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SUMMARY

Vertical profiles of the total precipitation in the area scanned by
a radar have been obtained for the first time. Profiles for sumuaer showver
gituations commonly show an accumulation of precipitation aloft, af a height
which is observed to increase with the available energy of convection.
This observation has been combined with calculations by other researchers to
give a three-fold relation between mean updreught speed, height of accumul-
ation and energy of convection., Profiles for continuous rain are quite
distinct from those of showers, generally showing the greatest amount of
precipitation at the base of the storm. Profiles form a useful digest of
the radar data for the synoptic meteorologist. The essential data can be
reduced to a small array of digits, which are economically transmitted and
readily interpreted to give insight into the precipitation pattern and the

accompanying convection.
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1. INTRODUCTION

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 séattering effects to be expected in the atmos~
phere.  Accordingly, Ryde (1946) undertook a detailed theoretical invest-
igation of the attenuation and reflections of radar waves by various
meteorological phenomena. 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 waf, Marshall.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 size distrib-
utions and the rainfall intensity.

Radar was soon employed to analyse precipitation patterns in the
horizontal (Maynard, 1945) and in the vertical (Byers and Coons, 1947; and
Langille and Gunn, 1948). It was instrumental in establishing the nature
of the precipitation processes in both stratiform andlconvective clouds,

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

meteorology and synoptic meteorology.

1.2 WVeather Radar Displays

With radar it is possible to measure at least five parameters of a



precipitation pattern. These are the three dimensions of space, the
precipitation intensity and time. There are thus many possible forms in
which to display the pattern, In the most commonly used radar indicators
the ﬁrecipitation pattern in some plane is normaliy 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 shades of grey, and this is done in displays 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. If the basic display 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 (CAPFI). A method for producing such constant
altitgde precipifation maps has also been devised at McGill 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 nr-1.

Although the maps are basically comprised of distinct shades, in
practice there are rarely sharp boundaries between the consecutive shades.
This may be ascribed to the rapidly fluctuating nature of the radar echoes
from precipitation. It has been found that some form of densitometry is
necessary if accurate measurements are required. Thus, the McGill Group

has further developed equipment which automatically densitometers the



grey-scale CAPPI maps (Wein, 1964). The maps finally appear in well=-
defined grey shades on a facsimile record, and it is now possible to

measure rainfall rates by inspection.

1,3 Vertical Profiles of the Total Precipitation

The process by which the stepped grey-scale maps are produced includes
a stage in which the photographic negative of the original map is completely
scanned. Canadian Aviation Electronics of Montreal, in developing the
McGill technique, have recently taken advantage of the opportunity that
this affords of analyzing the whole radar map (Ballantyme, 1964). ~ The
analysis proceeds by measuring the total area of each of the grey shades,
and the results of the analysis follow each map on the facsimile record.
Given the area of precipitation of each intensity, it is possible to cale
culate such things as the total flux of precipitation at eny height,
including the lowest one which is of great interest to the hydrologist.

In anticipation of the development of these methods for the ready
analysis of grey-scale maps, and because of the fruitful research possibil~
ities, Professor J.S. Marshall initiéted the research which is reported
here., The automatic methods 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 full account of the actual technique
employed appears in Chapter 6 of this work. Thelequipment served well in
the accumulation of records for more than 1000 hours of precipitation, but
it has almost certainly been used for the last tinme.

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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exanples of the kind of profiles that have been drawn. The upper example
is for an instant during the most exciting thunderstorm of the swamer of
1963, The outer curve shows the total area of precipitation exceeding

1 as a function of height. The next

the radar threshold of 0.1 mm hr~
curve shows all the precipitation exceeding 0.4 mm hr-l, that is with
grey-shade one omitted. Succeeding 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 ma hr'l at 30 kft. The lower
example is from an occasion of continuous precipitation. The vertical
extent of the precipitation is considerably less and its area at the lower
‘levels greater than in the other example. Also.the most intense precip-
itation is just over 6.4 mn hrl and occurs at 5 kft.‘ Mention should be
made about the scale of area: 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 the kind illustrated in Fig. 1.1, together with profiles-of
additional quantities, have proved to be a most convenient method of
displaying the stential features of the distribution of precipitation
in the vertical. It is hoped that the present study will establiéh their

value in both research and operations.

1.4 Profiles in Relation tc Storm Structure

The great difference between the two examples of Fig. 1.1 is that in the
shower situation there is a great accumulation of precipitation aloft at
30 kft, whereas in the continuous rain the precipitation is growing cont-

inually throughout its descent. The accumulation of great quantities of

rain aloft in the strong updraughts of convective storms was suspected by
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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 growing droplets. Perhaps
this point should be emphasized: the accumulations are often alacst in &
state of dynamic equilibrium, with precipitation arriving and deperting at
'about the same rates.

There were many other 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), 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 précipitation formation would increase with the updraught speed.
Kessler (1961), in considering the development of precipitation in a model
convective cell,lalso found that accumulations developed aloft at & height
which increased with the updraught speed.  Meanwhile, Donaldson-(l961b)
had ébserved radar reflectivity maxima 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
individual 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
(1361) has also been used as a basis 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



and the available energy of convection. This threefold relation is shown
to be useful in studying the energy budgets of convective storms.

Considerable effort has been devoted to the study of shower profiles,
andvthe study of continuous rain profiles has conseguently been rather
neglected. At first sight they show rémarkably little variation in fora
from situation to situation, but close study would undoubtedly reveal

features at present unexpected.

1.5 Profiles for the Synoptic Meteorologist

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 cennot digest more than a small fraction
of the available data, and so he must be provided with a suitable brief
summary. Vertical profiles of the total precipitation form such a summary.

‘"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 ab}e
to study the main features of the three-dimensional precipitation pattern
over an entire continent.

Profiles emphasize what is perhaps the most important dimension to the
meteorologist, the vertical. From the vertical structure, as summarized in
profiles, it is possible to tell whether the precipitation is stratiform or
is in the form of fhowers. If it is in the form of showers it is possible
to estimate 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.



In this study, attention has been devoted more to the qualitetive
aspects of profiles than to the quantitative. Precipitation is ean
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. Quantitative data of the kind contained in
profiles might well be incorporated into the models being developed by
dynamical meteorologists.

There is no doubt that radar has a place in synoptic meteorology, and
a case is made in this work for summarizing the rader date into profiles.

It is exciting that equipment is already available to exploit the value of
- profiles on an operational basis. The work reported here has only been
concerned with the most obvious features of profiles. Much more reamains
to be done, and it may be expected that the operational use of profiles
will soon lead toa better understanding of the precipitation processes and

the convection wﬁich produces then.



