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SIDlMARY 

Vertical profiles of the total precipitation in the area scanned by 

a radar have been obtained for the first time. Profiles for suwaer shower 

situations commonly show an accumulation of precipitation aloft, at a height 

which is observed to increase with the available energy of convection. 

This observation has been combined with calculations by ether researchers to 

give a three7fold relation between mean updreught speed, height of accumul­

ation and energy of convection. Profiles for oontinuous rain are quite 

distinct from those of showers, generally showing the greatest a1:1ount of 

precipitation at the base of the storm. Profiles form a useful digest of 

the radar data for.the synoptic meteorologist. The essentiel data can be 

reduced to a small array of digits, which are economically trans•nitted and 

readily interpreted to give insight into the precipitation pattern and the 

accompanying convection • 

• 



It is a pleasure to acknowledge the considerable advice and encourage­

ment of Professera K.L.S. Gunn and J.S. Marshall during their supervision 

of this work. 

I am grateful to Dr. M. Wein, especially for his substantiel contrib­

ution to the development of the equipment which recorded the necessary radar 

data. Technical assistance in operating the equipment was provided by 

Mr. M. Claasen and Mr. P. Seidenfuss. 

Extensive analysis and computations have largely been carried out by 

}~s. Joy Johnson, Mrs. Jennifer Niebyl, Miss ~ugenie Schkurat and 

Mise Jean Taylor. . I am most grateful for their indispensable assistance. 

Many of the drawings have been drafted by Miss Ursula Seidenfuss. 

The photograpby was undertaken by 1-lr. R. Bartley. 

The work reported in this thesis has greatly depended on the avail­

abili ty of the sophisticated I1cGill Radar. Therefore, I would like 

gratefully to acknowledge the contributions over the years of the many 

members of the Stormy Weather Group to the development of this Iœdar. 

The research was sponsored largely by the U.S.A.F., Geophysics Research 

Directorate, Air Force Cambridge Research Laboratories, Office of Aerospace 

Research, under Contract AF 19(628)-249. The radar is operated under a 

grant from the National Research Council of Canada. 

}mch of the supporting meteorological information in this study was 

provided by the office of the Meteorological Service of Canada at ~1ontreal 

International Airport. 

I wish to thank my wife for typing the thesis. She al so drafted 

some of the figures and improved the text in many places. 



TABLE OF 001-.lTENTS 

1. INTRODUŒ'ION 

1.1 Precipitation .t-Ieasurements by Radar 
1.2 Weather Radar Displays 
1.3 Vertical Profiles of the Total Precipitation 
1.4 Profiles in Relation to Storm Structure 
1. 5 Pro:files for the Synoptic Meteoro1ogist 

,2. ANALYSIS OF PROFILE DATA 

2.1 The Radar He·aaurement of Rainfall 
2.2 The Radar Rainfall 
2.3 Correction for Attenuation 
2.4 The Sampling Area 
2.5 . Overall Accuracy of Profiles 
2.6 Types of Profiles 

3· · PROFI~S OF SHOWERS 

;.1 Relation of Profiles to Instability 
.. ;.2 Case Studies of Showe~ Situations 

;.; The Nature of the Maximum in Flux 
3.4 Profiles of Individuel Showers 
3.5 Relation of Height of Maximum in Flux to 

Available Energy 
3.6 Shower Structure from Profiles 

4• PROFILES OF CONTINUOUS PRECIPITATION 

1 

1 
1 
3 
5 
7 

9 

j 
11 
15 
16 
20 
22 

24 

24 
40 
53 
55 
63 

n 

80 

4.1 CAPPI Observations of Continuous Precipitation 81 
4.2 A Continuous Rainstorm in Profiles 84 
4.3 The Pattern of Profiles in Continuous 87 

Precipitation 

5. PROFILES IN SYNOPriC METEOROLOGY 

5.1 Characterization of Precipitation by Profiles 
5.2 Presentation of Profile Data for Local Use 
5·3 Coding of Profile Data 
5·4 Presentation of Data for Synoptic Use 

92 

92 
99 

103 
llO 



6. TECilliiQUE 115 

6.1 The McGill Weather Radar 115 
6.2 Precipitation Area from Grey-Scala Display 121 
6.3 Precipitation Ares from A-Scope Display 128 
6.4 Evaluation of A-Scope Technique for Measuring 137 

Are a 

REFERENCES 

• 



1. INTRODUCTIOl~ 

1.1 Precipitation Measurements by Radar 

When the practicability of radar was being considered at the beginning 

of World War II. one question that assumed great importance was the magni-

tude of the absorption and scattering affects to be expected in the atmos-

phere. Accordingly, Ryde (1946) undertook a detailed theoretical invest-

igation of the attenuation and refleotions of radar waves by various 

meteorologi?al phenomene. Amongst other things, his work showed that, with 

appropriate information about the relation of raindrop-size to rainfall 

intensity, one should be able to estimate rainfall rates from the intensity 

of radar echoes in storms. Soon after the war, 11arshall et al. (1947) 

were able to establish that it was indeed possible to make useful radar 

measurements of rainfall intensity. Since that time a great many other 

workers have studied the relationship between radar echo intensity and 

rainfall rate, and it is now apparent that radar determinations of rainfall 

rate are generally accurate to within a factor 2. This limit is imposed by 

the statistical nature of the relation between the raindrop aize distrib-

utions and the rainfall intensity. 

Radar was soon employed to analyse precipitation patterns in the 

horizontal (I~ard, 1945) and in the vertical (Byers and Coons, 1947; and 

Langille and Gunn, 1946). It was instrumental in establishing the nature 

of the precipitation processes in both stratiform and convective clouds. 

It is now an indispensable tool for research into cloud physics, meso-

meteorology and synoptic meteorology • 
• 

1.2 Weather Radar Displays 

With radar it is possible to measure at least five parameters of a 
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precipitation pattern. These are the three dimensions of space, the 

precipitation intensity and time. There are thus many possible for.ns in 

which to display the pattern. In the most commonly used radar indicators 

the precipitation pattern in some plane is normally displayed on the face 

of a cathode ray tube. In the plan-position indicator (PPI) the plane is 

horizontal and in the range-height indicator (RHI) it is vertical. It is 

possible to produce maps on these displays in which precipitation intens­

ities are indicated in ahades of grey, and this is done in diaplays devel­

oped at McGill University (Legg, 1960). 

Thus, four of the five dimensions of a precipitation pattern can be 

recorded, and another dimension of space is needed to complete the specif­

ication. It the basic displ~ is the RHI then maps are required at 

various bearings, and if it is the PPithen it is convenient to produce maps 

at various constant altitudes (CAPPI). A method for producing such constant 

altitude precipitation maps has also been devised at JIIcGill University 

(East and Dore, 1957). 

Marshall and Gunn (1961) have described the present mode of operation 

of the McGill radar. Briefly, constant altitude maps out to range 120 n mi 

are produced at each of six altitudes every 7.5 minutes. The maps display 

the precipitation intensities in seven shades of grey with successive 

· boundaries at 0.1, 0.4, 1.6, 6.4, 25, 100 and 400 mm hr-1• 

Although the maps are basically oomprised of distinct shades, in 

practice there are rarely sharp boundaries between the consecutive shades. 

This m~ be ascribed to the rapidly fluctuating nature of the radar echoes 

from precipitation. It has been found that sorne form of densitometry is 

necessary if accurate measurements are required. Thus, the lv.lcGill Group 

has further devemped equipment which automatically densitometers the 



grey-scala CAPPI maps (Wein, 1964). The maps finally appear in well-

defined grey shades on a facsimile record, and i t is now p_ossible to 

measure rainfall rates by inspection. 

1.; Vertical Profiles of the Total Precipitation 

The process by which the stepped grey-scale maps are produced includes 

a stage in which the photographie negative of the original map is completely 

scanned. Canadian Aviation Electronics of Montreal, in developing the 

l1cGill technique, have recently taken advantage of the opportunity that 

this affords of analyzing the whole radar map (Ballantyne, 1964). The 

analysis proceeds by measuring the total ares of each of the grey shades, 

ar.d the resulta of the analysis follow each map on the facsimile record. 

Given the area or precipitation or eaoh intensity, it is possible to cal-

culate such things as the total flux of precipitation at any height, 

including the lowest one which is of great interest to the hydrologist. 

In anticipation of the development of these methode for the ready 

analysis of grey-scale maps, and because of the fruitful research possibil-

ities, Professer J.S. Marshall initiated the researoh which is reported 

here, The automatic methode of analysis mentioned above were perfected 

only in the last few months, and it was necessary to develop other methods 

during the course of the research. A ~ull account of the actual technique 

employed appears in Chapter 6 of this work. The equipment served well in 

the accumulation of records for more than 1000 hours of precipitation, but 

it has almost certainly been used for the last time. 

With complete information on the distribution of precipitation with 
• 

intensity at each height, it is natural to look at the vertical distribution 

of precipitation. One way of doing this is by means of profiles, and 

that is the way that has been adopted in this study. Fig. 1.1 gives 
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exemples of the kind of profiles that have been drawn. The upper example 

is for an instant during the most exciting thunderstorm of the sw~~er of 

196;. The outer ourve shows the total area of precipitation exceeding 

the radar threshold of 0.1 mm hr-1 as a function of height. The next 

curve shows all the precipitation exceeding 0.4 mm hr-1 , that is with 

grey-shade one omitted. Suoceeding curves are each for a rainfall rate 

a factor four greater than the previous one. Thus, in the example, there 

is a little precipitation greater than 25 mm hr-1 at }0 kft. The lower 

example is from an occasion of continuous pr~cipitation. The vertical 

extent of the precipitation is considerably less and its area at the lower 

levels greater than in the other ex~~ple. Also the most intense precip­

itation is just over 6.4 mm hr-1 and occurs at 5 kft. Mention should be 

made about the scale of ares: it is a scale of square roots, which is 

appropriate to the wide range of significant areas, as well as having other 

advantages. 

Profiles of thè kind illustrated in Fig. 1.1, together with profiles of 

additional quantities, have proved to be a most convenient method of 

displaying the essential features of the distribution of precipitation 

in the vertical. It is hoped that the present study will establish their . 

value in both research and operations. 

1.4 Profiles in Relation to Storm Structure 

The great difference between the two exemples of Fig. 1.1 is that in the 

shower situation there is a great accumulation of precipitation a1oft at 

30 kft, whereas in the continuous rain the precipitation is growing cont-

inually througbout its descent. The accumulation of great quantiti~s of 

rain aloft in the strong updraughts of convective stor~s was suspected by 



Marshall et al. (1947) and soon confirmed by Langille and Gunn (1948). 

Bowen (1950) also observed accumulations aloft in showers and was able to 

explain them in terms of the trajectories of growine droplets. ?erhaps 

this point ahould be emphasized: the accumulations are often al~ost in a 

state of dynamic equilibrium, with precipitation arriving and departing at 

about the same rates. 

There were many ether observations that precipitation first formed and 

then developed at some point high in a shower cloud. Notable amongst 

these was an extensive study by Battan (1953)1 whose observations were later 

to be incorporated into calculations by East (1957). East gave a realistic 

treatment of the growth of droplets in updraughts, which showed that the 

height of precipitation formation would increase with the updraught speed. 

Kessler (1961), in oonsidering the development of precipitation in a model 

convective oell, also found that accumulations developed aloft at a height 

whioh increased with the updraught speed. Meanwhile, Donaldson (196lb) 

had observed radar reflectivity maxiraa in the cores of thunderstorms at a 

height which increased with the severity of the storm. Thus the existence 

and cause of the accumulations aloft were fairly well established. 

In the present work it has been found that the accumulations aloft in 

individuel showers are sufficiently intense and persistent that they are 

also observed in profiles of the total precipitation from many showers. 

The height of formation of the accumulations has been found to increase 

with the amount of energy available for convection, as judged from a tephi­

gram plot of the upper air sounding. The work of East (1957) and Kessler 

(1961) has also b~en used as a basie for relating the height of the accum-

ulations to a mean updraught speed. In this way a threefold relation has 

been developed between the height of the accumulation, the updraught speed 
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and the available ener{F,y of convection. This threefold relation is shown 

to be useful in studying the energy budgets of convective storms. 

Considerable effort bas been devoted to the study of shower profiles, 

and the study of continuous rain profiles bas consequently been rather 

neglected. At first sight they show r~markably little variation in form 

fr~m situation to situation, but close study would undoubtedly reveal 

features at present unexpected. 

1.5 Profiles for the Synoptic l\1eteorologist 

Perhaps the greatest virtue of radar is that it can scan the entire 

atmosphere within range every few minutes. It is able to detect all the 

significant precipitation and keeps it constantly under surveillance. How­

ever, the synoptic meteorologist cannot digest more than a small fraction 

of the available data, and so he must be provided with a suitable brief 

swnmary. Vertical profiles of the total precipitation forra such a sum1nary. 

It will be shown that the essential features of a profile can be 

expressed in just a few digits. These few digits can be both readily 

transmitted on teletype circuits and readily interpreted by the synoptic 

meteorologist. For a modest investment of effort, the forecaster is aole 

to study the main features of the three-dimensional precipitation pattern 

over an entire continent. 

Profiles emphasize what is perhaps the most i~portant dimension to the 

meteorologist, the vertical. From the vertical structure, as sum.Llarized in 

profiles, it is possible to tell whether the precipitation is stratiform or 

is in the form of showers. If it is in the form of showers it is possible 

to estim.ate the general intensity of convection, and to watch its trend with 

time. Showers embedded in areas of continuous rain can also be detected, 

and their development continually monitored. 
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In this study, attention has been devoted more to the qualitative 

aspects of profiles than to the quantitative. Precipitation is an 

important element of the atmosphere. Not only is it produced by dynamical 

processes within the atmosphere, but it also modifies the processes themselves 

by the exchange of latent heat. ~antitative data of the kind contained in 

profiles might well be incorporated into the modela being developed by 

dynamical meteorologiste. 

There is no doubt that radar has a place in synoptic meteorology, and 

a case is made in this work for summarizing the radar data into profiles. 

It is exciting that equipment is already available to exploit the val~e of 

· profiles on an operational basis. The work reported here has only been 

conoerned with the most obvious features of profiles. Much more remains 

to be done, and it may be expected that the operational use of profiles 

will soon lead to a better understanding of the precipi tatien processes and 

the convection which produces them. 
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2. ANALYSIS OF PROFILE DATA 

2.1 The Radar Measurement of Rainfall 

According ta simple theory (see for example Battan, 1959), the average 

power received by the radar from precipitation is given by 

(2.1) 

where Z : ~D6, the sum of the sixth powers of the diameters of the 

precipitation particles, per unit volume, 

IKI 2 is a dielectric factor, 0.93 for water, 0.20 for ice, 

r is the range, 

C ie a constant of the radar. 

This equation assumes that the radar beam is entirely filled with precip-

itation and that there are no losses by attenuation along the beam. In 

the McGill radar, the dependance of the received power on the inverse 

~square of the range is accounted for electronically, and C is known. 

The quantity displayed may be described as the equivalent radar reflec-

tivity, 

P r2 r = • c (2.2) 

Ze is measured with a probable error of about 2 db. The McGill radar · 

produces constant altitude maps with contours of Z6 , and it is the areas 

within these contours that have formed the basic data of this study. 

The quantity Z has been related through many empirical etudies (see 

Battan, 1959) to the rainfall rate R. A relation representative of most 

rain, and the one adopted at McGill, is 

Z : 200 Rl.6 

where Z is in mm6 m·3 and R in mm hr-1. This equation may be used to 
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deduce the rainfall rate from measurements of equivalent radar reflectiv­

ity. Further, Marshall and Palmer (1946) have given a statistical rel­

ation between the rein density M and the rainfall rate R: 

M • 72 Ro.sa, (2.4) 

where H is in mg m- 3 and R in mm hr-1. 

oombined to give 

This and equation (2.3) may be 

(2.5) 

Thus the rain density may also be deduced from the equivalent radar ref­

lectivity. 

In the case of radar signala from snow the relevant parameter is 

still Z: }:D6, but now D refers to the diameter of the water droplets 

formed by melting the snowflakes. The appropriate relations between 

Z, R and M for aggregate snowflakes are (Gunn and Marshall, 1958) 

z : 2000 R2•0 (2.6) 

M = 250 R0.90 (2.7) 

z : 0.0096 ~· 2 , (2.8) 

where R and M are the precipitation rate and density expressed in terms of 

the water equivalent. If the snow is in the form of single crystals the 

Z-R relation appears to be the asme as that for rain, Z = 200 n1 ·6~ 

The radar scattering by melting snow and hail (dry or wet) have also 

been studied, but the resulting relations are quite comp1icated and need 

not be of concern•here. 
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2.2 The Radar Rainfall 

Following a suggestion by Marshall et al. (1947), the standard rel­

ation z = 2oo Rl.6 may be used to define a radar rainfall rate, 

(2.9) 

Contours of Ze may now be relabelled with values of Rr• E.x:cept where 

otherwise stated, all measurements in this work are expresaed as radar 

rainfall rates, although the description "radar" is normally omitted. 

The radar rainfall rate is only a correct measure of the actual 

rainfall rate, or flux of precipitation, when the precipitation partiales 

(a) satisfy the particular relation Z = 200 R1·6, (b) fall in air which 

has no vertical oomponent of motion, and (o) are water drops. A brief 

discussion of the extent to which the measurements are affected when 

these conditions are not met now follows. 

(a) Z - R Relations 

Battan (1959) has given an extensive summary of Z - R relations 

deduced from etudies of drop-aize distributions in rain. The relations 

vary somewhat with the type of storm and geog.raphical location, but for 

a given Z most of the relations give a value within a factor 2.0 of that 

given by Z = 200 R1•6. Ample direct confirmation of this relation has 

also been obtained with radar measurements. Recently, Austin (1963) haa 

used it in a radar study of 40 New England storms, and found that for 30 

storms it yielded radar rainfalls within a factor 2.0 of the actual values 

measured in a rain-gauge network; for six storms the equivalent rainfall 

was one-half or lees of that measured, and for four storms it was twice 

the measured rainfall. These findings are in line with other similar 

investigations, and they all suggest that the use of Z = 200 Rl.6 



l"' .L 

generally gives radar rainfall within a factor 2.0 of the actual value. 

(b) Effect of Updreught on Rainfall Rate 

In the present work measurements have been expressed in terms of the 

radar rainfall rate (2.9).. An alternative quantity is the radar rain 

density: 

Mr _ e 1.82 
( 

z )_ll__ 
- 0.9~ x 0.008~ • 

(2.10) 

This has the edvantage that in the case of vertical air motion ~ is a 

better measure of the actuel rain density than is Rr of the actual rain-

fall rate. The actual rainfall rate, or flux of precipitation, R may be 

regarded as the product of the rain density M and a fall speed, which is 

the difference between the characteristio fall speed of the rein relative 

to the air, v, and the upward air speed, u: 

R : M (v ... u). (2.11) 

The radar rainfall rate is a measure of the quantity ~w, the flux of 

precipitation relative to the air, and is thus in error by the factor 

v/(v - u). On the other hand, provided the drop-size distribution remains 

the same, the radar measures the same rain density M, irrespective of the 

updraught. 

