V " 
Rise time: 0.2yS max. 

Input Impedance : lOOkn shunted by 130pF for pulses 
up to 6V; shunted by SOOOpF for 
pulses above 6V. 

Accuracy of s tar t : + lyS 
( i i ) Contact:- * 

Operation, (s tar t or stop) can be in i t ia ted b̂y contact 
closure between centre-pin and shel l of appropriate 
input socket. 

-• • '- . " 

Temperature Range: 
-lO"" to +60** Centigrade 

Dimensions & Weight: 
Panel Width Panel Height Unit Depth (front.to rear) Weight 

48.5 cm 14 cm 24 cm 6.4 Kg 
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Appendix I I 

DISTROMETER OPERATING INSTRUCTIONS 

These are the instructions which were l e f t at the Meteorological 

Office at RAF St . Mawgan for the guidance of the s ta f f who changed 

the paper tapes as required. 
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OPERATION OF DISTROMETER EQUIPMENT 

General 

The equipment should run without any a t t e n t i o n o t h e r than changing 
the paper tape when n e c e s s a r y and n o t i n g any unusual o c c u r r e n c e s , 
e,g. power f a i l u r e . 

The i n s t r u c t i o n s f o r changing the paper tape a r e given below i n some 
d e t a i l , and i t i s important t h a t they a r e c a r r i e d out i n the s t a t e d 
sequence to a v o i d any s p u r i o u s s i g n a l s b e i n g punched on the tape. 

The time d i s p l a y e d on the c l o c k u n i t i s i m m a t e r i a l , s i n c e i t i s only 
r e q u i r e d f o r punching a time mark every minute. 

The experiment i s designed to run c o n t i n u o u s l y , even during lengthy 
p e r i o d s without r a i n . I t i s important t h a t none of the equipment i s 
turned o f f and t h a t the c o n t r o l s of the tape punch are l e f t untouched 
except when r e p l a c i n g a paper tape. 

Thank you v e r y much f o r h e l p i n g w i t h t h i s experiment. Should you 
have any q u e r i e s , my name i s 

Andrew E c c l e s t o n 
address School of Maritime S t u d i e s 

Plymouth P o l y t e c h n i c 
Drake C i r c u s 
Plymouth PL^ 8AA 

Devon. 

Telephone: (0752) 23^83 or pass a message v i a Mrs. E c c l e s t o n 
(0752) 21312 E x t . 223. 
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CHANGING PAPER TAPE 

When the tape i s n e a r l y f i n i s h e d , the 'TAPE LOW* lamp l i g h t s . 
P l e a s e avoid changing tape during a p e r i o d of r a i n . 

Removing used tape 
Run out tape oU 'FEED HOLES* f o r approx. 10 seconds. 
Remove perspex cover and break tape a t (xi (See diagram) 
Remove take up s p o o l by p u l l i n g up on p e r i m e t e r and remove used tape 

from spool by pushing i n s e c t o r on c e n t r e bobbin u n t i l a c l i c k i s 
heard and p l a s t i c c e n t r e i s r e l e a s e d . Secure end of tape with 
s m a l l p i e c e of s e l l o t a p e . 

Write f i n i s h time on l o g and v/rite number on s i d e of r e e l . 
Switch o f f P r o c e s s o r , a n a l y s e r and c l o c k u n i t . 
Break tape a t (Y) and run out on 'TAPE FEED', removing remainder of 
unused tape o f f feed s p o o l . Remove the p l a s t i c c e n t r e and d i s c a r d 
remainder of tape. 

Loading new tape 
P l a c e new tape on feed spool and push down u n t i l a c l i c k i s heard 

and p l a s t i c c e n t r e i s gripped. 
P l a c e take up s p o o l on top of feed s p o o l having moved d r i v e - p e d e s t a l 
© c l e a r . 

Remove garbage b i n , open f r o n t l i d and loop tape round r o l l e r s a s 
shown to l e a v e end of tape l y i n g a g a i n s t r o l l e r (A) . 

Run tape through on 'FEED HOLES'for about .18". 
P a s s tape under r o l l e r (B) which may be swung out c l e a r of machine. 
Pa s s tape round p e d e s t a l @ to r a i s e to h e i g h t of take up s p o o l . 
Replace p l a s t i c c e n t r e on take up s p o o l and p r e s s down to s e c u r e , 

a t t a c h end of new tape with s e l l o t a p e . 
Replace perspex cover and s w i t c h on equipment ( i . e . p r o c e s s o r , a n a l y s e r 

and c l o c k u n i t , e n s u r i n g t h a t the l a t t e r i s s e t to "OPERATE" and t h a t 
the "START" button i s depressed and seconds d i g i t s are c o u n t i n g ) . 

Run out on 'FEED HOLES' f o r approx. 10 seconds and l o g s t a r t time. 
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SCHEMATIC PLAN .iHD ELEVATION OF PAFi::R T/tPE PUNCH. 

Not to s c a l e . 

Perspex cover 

Power 
and n 
signal 
leadsF 

T a l ^ 
spool : up 

Feed-spool 

Front 
l i d 

Garbage 
bin 

Controls Direction of 
tape t r a v e l . 
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Appendix I I I 

COMPUTER HARDWARE AND SOFTWARE 

The data base for the distrometer experiment was created on magtape, 

as described in Chapter 2, using an ICL 1903 mainframe computer. Most 

of the processing of the distrometer and radar records was performed 

on this computer, making use of the CALCOMP plotter where appropriate. 

Some investigations and calculations which did not require access to 

the whole data base were performed interact ively using either an ICL 

2903, Commodore PET 2032 or TI57 programmable calculator. 

The ICL 1903 was used interactively under the MAXIMGP system to 

create subfi les to be read as input for CONB to produce the time-

height profi les as described in 4 .3 .5 . CONB was the only "package" 

used in this work, the remainder of the software being developed to 

meet the part icular requirements of the experiment. A brief summary 

of the FORTRAN programs ( identif ied by job name) written for the 

ICL 1903 is included below. List ings of RAINDROPS and RAINSPECTRA 

(described in some detail in 2.4) are given together with some 

examples of output. 

BLUEPETER power curve f i t to N̂  and A values 

CROSSROADS " interpolates radar data and creates MAXIMOP f i l e 

DISTAVER computes average raindrop-size distributions 

GRANDSTAND computes 5 minute moving averages 

JACKANORY computes and A from distrometer data 

MTEDIT u t i l i t y program to edit magtapes 
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NATIONWIDE computes and plots distrometer gauge differences in 
relation to anemograph data 

PANORAMA combines distrometer and radar data and plots results 
in half hour blocks 

RADAR DATA writes raw radar data from cards to magtape 

RAINDROPS reads distrometer paper tape data and creates ECCRAIN 
magtape 

RAINCHECK computes distrometer hourly totals 

RAINMESS u t i l i t y program to edit magtapes 

RAINPLOTS plots average raindrop-size distributions 

RAINSPECTRA computes raindrop spectra and creates ECCSPECT magtape 

RAINTIME computes and plots time series of R, N̂  and x 

RGAGCHECK computes distrometer hourly totals and plots 
comparison with raingauge 

ZPROFILE interpolates Z values from raw radar data and creates 
RADARDATA magtape 

ZREL computes Z-R relationships from distrometer data 
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Program List ing - RAINDROPS 

JOB RAINDBOPS,07^006CF,ECCLESTON 
PPLAN TPRD,,,X 
PFORTPLUS S0RT,1 
PRUN SORT,,,,5000 
* *** 

->The statements marked 
by an arrow are altered 
on each run. 