O

2. ANALYSIS OF PROFILE DATA

2.1 The Radar Measurement of Rainfall

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

power received by the radar from precipitation is given by

- c k(2 z
Pp = =———— , (2.1)
r2
where 2 = :SD6, the sum of the sixth powers of the diameters of the

precipitation particles, per unit volune,
|X|2 is a dielectric factor, 0.93 for water, 0.20 for ice,
r 1is the range,
N C 1is 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 dependence 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,

= [Kl22. (2.2)

Ze = °

Ze is measured with a probable error of about 2 db. The McGill radar -
produces constant altitude maps with contours of Zg, 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 studies (see
Battan, 1959) to Yhe rainfall rate R. A relation repreéentative of most
rain, and the one adopted at McGill, is

Z = 200 Rl.6 (2.3)

where Z is in mm® m-3 and R in mm hr-l. This equation may be used to



deduce the rainfall rate from measurements of equiﬁalent radar reflectiv-
ity. Further, Marshall and Palmer (1948) have given a gtatistical rel-

ation between the rain density M and the rainfall rate R:
M = 72 RO-88 (2.4)

where M is in mg m-3 and R in mm hr~l, This and equation (2.3) may be

combined to give
Z = 0,0083 M1-82, | (2.5)

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

In the case of radar signsals from snow the relevant parameter is
still Z = ZD6, 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)

2 = 2000 Re+© (2.6)
M = 250 R9-90 (2.7)
Z = 0.0096 M%°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 tﬂe
2 — R relation appears to be the same as that for rain, Z = 200 Rl’6;

The radsr scattering by melting snow and hail (dry or wet) have also
been studied, but the resulting relations are quite coumplicated and need

not be of concern *here.



2.2 The Radar Rainfall

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

ation 2 = 200 Rl+6 may be used to define a radar rainfall rate,

1
VA ———
B - (__6__)1.60 , (2.9)
0.93 x 200 .

Contours of Z, may now be relabelled with values of Ryp. Except where
otherwise stated, all measurements in this work are expressed 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 particles
(a) satisfy the particular relation 2 = 200 R1-6, (b) fall in air which
has no vertical component of motion, and (c) are water drops. A brief
discussion of the extent to which the measurements sre affected when
these conditions are not met now follows.

(a) 2 —-R Relations

Battan (1959) has given an extensive summary of Z = R relations
deduced from studies of drop-size distributions in rain. The relations
vary somewhat with the type of storm and geographical location, but for
a given Z most of the relations give a value within a factor 2.0 of that
given by Z = 200 Rl's. Ample direct confirmation of this relation has
also been obtained with radar measurements. Recently, Austin (1963) has
used it in a radesr study of 40 New Englaﬁd storms, and found that for 30
storms it yielded radar rainfalls within a factor 2.0 of the actual values
measurgd in a rain-gauge network; for six storms the equivalent rainfall
was one-half or l;ss 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 ri-6



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

(b) Effect of Updraught 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:

o
w = (O Ze )1.82 . (2.10)
.93 x 0.0083

This has the advantage that in the case of vertical air motion M, is a
better measure of the actual rain density than is Ry 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 characteristic fall speed of the rain relative
to the air, v, and the upward air speed, u:
R = M (v ~u). (2.11)

The rader rainfall rate is a measure of the quantity Mv, 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 nesar proportionality of the relation M = 72 RO.88.

Examples of profiles of both the total rainfall rate and rain density are
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shown for comparison in Fig. 2.1l. It can be seen that they are quite
similar, and that a factor 50 can be used to convert R (mm nr-1) into

M (ng m=3). This factor is actually appropriate at R = 20 mm hr‘l, or

M = 1000 mg m-J, 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 lighter rain the approximation is still quite good, although in
these cases the updraughts may be expected to be less significant, and the

radar rainfall rate is itself a satisfectory measure.-

(¢c) The Rader Rainfall in Snow

.For snow aggregates Z = 2000 R2°0, and for non-aggregate snow
Z = 200 R1'6 sppears to be appropriate. In practice, there is some
jﬁstification for using a compromise relation, and as pointed out by

Austin (1963) there is considerable merit in choosing, in particular,

Z = 1000 RL+6, (2.12)

For snow satisfying this equation, the radar signal is proportional to
2, = Jkl22 = 0.20 x 1000 R1+6, (2.13)

and tﬁe precipitation rate is thus

. 1
R = (—Zg 1.8 . " (-2'.i4)
200 .

This is almost identical with the equation defining the radar rainfall
rate, (2.9). That is, the radar rainfall rate is a reasonable approx-
imation to the actual precipitation rate (water equivalent) in snow. It
may be too high by about a factor 2.0 in heavy snow aggregetes, 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. 2 A& 1000 Rl'é), while for the other three thé rader reainfall
wés less than the actual precipitation by a factor 2.0 or more. Those in
which the radar rainfell was satisfactory were almost all heavy snowstoras,

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

In summary, the radar rainfall is a satisfactory measure of the actusl
rainfall in most rainstorms, and is almost as satisfactory in snowstorms.
Where updraughts are significant, the radar rainfall should be taken as

a reasonable measure of the rain density.

2.3 Correction for Atteruation

The radar equation in the form (2.1) ignored the effects of attenuation
along the radar path. At the 3.2-cm wavelength of the CPS-9, attenuation
by atmdspheric gases, cloud and especially rain can reduce the received
power considerably. Table 2.1, cémputed 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 3.2-cm WAVELENGTH (TWO WAYS)

Rain 1 mm hr'i 0.025 db mi-1

10 mm hr~ 0.50 db mi~i

100 mm hr-1 10.0  db mi-1
Cloud 0.25 ab mi~t (gm w3)-1
Cases 1000 mb 0.05 db mi-1

500 mb 0.0l db mi~t

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

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



be quite serious and might frequently have amounted 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
statistical correction for this loss, and a suitable correction was deduced
from previous work at McGill (Hamilton and Marshall, 1961). 4 brief
account of the derivation of this correction now follows.
Because of attenuation by the rain itself, the area of echo exceeding
a radar rainfall rate of 0.1 mm h:r-1 is somewhat less than the area of
lggig exceeding 0.1 mm hr'l. In fact, the McGill study of rainfall stat-
istics for a Montreal summer has shown that the area of echo exceeding
0.1 mn hr~! is about the same as the area of rain exceeding 0.18 nn nrt,
In this sense, the 0.1 mm hr~} redar rainfall rate contour can be relabelled

0.18 mm hr"1 to compensate for attenuation. Revised values have also been

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

TABLE 2.2
ATTENUATION CORRECTION FOR RADAR RAINFALL RATE (mm hr~+)

Radar Attenuation-Corrected Adopted

Rainfall Rate Rate - Rate
0.1 0.18 0.2
0.4 0.60 0.8
1.6 ’ 2.7 3.2
6.4 15 12.5,
25 61 ‘ 50

It can be seen that multiplying radar rainfall rates by a factor 2.0
(5 db in equivalent reflectivity) 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 McGill study showed that, for a sensitive 3-cm radar (such as the



CPS-9) looking at @ point 60 miles away for a whole summer, the total
radar rainfall would be about 47% of the actual rainfall because of rain
attenuation. Thus 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 mostly be from 0.3 to 2.0
times the actual rates, depending on the storm.

It should be mentipned that attenuation by snow is negligible at
normal precipitation rates. The factor 2.0 by which all radar rainfall
rates have been multipiied might therefore be expected to over-correct in
the case of snow. However, in most cases, the snow concerned is above
the melting level in a rainstorm. Gunn and East (1954) state that serious
attenuation may take place when radar observations are made 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 betwéen 20 n wi and 80 n mi in range, an area of about 20,000 n mi2,
At rsnges closer than 20 n mi the McGill radaer does not mep the precipit-
ation at 40 kft, while at ranges beyond 80 n mi it does not map the prec-
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 signals 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 limits of the sampling area.
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Although it is easy to calculate the effect of a diveryent radar beam
in observing stratified precipitation, the calculations are quite tedious
for cellular precipitation. Fortunately, Doneldson Q96ia) has made such
calculations, giving detailed reflectivity contours for two thunderstorus
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 rainfeall rate at each height. It is
perhaps surprising that for both 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 by 5 db, but as the beam becomes larger it
records the intense echo over a greater area, and these effects 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 lost helow the horizon.