In showers, vertical air speeds are certainly comparable with rain 

fall speeds, and the factor v/(v - u) may be significantly different from 

unity, or even negative. In these circumstances the radar rainfall rate 

may be viewed either as a measure of flux relative to the air, or as an 

approximation to rain density. This latter approximation is possible 

because of the neer proportionality of the relation M = 72 R0 •88 • 

Examples of profiles of both the total rainfall rate and rain density are 
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shawn for comparison in Fig. 2.1. It can be seen that they are quite 

similar, and that a factor 50 can be used to convert R (mc hr-1) into 

M (mg m·3). This factor is actually appropriate at R = 20 mm hr-1 , or 

M: 1000 mg m-3, and is satisfactory because, in cases with fairly heavy 

rain, most of the total is due to rain of about this intensity. In 

cases with 1ighter rain the approximation is stil1 quite good, a1though in 

these cases the updraughts may be expected to be less significant, and the 

radar rainfall rate is its~lf a satisfactory measure.· 

(c) The Radar Rainfall in Snow 

For snow aggregatea Z ; 2000 R2.0, and for non-aggregate snow 

z·; 200 Rl.6 appears to be appropriate. In practice, there is some 

justification for using a compromise relation, and as pointed out by 

Austin (196~) there is considerable marit in choosing, in particu1ar, 

(2.12) 

For snow satisfying this equation, the radar signal is proportional to 

Ze : IKI 2 Z = 0.20 x 1000 R1•6, (2.13) 

and the precipitation rate is thus 

R : '(~\fg 
200) (2.14) 

This is almost identical with the equation defining the radar rainfal1 

rate, (2.9). That is, the radar rainfall rate is a reasonable approx­

imation tb the actual precipitation rate (water equivalent) in snow. It 

may be too high by about a factor 2.0 in heavy snow aggregates, and may 

be a considerable.underestimate in non-aggregate snow. 

Austin (1963) in a study of nine snowstorms found that, for six 
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storms the radar rainfall compared well with the precipitation at the 

ground (i.e. Z ~ 1000 R1•6), while for the other three the radar rainfall 

was less than the actual precipitation by a factor 2.0 or more. Those in 

which the radar rainfall was satisfactory were almost all heavy snowstorms, 

those in which it was too low were cases of light snow. 

In summary, the radar rainfall is a satisfactory measure of the actual 

rainfall in most rainstorms, and is almost as satisfactory in snowstorms. 

Where updraughts are significant, the radar rainfall ahould be taken as 

a reasonable measure of the rain density. 

2.3 Correction for Attenuation 

The radar equation in the form (2:1) ignored the affects of attenuation 

along the radar path. At the ;.2-cm wavelength of the CPS-9, attenuation 

by atmospheric gases, cloud and especially rain can reduce the received 

power considerably. Table 2.1, computed from values given by Gunn and 

East (1954), gives approximate values of this attenuation for conditions 

appropriate to this study. 

TABLE 2.1 

ATTENUATION AT ;.2-cm WAVELENGTH (TlllO WAYS) 

Ra in 1 mm hr-1 0.025 db mi-l 
10 mm hr-1 0.50 db mi-Î 

lOO mm hr-1 10.0 db mi-

Cloud 0.25 db mr1 (gm m-3)-1 

Gases 1000 mb 0.05 db ·-1 
m:-_1 

500 mb o •. o1 db ml. 

The least important of these is attenuation by gases (oxygen and water 

vapour), but this could have caused losses of up to about 4 db at the 

maximum range (80 n mi) in this work. Attenuation by cloud can clearly 



1/ 
iO 

be quite serious and might frequently have runounted to 5 db. However, 

the attenuation due to the rain itself is the most serious, often causing 

losses several times the others. It was felt worthwhile to apply a 

statistica1 correction for this 1oss, and a suitable correction was deduced 

from previous work at .HcGill (Hamilton and Marshall, 1961). A brief 

account of the derivation of this correction now fo1lows. 

Because of attenuation by the rain itself, the area of echo exceeding 

a radar rainfa11 rate of 0.1 mm hr-l is somewhat lesa than the area of 

!!&u, exceeding 0.1 mm hr-1. In fact, the McG111 study of rainfa11 stat-

istics for a Montreal summer has shown that the ares of echo exceeding 

0.1 mm hr-1 is about the same as the area of rain exceeding 0.18 ~n hr-1 • 

In this sense, the 0.1 mm hr-1 radar rainfal1 rate contour can be relabelled 

0.18 mm hr-1 to co~pensate for attenuation. Revised values have also been 

worked out for other contours, and these appear in Table 2.2. 

TABLE 2.2 

.ATTE!'l1JATION CORRE<:rriON FOR RADAR RAINFALL RATE (mm hr-l) 

Radar 
Rainfall Rate 

0.1 
0.4 
1.6 
6.4 

25 

Attenuation-Corrected 
Rate · 

0.18 
0.60 
2.7 

15 
61 

Adopted 
Rate 

0.2 
o.a 
).2 

12.5. 
50 

It can be seen that multip1ying radar rainfal1 rates by a factor 2.0 

(5 db in equivalent reflectivi~) provides a reasonable correction for all 

rates, and this is the correction factor that was adopted. 

There is another sense in which this correction is appropriate. 

The McGil1 study showed that, for a sensitive 3-cm radar (such as the 

-

. ' 
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CPS-9) looking at a point 60 miles away for a wbole summer, the total 

radar rainfall would be about 47% of the actual rainfall because of rain 

attenuation. ~hus the factor 2.0 correction applied to the radar rainfall 

throughout a summer would give very nearly the correct total. Study of 

attenuation in individual storms suggests that when this correcting factor 

has been used the resulting rainfall rates will moatly be from 0.3 to 2.0 

times the actual rates, depending on the stor~. 

It should be mentioned that attenuation by snow is negligible at 

normal precipitation rates. ~he factor 2.0 by which all radar rainfall 

rates have been multiplied might therefore be expected to over-correct in 

the case of snow. However, in most cases, the snow concerned is above 

the melting leval in a rainstorm. Gunn and East (1954) state that serious 

attenuation may take place when radar observations are oade through melting 

snow, especially at shallow angles, so the correction factor of 2.0 may 

not be at all excessive. 

2.4 The Sampling Area 

The area within which precipitation is recorded has been restricted 

to that between 20 n mi and 80 n mi in range, an area of about 20,000 n mi2• 

At ranges closer than 20 n mi the P~Gill radar does not map the precipit-

ation at 40 kft, while at ranges beyond 80 n mi it does not map the pree-

ipitation at 5 kft. Additional reasons for this choice are the poor 

resolution of a 1° beam beyond 80 n mi and the inadequacy of the circuit 

which normalizes received signala to a standard range. However, even 

within this range there is some lack in the uniformity with which identical 

precipitation would be recorded. As an example, Fig. 2.2 shows how each 

of three patterns would be recorded at the limita of the sampling area. 
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Fig. 2.2. Examplea of range-distortion in profiles. 
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Although it is easy to calculate the effect of a diver~ent raddr beam 

in observing stratified precipitation, the calculations are quite tedious 

for cellular precipitation. Fortunately, Doneldso:n {196la) has made auch 

calculations, giving detailed reflectivity contours for two thunderstorms 

viewed with a 1° beam at several ranges. These were used to produce the 

two sets of thunderstorm profiles at the top of Fig. 2.2. Donaldson's 

contours are in a vertical plane normal to the radar beam, and thus it was 

possible to calculate the average rainfall rate at each height. It is 

perhaps surprising that for beth cases there is a reduction in total rec-

eived power of only 2 db in going from 20 to 80 n mi. The maximum ref-

lectivities are actually reduced b7 5 db, but as the beam becomes larger it 

records the intense echo over a greater area, and these affects tend to 

compensate in the average. At 80 n mi the rader beam has a radius of 

about 5 kft, the radar horizon is at 4 kft, and therefore when directed at 

· heights below 9 kft part of the radar beam is lest below the horizon. 

Thus the reflectivity at 80 n mi falls off below 9 kft, until at 5 kft it 

is 5 db lesa than at 20 n mi. With the exception of these lower heights, 

it is encouraging tc note that the shape of the profiles is well preaerved. 

The situation is not sc bright on occasions of continuous precipit-

at ion. The profiles at the bottom of Fig. 2.2 have been calculated from 

the measurements of a vertical-pointing radar (Wexler, 1959), and assume 

that the precipitation is uniform in the horizontal across the radar beam. 

It is fairly representative of continuous rain at Montreal in the sumwer, 

and shows a bright band as snow melts tc rain at 10 kft. Although much of 

the profile at ao.n mi is within about 3 db of the 20 n mi profile, it is 

poor in detail. .Because of the rapid change of intensity with heigLt, the 

reflectivities above 12 kft are about 5 db too high. The details at and 
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below the bright band are missing, and at 5 kft the losa of signals below 

the horizon is just apparent. 

It should be pointed out that the profiles of Fig. 2.2 have been 

presented as oontinuous functions of height. In the HcGill radar, however, 

the 5 kft CAPPI map is approximated beyond 62 n mi by the beam of 0° 

elevation. Hence echo in the outer ;6% of the sampling area at 5 Y~t is 

affected by signal losses below the horizon, and could be reduced by 

about 3 db. 

2.5 Overall Accuracy of Profiles 

It seems worthwhile to collect the estimates of errors which have 

been made at various places in this work: 

TABLE 2.3 

ERROR SOURCE 

Radar measurement of Ze 
Sample ares, 20 - 80 n mi 
A-scope apparatus (Chapter 6) 
Z - R relation 
Attenuation (after correction by + 5 db) 

OVERALL ERROR 

PROJM.ELE l!:RROR 
(db power) 

2.0 
1.5 
1.2 
2.5 
;.o (approx) 

4.8 

The overall probable error of 4.8 db means that most of the measurements 

of radai rainfall are within a factor 4.0, either way, of the actual rain-

fall. Attenuation is the greatest source of error, and at a non-atten-

uating wavelength most of the measurements would be correct to within a 

factor ;.o. The ultimate limit to accuracy is given by variations in the 

Z.- R relation, equivalent to a factor 2.0. 

It should be.emphasized that these errors are errors in absolute mag-

nitude. The errors from height to height in a given profile, and between 

consecutive profiles, are much less, a fact. borne out by the strong con-

sistency of the o.bserved profiles. 
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2.6 Types of Profiles 

The basic data from which the profiles in this study have been drawn 

are the areas within contours of Ze· The particu1ar Ze contours chosen 

corresponded to the boundaries between grey shades in the McGi11 radar. 

Table 2.4 gives the relevant values of Ze and the corresponding rainfall 

rates, both as observed and after correction for attenuation. The first 

half of each double colum.n gives values for the contours, while the second 

half gives the mean values used for each shade. 

Mc GILL 
GREY SHADE 

1 

2 

3 

4 

5 

6 

TABLE 2.4 

Ze - EQUIVALEW 
REFLECTIVITY (mm m-3) 

4.7 x 100 
1.4 x 101 

4·3 x 101 

1.3 x 102 
:;.9 x 102 

1.2 x 103 
:;.6 x 103 

1.0 x 104 
:;.2 x 104 

105 
9.7 x 104 

2.9 x 
8.9 x 105 

106 2.7 x 

RAD~~ RAINFALL RAT~ (mm hr-1 ) 
Observed ·Attenuation 

Corrected 

0.1 0.2 
0.2 0.4 

0.4 o.s 
0.8 1.6 

1.6 3.2 
3.2 6.4 . 

6.4 12.5 
12.5 25 

25 50 
50 lOO 

lOO 200 
200 400 

400 800 

The areas of precipitation were measured sucoessively at heights 

5, 10, 15, 20, 30 and 40 thousand feet, with 3.75 minutes being required for 

each. Thus it was possible to draw vertical profiles of the precipitation 

avery 22.5 minutes. Examp1es of the three kinds of profiles most commonly 

discussed here are shown in Fig. 2.3. Each of the profiles at the top 

shows the area of a11 precipitation êxceeding the given value as a function 

of height. The quantity plotted is actually the square root of the area 

which, in most situations, has the practical advantage of giving relatively 

even spacing between consecutive profiles. It also has sorne pbysical 



significance: the profiles may be looked upon as a radial cross-section 

of the storm that ~ould result if all precipitation ~ere gathered s~et­

rically about the radar, ~ith the most intense at the centre. 

Each of the profiles in the middle of Fig. 2.3 sho~s the total flux of 

precipitation arising from all intensities greater than the given value. 

It has been obtained by multiplying the ares of precipitation by the 

attenuation-corrected mean rainfall rate for each intensity, and then 

adding the contributions from the various intensities. It is expressed 

in terms of the rainfall rate that ~ould result if it ~ere distributed 

evenly over the entire ares scanned by the radar, and is plotted on a 

linear scale. The outer profile gives the total flux arising from all 

the precipitation detected by the radar, and this bas been differentiated 

with respect to height to give the bottom curve. This is thus a plot of 

the rate of generation of precipitation, or rate of gro~th. 

The discussion in section 2.2, in which it was pointed out that the 

radar measures rainfall rates relative to the air, is quite relevant in 

'the interpretation of the flux and rate of growth profiles. In situations 

with little vertical air motion the descriptions "flux11 and "rate of 

growth11 are quite valid, but this is not the case otherwise. Wben there 

are significant updraughts and do~ndraughts, it is better to view the flux 

as an approximate measure of the rain density, and in these circumstances 

the rate of growth profile has no physical meaning. Nevertheless, since 

it will be seen that it is a valuable indicator, the rate of growth profile . 

will be presented for many situations in which its n~e is misleading. 

For the sake of uniformity, the terms "flux" and "rate of growth" have been 

used throughout. It will usually be quite plain to what extent these 

terms are valid. 



3. PROFILES OF SHOW'i:RS 

Showers are the product of local instability which is characteristic­

ally realized by convection in cells or cellular complexes with dimensions 

of the arder of 10 miles. Updraughts ranging in speed from a few m sec-1 

to some tens of m seo-1 can produce precipitation partiales ranging from 

raindrops 1 mm across to hailstones almost 10 cm across. These precipit-

ation partiales fall at speeds comparable to the upd~aughts, and there is 

thus a complex ~nteraction between them. Therefore, it is not surprising 

to find that the distribution of precipitation in the vertical is apparently 

largely determined by·the intensity of convection. The relation between 

them will form the main theme in this. study of showers. It will first 

become evident in a comparison of precipitation profiles and upper-air 

soundings for a variety of situations. After it has been fully established, 

it will be studied in relation to present knowledge of shower structure. 

;.1 Relation of Profiles to Instability 

By way of introduction to shower profiles a particular situation has 

been chosen for rather close study. Fig. ;.1 shows various facets of the 

situation at 1355 EST on 2 July, 1963. At the upper left, a series of 

constant altitude radar maps shows a sharp NE-SW line of showers to the 

N'ofl of Hontreal. The maps are at 10, 20, ;o, and 40 thousand feet, and 

the range markers are at 80 n mi. At 10 kft the line of showers is about 

10 .lili across wi th closely clustered cells of moderate intensi ty alor..g the 

near edge. The cells have their maximum intensity at 20 kft. At 20 and 

30 kft there is a·large area of light plume echo at the far edge of the line 

and especially to.the NE. Radial shadows in this light echo are caused by 

attenuation losses in intense cells. At 40 kft separate cella are seen 



embedded in smaller amounts of light plume echo. Individual cells were 

moving from the W at about 35 knots, the speed of the 10 kft wind. The 

large amounts of plume echo to the NE were produced in strong upper winds 

from the SW, the wind shear between 10 and 30 kf't being about 80 knots 

along the direction of the line. 

An analysis of all the precipitation between 20 and 80 n mi appears in 

the form of the profiles at the bottom of Fig. 3.1. The profiles at the 

left show the area covered by precipitation exceeding 0.2, 3.2 and 50 mm hr-l 

(after attenuation corre~tion), expressed as a fraction of the area scanned 

and plotted on a saale of square roots. The radar pictures show all the 

precipitation exceeding 0.2 mm hr-1, and the profiles show that this totale 

about 7% at 10 kft, 17fo at 20 and 30 kft, and l~ at 40 kft. The radar 

pictures have been printed so that white representa precipitation of 

50 mm hr-1 and greater. The profiles show that there are detectable amounts 

of precipitation of this intensity between about 12 and 25 kft, with a 

coverage of about 0.1% at 20 kft (the minimum detectable coverage is about 

0.02%, or 4 n mi2). 

The second set of profiles shows the total flux of precipitation aria-

ing from rainfall exceeding the rates 0.2, 3.2 and 50 mm hr-1• It is 

expressed in terms of the rainfall rate that would result if the flux were 

distributed uniformly over the entire area scanned. As already explained, 

this flux is relative to the air and differa from .the absolute flux because 

of vertical air motion. However, in practice the total flux is almost 

proportional to the rain density, with 0.2 mm hr-1 equivalent to an average 

of 10 mg m-3. The maximum flux coeurs at 20 kft, a little lower than the 

height of the maximum area. It is notable that, although the precipitation 

. -1 
exceeding ;.2 mm hr only forma 25% of the total ares of precipitation, it 

yields at least 85% of the total flux. 
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The third profile sho~Vs the rate of change of the total flux with 

descent, which in the absence of vertical motion would be the rate of 

growth of precipitation. In this case there is growth.above 20 kft, and 

apparent evaporation below. It has been found preferable to scale down a 

few of the more extrema profiles. Here, rates have been reduced by a 

factor ;.o, and thus the maxi~um rate of evaporation at 15 kft is 

0.6 mm hr-1/10 kft. 

At the upper right of Fig. ;.1 is a picture of the synoptic situation, 

in which the circle is the circle· of 80 n mi that also appears on the radar 

pictures. It can be seen that the showers are occurring at a well-defined 

cold front with temperature dropping from 35C to 23C at its passage, dew 

point from 21C to 14C, and wind changing from SW 20 to NW 25 mi hr-1 • 

The map has been drawn from a study of 3- or 6-hour synoptic charts, hourly 

station reports and climatological station reports. The data plotted are 

selected to represent the main characteristics of the situation. 

To illustrate the techn~que of analysing the instability of the 

situation, a tephi~~~ has been sketched and appears beneath the synoptic 

.map. The basis of the analysis is an upper air sounding representative 

of the air mass producing the precipitation. Soundings were made at 

Maniwaki, Buffalo and Albany (see synoptic map) at 0700 and 1900 ~ST and 

either one of these or, sometimes, a suitable mean of them was chosen. 

On the present occasion, the Maniwaki 0700 EST sounding was representative, 

and is shown by the bold lines in the tephigram. The next step was to 

determine a potential wet-bulb temperature (ew) appropriate to buoyant 

parcels, and then the analysis followed simple parcel theory to giva the 

parcel temperatures shown by the broken line. In this case, the buoyant 

parcels were probably surface air with temperature 35C and dew point 21C. 



Thesa values ware arrived at by consulting hourly station reports and 

climatological ·st·ation maximum temperatures. They were confirmed by 

oomparing the resulting level of hydrostatic equilibrium, where parcels and 

anvironment hava the same temperature, with the maximum heights of the radar 

echoes. The temperature and dew point adopted are those plotted baside 

the single bold station circle on the synoptic map, in this case Hontreal. 

For the present study, the quantity required from the tephigr~ is the 

maximum amount of energy available to buoyant parce1s. This is given by 

the positive area between the environment and parcel curves, and depends 

on the temperature difference between them as a function of height. This 

temperature difference has bean p1otted at the bottom right of Fig. 3.1, 

and on 2 July the paroals wera up to 110 warmer than the anvironment 

betwean 20 and 30 kft, the gTeatast difference observed in this work. 