#STEER 
PROGRAM 

u n 

# 
# 

# 

# 
# 
#PERIPHERAL 
#LOWER 
TRCON 
FSWD 
ERBIT 
PROGRAM 
TPRD OBEY 

LIST,OBJECT,MONITOR 
/TPRD 

SUBROUTINE TO READ DISTROMETER DATA FROM PAPER TAPE 
IN IMAGE MODE AND UNPACK EACH FRAME INTO AN INTEGER 
WORD 

CALLED FROM FORTRAN WITH 3 ARGUMENTS 
1 SWITCH PRESET -VE FOR FIRST CALL, ZERO OTHERWISE 

GETS SET TO 999 I F PAPER TAPE INPUT ERROR 
2 ADDRESS FOR UNPACKED INTEGER DATA 
5 NO OF FRAMES TO READ 

TRO 
NXWD.FRMCT,IMAGE(20) 
0/#20,0,80,0/IMAGE.O 
0/IMAGE.O 
#0^000000 

(1) 
LDX 7 (3) 
LDX 6 FRMCT 
BZE 7 BLOK 
ON 1 
ALLOT TRO 

RDNUL PERI 0 TRCON 
SUSBY TRO 
LDX 2 FSWD 
LDCT 6 40 
LDX k TRCON+1 
ANDX ERBIT 
BNZ k ERRET 

LKNUL STO 2 NXWD 
LDCH 4 (2) 
BCHX 2 *+1 
LDCH 5 (2) 
BCHX 2 *+1 
SLL k 6 
ORX k 3 
BNZ k BLOK 
BUX 6 LKNUL 

M 
BRN RDNUL 

Tt 

BLOK OBEY 1(1) 
LDLA k 3 
OBEY 2(1) 
LDX 2 0(3) 
LDCT 3 0(2) 
ORX 3 k 
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LDX 2 NX WD 

•NXFRM LDCH k (2 ) 
BCHX 2 . • + 1 
LDCHi 5 (2 ) 

•r. •r BCHX 2 •+1 
SLL h .6 
- ORX k 5 
STO h (3 ) 
B̂UX 6 FRLP 
PERI 0 TRCON 
LDX 2 FSWD 
LDCT 6" ^0 
SUSBY TRO 
LDX k TRCON+1 
ANDX ERBIT 

- > BNZ' k ERRET 
. FRLP BUX 3 NXFRM 

STO 6 FRMCT 
STO 2 NXWD 

• EXIT 1 2 
# • ERRET LDN k 999 

- OBEY (1) 
STO k (3) 
EXIT 1 2 

#END 

LIST 
'WORKCEDVICLF-DEFAULT)" 
LIBRARY(SUBGROUPFSCE) 
DUMP ON (PROGRAM DUMP) 
LIBRARY (COMMON FILEA) 
LIBRARY (SUBGROUPS-RS) . ~ 
PROGRAM (SORT) ^ , ' 
INPUT 2=:CR0 ; 
OUTPUT 3=LP0 
INPUT 5=MT1/F0RMATTED(ECCRAIN(26))/2502 
CREATE ^=MTO/FORMATTED( ECCRAIN ( 29, ^095).)/2502 
COMPACT 
COMPRESS INTEGER AND LOGICAL .. . 
TRACE 0 
END 

MASTER SORT 
INTEGER ERR,A,TM,AREF,BREF,TMO" 
DIMENSION A(23)»DIMENSI0N"INPT(10),DIMENSION N(20), 
DIMENSION TM0(5) 

COPY PREVIOUS ECCRAIN MT' 

5 READ (5,900)TM,(N(J),J=1,20),ERR,AREF,BREF,NULLS 
900 FORM AT (25 A^)' . / 

IF(TM.EQ.999999) GO TO 6 . " 
V/RITE(4,900)TM,(N(J),J = 1,20),ERR, AREF.BREF,NULLS 
GO TO 5 

6 CONTINUE 
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C I N I T I A L I S E VARIABLES 
C 

DATA A/3^,3,'3^,3,S,39,io\^,^oyi3^^2,^3,^^^ 
1 5 5,23 , 3 3 , 6 5 / . . 

•>N0TAPE=27 • 
V/RITE ( 3,1 OODNOT APE 

1001 FORM AT (1H1 ,//////* TAPE NUMBER',lit,//) 
DO 5 0 K=1,20 
N ( K ) = 0 ^ ' 

5 0 CONTINUE 
r4REC=0 
NREC-0 
NERREC=0 . . . • -. 

->TM=85179- - '• : - " " - -
LFTM=TM 
ERR=0 
AREF=0 - • / 
BREF=0 
NULLS=0 
IFST=-1 

C 
C READ AND COMPUTE NEV/ DATA FROM. PT 
0 

10 C A L L T P R D ( I F S T , I N P T ( 1 ) , 1 0 ) 
I F S T = 0 
DO 120 J = 1 , 1 0 
I F ( I N P T ( J ) . N E . 0 ) G 0 TO kO 

120 CONTINUE 
GO TO 300 

_ifO-I=1 1- : i: . ^ 
20 DO 3 0 K=1, 20 

I F ( I N P T ( I ) . E Q . A ( K ) ) G O TO 170 ^ 
. 3 0 CONTINUE-

I F ( I N P T ( I ) . E Q . A ( 2 3 ) ) G 0 TO 1 0 0 
I F ( I N P T ( I ) . E Q . A ( 2 2 ) ) G 0 TO I 3 0 
I F ( I N P T ( I ) . E Q . A ( 2 1 ) ) G 0 TO 150 
I F ( I N P T ( I ) . E Q . 0 ) G 0 TO 190 • 
ERR=ERR+1 
GO TO 70 , • 

130 BREF=BREF+1 
GO TO ,7.0 

150 AREF=AREF+1 
GO TO 70 

190 NULLS=NULLS+1 , . 
GO-TO 70 - . . . 

100 TM=TM+1' . . , • • 
V/RITE(V,lOto)TM,(N(K),k=1,20),ERR, AREF,BREF,NULLS 

1040 F0RMAT (25A^) 
ISUM=0 
DO 200 J=1,20 
ISUM=ISUM+N(J) 

200 CONTINUE . 
I F ( I S U M . L T . 7 ) GO TO 210 * . : 
I4REC=MREC+1 ^ • ' 

21 0 CONTINUE-
NREC=NREC+1 
NER'SUM=ERR+AREF+BREF+NULLS 
IF(NERSUM.Eq.O) GO TO 105 
NERREC=NERREC+1 
I F ( N E R R E C . N E . I ) GO TO. 1 0 ^ . 
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c 
C OUTPUT RESULTS 
C " . 