Thus the reflectivity at 80 n mi falls off below 9 kft, until at 5 kft it
is 5 db less than at 20 n mi. With the exception of these lower heights,
it is encouraging to note that the shape of the profiles is well preserved.

The situation is not so bright on occasions of continuous precipit-
ation. The profiles at the bottom of Fig. 2.2 have been calculated froa
the measurements of a vertical-pointing radar (Wexler, 1959), and assume
that the precipitation is uniform in the hérizontal across the radar bean.
It is fairly representative of continuous rain at Montreal in the sumner,
and shows a\bright band as snow melts to rain at 10 kft. Although much of
the profile at 80.n mi is within about 3 db of the 20 n mi prbfile, it is
poor in detail. Because of the rapid change of intensity with height, the

reflectivities above 12 kft are about 5 db too high. The details at and
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below the bright band are miésing, and at 5 kft the loss of signels below
the horizon is just apparent.

It should be pointed out that the profiles of Fig. 2.2 have been
presented as continuous functions of height. In the icGill radar, however,
the 5 kft CAPPI map is approximated beyond 62 n mi by the beam of o
elevation. Hence echo in the outer 36% of the sampling erea at 5 kft 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 PROBABLE ®RROR
(db power)

Radar measurement of Z, 2
Sample area, 20 — 80 n mi 1
A-scope apparatus (Chapter 6) 1
Z — R relation 2
Attenuation (after correction by + 5 db) 3
OVERALL ERROR . 4.8
The overall probable error of 4.8 db means that most of the measurements
of radar 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 3.0. The ultimate limit to accuracy is given by variations in the
Z ~ R relation, equivalent to a factor 2.0,

It should be emphaesized 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 observed profiles.
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2.6 Types of Profiles

Phe basic data from which the profiles in this study have been drawn
are the areas within contours of Z.. The particular Z, contours chosen
corresponded to the boundaries between grey shades in the McGill radar.
Table 2.4 gives the relevant values of Z, and the corresponding rainfall
rates, both as observed and after correction for attenuation. The first
half of each double column gives values for the contours, while the second

)

half gives the mean values used for each shade..

TABLE 2.4
McGILL Ze - EQUIVALENT RADAR RAINFALL RATE (mm hr~1l)
GREY SHADE REFLECTIVITY (mm® m~3) Observed "Attenuation
Corrected
4.7 x 100 . 0.1 0.2
1 1.4 x 10 0.2 0.4
4.3 x 10! 0.4 0.3
2 0 1.3 x 102 0.8 1.6
3,9 x 10 1.6 3,2
3 1.2 x 107 3.2 6.4 .
3.6 x 107 6.4 12.5
4 1.0 x 104 12.5 25
: 3.2 x 104 25 50
5 9.7 x 104 50 100
2.9 x 107 100 200
6 8.9 x 107 200 400
' 2.7 x 10° 400 800

The areas of precipitation were measured successively at heights
5, 10, 15, 20, 30 and 40 thousand feet, with %.75 minutes -being required for
each. Thus it was possible to draw vertical profilés of the precipitation
every 22.5 minutes. Examples of the three kinds of profiles most commonly
discussed here are shown in Fig. 2.3. Each of the profiles at the top
shbws the area of all precipitation exceeding the given value as a function
of height. The ;uantity plotted is actually the square root of the area

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

even spacing between consecutive profiles. It also has some physical
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significance: the profiles may be looked upon as a radial cross-section
of the storm that would result if all precipitation were gathered symmet-
rically about the radar, with the most intense at the centre.

Each of the profiles in the middle of Fig. 2.3 shows the total flux of
precipitation arising from all intensities greater than the given vealue.

It has been obtained by multiplying the area 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 would result if it were distributed
evenly over the entire area scanned by the radar, and is plotted on a
linear scale. The outer profile gives the totel flux arising from all
the precipitation detected by the radar, and this has 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 growth.

The discussion in section 2.2, in which it was pointed out that the
radar measuresbrainfall 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 "flux" and "rate of
growth" are quite valid, but this is not the case otherwise. When there
are significant updrsughts and downdraughts, it is better to view the flux
as an approximate measure of the rain density, and in these circumstancés
the rate of growth profile has no physicallmeaning. 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 naze is misleading.

For the sake of uniformity, the terms "flux" and "rate of growth" have been
uged throughout. It will usually be quite plain to what extent these

terms are valid.



3. PROFILES OF SHOWERS

Showers are the product of local instability which is characteristic-
ally realized by convection in cells or cellular complexes with dimensions
of the order of 10 miles. Updraughts ranging in speed from a few n sec™!
to some tens of m sec~l can produce precipitation particles ranging from
raindrbps 1l mm across to hailstones almost 10 cm across. . These precipit-
ation particles fall at speeds comparable to the updyaughts, and there is
thus a complex §nteraction between them. Therefore, it is not éurprising
to find that the distribution of precipitation in the vertical is apparenély
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 veriety of situations. After it has been fully established,

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

3.1 Relation of Profiles to Instability

.

By way of introduction to shower profiles a particular situation has
been chosen for rather close study. Ffig. 3.1 shows various facets of the
situation at 1355 KST 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
NV of Montreal. The maps are at 10, 20, 30, and 40 thousand feet, and
the range markers are at 80 n mi. At 10 kft the line of showers is about
10 mi across with closely clustered cells of moderate intensity along 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 eché 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 cells are seen
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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 kft 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 mn hr'l
(after attenuation correétion), expressed as a fraction of the area scanned
and plotted on a scale of square roots. The radar pictures show all the
precipitation exceeding 0.2 mm hr‘l, and the profiles show that this totals
about 7% at 10 kft, 17% at 20 and 30 kft, and 10% at 40 kft. The radar
pictures have been printed so that white represents precipitation of
50 mn 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 mil),

The second set of profiles shows the total flux of precipitation aris-
ing from rainfall exceeding the rates 0.2, 3.2 and 50 mm hr’l. 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 differs 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 hrfl equivalent to an avefage
of 10 mg m'3. The maximum flux occurs at 20 kft, a little lower than the
height of the maximum area. It is notable that, although the precipitation

exceeding 3.2 mm hrt only forms 25% of the total area of précipitation, it

yields at least 85% of the total flux.
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The third profile shows 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 extireme profiles, | Here, rates have been reduced by a
factor 3.0, and thus the maximum rate of evaporation at 15 kft is
0.6 mm hr"1/10 kft.

At the upper right of Fig. 3.1 is a picture of the synoptic situation,
in whiéh the circle is the circle of 80 n mi that also appears on the radar
piétures. It can be seen that the showers are occurring at a well-defined
cold front with teamperature droppihg from 35C to 23C at its passage, dew
point from 21C to 14C, and wind changing from SW 20 to NW 25 mi hr’l.
The mep has been drawn from a sfudy of 3- or 6-hour synoptic charts, hourly
station reports and climatologicél station reports. The data plqtted are
selectedvto represent the main characteristics of the situation.

To illustrate the technique of analysing the instaebility of the
situation, a tephigram—has been sketched and appears beneath the synoptic
.map. The bhasis of the analysis is an upper air sounding representative
of the éir mass producing the precipitation, Soundings were made zat
Maniwaki, Buffalo and Albany (sée synoptic map) at 0700 and 1900 =5T and
either one of thesé or, sometimes, a suitable mean of them was chosen.