The maximum amount of energy availabla was ;.55 j g-1. 

In the following pages various shower situations will be illustrated 

(Fige. 3.2 to ;.5), each with a 10 kft radar map, a synoptic map and plots 

like the bottom row of Fig. ;.1. Shower situations evolve rapidly, and 

fraquently no single instant is representative of the whole storm. A 

common pattern of developmant in all but the weakest showers is the formation 

of a maximum in the flux aloft, which then varies in height, generally 

descending. It will be shown that there is reason to believe that the 

convection is at its strongest when the maximum is at its highest altitude. 

Since the upper air data have been analysed to determine the maximum amount 

of energy available, it is appropriate to choose an instant when the maximum 

flux is at its highest leval. The situations which follow are thus oompared 

at auch instants. They are arranged in order of the total maximum energy 

available, running from the greatest down to the least. All but two of 

the occasions were in 196;. 
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2 July. This occasion of showers at a cold front has just been discussed 

in detail. Here the cold front has just passed Montreal, and the line of 

showers is reforming after having dissipated as it passed over the St Lawrence 

Valley (NE-SW through Montreal). A very strong maximum in the flux has 

developed at the great height of ~0 kft. There are large ~ounts of light 

plume echo at 20 and ~0 kft, with 8~ of the area of echo between 0.2 and 

~.2 ~ hr-1, but these do not contribute greatly to the total flux. 

18 July. Cellular complexes are drifting at 30 knots from the \1 in the 

warm sector of a minor frontal wave. Even though the wind shear between 10 

and ~0 kft is less than 20 knots, there is considerable plume echo, with 9Q% 

of the echo area at 20 kft between 0.2 and 3.2 mm hr-1 • The flux has 

maxima at 10 and 20 kft, and the upper maximum subsequently intensified and 

descended. Soon after it descended below 15 kft a tornado was reported 

25 n mi NW of Montreal. In accord with the considerably smaller amount 

of energy available, the maximum is much lower than on 2 July. 

29 June. An area of shower activity has developed over the Adirondack 

Mountains to the S in a situation with light winds. There is considerable 

pluming toward the SE at 20 and ~0 kft, the wind shear between 10 and ~0 kft 

being from the NW at 25 knots. 

20 kft. 

Again, there is a maximum in the flux at 

20 August 1962. An E-W line of showers has formed, with a cold front to 

the N and a minor frontal wave to the s. The cells were moving almost along 

the direction of the line from the W at 35 knots, so the line advanced only 

very slowly to the S. One station along the line reported prolonged heavy 

rain and soattered hail amounting to over 60 mm in less than 3 hours. There 

is reason to believe that values in the 1962 measurements are too low, but 

there is a definite maximum in the flux at 20 kft. 
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27 June. N~~erous groups of cella are forming in the region of a station-

ary front and drifting from the Nw at 35 knots. A maximm in the flux has 

deve1oped at about 18 kft, and this intensified and descended. As it 

reached 10 kft at about 1245, the area of precipitation to the SB gave heavy 

rain, hail and strong winds at points 60 n 1ni SE. 

22 July. Widely scattered isolated showers have developed in a region of 

light winds, and are drifting very slowly from the E. At no height did 

the wind exceed 15 knots, and the winds at 10 and 30 kft were identioal. 

This case is exoeptional, for the flux shows no maximum aloft. The cella 

did not show the usual tendency to cluster, and were more isolated than in 

any other of the cases discussed here. Possibly, because of their small 

size, entrainment of environmental air might have prevented the cells froa 

realizing more than a s1nall portion of the available energy. 

29 July. Scattered groups of showers are drifting from the SW at 35 knots 

in air ahead of a well-defined cold front advancing from the Nw. Preci.P-

itation amounts ranged up to 50 mm. There are no significant plumes aloft, 

but there is a maximum in the flux at 15 kft. It is lower and much less 

pronounced than in previous cases. 

28 June. This occasion was quite similar to 29 June. An area of showers 

has developed and is almost stationary over the Adirondack Mountains to the 

s. At 20 kft there are prominent plumes to the E produced by 40-knot 

winds. Since the total area of precipitation is rather low (about 5%) 

the total flux is also low. . However there is a definite maximum at 15 kft • 
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17 June. The main feature on this occasion is an E-W line of cells 

embedded in a band of light precipitation. The individual cells are 

moving along the line from the W at 15 knots, many apparently being generated 

at a point about 80 n mi to the WNW. The precipitation pattern vas fairly 

uniform vith height and persisted vith little overall change for several 

hours. It extended only up to 35 kft, rather lower than previous cases. 

The upper vinds were generally W 15 knots and did not vary much with 

height. A fev stations along the line reported rainfall amounts up to 

25 mm. Although the precipitation flux is fairly uniform up to 20 kft, 

it does show a slight maximum at 15 kft. 

7 AUeMSt. Again the radar map shows a line of cella embedded in light 

precipitatio~ but in this case the cells are along a cold front. The 

winds aloft are fairly uniform with height at Ni 20 knots, and tnis is also 

the velocity of. the cells. Extensive areas of light precipitation are 

generated at 20 kft, but because of the uniform winds it persista around the 

cells at that height. One station near Montreal reported a rainfall of 

40 mm. As on 17 June, the flux does not vary much up to 20 kft, although 

on this occasion there is a maximum at the rather lower height of 10 kft. 

6 June. Here the precipitation is in a broad E-W band at a cold front to 

the S of Montreal. It is drifting from the NW at 20 knots. As the front 

passed Montreal three hours earlier a narrow line of cella moved obliquely 

over the city, with a very small oomponent of motion normal to the line •. 

Rainfall amounted to 50 ~~ in lesa than 2 hours, including a 5min burst at 

130 mm hr-1• Uafortunately, attenuation was so severe that no useful radar 

observations were possible at that time. However, after a period in which 

there was no maximum in the flux aloft, one developed at 10 kft at 1700 EST. 



1 August. Shower areas are drifting with a local depression at 15 knots 

from the SW. The precipitation pattern is uniform up to 10 kft, but then 

the. amount and intensity of precipitation decrease with height, with tops 

just over 30 kft. There ia a maximum in the flux at about 8 kft. 
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30 June. The significant precipitation on this occasion is occurring at 

a well-defined stationar,y front to the N of Montreal. The area is driftir~ 

along the front from the W at 25 knots. Whereas all previous cases have 

occurred before 1ano EST and convection has been from the surface, in this 

and the following cases the convection is in the upper levels after 1800 EST. 

In this particular case convective instability is realized between 11 and 

36 kft. The upper height is given by the echo tops, and the lower height 

csn then be deduced from the tephigram. This 1ower height is beautifully 

confirmed by a study of the profiles, which show steady growth from the 

top almoat dawn to this height and no growth below it. There is actually 

a slight maximum in the flux at about 13 kft, 2 kft above the condensation 

level. On this occasion there were also prominent plumes at 20 kft. 

20 August. This is a similar situation, with an ares of precipitation 

to the N drifting. with a well-defined cold front at 25 knots from the Nw. 

Again convection is produced by the realization of convective instability, 

this time between 3 and 31 kft. There are no plumes on this occasion and 
' 

the precipitation decrasses steadily in area and intensity above 10 kft. 

The flux profiles are rather suggestive of a maximum at about 5 kft, 1 kft 

above the condensation level. This is very similar to the height of the 

maximum on 30 June. 

13 August 1962. Precipitation in a NE-SW band about lOO n mi ahead of a 

cold front is drifting from the W at 30 knots. Convective instability 

is realized between 5 and 27 kft. There is apparently no upper maximum 

in flux, though it•is interesting to note that there is still an upper 

maximum in the rate of growth. 
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8 June. On this occasion there is an area of cellular precipitation to 

the N. It seems to be due to èonvective instability which is realized as 

rather moist air is lifted in the region between warm and cold fronts. 

The pattern was moving at 35 knots from the NW. Like 13 August, there is 

no upper maximum in the flux. In contrast to that occasion, however, 

there is now no upper maximum in the rate of growth. 

Now that the main characteristics of a wide variety of situations have 

been discussed, the pattern that has emerged can be studied. The most 

notable feature is undoubtedly the existence of a maximum in the flux at a 

height which depends on the amount of available energy. This relation has 

been put into graphical form in Fig. ;.6, which shows the height of the 

maximum above the convective condensation level (from the tephigr~n) as a 

function of the maximum amount of energy available to a buoyant parcel. 

It is indeed a striking relation: roughly, 1 j g-1 is required to produce 

a maximum at all, and thereafter each additional j g-1 lifts the maximum 

10 kft. Even the single exception of July 22 is of some interest, and 

will be discussed later. 

Such a striking relation strongly invites an explanation. Some insight 

into the possible explanation can be obtained by looking closely at the 

observed features of the maximum in flux in the light of other research on 

shower structure, and this will be done later in this chapter. At the 

same time it will be found that profile observations reinforce this other 

re se arch. 

Returning to the profiles in Fige. 3.2 to 3.5, it can be seen that . 
there is frequently a maximum in the total area near the level of maximum 

flux. It generally lies a few tho~sand feet above the maximum flux, but 

can be as much as 10 kft above or 2 kft below. There is little correlation 



between the height of this maximum area and the available enerey. 

There is an erratic tendency for the value of the flux at the maxirawn 

to decrease with decreasing available energy from an average rainfall rate 

of 0.65 mm hr-1 to 0.1 mm hr-1• The value of the flux at 5 kft does not 

show any dependance on available energy, although the way in which its 

-1 average of 0.2 mm hr arises is somewhat dependent on the energy. In 

severe storms it m~ be the product of 5% coverage at 4 mm hr-1, in weak 

storms 1~ at 1.3 mm hr-1. The ratio of the maximum flux to that at 5 kft 

was also studied, and it decreased erratically with decreasing energy from 

about 2.7 to 1.0. However, none of these other relations is as striking as 

that between the height of the maximum flux and the available energy. 

•· 3.2 Case Studies of Shower Situations 

The main features of various shower situations have now been studied. 

Before discussing the implications of these features, the four uost severe 

storms will be looked at more closely. In Figs. ;.7 to ;.11 profiles 

of area and flux have been drawn every 22.5 minutes throughout the most 

interesting periods of the storms. CAPPI maps are given at several 

heights every 45 minutes. Upper maxima are evident in al1 cases, and 

attention will be directed particularly to the trends.these maxima show· 

with time. 

It should be noted that the CAPPI maps and profile data at the varions 

heights are not quite simultaneous. Data are acquired successively at 

5, 10, 15, 20, 30 and 40 kft and it takes 3.75 minutes to record each 

height. The times given are those at the beginning of the sequence 

when the 5-kft data are being recorded, and are all EST. 



In analysing the trends of the maxima it was found helpful to plct 

the data at points in a grid with coordinates of time and heieht. The 

contours on this diagram quickly showed up maxima and their trends, even 

where the maxima lay between the points of the grid. Such an analysis is 

particularly necessary when the maximum lies between two grid points 

10 kft apart in height. It was used in preparing all the following profiles • 

• 
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2 Julr. The profiles of this day, the most exciting of the 1963 season, 

have already received some attention at the beginning of section }.1. 

Here, two sequences of profiles and maps are presented in Fige. 3.7 and 3.8. 

A line of showers oriented NE-SW moved into the region from the lN, with 

individuel cella moving from the W at ;5 knots. It dissipated as it 

passed over the St Lawrence Valley, reforming again to the SE. The 

first sequence is during the approach of the line, the second during its 

departure, and it will be seen that the two sequences of profiles are 

remarkably similar. 

The first sequence starts about 90 min after the line had formed, and 

after the line had moved within the 80 n mi limit of the sampling ares. 

Most of the overall inoreases in ares and flux at the beginning are due to 

the fact that the line is moving into the region. Thus the total flux at 

5 kft increases from an amount equivalent to o.o; mm hr-1 over the whole 

ares at 1219 to 0.17 mm hr-1 at 1332, while the average rate over the area 

of precipitation remains constant at about 2.5 mm hr-1• However, provided 

a sufficient area is within the sampling region the variations with height 

are still significant, and it happens that it is the changes in the vertical 

pattern that are especially interesting. 

The maximum in flux characteristic of shower situations is quite 

apparent. It has probably just become established at 30 kft at 1219. 

Having formed, it stesdily descends as the sequence progresses, re~ching 

15 kft soon after 1440. The maximum then dissipates rapid1y, but the 

observations are beginning to suffer seriously from attenuation losses 

(most evident in thEl 20 and ;O-kft CAPPI maps), and one cannot be too 

confident of measurements at this time. The line certainly weakened as 

it passed over the radar and the St Lawrence Valley, giving very small 
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rain!'all rates. Immediately prior to dissipating, at the time the maximum 

reached 15 kft, raingauges beneath the line recorded rainfall amounts two 

or three times those recorded previously. It is interesting, and perhaps 

significant, to note that the melting level was at 14 kft. 

The second sequence begins with the reformation of the line. The 

line is much lesa clearly defined now, but it can be seen at 1717 and 

subsequently. At 1632, a prominent maximum in flux has developed, again 

at ~0 kft. It is probably due to the new groups of cella which have 

developed about 30 n mi S and 70 n mi E of the radar and are seen in the 

30-kft CAPPI map. At this time there is ver,y little light plume echo 

around these new cella, but this has appeared 45 min later. Meanwhile the 

maximum in flux has descended to 23 kft, and as before continues to descend, 

reaching 15 kft just before 1847• As it reaches 15 kft it again dissipates 

rapidly. Because the precipitation is in severa1 groups rather than the 
-

we11-defined line it assumed during its approach, it is not readily possible 

to tell whether an intensification of rain occurred at the ground at this 

time. There is a need to study the individuel groups of showers separately 

in cases 1ike this. 

In both sequences, the maximum in flux descended from 30 kft to 15 kft 

in a little over two hours, at about llO ft min-1 ·(o.6 m sec-1). This 

period is almost certainly considerably in excess of the lifetime of any 

of the component cella in the lina. 

Although the ares profiles have been somewhat neglected in this 

discussion they are also interesting. The maximum in area, like the flux 

maximum, forma at ~0 kft. But, in the first sequence, it remains at about 

the same height. During the second àequence it descends rather slowly from 

30 kft to 20 kft at about half the rate of desoent of the flux maxi1u.um. 
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18 July. On this day scattered groups of showers were 111oving from. the W at 

;o knots. At 1203, two groups of showers which had for111ed 90 uin earlier 

are 70 n mi to the W and S, and have just developed plumes at 30 kft. 

There is a slight maximum in the total flux at 15 kft. This persists as 

the two groups of showers develop, eventually descends slowly and then app-

arently lingera at 10 kft before finally disappearing after 1353· he an-

while, by 1333, new groups have formed about 40 n mi to the lfW and the flux 

profile is apparently forming a second maximum at 20 kft. At 1415 this 

second maximum has descended to 15 kft, just above the melting level. A 

few minutes later, at 1430, the rather small group of cella 25 n mi to the 

NW produced the season 1s only reported tornado. A slight maximum is 

present at 10 kft after this time, eventually disappearing after 1500. 

It is not known how much of the maximum at 15 kft just prior to the 

tornado is due to the particular group of cella which produced the tornade, 

but an unusually large proportion of it was due. to a small area of very 

intense preoipi tation. In fac't, 18 July was the only day of showers when 

precipitation vith an equivalent reflectivity greater than 3 x 105 mm6 m-3 

(200 mm hr-1 , attenuation cor;ected) was detected, and the pre-tornado 

maximum included the greatest observed &~ount of such intense precipitation. 

The 0.05,% (10 n m12) area accounted for almost 40fo of the total flux. It 

is remarkable that, with precipitation covering about 1700 n mi2 , 40% of the 

total can be contained in 10 n mi2. Considering that the density of rain­

gauges is rarely much better than one per lOOn mi2, this is an eloquent 

reminder of the value of radar as a tool in precipitation measurements. 

The major maximum in flux descended from 20 to 15 kft in 40 min at 

125ft min-1 (0.7 ~ sec-1 ), and possibly continued down to 10 kft at the 

same rate. The maximum in area formed at ;o kft as on 2 July, descended 

to 15 kft in } hours at 80 ft min-1 and then dissipated. 
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29 June. On this day an ares of shower aotivity bas developed over the 

Adirondaok Mountains to the s. It will be sean that although there are 

upper maxima in flux, it is more difficult to follow their trends than in 

the previous two cases. The first cells were detected at about 1130 with 

maximum flux at l' kft. The maximum steadily ascended until it was at 

20 kft at 1220. At the time of the first CAPPI maps (1242), there is a 

compact ares of cella 50 n mi SSE, and the '0-kft map shows the first signs 

of the formation of a plume. The flux maximum bas descended to 15 kft, 

remains there for 45 min, and then dissipates. At 1412, a maximum bas 

formed at 20 kft, and this seems to coincide with the deve1opment of new 

cella at the N edge of the shower ares. This maximum descends quickly, 

reaches 10 kft by 1457 and dissipates. Yet another maximum has formed at 

20 kft at 1542, this time coincident with the formation of new cells 

60 n mi to the E. A particular1y intense member of this group is clearly 

seen on the 'O..kft CAPPI map 60 n mi to the ESE. This waximum again 

quickly descends to 10 kft and dissipates. 

On this occasion, at least three maxima were observed to descend from 

20 kft, though they were quite difficult to follow. This is probably 

because they descended much more quickly than in previous cases. Twice, 

the rate of descent appeared to be about 220ft min-1 (1.2 m sec-1). 

Although plume echo formed at '0 kft,. and the total ares at 30 kit 

was double that at 5 kft by 1350, it was not as prominent as in the two 

previous cases. 
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27 June. Numarous groups of showers are forming and moving from the NW 

at 35 knots. At 1147 a compact group with a considerable amount of plume 

echo is located to the SE. By 1210 a maximum in flux has developed a 

little below 20 kft, and subsaquently this appears to descend quickly to 

10 kft at 1255 before dissipating. At this tima wind gusts strong enough 

to uproot trees, heavy rain and hail were associated with the group 60 n mi 

to the SE. It may be noted that the melting level was at 11 kft. The 

rate of descent of the maximum was about 220ft min-1 (1.2 m sec-1). 

By 1317 a new group has formed to the N, and there is a suggestion of 

a naximum just be1ow 20 kft. In the next profile this has descended to 

15 kft. Later, this group gave a maximum which persisted at 10 kft for 

almost an hour. 

The general pattern that has emerged from these case studies is the 

formation of maxima in flux at a height characteristic of the day, and 

their subsequent descent. It is this characteristic height which has 

already been related to the maximum amount of energy available to a buoy-

ant paroel (Fig. ;.6). The well-organized 1ine of showers of 2 July 

produced prominent maxima which descended s1ow1y to the me1ting 1eve1 and 

there dissipated. In the other cases showers developed in separate groups 

and, since each group can apparent1y produce its own maximum, the pattern 

was much more confused. There is some evidence that severe conditions at 

the surface occur as a maximum reaches the melting leve1. However, this 

evidence is much weakened by the lack of separate sets of profiles for 

each group. • 
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3·3 The Nature of the Maximum in Flux. 

It is appropriate to begin a study of the nature of the maxi~um in 

flux with a look at the proportions contributed by rainfall of each int-

ensity, as shown in Fig. ;.12. The cases shown are those with the highest 

maxima, and they are arranged in order of decreasing height of maximu~ in 

each of the two consecutive columns. For each case, histograms of precip-

itation area appear at the left, while histograms of flux are at the right. 