WRITE(3,1015) .- -
1015 FORMAT(» RECORDS CONTAINING ERRORS',//) 

V/RITE(3\1020) ; -
. 1020 F0RMAT(1X,'tHTIME,7X,79H 1 2 3 ^ 5 6 7^^ 8 9 

110 11 12 13:. 1^ 15 16 17 18 19 20,4X,6HERR0RS,2X, 
2^HAREF,2X,WEBREF, 1X,5HNULLS,//) . • • 

10^ V/RITE( 3,1005 )TM , ( N ( K ) , K=1,20 ) E R R , AREF , BREF, NULLS 
1005 F0RMAT(1X,I6,^X,20I4,^X,^I6,/) 
105 DO 110 K=:1,20 

N ( K ) = 0 . ^ - . 
• 1 1 0 CONTINUE 

ERR=0 J 
AREF=:0 
BREF=0 
NULLS=0 
GO. TO 70 

170 N ( K ) = N ( K ) + 1 
7 0 1=1+1 

IF(11-I)10,10,20 
C 
C OUTPUT SUMMARY AND WRITE TERMINATOR ON MT 
C 

300 V/RITE(3,1030)MREC 
1030 FORMAT(//,' TOTAL MINUTES OF DATA:•,I6,//) 

WRITE(3,1031)NERREC 
1031 FORMAT(/,» TOTAL MINUTES WITH ERRORS:',l6,/) 

V/HITE(3,1050)NREG 
1050 FORMATC//,' TOTAL MINUTES ON TAPE:,• , I 6 , / / ) _ 

TM=NRE"C+LFTM — - - r. -
TM=999999 
V/RITE(4,10^0 )TM, ( N ( K ) , K=1,20 ) , ERR, AREF, BREF, N U L L S 
STOP 
END 
F I N I S H 

**** 
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TAPE NUHBEfl 14 - • 

RFCO M D S C O N T A I N I N G E R R O K S ' _ ~ ' " " J / . . . " 1.^^ . ~ ' . ' 

T I M E 1 2 3 . 4 5 " 6 7 fl' 9. 10 11 12 13 U 15 16 17 Ifl 19 20 ERRORS ' AREF ' BREF N U L L S 

39335 24 15 A . 1 0 0 1 0 0 0 . 0 0 "0 0 . 1 0 0 . 0 ' o" ~0 " 0 " ~ ~ . " 0 " " 0 . 0 1 

39i36 lu .1 . V 0 V _o \ r ' 1 -.0 b I I 0^,. 0 - 0-\ 0 Z o ^ o _ o ^. 0 0 _ \ 0 ., J„0 / 0 " 0 1 

T O T A L M I N U T E S OF D A T A ; . 5 0 2 

T O T A L H I N U T E S W I T H ERMORS 

T O T A L M I N U T E S ON T A P E : 1007 

Example of l ine printer output - RAINDROPS 



Program List ing - RAINSPECTRA 

JOB RAINSPECTRA,O7VOO6CF,ECCLESTON 
PFORTPLU'S .DR0P,1 
PRUN DROP,,,,5000 
• * * * 

Thesstatements marked 
by an arrow are altered 
on each run. 

LIST 
WORK(ED,ICLF-DEFAULT) 
DUMP ON (PROGRAM DUMP) 
PROGRAM (DROP) 
INPUT 2=CR0 

-OUTPUT-3=LP0 
^ INPUT ^=MT0/F0RMATTED(ECCRAIN(37 ) )72502 

CREATE 5=MT1/FORMATTED(ECCSPECT(8,^095) ) / 2 3 0 2 
COMPRESS INTEGER AND LOGICAL 
*RACE 0 
END 

MASTER DROP 
INTEGER ERR,AREF,BREF,TMO,TM 
DIMENSION NQ(20),DIMENSION N(20),DIMENSION R (2p ) 
DIMENSION TM0 (5) 
V/RITE(3,2000) 

2000 F0RMAT(1H1,111H T I M E 0 . 3 0.^ 0 . 5 0 . 6 0 . 7 0 . 8 1.0 1.2 
11 . 6 1 . 8 2.1 2.4 2 . 7 3.0 3 .3 3.7 4.1 4.5 5.0 RAIN,/) 
WRITE (3 ,.2001) 

2001_F0RMAT(_112H 0 ^ 0.5 0 . 6 . 0 . 7 0 . 8 1.0 1.2 1.4 1 , 6 
2 1 . 8 2.1 2.4 2 . 7 3V0 3 T 3 ~ ' 3 T 7 * ~ 4 T I - 4V5 " 5 ^ 0 MM/HRr//") 

C 
C READ DATA FROM ECCRAIN MT- AND CALL SUBROUTINE SPECR AS REQUIRED 
C . - . - ' , • 
. 25 R E A D ( 4 , 5 0 0 0 ) T M , ( N ( J ) , J = 1 , 2 0 ) , E R R , A R E F , B R E F , N U L L S 
500O-FbRt^AT(25A4) 

I F - ('TM.EQ.999999) GO TO . 2 4 0 0 ' 
••.ISUM=0 , 
DO--210 J = 1 , 2 0 
ISUM=N(J)+ISUM:-.: . . 

210 CONTINUE 
. I F ( I S U M . L T . 7 ) GO TO 2100 . 

. 215'MFLAG=ERR+AREF+BREF+NULLS 
••••,-IF(MFLAG.EQ.O). GO TO 220 

• I F L A G = 1 
GO TO 230 

220 I F L A G = 0 
23b C A L L SPECR(TM,N:,IFLAG) 

GO TO 25 
2 1 0 0 NORAIN=0 
2 1 1 0 N0RAIN=N0RAIN+1 

I F ( N 0 R A I N . G T . 5 ) GO TO 2200 
READ(4,-5000)TM,(N(J),,J=1,2O),ERR,AREF,BREF,NULLS 
I F (TM.EQ.999999) GO TO 2 4 0 0 
ISUM=0 
DO 2 40 J = 1 , 2 0 
ISUM=N(J)+ISUM 

240 CONTINUE 
I F ( I S U M . L T . 7 ) GO TO 2110 
TM0(1)=TM-N0RAIN 
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TMO(2)=TM-N0RAIN+1 
TM0(3)=TM-N0RAIN+2 
TM0(4)=TM-N0RAIN+3 
TMO(5)=TM-N0RAIN+4 
RAINzrO , 
IFLAGzrO . ^ . . ' 

••DO 250 .J=1,N0RAIN . ' 
V/RITE(3,1050)TMO(J) 