On the present occasion,bthe Maniwaki 0700 EST sounding was represenfative,
and is shown by the bold lines in the tephigram. The next step was to
determine a potential wet-bulb temperature (6w) appropriate to buoyant
pa;cels, and then the analysis followed simple parcel theory to give the

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

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



These values were arrived at by consulting hourly station reports and
climatological station maximum temperatures. They were confirmed by
comparing the resulting level of hydrostatic equilibrium, where parcels and
environment have the same temperature, with the maximum heights of the radar
echoes, The temperature and deﬁ point adopted are those plotted beside
the single bold station circle on the synoptic map, in this case Montreal.
For the present study, the quantity required from the tephigres is the
maximum amount of energy available to buoyant parcels. 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 been plotted at the bottom right of Fig. 3.1,
and on 2 July the parcels were up to 11C warmer than the environment
between 20 and 30 kft, the g:eatest difference observed in this work.
The maximum amount of energy available was 3.55 j g‘l.
In the following pages various shower situations will be illustrated
(Figs. 3.2 to 3.5); each with a 10 kft radar map, a synoptic map and plots
like the bottom row of Fig. 3.1. Shower situations_evolve rapidly, and
frequently no single instant is representative of the whole storm. A
common pattern of development 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 reassn 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‘determihe the maximum amount
of energy available, it is appropriate to choose an instant when the maximum
flux is at its highest level. The situations which follow are thus compared
at such instants. They are arranged in order of the total maxicum energy

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

the occasions were in 1963.
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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 5t Lawrence
Valley (NE-SW through Montreal). A very strong maximum in the flux has
developed at the great height of 30 kft. There are large anounts of light
plume echo at 20 and 30 kft, with 85% of the area of echo between 0.2 and

3.2 mn hr~l, but these do not contribute greatly to the total flux.
’

18 July. Cellular complexes are drifting at 30 knots from the W in the
warm sector of a minor frontal wave. - Even though the wind shear between 10
and 30 kft is less than 20 knots, there is considerable plume echo, with 90%
of the echo area at 20 kft between 0.2 and 3.2 mm hr'l. The flux has
maxima at 10 end 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 30 kft, the wind shear befween 10 and 30 kft
being from the NW at 25 knots. Again, there is a maximum in the flux at

20 kft.

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 advarced only
very slowly to the S. One station along the line reported prolonged heavy
rain and scattered 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. Numerous groups of cells are forming in the region of a station-
ary front and drifting from the NW at 35 knots. A maximum in the flux has
developed at about 18 kft, and this intensified and descended.  4s it
reached 10 kft at about 1245, the area of precipitation to the S5 gave heavy

rain, hail and strong winds at points 60 n mi 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 identical.
This case is exceptional, for the flux shows no maximum aloft. The cells
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 from

realizing more than a small 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. Precip-
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 was fairly
uniform with height and persisted with little overall change for several
hours. It extended only up to 35 kft, rather lower than previous cases.

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

height. A few 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 August. Again the radar map shows a line of cells embedded in light
precipitation, but in this case the cells are along a cold front. The

winds aloft are fairly uniform with height at NW 20 knots, and trhis is also
the velocity of the cells. Extensive areas of light precipitation are
generated at 20 kft, but because of the uniform winds it persists 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 Montresal. It is drifting from the NW at 20 knots. As the front
passed Montreal three hours earlier a narrow line of cells moved obliquely
over the c¢ity, with a very small couponent of motion normal to the line..
Rainfall amounted to 50 mm in less than 2 hours, including a 5Smin burst at
130 mm hr'l. Unfortunately, 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.
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1 August. Shower areas are drifting wifh a local depression at 15 knots
from the SW. The precipitation pattern is uniform up to 10 kft, but then
the amount and infensity of precipitation decrease with height, with tops

Just over 30 kft. There is 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 stationary front to the N of Montreal. The area is drifting
along the front from the W at 25 kﬂots. Whereas all previous cases have
occurred before 1800 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 1l and

36 kft. The upper height is given by the echo tops, and the lower height
can then be deducea from the tephigram. This lower height is beautifully
confirmed by a study of the profiles, which show steady growth from the

top almost down 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 area 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 decreases steadily in area and intensit& above 10 Eft.
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

maximam on 30 June.

13 Afugust 1962. Precipitation in a NE-SW band about 100 n mi azhead of a
cold front is drifting from the W at 30 knots. Convective instability
is realized betweeﬁ 5 and 27 kft. There is appaiently 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 nf cellular precipitation to
the N, It seems to be due to tonvective 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 tﬁat 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 intp graphical form in Fig. 3.6, which shows the height of the
maximum above the convective condensation level (from the tephigram) as a
function of the maximum amouﬁt of energy available to a buoyant parcel.

1 is required to produce

It is indeed a striking relation: roughly, 1 j.g’
a maximum at all, and thereafter each additional j g‘l 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
research,

Returning to fhe profiles in Figs. 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 thousand feet above the maximum flux, but

can be as much as 10 kft sbove or 2 kft below. There is little correlation
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between the height of this maximum area and the available energy.

There is an erratic tendency for the value of the flux at the maxinau
to decrease with decreasing available energy from an average rainfall rate
of 0.65 mm nrl to 0.1 ma hr~l. The value of the flux at 5 kft does not
show any dependence on availabie energy, although the way in which its

1 arises is somewhat dependent on the energy. In

average of 0.2 mm hr~
severe storms it may be the product of 5% coverage at 4 mm hr’l, in weak

storms 15% at 1.3 mm hr~l, The ratio of the meximum flux to that at 5 kft
was also studied, and it decreased erratically with decreasing energy froa

" about 2.7 to 1.0. However, none of these other relations is as siriking 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.
Befofe discussing the implications of these features, the four most severe
storms will be looked at more closely. In Figs. 3.7 to 3.11 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 all 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 various
heights are not quite-simultaneous. Data.are acquired successively at
5, 10, 15, 20, 30 end 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 height. 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 July. The profiles of this day, the most exciting of the 1963 season,
have already received some attention at the beginning of section 3.1l.

Here, two sequences of profiles and maps are presented in Figs. 3.7 and 3.8.
A line of showers oriented NE-SW moved into the region from the NW, with
individual cells moving from the W at 35 knots. It dissipated as it
passed over the St Lawrence Valley, reforming again to the SE. The

first séquence is during the approach of the line, the second during its
departure, and it will be seen fhat 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 area.
Most of the overall increases in area and flux at the beginning are due to
the fact that the line is moving into the region. Thus the total flux at

1

5 kft increases from an amount equivalent to 0.03 mm hr~! over the whole

area at 1219 to 0.17 mm nr-l at 1332, while the average rate over the ares
of precipitation remains constant at sbout 2.5 mm hr'l. However, provided
a sufficient area is within the sampling region the variations with height
are still significent, 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 steadily descends4as the sequence progresses, reaching
15 kft soon after 1440. The maximum then dissipates rapidly, but the
observations are beginning to suffer seriously from attenuation losses
(most evident in the 20 and 30-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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rainfall 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 less clearly defined now, but it can be seen at 1717 and
subsequently. At 1632, a prominent maximum in flux has developed, again
at 30 kft. It is probably due to the new groups of cells 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 very little light plume echo
around these new cells, but this has appeared 45 min later., Meanwhile the
maximum in flux has descended to 23 kft, and as before continues to descend,
reeching 15 kft just before 1847. As it reaches 15 kft it again dissipates
rapidly. Because the precipitation is in several groups rather than the
well-defined line it assumed during its apprbach, 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 individual groups of showeré separately
in cases like this, |

~In both sequences, the maximum in flux descended from 30 kft to 15 kft
in a little over two hours, at about 110 £t min~% (0.6 m sec~l). This
period is almost certainly considerably in excess of the lifetime of any.
of the component cells in the line.