The intervals of rainfall rate for which the histograms have been prepared 

are shown at the bottom (all values are attenuation-corrected). Looking 

first at areas, they almost invariably decrasse with increasing intensity. 

The only exception is 29 June, for which the areas in the first two inter-

vals are about the same. FUrther, in all cases but 29 June, the ares in 

the first interval forma at least 5Q% of the total area, with an average 

of about 6Q%. Turning from areas to fluxes, it can be seen that the 

contributionsjo the total flux from the first interval are quite s~all, 

and in fact they average about 1~. Thus, the large anount of light 

plume echo which is often present near the height of the maximum flux 

generally contributes only insignificant amounts to it. 

There is considerable variation from case to case in the distributions 

of flux with intensity, but a few features are worth comment. It has just 

been pointed out that the contribution to the total from the light rain lesa 

than 0.8 mm ~1 is quite small. The same is usually true for the heavy 

-1 rain greater than 50 mm hr • There are significant amounts of heavy rain 

in the first three cases, but in only one of the other nine was there any. 

In a general way, ·about ao% of the total flux lies between 0.8 and 50 mm hr-l, 

the remainder being contributed mainly by heavy rain when the maximum is 

high, and mainly by light rain when it is low. The median rainfall rate, 
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or the rate which divides the flux into equal portions, decreases rather 

erratically with deoreasing height of maximum from 12 mm hr-1 to 2 ~ hr-1• 

These faots all suggest that the maximum in flux is largely determined 

by the ares and intensity of the moderate rainfall. This suggestion is 

oonfirmed by looking at the difference between the maximum flux and that 

5 kft below. Fig. 3.13 shows how'this difference is distributed with rain-

fal1 rate. In most cases the excess flux at the maximum over that below 

is made up of exoesses in all the individuel intensities, although there 

are occasions in which there are deficits in some intensities. Notably, 

there were deficits in the interva1 12.5-50 mm hr-1 on 18 July and 17 June. 

However, there is always a net excess for the interval 0.8-50 mm hr-1 , and 

in a majority of cases it forma more than half the total excess. 

It is particularly necessary to draw attention to the importance of the 

moderate rain. The greatest total flux normally occurs together with the 

greatest intensity, but an explanation of the greatest intensity is not 

sufficient explanation for the existence of the maximum in total flux. 

There is one other point to make. Evaporation of falling precipitation 

is probably not a major factor in producing the maxiQUm in flux. This 

may be inferred from the fact that the moderate precipitation at the 

height of the maximum ocoupies only 40% of the total area of rain, being 

vell proteo~ed by the surrounding light rain both at that height and 

5 kft below. 

3.4 Profiles of Individuel Showers. 

The existence of a maximum aloft' in profiles of all the precipitation 
• 

over an ares oan only be understood in the ligbt of the characteristics 

of the component cella. The structure of individual cella cen be studied 

on the MoGill grey-ecale CAPPI maps, but this bas not yet been done. 



Accordingly, this section contains a review of other etudies of shower 

structure. These can then be used to throw light on profiles of the total 

:precipitation. 

l<Iarshall et al. (1947), in describing shower structure as observed by 

radar, su.spected the accumulation of great quantities of rain aloft in the 

strong vertical air cu.rrents. This was soon confirmed by Langille and Gunn 

(1948), who presented vertical cross-sections through showers. They found 

that precipitation often accumu.lated aloft in showers, and they also noted 

frequent subsequent descent of auch accumulations. The detailed pattern 

was observed to change rapidly, and on one occasion an accumulation was 

observed to descend at 1000 ft min-1• Boven (1950) observed similar 

accumulations aloft, and gave a reasonable explanation for them in terms of 

the trajectories of growing precipitation partiales in updraughts. Later, 

Battan (1953a, 1953b) made an extensive study of the initiation and growth 

ot precipitation in show~r cella, and observed that precipitation in isol­

ated Ohio cella was generally initiated between 8 and 16 kft. This 

observation, and others similar, stimulated East (1957) to provide an 

explanation. This was done in a full treatment of the growth of raindrops 

in cloud updraughts, along the lines of, but more realistic than, Bowen (1950). 

Most of the observations up to this time were of fairly modeat sto~s, 

and there was considerable excitement over observations of severe storms by 

Donaldson (1958, 1959, 196lb). An accumulation aloft was commonly observed 

st the core of a severe thunderstorm, and on one occasion reached the almost 

unbelievable radar rainfall rate of 3800 mm hr-1 at a height of 22 kft. 

Donaldson found that a high and intense maximum in radar reflectivity was 

present in the most severe thunderstorms, and that the height and intensity 

declined as a function of the decreasing severity of the storms. Various 
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possible explanations of the strong reflectivity maximum ~ere considered 

auch as the storage of precipitation aloft during growth, the presence of 

strongly reflecting large dry bail, evaporation belo~ the maxi~m, and 

severe attenuation lesees at the lower levels (the observations were at 

3~cm wavelength). Of these the atorage of precipitation aloft, either 

in the form of bail or rain, was oonsidered to be the most likely explan~ 

tion. 

Computations of the precipitation development in a model convective 

cell by Kessler (1961) bear this out. Vertical profiles of the total 

precipitation in the cell were oomputed for various updraught speeds, and 

some of these are shown in Fig. ;.14. For the stronger updraughts they 

show large accumulations of precipitation aloft. The nature of the wind 

field adopted for the model convective cell is indicated by the streamlines 

in the picture at the top. The profiles were obtained by starting with a 

just-saturated cèll and studying the subsequent development of precipitation 

within it. Profiles are shown for various values of the ratio: precip-

itation fall speed/maximum updraught speed. The third profile, for example, 

is for a situation in which they are equal, and shows a pronounced accum-

ulation near the height where they are equal. The profiles for which the 

maximum updraught ~peed exceeds the fall speed show similar accumulations 

which become higher and more intense with increasing updraught speed. 

There is even a slight maximum aloft in the total precipitation for cases 

in whioh the updraught speed is lees than the fall speed. 

It can be seen that Kessler's profiles bear a considerable resemblanoe 

to those observed in the present work. Further, just as the observed 

maxima appear at a height which increases with inoreasing available energy 

of buoyancy, so the height of the maxima in Kessler's model inoreases with 
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the ~pdraught speed. But, the present profiles are for the total radar 

coverage, and the total precipitation is generally composed of many celle 

at different stages of development. Kessler's calc~lations have not been 

carried o~t with ~pdraught speeds which vary with time, as they wo~ld 

d~ring the lifetime of a real cell. In any case, witho~t a knowledge of the 

w~ in which they do vary in nat~re, it ie not possible to ~se the model in 

calc~lating the overall effect on profiles of the total precipitation in 

many celle. 

However, there are available several radar st~dies of the development 

of precipitation thro~gh~t the lifetime of single shower celle. Runnels 

et al. (1963a, 1963b) have studied two isolated th~nderstorm celle in Texas. 

They presented values of the liquid water concentration at the cores every 

few min~tes thro~gho~t the lifetime of the cella. Profiles of these 

core concentrations have been drawn at the top of Fig. 3.15. Those in the 

top row are at 8-minute intervals during the life of the most intense cell 

observed that day, and those in the second row are sim~ltaneous profiles 

for another cell more than lOO miles distant. In both cases, pronounced 

maxima develop aloft and are maintained at a fairly constant height for at 

leest two-thirds of the cell's lifetime, finally dissipating quite quickly. 

Conseq~ently, prominent maxima appear in the mean profiles for the peri~d, 

~shown at the ends of the rows. For both cella the maximum in the mean 

lies a little above 15 kft. 

Although there are rapid variations in the detailed pattern, the 

overall pattern of development and decay of each cell is quite similar. 

In ia interesting,•therefore, to take the mean of the profiles of the 

two celle at each time, and this has been done in the bottom row. The 

maximum in these mean profiles mostly lies between 15 and 20 kft, and it 
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varies much more slowly with time than do the maxima in the individual 

cella. The overall mean profile for both cella for the whole period is 

shown at the bottom right, and it has a definite maximum at about 17 kft. 

The profiles just shown are of the liquid water concentration at the 

cores of cella, whereas this work is concerned with profiles of the total 

precipitation. However, for an individual cell, the maximu~ concentration 

should be a fair indicator of the total precipitation. Certainly, a 

maximum at the core generally accompanies a maximum in the total and, at 

least qualitatively, profiles of total precipitation may be expected to 

resemble core profiles. The Texas study shows that a maximum in the total 

precipitation at a fairly constant height is auch a dominant feature in 

the life of a cell that a maximum appears in the mean profile. Thus, many 

different cella at various stages of development can be expected to produce 

a similar maximum aloft in the aggregate profile. It is interesting that 

the two widely se'parated cella observed in Texas showed parallel and 

simultaneous development, but this is not necessary for a maximum to appear 

in the aggregate profile. The maximum in each cell was maintained above 

15 kft for at leaet 40 min. If at least one new cell developed every 

;o min or so, a maximum would be maintained aloft in the aggregate indefin-

itely. 

In summary, calculations by Kessler (1961) predict the existence of a 

maximum aloft in the total precipitation within single convective cells. 

Its height and value increase with increasing updraught speed. Nu:nerous 

observations confirm the existence of auch a maximum. In particular, 

observations by Runnels et al. {1963a, 196;b) show that it is sufficiently 

intense and persistent to dominate in profiles of an aggregate of cells. 

,Therefore, it is not surprising that a relation exista between the height of 
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the maximum in flux characteristic of profiles in shower situations and 

the total available energy of convection. 

'·5 Relation of Height of Maximum in Flux to Available Energy 

Before attempting to discuss the relation between the height of the 
. 

maximum in flux and the available energy, there are a few further observ-

ations to make. The relation, which was first seen in Fig. ;.6, has been 

re-plotted in Fig. 3.16 together with additional data. Again the abcissa 

is the maximum energy available to a buoyant parcel and the ordinates are 

heights above the convective condensation level. For each case, the spot 

representa the height of the maximum flux, and ia annotated with the 

temperature of a buoyant parcel there. Although there were not many cases 

in which this temperature was well below OC, the relation does not appear to 

be sensitive to the position of the maximum with respect to the OC level. 

Turning attentio~ to the crosses, these show the depth of cofivection between 

the condensation level and the level of hydrostatic equilibrium. This 

level of equilibrium increases with increasing height of maximum flux, but 

is limi ted by the tropopause to a maximum of 37 kft. . The sc ale at the top 

of Fig. ;.16 gives the energy of the positive area on the tephigram directly 

in units of height (kft) x temperature difference (deg c). For example, 

on a day with maximum flux at 11 kft and convection depth ;6 kft, the 

positive area was 165 {deg C.kft), and hencè the mean temperature differ­

ence throughout the convection depth was about 165/;6 = 4.60. 

One striking point about Fig. 3.16 is that a minimum of 0.8 j g-1 is 

required to produce any maximum at all • Kessler's (1961) calculations 
• 

show that the very modest updraught of about 1 m sec-1 would produce a 

maximum at 8 kft. A i m sec-1 updraught requires 5 x lo-4 j g-1 energy 



and, although 0.8 j g-1 representa the total positive ares rather than 

that up to the level of the maximum, the discrepancy is enormous. Thus, 

one wenders what factor could have been left out of the elementary parcel 

theory that led to Fig. ~.16. Marshall (1961) has impressively demonstrated 

the tremendous damping effect that large rain concentrations could have on 

updraughts. However, it has been emphasized that the maxima in flux are 

largely due to the moderate rain lesa than about 50 mm hr-1 , in which case 

the effective losa of buoyancy from precipitation would not amount to more 

than 1 deg c. But there is another load that every buoyant parcel must 

bear, and that is the cloud water. Since parcels may enter the cloud base 

with as much as 15 g kg-l vspour, and 4 g kg-l produces an effective loss 

of buoyancy of about 1 deg c, it can be seen that losses due to cloud 

loading may amount to almost 4 deg C. In the cases presented in Fig. 3.16 

the effective losa almost invariably exceeded 2 deg C at 20 kft. 

The effect of cloud loading is particularly devastating where the 

instability is small. In two cases, the parcel buoyancy of about 2 deg C 

was equalled (or even exceeded!) by the cloud loading.. These were cases 

in which convective instability was realized by lifting a moist sir maas, 

and it is especislly in auch cases that the near balance of the two quant-

itiea is of great significance. Even on the occasion of greatest buoyancy, 

when the cloud loading had its leest effect, it was equivalent to one third 

of the total positive ares. The attractive feature of including the cloud 

loading effect in parcel theory is thst it is quite intrinsic. Cloud 

loading and buoyancy are inseparable, and even if a parcel sheds some of its 

cloud load it rema'1ns to be borne by succeeding parcels. Accordingly the 

cloud loading effect has been calculated for all the cases in Fig. 3.16, and 

subtracted from the total available energy to give what has been termed the 
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net energy. Fig. ;.17 shows the height of the maximum flux as a function 

of this net energy. The points scatter more than previously, but they now 

lie on a line that goes through the origin. The new relation has been 

displaced from the original relation (the broken line in Fig. 3.17) by the 

amount of the cloud loading,· and since the cloud loading is a fairly con-

stant term the lines have ne arly the same slope. Fig. ;.17 is justifie-

ation for including a cloud loading term, even if only as an empirical 

correction. 

So far, a relation has been demonstrated between the height of the 

maximum in flux and the positive ares on a tephigram. Calculations by 

Kessler (1961) show that a model cell produces. an accumulation of precip-

itation at a height whioh depends on the updraught apeed. The observations 

of core profiles by Runnels et al (196;) were presented in the last section 

as evidence that an accumulation seen in a profile of the total precipit­

ation arises from accumulations in one or severa! cella. Thus it is 

natural to try and relate the presently observed energy-dependent maxima to 

Kessler's updraught-dependent maxima, and thereby obtain an estimate of the 

updraught speed as a function of the available energy. 

The profiles of the precipitation produced in Kessler's model have been 

shown in Fig. 3.14. To compare them with the present study, a cell wit.h 

height H = 35 kft, and precipitation falling at 10 m sec-1 were chosen. 

Thus the first five profiles in Fig. ;.14 are respectively representative 

of maximum updraughts of 2.5, 5, 10, 20, and 40 m sec-1• The mean updraught 

·speed, averaged over the entire left half of the cell and 9Q% of the depth 

of the cell, is about half the maximum updraught. It is this mean updraught 

apeed which has been related to the height of the maximum in Fig. 3.18. It 

can be seen that a mean updraught of 1 m seo-1 produces a maximum at 8 kft, 
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5 m sec-1 at 18 kft and 10 m sec~ 1 at 2~ kft. To lift maxima higher 

than this requires a considerable increase in updraught speed, so that an 

extra 10 m sec-1 only lifts it another 3 kft to 26 kft. 

In Kessler's (1961) model the cloud phase is omitted, and condensation 

immediately produces precipitation of constant fall speed. This defect 

has been·remedied in later work (e.g. Kessler, 1964), but the more realistic 

modela still produce very similar resulta. There is also an independant 

check available from work by East (1957), who was predominantly concerned 

with the micropqysical processes in precipitation. East calculated the 

trajector,y of a droplet growing in a 3 m sec-1 updraught, and showed that 

it would first be detected by radar about 11 kft above cloud base, a 

figure in keeping with Qbservation. The ca1cu1ations went on to show that 

the droplet reached the top of its traj~ctory at 1) kft and had reached the 

maximum stable aize of 4·5 mn diameter at 9 kft. Thua, in the early stages 

of development, one would expect a maximum concentration of water near the 

level of first detection. The observations of Runnels et al. (1963) show 

that the maximum concentration indeed develops at about the same height that 

precipitation is first detected by radar (when that leval is about 15 kft 

above cloud base, anyway). Data given by East enable one to calculate the 

level of detection in updraughts ranging from l to 10 m sec-1 , and these 

have been plotted in Fig. ).18. 

The agreement between East and Kessler is surprisingly good, auggesting 

that the kinematical effects and the microphysical processes in a convective 

ce11 both conspire to produce ~ maximum concentration at about the same 

level. When the ~aximum flux is between 15 and 20 kft, the mean updraughts 
. 1 

range from.5 to 10 m sec- , which are entire1y consistent with values 

observed in thunderstorms (::Byers and Braham, 1949). The occasional reporta 



-1 1 of mean updraughts exoeeding 15 m seo are also consistent with occasions 

observations of maxima more than 20 kft above the condensation level. 

There is resson for believing that in.the case of weak updraughts, the 

level of maximum concentration would fall below the level of initial radbr 

detection of precipitation. Thus the updraughts which oan maintain à 

maximum in flux at 1 kft are probably somewhat greater than the 1 m sec-1 

given by the graphe. Otherwise, the updraughta in Fig. ~.18 are believed 

to be quite reasonable. 

Now that the updraught speed has been related to the height of the 

maximum flux, it is possible to go the one stage further and relate it to 

the net available energy of convection. Fig. ~.17 gave the observed 

relation between the height of the maximum in flux and the net energy, or 

the energy of the positive ares less the cloud loading affect. A scale of 

net energy can thus be added alongside the scale of height of maximum in 

Fig. 3.18, and this has been done at the top. A tephigram could now be 

used to estimate the mean updraught speeds on a given occasion. 

The faot that it bas been possible to relate an updraught speed to 

tephigram-derived energy raises the interesting point of the significance 

of the energy of the positive ares. Although there are fairly sucoessful 

hail-size forecssting techniques (Foster and Batee, 1956} whioh are based 

·On a literal interpretation of positive ares in terms of updraught speeds, 

it is generally regarded as a rather crude measure of instability. Its 

significance probably depends a great deal on the oharaoteristics of the 

systems it is used to explain. Almost all the storms in the present 

study could be aooDunted for quite reasonably by convection from the 

surface, apd it is in suoh storms that positive ares is most meaningful. 

Browning and ~dlam (1962) have produoed a beautiful detailed analysis of 
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a severe travelling storm which could not be accounted for in this way. 

They considered that both the descent of potentielly cold air and the 

updraughts produced by the upwerd deflection of low leval horizontal winds 

were major factors. However, the sev~re trav.elling storm is probably a 

much more complex system than the majority of thunderstorms. The sucee as, 

of the present stuQy in using positive area is reelly the best evidence 

thet the storms studied were relatively simple. 

Even if a storm is the s~ple product of convection from the surface 

it is difficult to interpret the positive ares rigorously. Elementary 

parcel theory shows that the energy of the positive area is the kinetic 

energy acquired by a parcel in its buoyant ascent to the top of the storm. 

But it would be interesting to kn:ow what affect energy evailable at the top 

ot the storm bas on the circulation much lower in the storm. Fig. ;.19 is 

strongly suggestive of.the fact that it bas a considerable effect. It 

shows a plot of the height of the maximum flux in the sixteen shower cases 

against the amount of energy available only up to 20 kft (that is, positive 

ares below 20 kft). The relation is much weaker than in the similar plot 

of height against the total energy available throughout the depth of con-

vection, Fig. ;.16. Even though all but one of the maxima lie below 

20 kft, the energy available above 20 kft apparently bas a strong influence 

on them. On a similar basie, the energy available above ;o kft also has 

soma effect, though a much smaller one, on the circulation at lower levels. 