1050 FORMAT(-1X,l6,2X,7HNO RAIN,/) 
250 CONTINUE 

GO TO 215 
2200 READ(k,5000)TM,(N(J),J=1,20),ERR,AREF,BREF,NULLS 

I F (TM.EQ.999999) GO TO 2̂ +00 
ISUM=0 
DO 260 J=1,20 
ISUM=ISUM+N(J) " - - - -

260 CONTINUE 
IF(ISUM.LT.7) GO TO 2300 
V/RITE(3.1060)NORAIN 

1060 F0RMAT(/,10X,11HN0 RAIN F0R,I5,8H MINUTES,//) 
GO TO 215 

2300 N0RAIN=N0RAIN+1 
GO TO 2200 

C . " 
C END OF DATA - l ^ I T E TERMINATOR ON MT 
C 
2^00 WRITE(3,4000) 
4000 FORMAT(//' END OF DATA') 

TM=8888S8 
V/RITE(5,4040)TM,(N(J),J=1,20),ERR,IFLAG) 

kOkO FORMAT(23A4) 
- ̂  STOP-̂ -̂̂  ^ 

END 

SUBROUTINE SPECR(TM,N.IFLAG) 
' INTEGER TM - • 
• DIMENSION ..N( 20), DIMENSION X( 20) .DIMENSION D(21), 

DIMENSION iQ(20),DIMENSION R(20),DIMENSION V(20), 
DIMENSION Q(20) 

C 
C COMPUTE SPECTRUM AND V/RITE .TO ECCSPECT MT 
C • -. ' 

• DATA V/1.4,1.84,2.26,2.67,3.07,3.65,4.33,^.90,5.41,5.87,6.4.6. 
198,7.48,7.88,8.21,8.50,8,77,8.95,9.05,9.12/ 
DATA X/0.1,0.1,0.1,0.1,0.1,0.2,0.2,0.2,0.2,0.2,0.3,0.3,0.3,0.3 
1,0.3,0.4,0.4,0.4,0.5,0.4/ 
-DATA D/0.3,0.4,0.5,0.6,0.7,0.8,1.0,1.2,1.4,1.6,1.8,2.1,2.4,2.7 
1,3.0,3.3,3.7,^.1,.^.5V5.0,5.V 
•RAIN=6 
DO "100 J=1,20 
R('J)=0 
iQ(j):=o 
Q(j)=0 

100 CONTINUE 
DO 290 J=1,20 
Q(J)=N(J)/(0.005*V(J)*60*X(J)) 
R(J)=N(J)*(D(J)**3+D(J+1)**3) 
RAIN=RAIN+R(J) 

290 CONTINUE 
RATN=RAIN*0.0031416 
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IRAIN=1000*RAIN ' 
DO 2 9 5 J = 1 , 2 0 • 
I F ( Q ( J ) . E Q . O ) GO TO-295-
I Q ( J ) = 1000*AL0610CQ(J-)) 

295 CONTINUE 
V/RITE ( 5 , 3 0 ^ ) T M ; ; ( I Q ( J ) , J = 1 . , 2 0 ) , I R A I N , I F L A G 

3 0 4 0 F0RMAT(23A4) 
DO-291 J = 1 , 2 0 
I F ( Q ( J ) . E Q . O ) GO TO 291 
Q ( J ) = A L 0 G 1 0 ( Q ( J ) ) 

291 CONTINUE 
V/RITE(3,3000)TM,(Q(J),J=1,20),RAIN,IFLAG 

3000 F0RMAT(1X,I6,20FS.2,2X,F7.3,2X,I1,/) 
RETURN 
END . . 
F I N I S H 
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3> 
ro 

Minute ^ R , Error 
No. ^ -Computed spectrum (20 log Np values) > (mmhr^) f l ag 
(>l^OQ 5 , 7 ' i 3,>? 3 . 5 i i ; . V 2 2 , 5 5 i . 6 l 0 . 9 7 n,7S 0 . 8 c o.OO O . O o 0 , 0 0 0 . 0 « J 0 . 0 . 1 O . u O O.JO 0 . 0 0 0 . 0 0 1 .fi9o 0 

4 3 9 0 1 3 , 4 . 3 3,31 3.?3 2 , 6 6 3,00 2,S2 2 . l i 1,53 1 . 3 3 0,45 0.24 o.O'J O . O j 0 , 0 0 O .On 0 . 0 0 0 . 0 0 O .UO 0 . 0 0 0 . 0 0 . 1 . 4 2 1 0 

4 3 9 0 2 3.5o 3 . J 4 ^.2<* 2. ' '5 2.^fi 2,^.^ 2,0^ H 3 0 . 9 7 0 , 7 5 0 . 5 i n . O O O'OQ 0 , 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 ( 1 0 . 0 0 0 . 0 0 1 . 3 2 8 0 

4 3 9 0 3 3.2fl 3 , 12 S.O** 2, 42 2,6 0 2 , l 9 1 , 7 0 1 , 0 1 0 . 4 9 0 . 0 0 0 . 0 0 O.OU 0 » 0 0 0 , 0 0 0 . 0 0 O.CO O .Ou O.oO 0 . 0 0 0 . 0 0 0 . 6 1 9 0 

4 3 9 0 4 3.21 3,1? 2.96 2 , 5 3 2.64 2,74 1,«2 1,43 1.09 0 , 4 5 0.24 0 . 0 0 O . O Q 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 O . y O 0 . 0 0 0 . 0 0 0 . f l f l 7 0 

4 3 9 0 5 3 , 0 0 2 , 6 6 2 . 7 5 2 ^ J 3 2 . 3 o 1,^6 1.76 1^31 O.?^ 0 , o o 0 . 0 0 0 , 0 0 O.Oo 0 , 0 0 O.ftO 0 . 0 0 0 . 0 0 0 . 0 0 0 , 0 0 0 . 0 0 0,505 0 

4 3 9 0 6 2, 5 5 2 ,<;A 2 . 3 7 l . a o 1 ,^,6 1 . 3 0 1 ,43 0 . ' ' 9 1 , 0 6 0.24 o.OO O.OQ 0, 0 0 0 . 00 0 . 00 0. 00 0 . 0 0 0 . 0 0 0 . 0 0 0 . 4 7 9 0 

4 3 9 0 ? 2, 55 2 , 3 7 2 . H i 1 , a o 2. 1 5 1 ,56 1 , 36 1 , 1 3 0 , 4 9 " 0 , 0 0 6*. 24 0, OU 0 .0o'o , " - jo O.OO 0 . 0 0 0 . 0 0 O.oO 0 . 0 0 0 . 0 0 0.280 0 

4 3 9 6 f t 2,63 2,46 2 . 5 6 1 . 5 7 1 .A f t 1 ,76 1 , 0 6 0 . 0 0 0 , 0 0 0 . 0 0 ' 0 . OO'0 . OO' O . O o o'.OO 0 . 0 0 0 . 0 0 0 . 0 0 0 . uO 0 . 0 0 0 . 0 0 , 0.1 1 2 0 ^ , 