Although the area profiles have been somewhat neglected in this
discussion they are also interesting. The maximum in area, like the flux
maximum, forms at 30 kft. But, in the first sequence, it remains at about
the same height. During the second sequence it descends rather slowly from

- 30 kft to 20 kft at about half the rate of descent of the flux maxiwum.
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18 July. On this day scattered groups of showers were uoving from the W at
30 knots. At 1203, two groups of showers which had forued 90 min 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 lingers at 10 kft before finally disappearing after 1353. liean-
while; by 1333, new groups have formed about 40 n mi to the NW 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 cells 25 n mi to the
MW produced the season's only reported tormado. A slight maximum is
present at 10 kft after this time, eventually disappesaring aftervlsoo.

It is not known how much of the maximum at 15 kft just prior to the
tornado is due to the particular group of cells which produced the tornado,
but an unusually largé proportion of it was due to a small area of very
intense precipitétion. In fact, 18 July was the only day of showers when
precipitation with an equivalent reflectivity greater than 3 x 105 mm6 o3
(200 mm hr'l, attenuation corrécted) wag detected, and the pre-tbrnado
maximuu included the greatest observed amount of such intense precipitation.
The 0.05% (10 n mi’) area accounted for almost 40% 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 miZ2. Considering that the density of rain-

gauges is rarely much better than one per 100 n @il

, this is an eloquent‘
:eminder of the value of radar as a tool in precipitation measurements.
The major maximum in flux desgended from 20 to 15 kft in 40 min at
125 ft min-1 (0.7 m sec'l), and possibly continued down to 10 kft at the
same réte. The maximum in area formed at 30 kft as on 2 July, descended

to 15 kft in 3 hours at 80 ft min~' and then dissipated.
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29 June. On this day an area of shower activity has developed over the
Adirondack Mountains to the S, It will be seen 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 13 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 area of cells 50 n mi SSE, and the 30-kft map shows the first signs
of the formation of a plume. The flux maximum has descended to 15 kft,
remains there for 45 min, and then dissipates. At 1412, a maximum has
formed at 20 kft, and this seems to coincide with the development of new
cells at the N edge of the shower area. 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 foriation of new cells
60 n mi to the E. A particularly intense member of this group is clearly
seen on the BO-ﬁft CAPPI map 60 n mi to the ESE. This maximum 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 220 ft min~l (1.2 m sec~1i).

Although plume echo formed at 30 kft, and the total area at 30 kft
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. Numerous 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 subsequently this appears to descend gquickly to
10 kft at 1255 before dissipsating. At this time wind gusts strong enocugh
to uproot trees, heavy rain and hail were asspciated 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 220 ft min~! (1.2 m sec~l).

By 1317 a new group has formed to the N, and there is a suggestion of
a naximum just below 20 kft, In the next profile this has descended to
15 kft. Leter, this group geve 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 éubsequent descent. It is this characteristic height which has
already been related to the maximum amount of energy available to a buoy-
ant parcel (Fig. 3.6). The well-organized line of showers of 2.July
produced prominent maxima which descended slowly to the melting level and
there dissipated. In the other cases showers developed in separate groups
and, since each group can apparently producg 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 level. 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 a8 study of the nature.of the maxioum in
flux with a look at the proportions contributed by rainfall of each int-
ensity, as shown in Fig. 3.12. The cases shown are those with the highest
méxima, and they are arranged in order of decreasing height of maximua in
each of thevtwo 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 boftom (all values are attenuation-corrected). Looking
first at areas, they almost invariably decrease with increasing intensity.
The only exception is 29 June, for which the areas in the first two inter-
vals are about the same. Murther, in all cases but 29 June, the area in
the first interval forms at least 50% of the total area, with an average
of about 60%. Turning from areas to fluxes, it can be seen that the
contributions_ﬁo'the total flux from the first interval are quite small,
and in fact they average abéut 12%. Thus, the large amount of light
plume echo which is often present near the height of the maximum flux
generally contributes only insignificant amounts to it.

.There is congiderable ;ariation from case to case in the distributions
of flux with intemsity, but a few features are worth comment. It has Just
been pointed out that the contribution to the total from the light rain less
than 0.8 mm hr-l is quite small. The same is usually true for the heavy
rain greater than 50 mm hr-l. There are significent amounts of heavy rain
in the first three cases, but in only one of the other nine was there any.
In a general way, ‘sbout 80% 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 decreasing height of maximum from 12 mm hr=l to 2 ma hr’l.
These facts all suggest that the maximum in flux is largely determined

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

confirmed 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-

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

is made up of excesses in all the individual intensities, although there

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

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

'1, and

However, there is always a net excess for the interval 0.8-50 mm hr
in a majority of cases it forms 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 fér 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 maximum in flux. This
may be inferred from the fact that the moderate precipitation at the
height of the maximum occupies only 40% of the total area of rain, being

well protected by the surrounding light rain both at that height and

5 kft below,

3.4 Profiles of Individual Showers.

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

L]

over an area can only be understood in the light of the characteristics

‘of the component cells. The structure of individual cells can be studied

on the McGill grey-scale CAPPI maps, but this has not yet been done.



(92
G»

Accordingly, this'section contains a review of other studies of shower
structure. These can then be used to throw light on profiles of the total
precipitation.

Marshall et al. (1947), in describing shower structure as observed by
radar, suspected the accumulation of great quantities of rain aloft in the
strong vertical sair currents. This was soon confirmed by Langille and Gunn
(1948), who presented vertical cross-sections‘through showers. They found
that precipitation often accumulated aloft in showers, and they also noted
frequent subsequent descent of such accumulations. The detailed pattern
was observed to change rapidly, and on one occasion an accumulation was
observed to descend at 1000 ft min~l. Bowen (1950) observed similar
accumulations aloft, and gave a reasonable explanation for them in terms of
the trajectories of growing precipitation particles in updraughts. Later,
Battan (1953a, 1953b) made an extensive study of the initiation and growth
of precipitationjin shower cells, and observed that precipitation in isol-
ated Ohio cells 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 fuil 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 modest storms,
and there was considerable excitement over observations of severe storms by
Donaldson (1958, 1359, 1961b). An accumulation aloft was commonly observed
at the core of a severe thunderstorm, end on one occasion reached the almost
unbelievable radar rainfall rate of 3800 mm hr-l 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 vere considered
such as the storage of precipifation aloft during growth, the presence of
strongly reflecting large dry hail, evaporation below the maxinum, and
severe attenuation losses at the lower levels (the observations were at
3.cm wavelength). | Of these the storage of precipitation aloft, either
in the form of hail or rain, was considered to be the most likely explana~-
tion.