Since it is apparently the total energy which determines the general 

intensity of convection, it is reasonable to compare it with the actuel 

energy of the updraughts. Returning to Fig. ;.18, a ecale showing the 

kinetic energy of the updraught bas been added at the right sidè. With 

net energr of 0.5 j a·1 the maximum forma at 5 kft in an updraught of about 
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-4 -1 and the kinetic energy of auch an updraught is 5 x 10 j g 

This is a fraction 10-~ of the net energy. As the net energy increases 

this fraction increases, so thst for a·net energy of 1.8 j g-1 it is 10-2 

and, extrapolsting a little, for 2.7 j g-1 it is 10-1• The kinetic 

energy of the updraught is roughly proportions! to the fourth power of the 

net energy. Or to put in snother wsy, the mean updraught speed is given by 

the square of the net energy rather thsn the square-root suggested by simple 

theory. In a review of hubble theory, aufm Kampe and Weickman (1957) 

show that the limiting upward velocity of a bubble is proportional to the 

square root of its temperature difference from the environment, and cite 

measurements of the rate of riss of cumulonimbus tops in confirmation. 

The present work in4icatee that the mean up4raught velocity is proportional 

to the square of the temperature difference. Although bubbles emerging 

from the tops of cumulonimbus are certainly different from mean updraughts 

at the lower levels, the fourth power discrepancy is rather substantiel. 

It would certainly be nice to reconcile this difference. 

It should perhaps be emphasized thst the updraughts just considered 

are mean updraughts. There are undoubtedly cores with updraught speeds 

several times the mean. Donaldson (196lb) has given median profiles of 

core reflectivities for different categories of storm severity. It is 

possible to estimate from his data that profiles with a maximum intensity 

1; kft above cloud base would just be capable of producing ~ in diameter 

bail. Assuming that Donaldson's core profiles of New England storms csn 

be compared with the data of the present study, and that the hail was 

prpduced in an updràught comparable to its fall speed, speeds of at leest 

20 m sec·1 would be present on occasions with net energy of 1~3 j g-1 • 

The mean updraught in these circumstances would not be more than about 

4 m sec-1• 



Enough hss been said to indicate that precipitation profiles probably 

can contribute to a more complete understanding of the way in which shower 

structure is determined by the conditions of instability in the atmosphere. 

The few calculstions that have been made in this section are just a begin. 

ning. 

;.6 Shower Structure from Profiles 

In the preceding sections, updraught speeds in convective storms 

have been related to the energy of buoyancy which produces them. This was 

done by studying precipitation profiles in the light of other research into 

shower structure. It must be remembered that the resulting relations have 

been derived only for the initial stages of a convective storm. There are 

several ressons for this. For one thing, the instant in a storm for which 

a representative profile was chosen was the instant when a maximum in flux 

had just develop~d at the greatest height observed on that day. These 

maxima had almost always only just formed, and so the profiles are repres­

entative of the initial stages of a storm. Since it is conceivable that 

storms modify their surroundings during their development, the upper air 

soundings with which the profiles were compared were also probably more 

relevant to the initial stages. Finally, East•s (1957) calculationa were 

devoted to explaining the formation of the initial radar echo from a 

developing storm, rather than any accumulation during a storm. 

Nevertheless, there is resson to hope that the height of the maximum 

flux continues to indicate the general level of convection throughout the 

life of a convective storm. The line of showers of 2 July twice produced 

maxima, esch of which took over two hours to descend from ;o to 15 kft. 

This period is surely much grester thsn the lifetime of any of the individ-

ual cella. In fact, one picturea series of cella auch as those observed 
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by Runnels et al. (196~), each producing a maximum throughout the initial 

. two-thirds of its lifetime, but with the maxima successively foro::1ing at ever 

lower heighta. If this is the case, then the height of the aggregate 

maximum still indicates the general intensity of convective aotivity. 

There is even resson for thinking that the height of the maximum in 

an individual cell also continues to depend on the updraught speed through­

out the life of the cell. Kessler•s (1961) model maxima remain at about 

the same height throughout their formation and development in a constant 

updraught. If the updraught were changed, the trajectories of the precip~ 

itation partioles would change and the maximum concentration would vary in 

response. 

If the height of the maximum in the profiles does continue to depend 

on the updraught speed and the availaole energy, then it is a most valuable 

monitor of these ~uantities during the life of a storm. lt is interesting 

to look at the profiles in these terme. In Fig. ~.20, the heights of the 

maxima in flux have been plotted as they vary in time. The data were taken 

from the sets of profiles presented in section ~.2, and are for the three 

most intense storms of the season. A ecale against which to measure the 

net energy of a storm system has been taken from Fig. }.17 and added at the 

right aide of the diagram. 

Perhaps a few words should be said about the term "system". In the 

case of 2 July, the line of showers was most uniform in character along its 

150-mile length. An examination of the radar maps suggests that the 

profiles for any short segment of the line would have been similar to those 

for ~ other. It seems reaaonable to think of the whole line as a system. 

In the other cases the system was more difficult to identify, but it was 

most likely a group of showers. Such a group might typically be contained 



wi thin an are a of 1000 mi 2, and there might simul tane.ously be sever al such 

relatively independant groups. The frequent maxima of 18 July and espec­

ially 29 June (Fig. 3.20) which seemed to be associated with separate 

groups rather support this view. However, it does need some confirmation, 

and this would requiro profiles of individuel groups. 

Returning to Fig. 3.20, 2 July will be singled out to show the value pf 

profiles in the analysis of convective storms. Both maxima formed when 

-1 i the system bad net energy of 2.4 j g • The spots on the trajector es 

1 -1 are every 2 kft or 0.2 j g- • Since the maxima descended at 6.5 kft hr 

6 -1 -1 the net energy was decreasing at O. 5 j g hr • The net energy is made 

up of the total energy of the positive ares less the cloud loading affect. 

Thus either the energy of the positive ares was decreasing or the cloud 

(and precipitation) loading was increasing, or both were occurring. 

The positive area can be reduced either by a decrasse in the potential 

wet-bulb temperature of ascending paroels, or by an increase in the environ-

ment temperature by subsidence. Calculations show that the observed rate 

of decline of the net energy can be accounted for by a surface potentiel 

wet-bulb temperature (Sw) decrease at the rate of 0.8 deg C hr-1• The 

system formed at about 1200 EST in a region where aw = 24.50, and the 

observations would be accounted for by 6w : 22•5C in the region where it 

dissipated st 1500 EST. The Montreal region is unfortunately rather 

sparsely covered with meteorological stations, and it is only with great 

hesitation that one draws conclusions which properly require a meso-meteor-

ological network. Nevertheless, the available evidence suggests that ew 

was indeed rather iess in the St Lawrence Valley where the system dissipated 

than in the rather hilly source region to the NW, and that the difference 

was of the right order. Further, 6w in the region where the storm reformed 
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at 1630 EST was ~ertsinly higher than in the region where it diasipated at 

1500 EST, and again the difference was just about right to account for the 

observations. These differences in ew are fairly reasonable in relation 

to the geograph7 of the Montreal region, and thus it is entirely possible 

that they could have accounted for the behaviour of the storm. 

Alternatively, the required decrease in positive ares could have been 

produced by subsidence of the environment at the rate of 15 cm sec-1• 

However, if this were in compensation for the storm updraughts it would 

decrease as they decreased in response to the decreasing energy of the 

system. This would lead to a decreasing rate of decline in the storm 

intensity, rather than the uniform rate that was observed. Thus subsidence 

does not seem to have been a major factor in this particular case. Even 

large scsle dynamicsl subsidence is not probable, for the storm reformed sn 

hour after its dissipation at 1500 EST with grestly enhsnced net energy. 

The other possible cause of a decrasse in net energy would be an 

ever-incressing cloud and precipitation load. The relations that have been 

developed in this work can be used to estimate mean updraught speeds, and 

these can be used to estimate the cloud load. Unfortunately, just as in 

the case of subsidence, the calculations show that the cloud loading 

effect would probably decrease with decreaaing updrsughts. Without making 

a rather doubtful sssumption in the calculations it is not possible to 

account for the stesdy rate of decline in the storm intensity. 

The most likely explanation for the development of the storm of 2 July 

thus appears to be a variation in the potentiel wet-bulb temperature of the 

air vhich fed the ~torm. Because of the soarcity of surface data, one 

must necessarily accept this explsnation with reservation. However, this 

example vas presented not so much to provide sn explsnation of the storm as 
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to illustrate the power of profiles in the snalysis of convective storms. 

If profiles do indeed indicate the degree of convective sctivity in a storm, 

then they will be a valuable aid in studying the energy budget of the storm. 

The heights of the storm top (or the radar echo top) have most frequ­

ently been used as indicators of storm activity. Fig. ;.20 shows the 

variations with time of the echo tops, as well as the variations of the 

maxima in flux. It can be seen immediately that the usefulness of echo 

tops as an indicator is rather limited in comparison with profiles. It 

is interesting to note that on 2 July and 18 July the birth of maxima 

tended to be accompanied by an upward surge in echo tops. The really 

notable surge on 18 July preceded the tornade by ;o minutes. On 2 July, 

aurges seemed to occur at the formation of a maximum, as it descended through 

2; kft and as it dissipated. While echo tops provide a valuable supplement 

to profiles, they are probably of limited use in themselves. 

It is significant that it has been possible to determine so precisely 

a fundamental relation {Fig. ;.6) between the height of the maximum in flux 

and the available energy of buoyancy. The faot that it has, strongly 

suggests that the amount of available energy limita the degree of storm 

activity, that all storms but one reached this limit at some tirne during 

their life, and that the line specifies the limit. The one exception is 

22 July, and it is natural to tr.y and determine why it was exceptional. 

The most notable difference between the synoptic conditions of this day 

and ~ ether was the complete absence of wind shear between 10 and ;o kft. 

On ever,y ether day this shear was at least 10 knots. Possibly beoause of 

this absence of wind shear, the showers failed to cluster into the uaual 

groups and remained isolated and relatively small. Thus éntrainment of 

environmental air could have prevented them from reaohing their full 



potential. Ludlam (196~) suggests that the role of wind shear ia to tilt 

the updraughts so that they are not burdened with the precipitation they 

produce. This would also account for the weak showers of 22 July. It 

is interesting to note that, though the profiles clearly indicated that 

the showers failed to reach their potentiel, the echo tops at 40 kft would 

not have given the same indication. 

Almost the whole of this chapter has been devoted to the discussion of 

the upper maximum in flux which is characteristic of shower profiles. 

This maximum has been shown to have valuable quantitative significance as 

an indicator of convective activity, and should therefore be of great value 

in studying the energy budget of storms. This significance was certainly 

not anticipated by the author, and in m~ w~s its discovery distracted 

th~ course of this work from other potentislly more profitable avenues. 

Clearly, the real value of precipitation profiles lies in their quantit­

ative interpretation, and not even a beginning has been made on this. 

They should lead to a knowledge of the water budget of a storm far more 

detailed than has been possible before. When this knowledge is added to 

the rather unexpected knowledge of storm ~amies which they also give, 

profiles offer exciting new prospects for further research into the nature 

of convective storms • 

• 
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4• PROFILES OF CONTINUOUS PRECIPITATION 

Continuous precipitation is essentially the product of large-scale 

almost horizontal convection. It may extend over many hundreds of miles 

and be of many hours duration. -1 Updraughts limited to a few tens of cm sec 

often take a few hours to produce precipitation particles large enough to 

fall. The precipitation is considerably more uniform in the horizontal 

than are showers, though it is just as variable in the vertical. Vertical 

radar cross-sections in situations of continuous rain commonly show a 

region of snow sepsrated from the rain below by a bright band at the 

melting level (see, for exemple, Fig. 2.2). This is one of the most 

striking features in radar observations of continœnus precipitation, and 

has received a great deal of attention, particularly in sn effort to 

determine the overall.effect of the melting process on the precipitation 

rate. Radar observations of the region of snow frequently reveal long 

trails of snow falling from small cella at the top of the storm. They are 

actually convective cella in which the convection resulta from the release 

of latent heat of sublimation by growing ice crystals. 

Convective snow generating cella most frequently occur in air which is 

hydrostatically stable. But large-ecale convection can also produce 

convectiv~ cella through the realization of convective instability. 

Precipitation profiles in auch cases may be indistinguishable from the 

profiles of showers. In fact, a few cases of convective instability were 

included amongst the cases of showers in the last chapter (Fig. ;.5). The 

large scale convection which produces the convective instability may 
• 

simultaneously be producing continuous rain, resulting in a pattern of 

continuous rain with embedded showers. 

This chapter will begin with a brief discussion of the place of CAPPI 
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techniques in the study of continuous precipitation. This will be followed 

by a close study of the profiles of a particular rainstorm. Finally, the 

profiles of several continuous storms will be compared and discussed. 

4.1 CAPPI Observations of Continuous Precipitation 

Much of the present knowledge of continuous precipitation has been 

obtained from vertical beam radars, in which the vertical pattern of 

precipitation is ~ont~nuously recorded during the passage of a storm. In 

many ways they are especially well-suited to this purpose with their great 

sensitivity and high resolution. However, they do sample only a tiny 

pencil of the atmosphere, and it is often not possible to relate precipit-

ation processes along a vertical lins. This is especially the case with 

snow, whioh may reaoh the earth1s surface as muoh as 100 mi from the point 

where it was generated. If the wind direction varies with height it is not 

even possible to;study the precipitation process in a vertical plane. The 

other deficiency of the vertical beam radar is that it prcvides no know-

ledge of the areal distribution of precipitation other than what may be 

inferred by treating the records as a sample. This information can only 

be obtained.from CAPPI maps. If these maps are complete with contours of 

precipitation intensity, then they form a most valuable means of studying 

the processes of continuous precipitation. It is then possible to measure 

total flux of precipitation over a large ares at each of several constant 

altitudes. In this way the measurements will reflect the true growth of 

the precipitation, and will not depend to any extent on the particular 

three-dimensional paths that precipitation follows as it falls through the 
• 

wind field. 

It is appropriate to give a brief review of some of the work that has 

been dons on continuous precipitation. An excellent picture of the complete 



three-dimensional structure of a winter cyclone has been synthesized by 

Boucher (1959) from observations of many storms with a vertical beam radar. 

Several composite vertical cross sections of the precipitation pattern are 

presented and they show all the main features commonly observed in contin­

uous precipitation. This study emphasized the potentiel value of vertical 

beam radar observations to the synoptic meteorologist, and Wexler (1959) has 

discussed suitable methode of presentation of auch data. He found that 

individuel vertical soundings often contained too much detail, and preferred 

to s~~arize them over '0-minute periode. These summaries were quite 

similar to the present ares profiles, except that the abscisse was duration 

rather than ares. 

The limitation of observations to a vertical cross section was keenly 

felt in the study of snow generating cella, which are fairly small and 

occur at a fairly constant altitude. Accordingly Langleben (1956) made the 

first use of CAPPI in a study of these cella and their trails, and at the 

same time made a few measurementa of the total ares of precipitation at 

each of several altitudes. Hitschfeld and Gunn (1958) also used CAPPI 

msps to measure areas, and presented the first vertical profiles of the 

total ares for both continuous precipitation and showers. Their present-

ation contained a qualitative breakdown of the precipitation into inten­

si~ies, but this was rather limited. At about the same time Boucher (1958), 

in a study of the value of CAPPI maps in continuous precipitation, also gave 

whst were effectively profiles of total ares at frequent intervsls through­

out entire winter storms. 

Thus, there hàve been many etudies using high resolution vertical radar 

soundings of the precipitation intensity. At beat these can only give an 

idea of the areal coversge of precipitation on a statistical basie. The 
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advent of CAPPI led to a few direct measurements of the areal coveraga of 

precipitation at each of several heights, but these have not contained much 

useful information about intensity. The present profiles give both area 

and intensity of precipitation as a function of height. They fill a need 

for a quantitative summary of large areas of precipitation. 

4.2 A Continuous Rainstorm in Profiles 

The storm that has been ohosen for detailed study was a fairly modest 

one whioh moved from the SW to the NE at about ,o knots. It was originally 

a small independant low pressure area, but it was carried through Montreal 

in the circulation of a more vigorous low 1000 mi NE, and eventually 

weakened to become a trough of low pressure. From the present point of 

view, one of the advantages of this particular storm is that the melting 

level was at about 8 kft, midw~ between the 5- and 10-kft sampling levels. 

Thus the measurements at these two levels should not contain appreciable 

contributions from the bright band, and it will be possible to compare them 

vith other previous measurements above and below the bright band. 

Profiles and CAPPI maps at frequent intervals throughout the storm are 

shawn in Fig. 4.1. CAPPI maps at 5 kft are given every ' hours, ar.d pro-

files of area, flux and rate of growth avery 1.5 hours. The contours in 

the profiles are at 0.2, ;.2 and 50 mm hr-1 (attenuation-corrected valuea). 

The most notable thing about the profiles is the tact that apart from the 

initial ; hours they do not vary muoh with time. After 1000 EST all the 

profiles show a steady increase with descent. 

At the time of the first profile, 0700, there is considerably more . 
precipitation at upper levels than below. The rather structureless 

precipitation was advancing from the sw, and at 5 kft the leading edge was 

60 n mi distant while at 15 kft it was only 40 n mi away. Then the total 
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area decreased from about 14% at 15 kft to lo% at 5 kft. This overhang 

is a feature of the initial stages of most continuous rainstorms. 

Although the total area increases with height, in this case, the ares of 

moderate precipitation remains fairly constant or decreases with height, as 

shown by the inner area profile. Accordingly the total flux does show a 

slight maximum at 10 kft but then decreases stesdily above 10 kft. The 

rate of growth shows a maximum at about 15 kft, and below this the growth 

declines, eventually becoming zero at 7 kft with evaporation beneath. By 

oa;o, the precipitation is about 20 n mi from Montreal, and there is no 

longer any evaporation. In fact the rate of growth is constant over the 

entire layer from 18 kft down to 5 kft. At 1000 there has been a great 

decrease in the area and flux at and above 10 kft, although thoae at 5 kft 

have remained constant. Whereas previously the total flux at 5 kft was 

about 1.5 times greater than that at 10 kft, now it is 5 times greater. 

This change is al'so reflected in the rate of growth profiles which show 

much lower growth rates in the upper levels and much greater rates below. 

After 1000 the profiles remain very similar until about 1600, when the rain 

is beginning to move away to the NE, and they then gradually decline. 

It is interesting to look at the period from 1000-1800 more closely, 

and in particular to compare the precipitation at 5 kft and 10 kft. The 

total ares at 5 kft is between 2.; and 3·5 times greater than that at 10 kft, 

with an average of about 2.7. The total flux is between 2.9 and 5.2 times 

greater, with an average of 4.2. This average difference in flux from 

2 kft above the melting level to 3 kft below has been compared with those in 

a few published records of vertical beam radar soundings (Boucher, 1959; 

Wexler, 1959). These soundings show an average reflectivity difference 

between the oorresponding levels of about 10 db or a factor 4 in rainfall 
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rate, which is very similar to the present figure. It should be emphas-

ized that this figure was obtained by averaging the published vertical 

reflectivity profiles over the total duration of the observation. The 

similarity of the two resulta is an indication that the duration of precip-

itation of a certain intensity observed at a point is statistically proport-

ional to the areal coverage of that precipitation. Apparently it would be 

reasonable to interpret duration in the records of vertical beam radars as 

ares. 

During the last stages of the storm the amount of precipitation at 

end above 10 kft dwindles more quickly than that at 5 kft. The total flux 

at 5 kft is an average 6.0 times greater than that at 10 kft, compared with 

the factor 4.2 during the middle stages. With a little experience the 

various stages during the passage of a storm can be readily identified. 