4 3 9 0 V 2 ,4A" 2 , 1 0 2 , 2 1 r , 1 0 1,34 0 , OO" 0 , 0 0 0 . 0 0 " o . 0 0 0 , 0 0 'o . o l ' n , OU'0 . OO "o. 0 0 0 . 0 0 0 . 0 0 0 . 0 0 O.'jO 0 . 0 0 0.00 0.026 0 

43970 2.08 1 , « 6 1 . 7 7 Q,00 1 . 0 4 0 , 0 0 0 , 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 , 0 0 O.OO 0 . 0 0 . 0 , 0 0 0 . 00 0 . 0 0 0 . 0 0 . 0 . 0 0 0 . 0 0 0.00 _0.011 0 

UO R A I N F O R ^ 1 0 M P J U T t S . , _ ' _ - i „ : - - . . . - • -

4 3 9 6 1 2,0(1 1 . ' ' 4 1 . 4 / 0 , 0 0 O .Ou 0 , 0 0 0 , 0 0 0 , 0 0 0 , 0 0 0 , 0 0 0 , 0 0 0 , 0 0 O.OO U , 0 0 0 . 0 0 0 , 0 0 O.OU O.UO 0 . 0 0 0 , 0 0 0.005 0 

4 3 9 ( 1 2 2, 0'i 1 , ' ' 4 1 . 4 7 1 , 1 0 0 . ' ) 0 0 , 0 0 0 , 0 0 0 . 0 0 0 . 0 0 0 . OO" 0 . 0 0 0 . 00_ 0 . OO O.OO 0 . 0 0 6 . 0 0 O .OU O . J O 0 . 0 0 0 . 0 0 O.OO? 0 

4 3 9 r i 3 1 , 9 8 l./C 1 .1 7 0 . 0 0 . 0 . 3 0 0 , 0 0 0 , 0 0 0 , 0 0 070 0 0 , 0 0 _ 0 , 0 0 "n , 0 0 0OO 0 , 0 0 0 , 0 0 U.00 0 . 0 0 0 . 0 0 O.OO 0 . 0 0 0 .004 0 

4 3 9 0 4 2. 22 I . * * * i ; i 7 0 . 0 0 1 . •)4' 0 , 0 0 OTOO-O". 0 0 "o . 0 0 0 ] 0 0 O i OO" 0 , 0 0 oToi) 0 0 0 O.ob'o.UO 0 . 0 0 0 , 0 0 0 . 0 0 0 , 0 0 .,.0.008 0 

4 3 9 0 5 NO R A I N . . r L. ' - _ 1 ~ I ~ - -- - - — 

4 3 9 0 0 NO R A I N . - ----

4 3 9 0 7 2,23 0 , 0 0 1 . 4 / 0 . 0 0 O.IO 0 , 0 0 0 , 0 0 0 . 0 0 0 . 0 0 0 , 0 0 0 , 0 0 0 , 0 0 O.OO 0 , 0 0 0 , 0 0 0 , 0 0 O.UO O.uO 0 . 0 0 0 . 0 0 0 . 0 0 4 0 

4 3 9 0 6 1,63 1 , 5 6 1 . 4 / 1.10 0 . 0 0 0,66 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 , 0 0 0 . 0 0 O.OO 0 , o n 0 . 0 0 0 . 0 0 O.OU 0 . 0 0 0 , 0 0 0.00 0.010 0 

4 3 9 1 9 hO R A I N • ' " 

4 3 9 V 0 2.22 1 , ^ 6 1 . 6 5 O.uO 0 . * » 0 0 , 0 0 0 . 0 0 0 , 0 0 0 . 0 0 0 . 0 0 0 . 0 0 O .OU O.OO 0 . 0 0 0 . 0 0 0 , 0 0 0 . 0 0 0 . 0 0 O.OO 0. 0 0 0 . 0 0 8 0 ' 

4 3 9 V 1 2,2^ 2,^1 2 . 0 / 0 . 0 0 .').)0 0 , 0 0 0 , 0 0 O.OT 0 . 0 0 0 . 0 0 0 , 0 0 0 , 0 0 0 , 0 0 U , 0 0 O.OO 0 , 0 0 0 . 0 0 O.uO 0 . 0 0 0 . 0 0 0 . 0 1 6 0 

Example of l i ne p r in te r output - RAINSPECTRA 
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AVERAGE""RAiNDROP-S"lZE DISTRIBUTIONS FROMTE^ON^TDATA SET 
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o 
o 

o 
in 

o 

CO 

O 
or 
a 

CM 

CD 

o 
o 

o 

o 
o 

R f l l N F f l L L RATE : 0 - 8 6 Mfl/HR 

NUMBER OF SPECTRA : 234 

0 . 0 0 0 . 8 0 1 .60 Z .40 3 .20 
DI f lhETER (MM) 

4 .00 4 .80 

9 
Average raindrop-size distribution (2ND DATA SET) 
Rainfall rates about 1.0 mm h r " ^ 
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o 
o 

Rf l lNFRLL RRTE : . 1 . 9 1 . Mfl/HR 

NUMBER OF SPECTRA : 51 

0 .00 0 . 8 0 1-60 2 . 4 0 3 . 2 0 
Dl f l f lETER ( M f l j 

4 .00 4 .80 

Average raindrop-size distribution (2ND DATA SET) 
Rainfall rates about 2.0 mm hr"^. 
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o 
o 

Rf l lNFRLL RATE : 2 . 9 5 MM/HR 

NUMBER OF SPECTRA : 23 

0 .00 0 .80 1 .60 2 . 4 0 3 . 2 0 
DIAMETER (MM J 

4 .00 4 .80 

Average raindrop-size distribution (2ND DATA SET) 
Rainfall rates about 3.0 mm h r " \ 
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CD 
O 

R A I N F A L L RATE : 3 - 9 7 MM/HR 

NUMBER OF SPECTRA 

0 . 0 0 0 . 8 0 1 . 6 0 2 . 4 0 3 . 2 0 
D I A M E T E R (MM J 

4 . 0 0 4 . 8 0 

Average r a i n d r o p - s i z e d i s t r i b u t i o n (2ND DATA SET) 

R a i n f a l l ra tes about 4.0 mm hr"^. 
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o 
o 

0 . 0 0 

R f l l N F f l L L RATE : 4 - 9 2 M h / H R 

NUnBER OF SPECTRA 

0 . 8 0 1 - 6 0 Z.AO 3 . 2 0 
D I f l n E T E R (MM) 

4 . 0 0 4 . 8 0 

Average r a i n d r o p - s i z e d i s t r i b u t i o n (2ND DATA SET) 
R a i n f a l l rates about 5.0 mm h r ~ ^ 
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o 
o 

0 . 0 0 

R f l l N F f l L L RATE : 6 - 3 2 MM/HR 

NUMBER OF SPECTRA 

0 . 8 0 1 . 6 0 2 . 4 0 3 . 2 0 
D l f l M E T E R ( f i r i ) 