Computations of the precipitation developuent in a model coﬁvective
cell by Kessler (1961) bear this out. Vertical profiles of the total
precipitation in the céll were computed for various updraught speeds, and
some of these are shown in Fig. 3.14. 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 profiies were obtained by starting with a
Just-saturated cell and studying the subsequent development of precipitation
within it. Profiles are shown for various values of the ratio: precip-
itation fall speed/haximum updraught speed. The third profile, for example,
is for a situation in which they are equal, and shows a pronounced accume
ulation near the height where they are equal. The profiles for which the
maximum updraught speed 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 which the updraught speed is less than the fall speed.

It can be seen that Kessler's profiles bear a.considerable resemblance
to those observed in the present work. Further, just as the observed
maxima appear at a height which increases with increasing available energy

of buoyancy, so the height of the maxima in Kessler's model increases with
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the updraught speed. But, the present profiles are for the total radar
coverage, and the total precipitation is generally compoéed of maeny cells

at differenf stages of development. Kessler's calculations have not been
carried out with updraught speeds vhich vary with tice, as they would

during the lifetime of a real cell. In any case, without a knoyledge of the
way in which they do vary in nature, it is not possible to use the model in
calculating the overall effect on profiles of the total precipitation in
-many cells,

However, there are available several radar studies of the development
of precipitation throughout the lifetime of single shower cells. Runnels
et al. (1963a, 1963b) have studied two isolated thunderstorm cells in Texas.
They presented values of the liquid water concentration at the cores every
few minutes throughout the lifetime of the cells. Profiles of these
core concentrations have been drawn at the top of Fig. 3.1l5. Those in the
top row are at B;minute intervals during the life of the most intense cell
observed that day, and those in the second row are simultaneous profiles
for another cell more than 100 miles distant. In both cases, pronounced
maxima develop aloft and are maintained at a fairly constant height for at
least two-thirds of the cell's lifetime, finally dissipating quite quickly.
Consequently, prominent maxima appear in the mean profiles for the period,
'shown at the ends of the rows. For both cells the maximum in the mean
lies a little above 15 kft.

Although there are rapid variations in the detailed pattern, the
overall pattern of deielopment and decay of each cell is gquite similar.

In is interesting,” therefore, to take the mean of the profiles of the
two cells 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



o

varies much more slowly with time than do the maxima in the individual
cells, The overall mean profile for both celis 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 cells, whereas this work is concerned with profiles of the totsal
precipitation. However, for an individual cell, the maximum 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 such a dominant feature in
the life of a cell that a maximum appears in the mean profile. Thus, many
different cells 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 sgparated cells 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 least 40 min. If at least one new cell developed every
30 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 wifhin single convective cells.
Its height and value increase with increasing updraught speed. Numerous
observations confirm the existence of such & maximum. In particﬁlar,
observations by Rumnels et al. (1963a, 1963b) show that it is sufficiently
intense and peréistent to dominate in profiles of an aggregate of cells.

.Therefore, it is not surprising that a relation exists 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.

3.5 Relation of Height of Maximum in Flux to Available Energy

Before attempting to discuss the relation between the height of the
meximum in flux and the available energy, there are a few furtﬁér observ-
ations to make. The relation, which was first seen in Fig. 3.6, 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
represents the height of the maximum flux, and is 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 0C level.
.Turning attention to the crosses, these show the depth of convection between
the condensation level and the level of hydrostatic equilibrium. This
level of equilibrium increases with increasing height of maximum flux, but
is limited by the tropopause to a maximum of 37 kft. The scale at the top
of Fig. 3.16 gives the energy of the positivevarea on the tephigram directly
in units of height (kft) x temperature difference (deg C). For example,
on a day with meximum flux at 11 kft and convection depth 36 kft, the
positive area was 165 (deg C.kft), and hence the mean temperature differ-
ence throughout the convection depth was about 165/36 = 4.6C.

One striking point about Fig. 3.16 is that & minimum of 0.8 j g‘l is
required to produce any maximum at all, Kessler's (1961) calculations
show that the very modest updraught of about 1 m sec’l would produce a

maximum at 8 kft. A i m sec-l updraught requires 5 x 1074 J g‘l energy
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1 represents the total positive area rather than

and, although 0.8 j g
that up to the level of the maximum, the discrepancy is enormous. Thus,

one wonders what factor could have been left out of the elementary parcel
theory that led to Fig. 3.16. 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 less than about 50 mm hr'l, in which case
the effective loss 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 vapour, 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 caées presented in Fig. 3.16
the effective loss almost invari#bly 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 bqoyancy 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 éir mass,
and it is especially in such cases that the near balance of the two quant-
ities is of great significance. Even on the occasion of greatest buoyancy,
when the cloud loading had its least effect, it was equivalent to one third
of the total positive area. The attractive feature of including the cloud
loading effect in parcel theory is that it is quite intrinsic. Cloud
loading and buoyancy are inseparable, and even if a parcel sheds some of its
cloud load it remains to be borhe 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. 3.17 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 nearly the same slope. Fig. 3.17 is justific-
ation'for including a cloud loading ternm, evén if §n1y as an empirical
correction.

So far, a relafion has been demonstrated between the height of the
maximum in flux and the positive area on a tephigram. Calculations by
Kessler (1961) show that a model cell produces an accumulation of precip-
itation at a height which depends on the updraught speed; The observations
of core profiles by Runnels et al (1963) were presented in the last section
as evidence that an accumulation seen in a profile of the total precipit-
ation arises froﬁ accumulations in one or several cells. Thus it is
" natural to try and relate the presently observed energy—éependent maxima to
Kessler's updraught-dependent.maxima, and thereby obtaiﬁ 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‘wiph
height H = 35 kft, and precipitation falling at 10 m sec~! were chosen.

Thus the first five profiles in Fig. 3.14 are respectively representative

of maximum updraughts of 2.5, 5, 10, 20, and 40 m sec'l. The mean updraught
-speed, averaged over the entire left half of the cell and 90% of the depth
of the cell, is about half the maximum updraught. It is this mean updraught
speed vhich has been related to the height of the maximum in Fig. 3.18. It

1

can be seen that a mean updraught of 1 m sec”~ produces a maximum at 8 kft,
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5m sec~l at 18 kft and 10 m sec""1 at 23 kft. To lift maxima higher
than this requires a considerable increase in updraught speed, so that an
extra 10 m sec~l only 1ifts it another 3 kft to 26 kft.

In Kessler's (1961) model the cloud phase is omitted, and condensation
immediately produc;s precipitation of constant fall speed. This defect
has been remedied in later work (e.g. Kessler, 1964), but the more realistic
models still produce very similar results. There is also an independent
check available from work by Bast (1957), who was predominantly concerned
with the microphysical processes in precipitation. East calculated the
trgjectory 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 observation. The calculations went on to show that
the droplet reached the top of its trajectory at 13 kft and had reached the
maximum stable size of 4.5 mn diameter at 9 kft. Thus, in the early stages
of development, ohe 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 b& radar (Qhen that level is about 15 kft
above cloud base, anyway). Data given by East enable one to calculate the

level of detection in updraughts ranging from 1 to 10 m sec™!

, and these.
have been plotted in Fig. 3.18.

The agreement between East and Kessler is surprisingly good, suggesting
that the kinematical effects aﬁd the microphysical processes in a convective
cell both conspire to produce a maximum concentration at about the same
level., When the maximum flux is between 15 and 20 kft, the mean updraughts

range from. 5 torlo m sec'l, which are entirely consistent with values

observed in thunderstorms (Byers and Braham, 1949). The occasional reports
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of mean updraughts exceeding 15 m sec'1 are also consistent with occasional
observations of maxima more than 20 kft above the condensation level.