4.3 The Pattern of Profiles in Continuous Precipitation 

In the storm examined in the last section a long period was observed 

in which the profiles did not vary much. This is quite typical of contin-

uous precipitation situations, and consequently the profiles of several such 

situations are rather more easily compared than are the profiles of shower 

situations. Eight continuous.rain storms have been chosen from the sum::!ler 

of 1963, and they are compared in Figs. 4.2 and 4.;. At the left of eaoh 

row is a 5-kft radar map, with a range markèr at 60 n mi, showing all 

the precipitation exceeding 0 •. 2 mm hr-1• The next two columns show ares 

and flux profiles for the region between 20 and 80 n mi, with individuel 

curves for the precipitation exceeding 0.2, ;.2 and 50 mm hr-1 respect-
• 

ively. The fourth column shows rate of growth profiles, and since up-

draught speeds are generally much lesa than the precipitation fall speeds 

they may fairly be interpreted as the rate of growth. At the right of 
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each rov is a sketch of the synoptic situation. The circle on these maps 

is the 80 n mi oircle that also appears on the radar maps. The instant for 

vhioh a storm ia compared ia that at which the greatest flux was measured at 

5 kft. This moment is usually soon after the beginning of the steady period 

that was noted in the exemple of 18 M~, and is normally fairly represent-

ative of the vhole of that period. 

The most notable thing about profiles of different continuous rainstorms 

is their great similarity. Thus all the area and flux profiles of Figs. 4.2 

and 4.3 show a stes~ increase with descent, and only one of the rate of 

.growth profiles (29 August) fails to show the seme trend. Thus most of the 

precipitation in a continuous storm is in the lover layera. Only on 

14 May is there ~ significant emount of precipitation at 20 kft, and the 

flux at 15 kft is typically only one-tenth of that at 5 kft. Almost all 

the growth occurs below 15 kft at an ever-increasing rate, and raore than 

' one-half of the total flux at 5 kft is usually generated below 10 kft. 

The CAPPI maps show generally similar continuous precipitation, although 

there m~ have been a few convective cella embedded in the continuous 

precipitation of 14 May. 

One thing worth some discussion is the possible influence of the melt-

ing level on the flux profiles. It is not surprising that the melting 

level cannot be picked out from the flux profile even when it coincides 

vith one of the sampling levels. The exemple of Fig. 2.2 showed thct the 

resolution of a 1° radar beam is so poor at 80 n mi that the detail of the 

bright band is completely lost. In fact it can barely be resolved beyond 

40 n mi, that is o•er 80% of the sampling area. Nevertheless one would 

expect it to enhance the flux at a sampling level with which it coincides, 

but vith the possible exception of 29 August this is not at all apparent. 



The eight cases and the example studied separately (18 May) have been 

analyzed to try and detect bright-band affects. They were divided into 

three groups according to the melting level, and the fluxes at 5 and 10 kft 

were studied for each group. For those cases in which the melting level 

was at 5 or 6 kft the flux at 5 kft was an average ,.7 times greater than 

that at 10 kft. When the me1ting 1evel was at 7 or 8 kft the factor was 

3.3, and for 10 kft it was 2.6. Vertical radar soundings show that the 

rate of growth is general1y greater in the region of snow than rain. Growth 

by a factor 3·7 in 5 kft (melting level 5 kft) is quite appropriate to snow, 

and a factor 2.6 (me1ting level 10 kft) is similarly appropriate to rain. 
/ 

Thus there is not much evidence of enhancement by the bright band in these 

oaeea. JUrther the growth by a taotor '·' (melting level 7 kft) is 

suitably intermediate. It is just possible that there was some enhance-

ment of the flux at 10 kft on 29 August due to the bright band, but on 

other days its effect is difficult to detect. 

A final point to make about the profiles of Figs. 4.2 and 4.3 is that 

they are much more characteristic of the radar pattern than the synoptic 

situation. Continuous precipitation may be produced in the general circul-

ation of a cyclone, or at a warm front, a cold front, an occlusion or a 

trough of low pressure. The radar pattern in any one of these cases is 

probably indistinguishable from that in any other, and the profiles are 

likewise indistinguishab1e. The profiles effective1y identify the preciP-

itation character irrespective of the particulsr synoptic feature which 

produced it. 

Now that profiles from several continuous storms have beer. seen it is 

worth looking at their value. There is no doubt that their resolution 

leaves much to be desired when compared with the records of a vertical beam 
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radar. This sacrifice is the inevitable consequence of extending the 

eampling area from a vertical pencil to an area. A suitable compromise 

must be chosen between resolution and sampling area. For instance, the 

bright band would still be resolved in profiles taken over the area within 

;o n mi of the radar, but this is only 15% of the sampling area used in 

the present work. It is worth noting that in three of the eight cases in 

Figs. 4.2 and 4.; a vertical sounding would have shown nothing. The 

profiles for the ares out to range 60 n mi already showed a fully developed 

continuous rainstorm. This demonstrates that there isat least a consider­

able operational need for profiles of the precipitation over a fairly 

large ares. 

• 



5. PROFILES IN SYNOPTIC METEOROLOGY 

Radar weather maps have been used by synoptic meteorologiste for many 

years, but these maps have never really exploited the potentiel of radar. 

The synoptic meteorologist attempts to follow and forecast the atmospheric 

convection which may lead to the formation of precipitation. The pattern 

of the precipitation is largely determined by the pattern of the convection 

·which produces it, and the analysis of the precipitation will greatly 

strengthen the meteorologist's analysis of the convection. The preciP-

itation pattern is a three-dimensional one and yet the meteorologist 

commonly only haa two-dimensional knowledge of it.. In many ways the 

missing vertical dimension is the most important to the synoptic meteor­

ologist. At the most he may know the vertical extent of the precipit­

ation, but he normally knows nothing of its distribution with height. The 

profiles which haye been introduced and studied in this work provide a 

knowledge of this distribution. 

This chapter will open with a discussion of the place of profiles in 

synoptic meteorology, drawing on the resulta described in the previous 

two chapters. The rest of the chapter will be devoted to a discussion of 

possible techniques of transmission and presentation of profile data. 

5.1 Characterization of Precipitation by Profiles 

The characteristics of the two types of precipitation, showers and 

continuous, have already been discussed separately in some detail. In 

this s&otion, profiles of the two types will be presented again for compar­

ison. Although th9 two basic types of precipitation appear to be wall 

defined they can occur simultaneously. In fact the two basic types of prec­

ipitation, when occurring separately, do not acoount for more than one half 
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of a summer's precipitation at Montreal. For the rest of the period the 

two types occur in combination. Accordingly, profiles of a number of 

situations are presented in Fige. 5.1 to 5.;, ranging from definite showers 

through mixed showers and continuous precipitation to definite continuous 

precipitation. 

All of the cases shown in Fig. 5.1 have been taken from amongst the 

ehower situations presented in Figs. 3.2 to 3.5. The cases are arrar.ged 

in consecutive columns in order of decreasing instability. Each case is 

represented by three sets of profiles: ares of precipitation exceeding 

0.2, ,.2 and 50 mm hr-1, total flux and rate of growth. Brief descrip­

tions are given of the radar precipitation pattern and the synoptic sit-

~ation on eaoh oooaaion. ri~ 5.2 ehowe eimilar protilea tor eit~atione 

in which there were both showers and continuous precipitation. It is 

not really possible to arrange these in any order, but an attempt has been 

made to put those' in which showers dominate at the beginning and those in 

which continuous rain d.ominates at the end. The first two cases in Fig. 5.3 

are also exemples of mixed precipitation types, but they are certainly cases 

in which the continuoùs precipitation is dominant. The final two cases 

of Fig. 5·3 are exemples of pure continuous precipitation and were origin­

ally presented in Fige. 4.2 and 4·3· 

Perhaps the beat way of appreciating the spectrum of exemples in 

Fige. 5.1 to s.; is to compare the two extremes, 2 July and 13 August. 

On 2 July the total ares increased from about 6% at 5 kft to over 20% 

at 30 kft with a maximum height of more than 40 kft, whereas on 13 August 

the areà decreased -from over 6o% at 5 kft to zero at 20 kft. The area of 

precipitati.on exceeding ;.2 mm hr-1 was quite similar in both cases at 

5 kft, but it inoreased with height in the showers and decreased rapidly 
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in the continuous rain. The total flux profiles show exactly the s~~e 

differences as the total area1 for the showers, modest at 5 kft and great 

at 30 kft; for the continuous rein, great at 5 kft and then decreasing 

very rapidly with height. Finally, the growth profile of 2 July shows 

very atrong growth in the upper levels and strong evaporation below, while 

on 1~ August there was very strong growth only in the low levels. 

A glanee down the oolumns of ares profiles shows a fairly steady 

change from the one extrema to the other. The flux profil.es also change 

fairly steadily, exoept that there is some overlap in Figs. 5.1 and 5.2. 

However, the rate of growth profiles do not vary steadily at all, espec­

ially in Fig. 5.2. It is especially apparent from them that the profiles 

of mixed showera and continuou~ precipitation can be ooneidered to be the 

sum of profiles of the separate oomponents. Thus, for exemple, the rate 

of growth profile of 4 August (bottom right, Fig. 5.2) is very closely 

reproduced by adding 1.5 times that of 1 August (upper right, Fig. 5.1) to 

0.25 times that of 13 August (bottom right, Fig. 5.}). It is not pret­

ended that there is any value in this kind of calculation, but it does 

emphasize that the profiles of mixed precipitation are determined by the 

components. 

It should be plain from the exemples of Figs. 5.1 to 5.3 that the 

great virtue of profiles is that they characterize the precipitation, 

regardless of the synoptic situation which produced it. In fact an 

attempt was made at grouping profiles of similar synoptic type, but it 

was most unrewarding. It quickly became apparent that the profiles were 

more fundamental th~n the synoptic analyses. Much more rewarding was 

a comparison of the profiles vith the charaoter of the radar precipitation 

pattern. It was found that the presence of sbower cella in precipitation 



was almost invariably obvious from the profiles, especially the rate of 

growth profile. Qualitatively, it was also apparent that the frequency 

and intensity of the showers was reflected in the profiles. The profiles 

in thus characterizin g the pre ci pi tation offer a me ans of studying the 

. convection which generates it. Their analysis might even lead to estimates 

of the relative amounts and intensities of small and large scale convection, 

especially if coupled with conventional thermodynamic and dynamical analyses. 

The area profiles are the basic set from which the flux and rate of 

growth profiles can be derived, and with a little experience it is possible 

to estimate the form of these two derived sets from the arca profiles. 

For example, there is often a significant similarity between the shape of 

the second area profile (~.2 mm hr-1) and the total flux. However, although 

they are interdependant, each of the three profiles contributes to the ready 

interpretation of a situation. The rate of growth profile is the most 

irregular of the'three, and for this reason it is a most valuable indicator. 

It is very sensitive to the relative amounts of showers and continuous 

precipitation, and thus it is a good monitor of changes in a situation. 

But even this profile is only fully useful in the context of the others • 

. It is also important to look at profiles in their synoptic context, 

particularly the upper-air sounding. In the chapter on shower profiles 

it was shawn that the upper maximum in flux was essentially a dynamical 

effect, but this is not the cause of all upper maxima. They can also 

result from evaporation in the lower levels. The two different effects 

would not be confused if the profiles were studied together with thè 

sounding. The p~files can also be a valuable aid to interpreting the 

sounding. For example, in one case presented in Fig. 3.5 (30 June), the 

profiles showed growth only between 11 and 36 kft, with some slight 



evaporation below. Analysis of the tephigram in the light of this observ-

ation showed that convective instability had been realized between these 

two levels, and it was even possible to estimate the rate at which the air 

mass was being lifted. 

It should also be pointed out that much of the value of profiles lies 

in their ability to monitor the evolution of a situation. For instance, 

a situation of mixed showers and continuous precipitation commonly arises 

in two ways. In one case, the showers develop within a mass of continuous 

precipitation, often as a result of the realization of convective instab-

ility through continued lifting of a saturated air mass. In the other, the 

showers themselves generate continuous precipitation, sometimes from a 

descending plume or anvil. These two processes are immediately disting-

uished by the sequence of profiles, even though the resulting mixed preciP-

itation patterns may be quite similar. 

It is hoped ·that this brief discussion has given some ides of the 

potentiel value of profiles in synoptic meteorology. So far it bas 

only been possible to point out the more obvious qualitative contrasta 

between profiles of different precipitation patterns. The full potentiel 

of profiles will only be realized when the quantitative data they offer is 

used. There would seem to be some hope of combining the profile data 

with numerical analyses of the dynamical processes in the atmosphere. 

Even if the profiles alone do not have much predictive value, a complete 

knowledge of the state of the atmosphere and its trends is a prerequisite 

for prediction, and the precipitation pattern is an important component • 

• 
5.2 Presentation of Profile Data for Local Use 

The McGill University Stormy W'eather Grouphas recently developed 

techniques to produce radar maps in which the precipitation is displayed 
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Fig. 5.5. Histogram of the total 'flux as a function of heieht. Data 
taken from the example of Fig. 5.4. 



in shades of grey (Wein, 1964). 

1 r"\! 
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In the particular equipment used at 

McGill the boundaries between shades represent rainfall rates of 0.2, 

0.8, ~.2, 12.5. 50, 200 and 800 mm hr-1 (attenuation-corrected values). 

Important byproducts of the prooess b1 whioh these maps are produoed are 

the areas of the precipitation represented by each ahade, and these are 

the basic data from which profiles are obtained. In the further devel-

opment of the McGil1 techniques, Canadian Aviation Electronics (C.A.E.) 

of Montreal have produced equipment to record and displ~ these profile 

data (Bal1antyne, 1964). The grey shade CAPPI maps are produced on a 

faosimi1e record, and immediately following each picture is an analysis of 

the precipitation in the form of a histogram showing the flux of precip-

itation arising from eaoh ehade. ~xamp1es of these histograms are shown 

in Fig. 5.4. 

The soales beat suited for displaying profile data can only be arrived 

at after considerable compromise. For exemple, flux is most readily 

interpreted on a linear ecale but the wide range of possible values 

necessitates a logarithmic scale in praotice. The histograms of Fig. 5.4 

have a 1ogarithmio saale extending over a range of 103. The flux has been 

expressed in the usual w~ as the average rainfall rate that would result 

if it were distributed over the entire sampling area, and the most conven­

ient uni ts here are 10-3 mm hr-1, or fL hr-1• Each set of bars shows the 

flux contributed by each intensity of precipitation at the height indicated, 

with the bottom bar of each set representing the lowest mean rainfall rate 

of 0.4 mm hr-1. C.A.E. have actually used digital recording techniques, 

and the fluxes in Fig. 5.4 have been p1otted digitally at intervals of a 

factor 2.0. 

The ares of each intensity is readily obtained from the flux by 
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dividing by the appropriate mean rainfall rate. The resson that flux has 

been chosen for display rather than area is partly that it is a alightly 

more useful quantity and partly for ressons of display. Significant 

values of flux are observed to range over rather lesa than three decades; 

whereas the correspcnding areas range over more than four decades, a point 

that will be returned to later in the next section. Meanwhile it may 

be noted that one consequence of this is that, for a given number of 

available displ~ digits, the flux can be displ~ed with greater resolution. 

than the area. 

The histograms of Fig. 5·4 show the distribution of flux with intensity. 

Although they have not been studied in this work, it is reasonable to 

expeot that a close study of the exact forma of the distributions would 

reveal that they can provide useful information about the nature of the 

precipitation processes. The present study has emphasized the significance 

of the overall pattern of precipitation in the vertical. It is a fairly 

simple matter to study this from the data of Fig. 5·4· The total flux at 

each height is readily obtained as the sum of the individuel fluxes, and 

these have been written at the right of the corresponding histograms. 

The totale can themselves be displayed in a histogram, and this has been 

done in Fig. 5.5. C.A.E. have not yet fully developed the computing 

facilities of their equipment, but the digital form of the data of Fig. 5.4 

makes them especially amenable to further computing. It would thus be a 

fairly simple matter to derive and display the total flux profile of 

Fig. 5.5. Information about the distribution of flux with intensity could 

be included in Fig: 5.5 by dividing each bar into portions representing 

the contributions from several intensity intervals and diaplaying the 

portions in grey shades. 
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Other histograms, auch as area and rate of growth as functior.s of 

height, might also be produced. However, the exact form and number of 

the profile displays have yet to be determined, and this can only properly 

be done on the basie of a period of operation in a forecast office. It 

would also be possible to display the data as arraye of digits, but again 

this possibility re~uires careful evaluation. At the moment, the histogram 

displays which follow the radar maps on the fac.simile record do seem to be 

the form most likely to satisfy local needs. 

5·3 Coding of Profile Data 

The presentation of profile data for local use has just been discussed 

in some detail, but in many ways they are potentially more useful on the 

synoptic ecale. The local user can inspect the original radar maps, and 

the profiles are really only a way of summarizing these maps. It is true 

that the profiles, may point out characteristics of the precipitation that 

might otherwise go unnoticed, but they cèrtainly cannot stand alone. On 

the other hand, it is the esse:ntial characteristics of the precipitation 

rather than its detailed configuration that do interest the synoptic 

meteorologist, and profiles are likely to meet most of his needs. 

The great advantage of a summary of the precipitation in the form of 

profiles is that it can be expressed with relatively few data, and so will 

be economical of teletype transmission time~ Some effort has been devoted 

to devising the most economical code for transmission of profile data, and 

Table 5.1 shows the result. The areas of significance in profiles range 

from about 0.00~ to 10~ (1 mi2 to 20,000 mi2), or a1most a factor 215. 

However, the re~uirements for any single intensity of precipitation are 

considerably lees than this. For instance, small sreas of light precip~ 

itation are insignificsnt and large areas of heavy precipitation do not 



TABLE 5.1 

CODE FOR PROFILE DATA 

Are a (%) Precipitation Rates (mm hr-1 ) 

Interval 0.2 0.8 :;.2 12.5 50 200 800 
0.8 3.2 12.5 50 200 800 

Mean 0.4 1.6 6.4 25 lOO 400 

(1) (2) (3) (4) (5) (6) (7) 

100-50 71 9 
50-25 35 8 9 
25-12.5 18 7 8 9 
12.5-6.2 8.9 6 7 8 9 
6.2-3.2 4·4 5 6 7 8 9 

3-2-1.6 2.2 4 5 6 7 8 9 
1.6-0.8 1.1 3 4 5 6 7 8 9 
0.8-0.4 ·55 2 3 4 5 6 7 8 
0.4-0.2 .28 1 2 3 4 ' 6 7 
0.2-0.l .14 1 2 3 4 5 6 

0.1-.05 .071 1 2 :; 4 5 
.os-.o2s .0,5 1 2 :; 4 
.025-.012 .018 1 2 3 
.012-.006 .'009 1 2 
.006-.003 .004 1 

ocour. Therefore a reasonable economy is to provide coding for a smaller 

range whose· limita change from intensity to intensity. Table 5.1 is based 

on a binary scale, and thus the area intervals are eaoh a factor 2, and the 

precipitation rate interva1s are each a factor 4. The coding range for.each 

intensity is a factor 29 in area, and it is shifted down by a factor 2 in 

going from one intensity to the next higher. Thus the range is from 

0.2 to loo.% for 0.4 mm hr-l (McGi11 grey-shade intensity 1), from 0.1 to 5lffo 

for intensit! 2 and so on. 