4 . 0 0 4 . 8 0 

Average r a i n d r o p - s i z e d i s t r i b u t i o n (2ND DATA SET) 
R a i n f a l l ra tes about 6.5.mm h r ' ^ . 
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o 
o 

0 . 0 0 

R R I N F f l L L R q i E ' 7 . 9 8 Mh /HR 

NUMBER OF SPECTRA 

0 - 8 0 1 - 6 0 2 . 4 0 3 . 2 0 
D l f l M E T E R ( H M ) 

4 . 0 0 4 . 8 0 

Average r a i n d r o p - s i z e d i s t r i b u t i o n {2ND DATA SET) 
R a i n f a l l ra tes about 8.5 mm hr '^ 
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o 
o 

0 . 0 0 

R A I N F A L L RATE : 1 0 . 8 0 MM/HR 

NUMBER OF SPECTRA 

0 . 8 0 1 -60 2 . 4 0 3 . 2 0 
DIAMETER (MM) 

4 . 0 0 4 . 8 0 

Average r a i n d r o p - s i z e d i s t r i b u t i o n (2ND DATA SET) 
R a i n f a l l rates about 10.5 mm h r ' ^ 

A 30 



Appendix V 

NOTES ON CALCULATIONS 

Interpolation of Z values 

The interpolation described in 4 . 3 . 3 was carried out by f i t t ing a 

cubic to the logarithms of the data points using a third order 

Lagrangian interpolation. Each point i s represented by a time (x^) 

and a radar re f lec t iv i ty factor value i ^ ^ ) - A computer program 

subroutine accepted four consecutive pairs of values and output 

interpolated Z values between the second and third time mark, at 

intervals of one minute. The interval between the input time 

marks was generally five minutes. 

(Time) 

The value of f at time x i s given by: 

f = fQ + ai(x-XQ) + a2{x-XQ)(x-Xi) + 

where a^ = fo/(xQ-Xi) + f i / (Xi -XQ) 

^2 = fo/((^o"^i)(^o"^2)) + ^ i / ( ( X i - ^ o ) ( ^ i " ^ 2 ) ) 
+ f2/((X2-XQ)(X2-Xj)) 

+ f i / ( (X i -Xo ) (X i -X2 ) (X i -X3 ) ) 
+ f2/((X2-XQ)(X2-Xi)(X2-X3)) 
+ f3/((X3-Xo)(X3-Xi)(X3-X2)) 

A 31 



Gomparison of r a i n f a l l t o t a l s 

Each p a i r of n r a i n f a l l t o t a l s i s represented by ( x . , y . ) for values 

of i from 1 to n. Three measures were used fo r comparison as 
• -i 

descr ibed in 5 .1 ,5 and were computed using the fol lowing formulae: -

Mean percentage e r ro r ( regard less of s ign ) 
1 

^lii X 100 ) ( Y T > 0) 

Root mean square e r ro r 

^ Li 
Root mean square cumulative e r ro r 

1 

i=n 
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Appendix VI 

SYNOPTIC AND OBSERVATIONAL DATA 

Synoptic and observat ional data re levant to the second data s e t , 

comprising a b r i e f synopsis for S t . Mawgan and a sur face c h a r t . 

The cloud amount, types and height are contained in the log a b s t r a c t 

and the heights of the 0**C isotherm estimated from Camborne ascent 

data are given. 
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PT53 27.3.79 1100-1900 Gm" 

Unstable north wester ly a i rs t ream with minor troughs a s s o c i a t e d with 

complex low pressure system over North Sea . Moderate ra in-showers 

from i s o l a t e d cumulonimbus giv ing way to l i g h t e r , more widiespread 

p r e c i p i t a t i o n . Wind genera l ly WNW 15 k t s . 

S t . Mawgan log 

TIME Amount of Form of Height of Form of Form of TIME low (oktas) low low ( f e e t ) medium high 

1046 7 Cu Sc S t 800 _ . 

1146 7 Cu Sc 1000 - -
1246 7 Cu Sc Cb 1000 - -
1346 7 Cu Sc S t 1000 -
1446 7 Cu Cb S t 1000 - -
1546 7 Cu Sc 1600 Ac As 
1646 5 Cu Cb Sc 1600 - -

, 1746 7 Cu S t 600 > - -
1846- 7 Cu 1100 - -

Camborne ascent 

TIME • / ."Height^of. 
;.o**c (m) 

27/00 

27/12 

28/00 

1067 

917 

634 
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CO 

So 

5«i 

Surface Chart 1200 GMT 27.3.79 



PT54 9.4.79 1300-2100 GMT 

Complex low pressure system over western approaches and Spain with 

warm fronts pushing north. Continuous l ight /moderate r a i n f a l l - ^ r o m 

mainly s t ra t i fo rm c loud. Wind genera l ly NNE 10 k t s . 

S t . Mawgan log : 

TIME Amount of Form of Height of - Form" of Fdrm of 
low (oktas) low low ( f ee t ) medium high 

1250 8 S t Cu 800 As _ 

1350 6 S t Sc 800 As • -
1450 6 S t Sc 800 As -

1550 8 St 800 Ns •-

1650 8 S t S c . 400 Ns . -
~ lT50 " 8 S t " TOO ~ _ — 

1850 8 - S t TOO • -• . -

1950 8 St 0̂ - -
2050 8 St 0 - -

Camborne ascent 

• • 

, TIME Height of 
O^C (m): 

9/12 709 -

10/00 1007 
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1 

12-^1* 

Surface Chart 1200 GMT 9.4.79 



PT55 22.5 .79 1600-2100 GMT 

Minor trough embedded in low pressure system over SE I c e l a n d . 

Continuous l i g h t ra in becoming heavy during passage of cumulonimbus 

Wind genera l ly S 15 k t s . 

S t . Mawgan log 

TIME Amount of 
low (oktas) 

Form of 
low 

Height of 
low ( f e e t ) 

Form of 
medium 

Form of 
high 

1550 6 Cu Sc 1300 Ac Cs Ci Cs 
1650 6 S t Cu Sc 900 Ac As -
1750 7 S t Cu Sc 800 As -
1850 5 S t Sc 500 Ns -
1950 7 S t Sc Cb 500 Ns -
2050 5 Cu Sc 1400 As -

Camborne ascent 

TIME Height of 
0°C (m) 

22/12 

23/00 

1188 

1130 
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CO 

1 

5i 

1 
9«> 

Surface Chart 1200 GMT 22.5.79 



Appendix VI I 

TIME-HEIGHT RADAR PROFILES AND SURFACE DATA 

Complete se ts of t ime-height radar p r o f i l e s and sur face data for the 

33 h a l f hour periods d e t a i l e d in Chapter 5. 