There is reason for believing that in the case of weak updraughts, the
level.of maximum concentration would fall beiow the level of initial radsr
detection of precipitation. Thus the updraughts which can maintain a
maximum in flux at 7 kft are probably somewhat greater than the 1 m sec"l
given by the graphs.‘ Otherwise, the updraughts in Fig. 3.18 are believed
to be quite reasonable.

Now that the updraught speed has been related to thé 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. 3.17 gave the observed
relation between the height of the maximum in flux and the net energy, or
the energy of the positive area less the cloud loading effect. 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 fact that it has been possible to relate an updraught speed to
tephigram-derived energy raises the interesting point of the significance
of the energy of thg positive area. Althbugh there are fairly successful
hail-size forecasting techniques (Foster and Bates, 1956) which are based
on a literal interpretation of positive area 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 characteristics of the
systems it is used to explain. Almost all the storms in the present
study could be accbunted for quite reasonably by convection from the

surface, and it_ie in such storms that positive area is most meaningful.

Browning and Ludlam (1962) have produced a beautiful detailed analysis of



HEIGHT OF MAXIMUM FLUX ABOVE CCL (kft)

30

N
o

o

B ®
/
/
{
F /
/
/
P /
® ,/o
/
/e
' /
o / ®
N / ®
/
7/
/
® VAR )
/
» ,/o
7
7’
”
Cd
° -
” L 4
41_3 'J’ 1 1 ° A
0 02 04 0-6 08 -0

ENERGY AVAILABLE TO BUOYANT PARCEL (j ¢7|)

Fig 3.19. Relation of height of maximum flux to the energy available
to a buoyant parcel only up to 20 kft.

.



71

a severe-travelling storm which could not be accounted for in this way.
They considered that both the descent of potentially cold air and the
'updraughts produced by the upward deflection of low level horizontal winds
were major factors. However, the sevére travelling storm is probably a
mich more complex system than the majority of thunderstorms. The success;
of the present study in using positive area is really the best evidence
that the storms studied were relatively simple,

Eveﬁ if abstorm is the simple product of convection from the surface
it is difficult to interpret the positive area rigorously. Elementary
| parcel £heory shows that the energy of the positive area is the kinetic
energy acquired by a parcel in its buoyant ascent to the top of tbe_storm.
But it would be interesting to know what effect energy available at the top
of the storm has on the circulation much lower in the storm. Fig., 3.19 is
strongly suggestive of the fact that it has a considerable effect. It
shows a plot of tﬁe height of the maximum flux in the sixteen shower cases
against the amount of energy available only up to 20 kft (that is, positive
area 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. 3.16. Even though all but one of the maxima lie below
20 kft, the energy available above 20 kft apparently has a strong influence
on them. On a similar basis, the energy available above 30 kft also has
some 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 actual
energy of the updfaughts. Retqrniﬂg to Fig. 3.18, a scale showing the
kinetic enérgy of the updraught has been added at the right side. With

net energy of 0.5 j g’l the maximum forms at 5 kft in an updraught of sbout
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lnm sec‘l, and the kinetic energy of such an updraught is 5 x 10'4 J g'l.

This is a fraction 10-3 of the net energy. As the net energy increases

this fraction increases, so that for a net energy of 1.8 j g‘l it is 1072

and, extrapolating a little, for 2.7 J gl it is 107,  The kinetic

energy of the updraught is roughly proportional to the fourth power of the
net energy. Or to put in another way, the mean updraught speed is given by
the séuare of the net energy rather than the square-root suggested by simple
theory. In a review of bubble 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 rise of cumulonimbus tops in confirmation.

The preesent work indicates that the mean updraught velocify 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 leveis, the fourth power discrepancy is rather substantial.

‘It would certainly be nice to reconcile this difference.

It should perhaps be emphasized that the updraughts just considered
are mean updraughts. There are undoubtedly cores with hpdraught speeds
several times the mean. Donaldson (1961b) 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
13 kft above cloud base would just be capable of producing # in diameter
hail. Assuming that Donaldson's core profiles of New England storms can
be compared with the data of the present study, and thet the hail was
produced in an updraught comparable to its fall speed, speeds of at least

1 1

20 m sec™" would be present on occasions with net energy of 1.3 j g .

The mean updraught in these circumstances would not be more than about

4 m aeo'l.
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Enough has been said to indicate that precipitetion 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 calculations that have been mede in this section are just a begin-

ning.

3.6 Shower Structure from Profiles

In the preceding sections, updrsught speeds in convective storus
have been related to the energy of buoyancy whiéh 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 relatiocns have
been derived only for the initial stages of a convective storm, There are
several reasons 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 developed 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 aurroundinés during their development, the upper air
soundings with which the profiles were compared were also probably more
relevant to the initial stages. Pinelly, East's (1957) calculations were
devoted to explaining the formation of the initial radar echo from a
developing storm, rather than any accumulation during a storm.

ANEVertheless, there is reason to hope that tﬁe height of the maximum
flux continues to indicate thé general level of convection throughout the
life of a convect%ve storm. The line of shoﬁers of 2 July twice produced
maxima, each of which took over two hours to descend from 30 to 15 kft.

This period is surely much greater than the lifetime of any of the individ-

ual cells, In fact, one pictures series of cells such as those observed
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by Runnels et al. (1963), each producing a maximum throughout the initial

. two-thirds of its lifetime, but with the maxima successively foruing at ever
lower heights. If this is the case, then the height of the aggregate
maximum s8till indicates the general intensity of convective activity.

There is even reason 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 trajectoriés of the precip-
itation particles 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 available energy, then it is a most valuable
monitor of these quantities during the life of a storm. It is interesting
to look at the prbfiles in these terms. In Fig. 3.20, the heights of the
maxima in flux have been plotted as they vary in time. The data were taken
from the sets of profilee presented in section 3.2, and are for the three
most intense storms of the season., A scale against which to measure the
net energy of a storm system has been taken from Fig. 3.17 and added at the
right side of the diagram.

Perhaps a few words should be said aboqt the term "syétem". In the
case of 2 July, tﬁe line of showers was most uniform in character along its
150-mile length. 4An examination of the radar maps suggests that the
profiles for any short segment of the line would have been similar to those
for any other. It seems reasonable 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



within an area of 1000 miz, and there might simultaneously be several such
relatively independent 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 require profiles of individual groups.

Returning to Fig. 3.20, 2 July will be singled out to show the value of
profiles in the analysis of convective storms. Both maxima formed when

the system had net energy of 2.4 J g'l. The spots on the trajectories

are every 2 kft or 0.2 j g’l. Since the maxima descended at 6.5 kft hr-l

1 hr-l. The net energy is made

the net energy was decreasing at 0.65 j g
up of the total energy of the positive area less the cloud loading effect.
Thus either the energy of the positive area was decreasing or the cloud
(and.precipitation) loading was increasing, or both were occurring.