A set of seven digits, one for eaoh of the.intensities, is sufficient 

for the data of a single CAPPI map. If the data are transmitted in order 

of inoreasing precipitation intensity, the set oan be terminated with the 
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first zero. Similarly if data are transmitted for s~ccossively higher 

heights the seq~ence can be terminated at the first height with no precip-

itation. The complete profile data for the six heights used in this work 

require a maximum of about ,o digits for shower situations and a maximum of 

15 for continuous rain. A few exemples of ooding appear in Figs. 5.6 and 

5·7• The data of the profiles at the top of each figure have been arranged 

in arrays, each row representing the data of one height in the form of the 

areas of successively increasing intensities. It is notable that the shape 

of the array alone gives a reasonable picture of the general pattern of the 

profiles. At the bottom of each figure, profiles have been recovered by 

decoding the arrays. The coding process was based on intervals of ares of 

a factor 2, so individual values in the recovered profiles lnay be in error 

by up to a factor ~. Although there are irregularities of this order, the 

decoded profiles show all the main features of the originale witho~t serious 

distortion. The rate of growth profile is the most affected but even there 

the main features are preserved. It is possible that the distortions of 

coding would somewhat reduce the value of profiles to the local user, but 

there is almost oertainly no significant losa on the synoptic scale. 

The binary basie of the coding proposed here offers considerable 

advantages in computing. For example, it is quite easy to derive arrays of 

ares or flux from the coded arrays in Figs. 5.6 and 5.7. Without going into 

detail, if the digits representing the intensities are added to each number 

in the column they head, then the result is an array of flux expressed in 

powers of 2. If they are subtracted then the array is of ares in powers of 

2. The computing•facilities required for these operations would be most 

modest. 
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5.4 Presentation of Data for Synoptic Use 

Perhaps the great value of radar on the synoptic saale lies in its 

ability to probe every cubic mile of the atmosphere within range every 

few minutes. This may be contrasted with the regular network of synoptic 

stations which only monitors events at the surface over lesa than 1% of the 

total area every hour or so. Not only can radar detect precipitation the 

moment it has formed, but as this work has shown its pattern in the vertical 

can provide important information about the processes which produced it. 

Because of its complete and i~nediate coverage radar can certainly play an 

important part on the synoptic scala. However, the fact that radar probes 

every cubic mile every few minutes does not mean that the synoptic fore­

oaster should be provided with all the data so collected. Apart from the 

problems of transmission of auch a vast amount of data, they would hardly 

be appreciated anyway. What is appropriate is the frequent provision of 

brief and easily-digested summaries, and profiles are one way of doing this. 

There are many possible ways in which profile data can be displayed on 

a synoptic ecale. The ideal is one which can give the essentiel features 

at a glanee, and then give the details on close inspection. One forill of 

display with this dual capability is the array of digits into which the pro-

files were coded in the last section (Fige. 5.6 and 5.7). It was noted at 

the time that there was a resemblance between the shape of the array and the 

corresponding flux profile. The resemblance is further brought out in a 

series of exemples shown in Figs. 5.8 and 5.9. The profiles of the sit­

uations originally presented in Fige. 5.1 and 5.; have been coded into arraya, 

and the arraye are placed after the relevant ares and flux profiles. As 

before, there is one row of digits for each height, and the digits in a row 

indicate the areas of precipitation of each of the McGill grey-shade intensities. 
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Looking at the first exemple of Fig. 5.8, avery one of the digits at 

;o kft equals or exoeeds the corresponding digits at any other height. 

Thus the array immediately shows that there are maxima in area and flux at 

;o kft. In praotioe, the positions or magnitudes of the last digits 

provide a good indication of a maximum in flux. Although the greatest 

intensity may not itself oontribute significantly to the flux, the greater 

i t is the grea ter the total flux is likely to be. Hence, the heights of 

the flux maxima in three of the four exemples at the left of Fig. 5.8. are 

indicated by the only digit in the fifth place, that is the only precip-

itation of intensity five. In the other case {27 June) the height of the 

maximum is the height with the greatest amount of intensity four. Also 

in practice, a good indication of the total area of precipitation is 

given by the first digit. This is because the area of intensity one almost 

always forma more than one-half of the total ares, and the proportion that 

it does form is u'sually quite si.:nilar at all heights. As an example, on 

2 July, the first digit increases from 5 at 5 kft to 7 at 30 kft, and this 

indicates a factor 4 increase in the area of intensi ty one. The total area 

increased by a factor ;.;. 

Thus, the presentation of profile data in a coded array permits one 

to determine the main features of a situation from a glanee at the first 

and last digits of each row. This would probably be quite sufficient for 

most synoptic purposea. However, the completeàrray does provide all the 

data needed for the extensive analysis of a particular situation, even down 

to the drawing of ares, flux and rate of growth profiles for each precipit-

ation intensity. .Further, one even foresees the possibility of incorpor-

ating the profile data into numerical weather prediction techniques. It 

is quite likely that the array of digits would be a suitable form in which 



,/ 

to present the data for computation. It can be seen that the coded array 

is a most versatile form for the display of profile data. 

The modest data transmission involved in the suggested code has already 

been emphasized. Almost every shower situation can be coded in 30 digits 

or lesa, and continuous rain situations require a maximum of 20. 

teletype equipment can transmit 500 digits per ~nute, so that 2 minutes 

would be sufficient to receive the data of 40 radar stations. In this 

study, profiles have always been drawn for the 20,000-n mi2 ares within 

range 80 n mi. This ares ·has been found quite convenient, but it is not 

necessarily the optimum. It would be quite possible to produce profiles 

for a~ chosen areas. For instance, a reasonable reduction of the sampling , 

ares might be into 5,000-n mi2 quadrants. However, each subdivision of 

the sampling ares will naturally increase the requirements for data trans­

mission, so that the final choice is a matter for careful consideration. 

Experienced forecasters can appreciate the main features of a synoptic 

situation from a glanee at the teletype record of the station reports, 

especially if they are only looking for recent changes in a situation they 

have worked with olosely for the last few hours. In the same way the 

radar reports could probably be fairly readily digested by a glanee at the 

sequence of arraye of profile digits on a teletype chart. However, it 

might be preferable to transfer the arraye to a map, ~nd this could quite 

easily be done. 

It may be mentioned that other possible methods of displaying the data 

were tried auch as the histograms described in section 5.2, and deooded 

values of the total ares and flux. Although histograms can be readily 

appreoiated at a glanee, they oannot oonveniently include all the detail of 

the array. 

the array. 

None of the other methode had aqy significant advantage over 



It is hoped that the research reported in Chapters 3 and 4 has 

convincingly demonstrated the value of precipitation profiles in studying 

the processes of atmospheric convection. Eventually they may be expected 

to take a place in operational meteorology, and it has been the purpose of 

this chapter to establish their practicability. Naturally, several of the 

more detailed recommandations implied in this chapter will need more study 

to support them. Considerable operational experience will be needed 

before the full value of profiles can be realized, and as this experience is 

acquired the most suitable display techniques will evolve. It is rather 

exciting that the equipment built by C.A.E. is almost ready to run under 

operational conditions. It is not often that equipment is available to 

diaplay operationally data whose potential has only just been realized. 

The routine operation of this equipment will undoubtedly uncover various 

facets of profile data that have not yet been appreciated. 

\ 

• 
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6.TECHNIQUE 

6.1 The McGill Weather Radar 

The Stormy Weather Group of MoGill University has developed, and for 

several years operated, a highly sutomatio weather-radar system (1·1arsha11 

and Gunn, 1961). Eaoh pioture from this radar is a map of the precip­

itation pattern at a constant altitude, in whioh precipitation intensity 

is displayed in shades of grey. To produoe auch piotures the CPS-9 

radar operated at Montreal Airport has been modified in several ways. 

To produoe constant-altitude piotures, the one-degree beam rotates 

uniformly in azimu~h, eaoh successive rotation at a higher angle of elev­

ation. On a PPI display, gating circuits select annuler rings fro~ the 

various angles of elevation. These fit together to produoe a Constant 

Altitude PPI Display (CAPPI) at a seleoted height. The elevation angles 

and range intervals used to oonstruot CAPPI maps at several heights are 

shown in Fig. 6.1. The CAPPI map is synthesized on film by aooumulating 

the various snnular rings in a single photograph of the display. Eaoh 

display progresses through a sequence of heights, usually 5, 10, 15, 20, 

;o and 40 thousand feet, completing auch a sequence every 22.5 minutes. 

To produce mapa in grey shades, the radar signal from the precip­

itation passes through a logarithmic amplifier, and then an exponentiel · 

amplifier, to the cathode ray display tube. Contrast and brightness 

controle between the amplifiera are adjusted so that a chosen range of 

input signala from precipitation just fits the available brightness range 

of the cathode ray tube, The input range equivalent to rainfall rates 

from 0.1 to 400 mm hr-1 has been chosen, so that 0.1 mm hr-1 is displayed 

at the darkest leval and 400 mm hr-1 at the brightest. Fig •. 6.2 is an 



' Fig. 6.2. McGill Grey Scale CAPPI map. 5 kft, 0950 EST 29 ~eptember 1963 
Montreal at centre~ range 120 n mi. 
Grey shade boundaries at 0.1, 0.4, 1.6, 6.4, 25, 100, 400 mm hr-1 (no 
attenuation correction) 
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example of a grey-scale CAPPI map. 

The exponentiel amplifier has been designed with stepped response, 

so that the output signala have seven discrete levels. Thus the map 

shown in Fig. 6.2 is actually composed of seven discrete grey shades. 

Successive shades above background represent steps of a factor 4.0 in 

rainfall rate, and so denote intervals with thresholds 0.1, 0.4, 1.6, 
. . 1 

6.4, 25, lOO, and 400 mm hr- • The use of discrete steps is apparent in 

the peripheral test pattern, which accompanies each picture. It is less 

apparent in the precipitation pattern because of the fluctuating nature of 

radar returns from precipitation. Consecutive returns from a given 

target vary in intensity and, since the writing lines on the display 

overlap, these varying iDtensities are averaged~ Thus the stepped amp-

lifier is ineffective in giving sharp boundaries betweeen the grey shades. 

The CAPPI maps are corracted for range affects. For cases in which 

the precipitation fille the cross-section of the radar beam, the received 

signal power varies inversely as the square of the range. An electronic 

circuit provides good compensation for this effect from 20 to 80 n mi 

range. Another correction is made for an effect which arises from the 

polar coordinates of the display. The picture is made up of radial writing 

lines which converge toward the centre. Thus for radar signala of a 

given intensity, the brightness is inversely proportional to the range. 

To compensate for this, the display tube is fitted with a photographie 

half-tone mask in whicb density inoreases from a low value at the edge to 

a high value at the centre • 

• 



Fig. 6.3. Grey Scale CAPPI map after scanning and thresholding. Same 
map as in Fig. 6.2. 
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Although precipitation rates are displ~ed quantitatively in the 

grey-scala map of Fig. 6.2, it is quite tedious to measure them. Sharp 

boundaries between the grey shades greatly facilitate measurements, and 

these have been aohieved in Fig. 6.;. This picture bas been produced 

from the negative of the original CAPPI picture by equipment recently 

developed at McGill (Wein, 1964) 

In this equipment the negative is first soanned by the bright spot 

of a scanning tube imaged onto the negative. It sweeps from side to aide, 

oovering the negative line by line, from top to bottom. Light is 

transmitted through the negative, depending on its density, and collected 

in a photomultiplier tube. The output signal of this tube, which thus 

depends on negative density, passes through an a~plifier with stepped 

response to the display. The picture on the display is written lina by 

line, in discrete grey shades, as the negative is scanned. The equipment 

is adjusted to give boundaries at the same rainfall rates as in the original 

picture. 

Fig. 6.; is a photograph of a cathode r~ tube display, but the 

equipment also produces a paper facsimile record. In faot the facsimile 

record is an operational product of the McGill radar. To meat the oper-

ational requirement, negatives of the CAPPI maps are rapidly developed in 
an automatio processor before scanning. The whole system is automatic 

and facsimile records can be supplied to any number of usera • 

• 
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6.2 Precipitation Ares from Grey-Scsle Displsy 

The precipitation msp in Fig. 6.,, with its sharp contours, is ideal 

for quantitative analysis such as measuring areas of various intensities. 

Unfortunately, the scanning equipment which produced it was developed only 

recently, and was not available for the present research. The basic 

grey-scala maps of the kind shown in Fig. 6.2 have been produced for sev­

eral years and were available. Therefore some work was done toward 

developing a technique for analyzing these maps. In this section soma 

of the techniques studied are discussed, together with other possible 

methods.of analysis. Fig. 6.4 is a summary of the various methode. 

(a) Direct Photo-éell Integration 

In most of the methode the analysis starts from the photographie 

negative of the grey-soale map. However, there is one useful quantity 

whioh could be derived directly from the grey-ecale display: the integrated 

rainfall over an ares. The method, first suggested by Professor Marshall, 

is discussed in some detail by Legg (1960). 

The radar is adjusted so that the light coming from the PPI display 

tube is proportional to the rate of rainfall. This light is received 

by a photo-cell (specifically, a photo-multiplier tube) plaoed in front 

of the display. The resulting signala, which are proportional to rainfall 

rate, are th~n integrated electronically over a period of time to give 

the total rainfall. The rainfall may be measured over ~ given area by 

masking the display. 

There is a possible development of this method of particular interest 

in the study of rainf&ll as a function of height. In this case an RHI 

display tube is masked to display signala from a given height while the 

radar antenne rotates in azimuth at a series of elevation angles. The 
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signala are received by the photo-cell, whose output ia integrated to 

give the total rainfall at the given height. FUrther, with suitable 

masking, several photo-cella can aimultaneous~ record the signala at each 

of several distinct heights. This development would appear to have real 

meritz perhaps the most important single parameter, the total rainfall, 

is recorded as a function of height, from a· single display, with a single 

spiral radar scan. 

There is one form of spiral scan which is particularly attractive 

here. It is shown in Fig. 6.5, which may be looked upon as a picture of 

the RHI displ83. The radar traces arising from the origin neatly inter-

sect the grid of range and. height. lines. Since both range lines and 

height lines are in geometrie progression this is called a g.p. scan. 

There are two attractive features of the scan: first, in any giv~n height 

layer there are exactly the s~~ number of traces at all ranges and second, 

the height layera are oontiguous. Thus masking the display to integrate 

the rainfall in various layera is simply done by installing partitions at 

the bounding heights. Further, since the l83ers are contiguous, the 

rainfall is measured as a oontinuous function of height. 

It should be noted that photo-cell integration of a photographie 

transparency of the grey-scala display is also possible. The transparency 

in this case is a positive in whioh the transmissivity ia proportional to 

the rainfall rate. Light is projected through the transparency, and the 

total amount transmitted is a measure of the average rainfall rate. 

If the display haa been adjusted so that brightness is proportional to 

rainfsll rate, and•the transparenoy is the produot of several scans, then 

photo-oell integration yielda the total rainfall over the period of 

soanning. 
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(b) Photometrie Analysis 

The simplest method of analyzing the grey-ecale maps is to use a 

photometer on the projected image of a transparency. To minimize the 

affecta of lens flare and etray light a positive contact transparency 

was used. Since the spot which traces the grey-scale map is about one 

mile in diameter, the projection was at a soale on wbioh the photometer 

element was also one mile in diameter. After determining the brightness 

of eaoh grey shade from the peripheral test pattern, contours of intensity 

were traoed out on the paper soreen. The screen was then removed for 

further analysis. 

This simple method of analysia, the first attempted in the present 

research, was found to be tedious and time-consuming. The analysis of 

a single map often took severa! hours. 

more sophisticated approach. 

{c) High Contrast Process 

It was abandoned in faveur of a 

Various high contrast processes were tried in the attempt to reveal 

the contours in the grey-ecale maps. Most of them were directed towards 

producing separation prints, such as those shown in Fig. 6.6. These are 

very high contrast pictures in which the boundary between black and white 

is set at any chosen rainfall rate. This threshold rainfall rate is 

indicated by the position of the threshold in the peripheral test pattern. 

The technique of producing separation prints is analogous tc the common 

technique of reducing the receiver gain in successive radar scans. The 

prints in Fig. 6.6 were made photographioally, and are negative prints 

from an intermediate positive transparency. Negative prints, with dark 

precipitation on a white background, are more readily analyzed than posit-

ives. .In a positive print, ability to distinguish dark grey from a black 

• 



background depends a great deal on the surface character, and on the lavel 

and conditions of illumination. These factors do not interfere as ser­

iously with analysis of the negative print. 

The grey shades on the original negative are at intervals of about 

0.1 in density, and these became 0.3 in the high contrast positive trans­

parency. The high contrast photographie paper, on which the final prints 

were made from this positive, just accepta a range of 0.6 in denaity, or 

two shades of grey. The exposure is first chosen to reveal precipit­

ation of all shades, and is then reduced to eliminate shades successively, 

beginning with the lowest one. 

The main disadvantage with this technique is the difficulty of con­

trolling the high contrast photographie processes. It is diffioult to 

place the threshold in the final print entirely by choice: a certain 

amount of trial and error is usually necessary. Once the1 are obtained 

the prints are easy to analyze. However, since the complete analyais of 

a single grey-ecale map often takes an hour or more, the method was only 

used on a limited scala. 

Another high contrast process that was tried was facsimile reproduct­

ion. The facsimile unit used was a small desk model in which a paper 

print is scanned on a rotating drum, the facsimile being burned into the 

recording p~per. Positive prints with intervsls of about 0.15 in reflect­

ion denaity between grey shades were used. The gain of the facsimile 

recorder was first set to show precipitation of all shades, and then in 

successive pictures it was reduced to eliminate shades one by one. The 

unit had a very we~l-defined threshold separating what was recorded frou 

what was not, but because of small variations from print to print it was 

difficult to place it precisely. As in the photographie process, a 



certain amount of trial and error was necessary. The complete analysis 

of a single grey-scale map also took an hour or so. The method was used 

in preference to the photographie method for a preliminary analysis, but 

was considered too tedious for extensive use. 

The third high contrast process that was tried was television. A 

positive transparency with intervals between grey shades of about 0.3 in 

density was placed on a diffusely illuminated background in front of the 

television camera. With the contrast control at maximum, a density 

difference or about 0,6 in the transparency covered the full range of the 

display monitor, from the weakest signal to the brightest. As usual, the 

brightness control was first set to show all precipitation, then reduced 

to eliminate shades successively, while at each stage the boundary of the 

precipitation was traced onto a transparent acetate sheet. In contrast 

to the other processes just disoussed, the threshold can be placed easily 

and immediately at any value. Several grey-ecale maps can be analyzed in 

an hour by television; there is no doubt that it is the beat of the high-

contrast processes. 

(d) Automatic Scanning and Contouring 

Now that the scanning equipment described in section 6.1 has been 

developed at MCGill, it is a simple matter to produce the contoured grey-

ecale maps automatically. In the present research, it is the ares of 

precipitation of each grey shade which is required. This may be measured 

from the contoured map with a planimeter; or, since a given shade is frequ-

ently made up or many relatively small isolated patches, counting the 

number of squares ~overed in a grid is often better. 

Bowever, to measure areas it is now not even necessary to produce 

grey-ecale maps, for as well as contouring the maps ·, the scanning equipment 
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can measure the areas. Since the scanning spot cavera the map uniformly, 

the ares of a given shade is measured by the total time taken in tracing 

that shade onto the display • The circuitry of the scanning equipment 

. is auch that the ares of each shade can be measured separately. 