Key to Figures 

Rp - Distrometer sur face r a i n f a l l rate 
( f ive-minute moving average) ' 

R, - Radar r a i n f a l l rate at lowest e leva t ion 
( in terpo la ted values - method 4 , Table 5.3) 

N Q - Distrometer surface^measurement 
( f ive-minute moving average) 

In the second s e t of f igures*, showing only modified sur face d a t a , 

R Q and N Q are p lot ted as above but in the upper p lo t R ^ i s derived 

from the modified radar data (method 8, Table 5.3) and in the lower 

plot R ^ i s derived from these data a f t e r applying a v a r i a b l e Z - R 

r e l a t ionsh ip and the tota l i s denoted R^^ (method 9 , Table 5 . 3 ) . 

p. A 72 - A 102 

.- ' A 40 



Radar Ref lect iv i ty 

Contours (dBz) 

530028 - 057 

1200-29 : 27.3.79 

Totals: 

1.6 mm 

1.00 mm 

1.50 mm 

to 

oc 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

© 530058 - 087 

1230-59 : 27.3.79 

Totals: 

Rg : 0.8 mm 

Rjj ; 0.77 mm 

: 0,63 nun 

ro 

10 _ 

s. 

to 

U 10 

3 

O 

n 
• a 

. 0 ^ ^ . 

10 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

© 530088 - 117 

1300-29 : 2 7 . 3 . 7 9 

Totals 

RQ 1 0 .5 mm 

: 0 .35 mm 

R^ : .0.40 mm 

U) 

S. 

(0 

l o s l o a 110 l i t 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

© 530118 - 147 

1330-59 : 27.3.79 

Totals: 

mm 

: 0.01 nm 

: 0.02 mm 

4̂  

10 _ 

I . 
JZ 

s. 

0£. 

7 

130 132 134 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

2.5 

© 530148 - 177 

1400-29 : 27.3.79 

Totals: 

nun 

0.10 mm 

R̂  : 0.14 mm 

10 _ 

to 

.2 
C 

.1 

\ 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

(T) 530178 - 207 

1430-59 : 27.3.79 

Totals 

mm 

mm 

R̂  : 0.05 mm 

s 

M 8 ISO 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

0 530208 - 237 

1500-29 : 27.3.79 

Totals: 

RQ : 0 mm 

Iran 

; 0.04 mm 

ce: 

10 

209 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

BJ 530238 - 267 

1530-59 : 27.3.79 

Totals 

RQ : 0 mm 

mm 

R̂  : 0.02 mm 

0 0 

01 

Id 

a: 

2.5 

L 2.0 

1.5 

X 
0) 

'£1 

cr 
o 
< 
n 
t / i 

4- 1.0 2 

0.5 ^ 
3 

^ 10 

4 — 

•3 

L 10 
3 o 

t 
u> 

10 
29B 240 «44 t 4 9 240 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

(T) 530268 - 297 

1600-29 : 27.3.79 

Totals: 

Rg : 0.1 mm 

Rp : 0.07 mm 

: 0.03 mm 

»0 _ 

JZ 

Id 

0£ 

2 s a no 174 { 7 6 21B 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

® 530298 - 327 

1630-59 : 27.3.79 

Totals; 

0 mm 

0 mm 

0.03 mm 

o 

s. 

2afl 100 s o t ) 0 4 300 303 310 312 S M S i B 3 l B 3 2 0 32C 3 t 4 SfO 3 ( S 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

530358 - 387 

1730-59 : 27.3.79 

2.5 

_ 2.0 

L 1.5 

L 1.0 

X 
Q 
^1 

r * 

Of 
o-
O 
< 

3 

3 
0.5 _ 

3 

Totals 

0.1 mm 

0.11 mm 

0.11 mm 

39 

10 ^ 

9S6 300 332 3 S ( SSa 369 3 J 0 312 314 916 3?B 390 302 394 388 

_ 10 

U 10 

10 
399 

3 o 

B 
I 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

® 530388 - 417 

1800-29 : 27.3.79 

Totals 

Rg : 0.1 mm 

R . 0.03 mm 

D . 0.03 mm 

10 _ 

^ 1 J 

1 1 1 1 1 r 

2 .5 

2.0 

^ 10 

U 10 
a 3 

•3 

o 

^ 10 

CO 

10 
J 3 0 ilt 3t)4 3QS 3-30 400 *02 40« 408 40B *lO 4 l C 4 1 ' 4 l f l 4 | 0 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

© 540030 - 059 

1330-59 : 9.4.79 

2.5 

2.0 3-

01 
cr 

1-5 < 
to 

L 1.0 
£ 
Ol 

0.5 I 
3 

Totals 

mm 

mm 

: 0.02 run 

0£ 

10 _ 

.1 
30 92 S* 36 9fl *t> « " 

7 9 48 SO S2 54 58 5fl 

^ 10 

U 1 0 * J 

-a 

o 
3 ^ 

10 3 

J - 10 
s o 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

© 540060 - 089 

1400-29-: 9.4.79 

I r 
10 

1 I r I 7 

2.5 

2.0 

cr 

1.0 

t/1 

to 
Of 

- 0.5 _ 

Totals 

0 mm 

0.03 nm 

0.07 mm 

CJl OH 

10 _ 

.1 
60 SZ SS fiS 70 72 T4 7fl 10 SO 

^ iO 

L 10 
4 M 

- I 
n rD 
•a 

o 
L 10 

10 
04 S t 8 3 90 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

© 540090 - 119 

1430-59 : 9.4.79 

Totals 

Rg : 0.3 mm 

Rp : 0.29 mm 

R̂  ; 0.24 mm 

<J1 

S. 

2.5 

2.0 % 

01 

L 1.0 2 

cv 

0.5 I. 
3 

- 10 

U »o _ 
o 

3 
I 

10 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

© 540120 - 149 

1500-29 : 9.4.79 

Totals 

0.7 mm 

0.71 mm 

0.61 mm 

tZD 122 124 126 I 2 S MO 142 H ' M S 

Time (mins) 



Radar Ref lect iv i ty 

Contours (dBz) 

}BJ 540150 -179 

1530-59 : 9.4.79 

Totals: 

Rg : 0.6 mm 

Rp : 0.52 mm 

R̂  : 0.29 fnm 

U l 

10 _ 

JZ 

(0 
a: 

^ 10 

O 

3 o 
U 10 _ 

3 
I 

JO 
ISO 1B2 1E4 lS<i 159 ISO IQ2 I B * l « S l f i9 170 172 174 176 173 19= 

Time (mins) 



Radar R e f l e c t i v i t y 

Contours (dBz) 

}9J 540180 - 209 

1600-29 : 9.4.79 

Totals 

RQ • 0.2 mm 

Rp : 0.22 mm 

R^ : 0 .10 mm 

00 

10 _ 

1. 