There are several ways of measuring the time taken to trace a given 

ehade. If the signal involved modulates a carrier wave, then a 

digital counter can be uaed to count oarrier-wave cycles. This is the 

case with the McGill scanner, and preliminary trials indicate that it 

works well. There are alec two analogue methode of measuring the ares. 

In one, the signal can be used to charge a capacitor, in which case the 

accumulated charge ie a measure of the ares. In the otber, the signal 

is used to expose repeatedly a photographie film, and in this case the 

resulting deneity measuree the ares. The capacitor technique bas been 

used successfully in a commercially developed scanner; the film technique 

nas also been developed fairly suocessfully, by Nitka (1964) at McGill. 

These automatic measurements of ares have considerable operations! 

signifioanoe. In operational form the scanner produces a facsimile 

paper record, and simultaneously measures the ares of each shade. The 

areas oan be recorded immediately the scanning is completed, alongside the 

faosimile record. This is actually being done in the weather-radar 

facsimile unit currently under development by Canadien Aviation Electronics 

in Montreal. 

6.3 Precipitation Area from A-Scope Display 

It is possible to determine the areas of precipitation of various 
• 

intensities from an A-scope display as an alternative to the grey-ecale 

displsy. A method for doing this was developed, because none of the 

available methode of analyzing the grey-ecale display was suitable for 
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use on an extensive ecale. · With the A-ecope method described in this 

section it is possible to analyze a single constant-altitude map in about 

five minutes. This is about the time it takes to measure the areas on a 

contoured grey-ecale map, apart from the considerable time that was needed 

to produce the contoured map. Although the method bas now been superseded 

at McGill by the development of automatic scanning equipment, it is never-

theless worth discussing in some detail. The A-ecope method can be used 

with any radar that has a logarithmic receiver and facilities for producing 

constant-altitude pictures. Moreover its coat is only a fraction of the 

coat of scanning equipment. 

Fig. 6.7 is a picture of the A-scope display. The equipment is 

operated within the normal programme or· the McGill radar in which repeated 

spiral antenne scans are used to produce CAPPI pictures. Signala from 

the logarithmic receiver pass through a resistor-capacitor network to 

the cathode ray oscilloscope display, whose coordinates are log (rainfall 

rate) against range. The resistor-capacitor network averages the signale 

with a time constant equivalent to two 1500-metre radar pulse lengths to 

provide a more meaningful measure of the rainfall rate. This average is 

the same as that applied to signale in the grey-ecale displays. The 

trace on the display is maintained at constant brightness, and is controlled 

by switching circuits, for the design and construction of which the author 

is indebted to Dr M. Wein. The trace is switched on only for the range 

interval appropriate to the particular constant altitude being synthesized, 

and only if the signal exceeds a threshold value equivalent to a rainfall 

rate of 0.1 mm hr-1 • . 
The purpose of the equipment is to integrate or measure the total 

ares of precipitation of a given intensity over the area scanned by the 
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radar. To ensure quantitative operation this area of integration is 

actually restricted to that between 20 and 80 n mi, an area of about 

20,000 n mi2, by masking the display. The first step toward the integ-

ration over ares is integration over range, and this is followed by integ-

ration in azimuth. Integration over range is achieved by photographing 

the display through a cylindrical lens, a technique suggested by Professer 

Marshall. The arrangement is shown in Fig. 6.8, and it can be seen that 

images of signala of the asme intensity from different ranges are super-

imposed on the film. Since the ares within the one-degree beam in a 

small range interval is proportional to the range, the signala must be 

corrected before being superimposed. This is done by fitting the display 

'tube face with a photographie half-tone mask whose density increases from 

a low value at range 80 n mi to a high value at 20 n mi. 

Integration in azimuth is achieved by accumulating signala from all 

azimuths in a single photograph. In fact the seme frame of film is 

exposed for the duration of the spiral antenne scan, thus achieving the 

integration of signala of eaoh intensity, over the entire ares scanned, 

at a given constant altitude. Sinoe the brightness of the trace is 

constant, density on the film ia a measure of area. 

Fig. 6.9 shows prints from a sequence of frames on the negative film, 

together with a plot of the density along some line down the middle of the 

film. A soale of area has been added to the density plot, and the graph 

can be read directly to give the distribution of ares of precipitation as 

a function of its intensity. It oan be seen that the film record is 

particularly suiteà to automatic densitometry, and in fact the density plot 

shown was produced automatically by the equipment shown in Fig. 6.10. In 
.. 

this densitometer an image of the 16-mm film is projected onto a photocell 
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equipped with a collimator. The film is drawn through the gate of the 

projector at a rate of one frame per minute, while a mater in circuit with 

the photocell records density along the film. The mater and photocell 

are actually components of a commercial photometer. A strip chart rec-

order placed in parallel with.the meter records the density measurements 

without affecting the operation of the photometer. 

The determination of area from density requires a knowledge of the 

film characteristics. Since the trace on the display is constant in 
' 

brightness, exposure time is proportional to area of precipitation, and it 

is the relationship between film density and exposure that is required. 

It is important to establish this relationahip under conditions as nearly 

as possible resembling the conditions of operation. For example, the 

film charaoteristics published by the manufacturer are normally for single 

d~light exposures of the order of hundredths of a second, while in the 

present work the film is exposed to an oscilloscope trace, perhaps with 

hundreds of exposures, each measured in microseconds. Thus a test was 

devised in which mountains took the place of precipitation as radar 

target s. The mountains were repeatedly scanned with the antenna rotating 

at 0° angle of elevation, while a series of exposures was made, successively 

for the duration of 1, 2, 4, 8 and 16 rotations. The film was then 

developed and measured in the automatic densitometer. In each picture 

there is the same relative distribution of ares of echo with intensity, 

but the areas increaae throughout the series by successive factors of two. 

Thus, if the density is measured in. each pioture at a point oorresponding 

to a given intensit,v of echo, the series of densities corresponds to a 

series of areas in the ratios 1:2:4:8:16, and a graph of density as a 

function of area can be drawn. The areas in this graph are relative, and 



no attempt was made to determine them absolutely at this stage. The 

graph was extended by measuring a series of densities for each echo inten­

sity, and then matching the various series on the graph. It was further 

extended by repeating the exposures with various levels of oscilloscope 

trace brightness. Fig. 6.11 shows the characteristic plot that was 

finally obtained, and it can be seen that it extended over a range of 

almost 40 db in relative exposure, or area. For comparison, the normal 

film characteristic for identical development is also plotted in the 

figure. Although the relative positions of the two curves were not deter­

mined, as shown, they probably match most closely at low levels of exposure, 

with densities from. oscilloscope exposures falling well below the normal· 

oharaoteristio at higher levels. 

The film characteristic thus measured was used to add the scale of 

relative area to the density record of Fig. 6.9. To determine the units 

of this saale absolutely the density plot from a series of pictures of 

precipitation was analyzed. In each picture areas were measured at 

intervals of a factor 2.0 in rainfall rate directly in terms of the unite 

of the relative ecale. These areas were added to obtain the total area of 

precipitation with intensity exceeding 0.1 mm hr-1• The total areas 

obtained in this way were plotted against the true areas measured from 

corresponding CAPPI maps, Fig. 6.12. The near proportionality of the 

two sets of areas can be aeen from the tendency of the points to lie 

parallel to the lrl line, and the constant of proportionality is readily 

obtained. When the saale of areas on the density plot is multiplied by 

this constant it bècomes an absolute scale, and the ares of any given 

intensity can be meas~red immediately. 
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6.4 Evaluation of A-Scope Technique for Measuring Area 

In evaluating the present technique of measuring precipitation areas 

the nature of the radar signal from precipitation and its display on the 

oscilloscope must first be considered. The radar echo from a randomly 

distributed array of precipitation partiales fluctuates in intensity about 

a mean value which can be related to the intensity of precipitation. 

Marshall and Hitschfeld (195') and Wallace (1953) have studied these 

fluctuating signala theoretically and have determined the probability 

distributions which they satisfy. In Fig. 6.13, curve I has been taken 

from Marshall and Hitschfeld to show the distribution of i~dependent 

signala as a function of log (signal intensity). As far as the present 

technique is concerned, in which signala are displayed on an A-scope and 

superimposed in range and azimuth on photographie film, the curve may be 

looked upon as the distribution on the film of many signala from precip­

itation of a given intensity. The maximum density of signala occurs at 

the mean intensity, but the distribution is bread with 9~fo occurring over 

an 18 db range. The distribution can be narrowed by averaging groups of 

independant signala before display, and.curve II, for example, shows the 

effect for groups of four. Here 9~ of the signala are contained in the 

considerab~ smaller range of 10 db. Averaging has also lowered the 

whole distribution slightly, with a shift in the maximum of almost 2 db. 

Signala in the pr~sent equipment are actually averaged continuously in 

range by means of a resistor-capacitor network whose. time constant is 

equivalent to two radar pulse lengths. Wallace (1953) has shown that 

continuous averaging is slightly more effective than averaging the same 

number of completely independant signala. The present operation is 

probably equivalent to averaging groups of somewhere between three and 



four independant signala, and curve II has been taken to represent the 

situation. 

One point of some significance to be noted with regard to the dist­

ributions of Fig. 6.13 is that the mean log (signal intensity) is less than 

the log (mean signal intensity). This is why averaging groups of indep­

endant values of log (signal intensity) lowers the distribution as well 

as narrowing it, and for large groups it becomes a narrow distribution 

with the peak about 2.5 db below the mean signal intensity. One conse­

quence is that, if one were to calculate the precipitation flux from the 

record of an A-ecope in which large groups of signala were averaged before 

display, it woùld be lower than the true value by the equivalent of 2.5 db, 

or a faotor 1.4 in raintall rate. Rather surprisingty, perhaps, the flux 

calculated from a record in whioh no averaging bas been done is correct. 

In the present equipment, a numerical calculation based on curve II of 

Fig. 6.1; showed that averaging in groups of four leads to a value of the 

flux 1.2 db lesa than the true value, or a factor 1.2 in rainfall rate. 

In view of other greater uncertàinties in this study, no correction was 

applied for this error. 

Fig. 6.1; is also useful in estimating at what intervals of signal 

intensity areas should-be measured on the A-scope record. Precipitation 

of a certain constant intensity gives an A-scope record like curve II. 

The precipitation .area is given by the area under this curve, and may be 

approximated by measuring ordinate values on the curve at a limited number 

of points. A series of trials was made to find the least number of 

points that would g.ive satiafactory accuraoy. For measurements at 10 db 

intervals the measured area was in error by up to a factor 1.9, at 5 db 

intervals by 1.02. Precipitation fluxes were also calculated from these 
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series of measurements, and for measurements at 10 db intervals the flux 

was in error by up to a factor ;.o in rainfall rate, at 5 db intervals by 

1.06 (spart from the consistent factor 1.2 discussed in the last paragraph). 

The errors arising from measurements at 5 db intervals are thus neglig-

ible, and this was the interval used in the present study. 

Although the A-scope signal intensity ·scale is aocurately transcribed 

onto the density record (Fig. 6.9), there ia a problem in locating the 

5 db points at which to measure areas. An overlay was prepared with the 

correct intensity scale, but it was difficult to align its origin with the 

threshold intensity. The threshold is not as well defined as might be 

hoped, and can be consistently located only to within about ±2 db (a 

factor 1.3 in rainfall rate). Thia margin of error is somewhat greater 

than those discussed in the preceding paragraph, and is in fact the overall 

limit to the accuracy of the present measurements of signal intensity. 

There is another phenomenon somewhat similar to the fluctuating 

signal in its effect on the A-scope display. Surrounding the small 

oscilloscope spot, and associated with it, is a large faint circular 

region or halo. The spot and its halo are imaged by the cylindrical lens 

into a fine bright line within a broad parallel band of halation. l1easure-

mente of the halation affect were made photographically, and the resulta 

are shown in Fig. 6.14 as a plot of log (exposure) against distance on the 

film perpendicular to the line image. ·Whereas on the oscilloscope the 

brightnesa of the halo is about 60 db less than the brightness of the spot, 

in the image the difference is reduced to about ~5 db. The scale of 

distance in Fig. 6~4 is also a ecale of log (signal intensity) and it is 

againat this latter ecale that the affects of halation should be judged. 

To enable a oomparison between the effect of halation and that of 



fluctuations in the radar signal, curve II of Fig. 6.1} has been replotted 

in Fig. 6.14. The most important difference to note is that while the 

effect of signal fluctuations decreases quickly with distance, halation is 

never more than ~5 db below its maximum value. An immediate consequence 

of this is that it is halation which determines the dynamic range of the 

display. This is perhaps beat seen by looking at a specifie example, and 

in the following table the measurements from which Fig. 6.14 was drawn 

have been used to show the effect of halation in the recording of 20,000 mi2 

(full radar coverage) of precipitation of rate 0.1 mm hr-1 • 

Rainfall rate (mm hr-1) 

Ares (mi2) 

Relative flux 

0.1 0.4 

20,000 40 

2000 16 

1.6 

15 

24 

6.4 25 

6 6 

50 150 

100 400 

6 6 

600 2400 

Because of halation, small areas are inevitably recorded at all other 

rainfall rates, including 6 m12 of 400 mm hr-1, and only with several 

times this ares could one afford to neglect the contribution from halation. 

Thus, the overall range of the diaplay is limited by halation to about 

30 db, or 35 db if one is prepared to correct for halation. Perhaps the 

most serious aspect of halation is found in relation to the calculation of 

precipitation flux. The fluxes that would result from the small areas 

arising from halation also appear in the table. Since 6 mi2 of 400 mm hz.-1 

actually yields more precipitation than 20,000 mi2 of 0.1 mm hr-1, it is 

evident that extreme cere is needed in measurements at high rainfall rates. 

One precaution taken to minimize the effect of halation was to switch 

the trace off whenev!ilr the signal fell below a threshold ~quivalent to a 

rainfall rate of 0.1 m~ hr-1• This limita the halation effect to an 

amount proportional to the total precipitation area, while without the 
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switch the film would be constantly exposed to halation for the full 

20,000 mi2 radar coverage. It should also be noted that halation is a 

property of the display, not the signal, and it is important .to use the 

most open signal intensity saale possible • Despite these precautions, 

. halation is always present to some extent, al though i t is least serious 

on occasions with small precipitation area. In practice, the values 

appearing in the above table were used qualitatively to determine whether 

halation effects were significant and, if they were, appropriate corrections 

were made. 

The overall accuracy of the A-scope display in measuring precipitation 

areas is perhaps best judged by returning to Fig. 6.11 and 6.12. Fig. 6.11 

shows the relationship between density and exposure (or area) for the film 

as it was used in this study. By using this relationship with a relative 

ecale of area, areas were measured from the A-scope record, and plotted 

in Fig. 6.12 against the corresponding true areas measured from CAPPI maps. 

From this plot a factor was determined with which the relative A-scope areas 

were converted into true areas. Fig. 6.12 actually contains measurements 

made on every available picture throughout a period of thundersbowers. 

The ar.eas on the CAPPI maps were measured by superimposing a grid and 

counting the number of squares covered with precipitation. Although it 

is the result of a single radar test, the characteristic relationship of 

Fig. 6.11, with slope (or Y ) O. 35, was used for calculating all A-ecope 

areas. This is convenient, but has the disadvantage that inevitable 

small differences in processing and film batches lead to slightly different 

characteristics. .If the characteristic of a psrticulsr record is the 

same as that of Fig. 6.11, then the calculated A-scope areas will be 

proportional to the true areas, and the points in Fig. 6.12 will tend to 



lie along a lina of slope 1.0. In the example, the points are beat fitted 

by a lina of slope 1.1, and this suggests that the film actually had a 

characteristic with Y= 1.1 x 0.35. This is a fairly extreme deviation 

from the normal j) : O. 35· If the beat line of slope 1.0 is chosen to 

fit the points the larger areas will tend to be in error by + 1 db, and 

the smaller areas by - 1 db. Thus calculations of areas based on a 

standard film characteristic may be subject to consistent errors of up to 

± 1 db on account of variations from this characteristic. 

Another source of error lies in the measurement of densities on the 

film. The performance of the densitometer varied slightly wi th projector 

lamp voltage and temperature. A consistent deviation of performance from 

atandard would produce affects precisely similar to those arising from 

variations in fi~m characteristio, and could equally wall aocount for the 

deviation of the points in Fig. 6.12 from proportionality. Hcwever, the 

densitometer performance was not as consistent as the film characteristic, 

and variations could occur over periode of several pictures. Thus the 

errors in ares arising from this source would show up in Fig. 6.12 as 

scatter about the line of beat fit. Their magnitude was rather lesa than 

the ±1 db arising from variations in film characteristic. 

Two further sources of error to which the A-scope areas are subject are 

also random in nature, although they may show trends. They are variation 

in oscilloscope trace brightness and i~perfection in the half tone range 

correction filter. The brightness of the trace was continuously monitored 

by means of a photocell, generally being maintained within ± 1 db of a 

standard value. Tb.is range of ± 1 db comprised ± t db in short term 

fluctuations over periode of minutes superimposed on a similar ~ t db 

drift over hours. In the case of the range correction fil ter, i t was 



difficult to produce the necessary half tone mask with precisely the 

required density distribution.· The best that could be achieved ·,.ras 

again within ± 1 db of the desired values. In this case the errer is a 

function of range, and the overall errer generally varies steadily according 

to the distribution of precipitation with range. Both the errors arising 

from imperfections of the filter and those arising from variations of trace 

brightness are similar in nature and may be combined. In sum the effect-

ive brightness of the trace will be subject to random variations of about 

±t db within the period of a single picture wi th further variations of 

up to ±1t db over a period of several pictures. The measured areas 

will be in error by the same factor. In a given picture, the measured 

areas can generally be corrected for these errors by multiplying them all 

by a constant factor. 

All of these random variations in densitometry and trace brightness 

combine to produce the scatter of the points in Fig. 6.12. In agreement 

with the preceding discussion of errors, 9~ of the data lie within a 

factor 1.4 ( ± 1.5 db) of the line of's1ope 1.1, a1though there are errors 

of up to a factor 2. Also, as might be expected, .the scutter over shorter 

periods tends to be less· than the scatter over the nina-hour period of 

Fig. 6.12. Neverthe1ess, the areas calculated direct1y from the A-scope 

record were insufficiently precise for the present study, and a way of 

achieving greater precision was soug~t. 

An obvious technique was adopted, in which the arens in each picture 

are mu1tiplied by a correction factor to make the total area equal to the 

area measured in a corresponding CAPPI map. That is, the A-scope is in 

effect used to det~rmine the proportions of precipitation of each intensity, 

and the CAPPI maps are used to convert these proportions into areas. This 

technique satisfactorily eliminates errors arising from the varying trace 

brightness and imperfect range filter, and considerab1y reduces the 



errors arising from varying film characteristics and densitometry. In 

fact, since the relative proportions of precipitation of each intensity 

and the areas from CAPPI maps are each accurate to a factor 1.1, the 

overall limit to the accuracy of the area measurements is a factor 1.2. 

This accuracy should be compared with the corresponding accuracy in the 

intensity measurementa of a factor 1.3 in rainfall rate. 

Altogether, the A-scope display is capable of measuring the flux of 

precipitation accurate to within a factor 1.4. More preoisely, the 

probable error in flux measurements ia estimated as a factor 1.2, which is 

equivalent to 1.2 db in signal intensity • 

• 
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