Time (mins) 



Radar R e f l e c t i v i t y 

Contours (dBz) 

2QJ 540210 - 239 

1630-59': 9.4.79 

2.5 

2.0 t£3 

cr 

1-5 I 
n 
(/» 

1.0 3 
Of 

t o 
CD 

0.5 = 

1 1 \ r 

Totals 

0.3 mm 

0.27 mm 

0.12 mm 
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10 _ 

. 1 

-o o 

_ 10 

L 10 
< 3 

ftl 

•a 

U 10 -
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I 
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Time (mins) 



Radar R e f l e c t i v i t y 

Contours (dBz) 

® 540240 - 269 

1700-29 : 9.4.79 

2.5 

2.0 

1.5 

'J3 
3 -

fU 
cr 
o 
< 
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r* 

L 1.0 3 
z 

t o 

0.5 _ 

Tota ls : 

0.4 mm 

0.35 mm 

0.10 nm 
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JZ 

2SS 2S3 2S0 162 

Time (mins) 



Radar R e f l e c t i v i t y 

Contours (dBz) 

22) 540270 - 299 

1730-59 •: 9.4.79 

a: 
to 

Of 
cr 
o 
< 

2 

3 

3 

Tota ls : 

Rg ; 0.1 mm 

Rp : 0.07 mm 

; 0.10 mm 
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Radar R e f l e c t i v i t y 

Contours (dBz) 

23) 540300 - 329 

1800-29 : 9.4.79 

Totals 

0 • mm 

0.01 mm 

0 mm 

ro 

J 

Time (mins) 



Radar R e f l e c t i v i t y 

Contours (dBz) 

24 ; 540330 - 359 

1830-59 : 9.4.79 

2.5 

2.0 

cr 

1-5 1 
l / i 
r * 

1.0 
Of 
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to 
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TT 
B 

I r 1 r 

Tota l s : 

RQ : 0.2 mm 

Rp : 0 .10 mm 

: 0 .10 mm 
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Radar R e f l e c t i v i t y 

Contours (dBz) 

25; 540360 - 389 

1900-29 : 9.4.79 

Totals 

RQ : 0.5 mm 

Rp : 0.33 mm 

R^ : 0.17 mm 

^ 10 
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L 10 

o 
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Radar R e f l e c t i v i t y 

Contours (dBz) 

26^ 540390 - 419 

1930-59 : 9.4.79 

Totals 

0.8 mm 

0.41 mm 

0.26 mm 

ro 

a: 

10 _ 

Time (mins) 

^ 10 
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Radar R e f l e c t i v i t y 

Contours (dBz) 

® 540420 - 449 

2000-29 : 9.4.79 

Totals 

Rg : 0.4 mm 

Rp ; 0.36 mm 
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Radar R e f l e c t i v i t y 

Contours (dBz) 

2.5 

28) 550090 - 119 

1730-59 : 22.5.79 

2.0 

0) 
cr 

1-5 I 
L 1.0 ^ 

Of 

to 

^ 0.5 _ 

Tota ls : 
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:0.12 mm 
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Radar R e f l e c t i v i t y 

Contours (dBz) 

29^ 550120 - 149 

1800-29 : 22.5.79 

Totals 

Rg • 0.3 mm 

Rp : 0.22 mm 

R̂  : 0.15 nm 

00 

s . 

en 
139 MO 142 M 6 I 49 

Time (mins) 



Radar R e f l e c t i v i t y 

Contours (dBz) 

30) 550150 - 179 

1830-59 : 22.5.79 

Tota ls : 

1.1 mm 

1.62 mm 

1.42 mm 
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itrale nneteorologica Svizzera 
Osservatorio Ticlnese 

CH- 6605 Locarno-Monll, 25 May 1979 WOL 332Joss/for 

Mr. Andrew Eccleston 
Research A s s i s t a n t 
PLIMOUTH POLYTECHNIC 
Drake C i r c u s 

PLYMOUTH DEVON PL4 8 A A 

(England) 

Dear Mr. Eccleston 
I t i s a pleasure to receive your paper, which I a l s o forwarded to A.Waldvogel 
(LAPETH Zurich) . We are e x p e c i a l l y pleased to see your comparison and the good 
agreement with the r a i n gauge. Here i s our comment: 
Your investigations in respect to wind influence on the measurement of drop s i z e 
i n d i c a t e no systematic e r r o r due to wind speed below 20 knots (hourly average). 
We hoped, that t h i s r e s u l t would be true,-and are glad to have i t confirmed by 
your experiments. Do you have an explanation for the tendency to overread i n "theT 
northerly quadrant? Instrumental set-up? I s the tendency s t a t i s t i c a l l y s i g n i f i c a n t ? 
We do not understand the l a s t paragraphe of page 3 (see. annex 1) . 
Page 5 ... 17655 one-minute We would l i k e to know something more about your 
d i s t r i b u t i o n s , e.g. minimum number of drop i n a s i n g l e d i s t r i b u t i o n , minimum 
amount of r a i n ; t o t a l amount of r a i n ^ ^ ^ ^ 5 R ( t ) d t ? ' 
Page 5, middle, sounds as i f we should ? i n d the M-P y a r d s t i c k . On the other hand on 
page 8 bottom you mention, that small samples deviate from exponential,^ correspond
ing to our experience (see a l s o annex 2 ) . * 
Page 10 and 11: Your experimentally determined N^-A r e l a t i o n agrees very w e l l 
with Waldvogels findings on a t h e o r e t i c a l base (annex 3 ) . 
Page 13. Obviously i t would be most i n t e r e s t i n g , i f you could v e r i f y your proposal 
by measuring the drop s i z e d i s t r i b u t i o n s i n various places and scanning simultane
ously the r e f l e c t i v i t y p r o f i l e s over them. The c o r r e l a t i o n of the r e s u l t s w i l l 

demonstrate to what extent the idea (to deduce A-values from the r a d a r - r e f l e c t i v i t y 
p r o f i l e s ) i s operationally f e a s i b l e or whether i t i s e a s i e r to obtain the 
desired Z-R-relation d i r e c t l y from the ground-based measurements. Furthermore the 
question i s s t i l l open to what extent drop s i z e measurements made i n one lo c a t i o n 
are representative for an area. A l o t of work however i s involved in solvi n g these 
questions, and personally I w i l l not be able to help answering them i n the near 
future as I am involved a t present i n more operational p r o j e c t s . Therefore we are 
loooking forward to see more of your r e s u l t s ! 
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Annex 4 gives a de s c r i p t i o n of our operational r a d a r s . When your read the 
short error analyses on page 17, you must keep i n mind, the the radar horizon 
c i n d ground c l u t t e r are much more r e s t r i c t i n g i n a mountanous country l i k e 
Switzerland as compared to a f l a t coxantry. I n view of t h a t , e r r o r s due to 
Z-R-variations are tr e a t e d only very b r i e f l y . i n annex 4. 

Yours s i n c e r e l y 

Jurg J o s s 

Copy to AWaldvogel and T.Gutermann 

Annex: 
1. Page 3 of manuscript 
2. Shapes of Raindrop Size D i s t r i b u t i o n 
3. A Comment on "The N^Jxiirp of Raindrop Spectra"? Reply; The N^Jump of 

Raindrop Spectra 
4. Meteorological O f f i c e T r a n s l a t i o n : T r a n s l a t i o n No. 1389 + Working Report SMI 

No. 79 • . 
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