The positive ares can be reduced either by a decrease in the potential
wet-bulb temperature of ascending parcels, or by an increase in the environ-
ment temperature by gubsidence. Calcﬁlations show that the observed rate
of decline of the net energy can be accounted for by a surface potential
wet-bulb temperaturg (ew) decrease at the rate of 0.8 deg C hr'l. The
system formed at about 1200 EST in a region where 6, = 24.5C, and the
observations would be accounted for by €y = 22,5C in the region where it
dissipated at 1500 EST. The.Montreal region is unfortunately rather |
sparsely covered with meteorological stations, and it is only with great
hesitation that one draws conclusions wﬁich properly require a meso-meteor=-
ological neﬁwork. Nevertheless, the available evidence suggests that ©,
was indeed rather i1ess 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, ©, in the région where the storm reformed



at 1630 EST was certainly higher than in the region where it dissipated at
1500 EST, and again the difference was just about right to account for the
observations., These differences in ©, are fairly reasonable in relation
to the geography 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 area could have been
produced by subsidence of the environment at the rate of 15 cm sec'l.
However, if this were in compensation for the storm updreughts it would
decrease as they deéreased 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 nqt seem to have been a major factor in this particular case. Even
large scale dynamical subsidence is not probable, for the storm reformed an
hour after its dissipation at 1500 EST with greatly enhanced net energy.

The other péssible cause of a decrease in net energy would be an
ever-increasing 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 decreasing updraughts. Without making
a rather doubtful assumption in the calculations it is not possible to
account for the steady rate of decline in the storm intensity.

The most likely explénation for the development of the storm of 2 Juiy
thus appears to be a variation in the potential wet-bulb temperature of the
air which fed the storm. Because of the scarcity of surface data, one
must necessarily accept this explanation with reservation. However, this

example was presented not so much to provide an explahation of the storm as
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to illustréte the power of profiles in the analysis of convective storms.
If profiles do indeed indicate the degree of convective activity 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. 3.20 shows the
variations with time of the echo tops,ias well as the variations of the
mexima 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 30 minutes. On 2 July,
surges seemed to occur at the formation of a maximum, as it descended through
23 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. 3.6) between the height of the maximum in flux
and the availablg energy‘of buoyancy. The fact that it has, strongly
suggests that the amount of available energy limits fhe degree of storm
activity, that all storms but one reached this limit at some time during
their life, and that the line specifies the limit. The one exception is
22 July, and it is natural to.try and determine why it was exceptional.<
The most notable difference between the syn§ptic conditions of this day
and any other was the comﬁlete absence 6f wind shear between 10 and 30 kft.
On every other day this shear was at least 10 knots. Possibly because of
this absence of wind shear, the showers failed to cluster into the usual
groups and remained 1solated-and relatively small, Thus entrainment of

environmental air could have prevented them from reachingAtheir full
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potential. ILudlam (1963) suggests that the role of wind shear is 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 potential, 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 beén 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, an& in many ways its discovery distracted
the course of this work from other potentially 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 watef budget of a storm far more
detailed than has been possible before. WKen this knowledge is added to
the rather unexpected knowledge of storm dynamics which they also gi&e,
profiles offer exciting new prospects for further research into the nature

of convective storms.



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. Updraughts limited to a few tens of cm sec"'1
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 separated from the rain below by a bright band at the
melting level (see, for example, Fig. 2.2). This is‘one of the most
striking features in radar observations of continuwunuws precipitation, and
has received a great deal of atfention,,particularly in an 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 cells at the top of the sform. They are

actually convective cells in which the convection results from the release
of latent heat of sublimation by growing ice crystals.

Convective snow generating cells most frequently occur in air which is
hydrostatically stable. But large-scale convection can also produce
convective cells through the realization of convective instability.
Precipitation profiles in such 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. 3.5). The
large scale convegtion 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. Finelly, 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 continuously recorded during the passage of a storum. 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
rencil of the atmosphere, and it is often not possible to relate precipit-
ation processes along a vertical line. This is eépecially the case with
snow, which may reach the earth's surface as much as 1C0 mi from the point
where it was generated. If the wind direction varies with height it is not
even possible to;atudy the precipitation process in a vertical plane. The
other deficiency of the vertical beam radar is that it provides 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 area 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 done 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 potential vaiue of vertical
beam fadar observations to the synoptic meteorologist, and Wexler (1959) has
discussed suitable methods of presentation of such data. He found that
individual vertical soundings often contained too much detail, and preferred
to summarize them over 30-minute periods. These summaries were quite
similar to the present area profiles, except that the abscissa was duration
rather than area.

The limitation of observatidns to a vertical cross section was keenly
felt in the study of snow generating cells, which are fairly small and
occur at a fairly consfant altitude. Accordingly Langleben (1956) made the
first use of CAP?I in a study of these cells and their trails, and at the
same time made a few measurements of the total area of precipitation at
each of several altitudes. Hitschfeld and Gunn (1958) also used CAPPI
maps to measure areas, and presented the first vertical profiles of the
total area for both continuous precipitation and showers. Their present-
ation contained a qualitative breakdown of the precipitation into inten-'
sities, 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
what were effectively profiles of total area at frequent intervals through-
out entire winter storms.

Thus, there have been many studies using high resolution vertical radar .
soundings of the precipitation intensity. At best these can only give an

idea of the areal coverage of precipitation on a statistical basis. The
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advent of CAPPI led to a few direct measurements of the areal coverage of
precipitation at each of several heights, but these have not containéd 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 chosen for detailed study was a fairly modest
one which moved from the SW to the NE at about 30 knots. It was originally
a small independent low pressure area, but it was carriéd through Montreal
in the circulation of & 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, midway between the 5- and 10-kft sampling levels.
Thus the measurements at these two levels should not contain appreciable
contributions fro@ the bright band, and it will be possible to compare them
with other previous measurements above and below the bright band.

Profiles and CAPPI maps at frequent intervals throughout the storm are
shown in Fig. 4.1. CAPPI maps at 5 kft are given every 3 hours, and pro-
files of area, flux and rate of growth every 1.5 hours. The contours in
the profiles are at 0.2, 3.2 and 50 mm hr~l (attenuation-corrected values).
The most notable thing about the profiles is the fact that apart from the
initial 3 hours they do not vary much with time. After lOQO EST all the
profiles show a steady increase with descent.

Af the ti@e of the first profile, 0700; there is considerably more
precipitation at upber 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 10% at 5 kft. This overhang

is a feature of the initial stages of most continuous rainstorams.

Although the total area increases with height, in this case, the area of
moderﬁte precipitation remains fairly constaﬁt or decreases with height, as
shown by the inner area profiie. Accordingly the total flux does show a
glight maximum at 10 kft but then decreases steadiiy 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
0830, the precipitation is about 20 n mi from Montresal, aﬁd 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 those 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 also 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 1800, when the rain
is beginning to move away to the NE, and they then graduslly 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 area at 5 kft is between 2.3 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 corresponding 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 results is an indication that the duration of precip-
itation of & certain intensity obaervéd at a point is statistically proport-
’idnal to the areal coverage of that precipitation. Apparently it would be
reasonable to interpret duration in the records of vertical beam radars as
area.

During the last stages of the storm the amount of precipitation at
and 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 wés observed
in which the profiles did not vary much., This is quite typical of contine
uoﬁs precipitation situations, and consequently the profiles of several such
situations ﬁre rather more easily compared than are the profiles of shower
situations. Eight continuous rain storms have been chosen from the summer
of 1963, and they are compared in Figs. 4.2 and 4.3. At the left of eath
rov is & 5-kft radar map, with a range marker at 80 n mi, showing all
the precipitation exceeding 0.2 mn hr'l. The next two columns show area
and flux profiles for the region between 20 and 80 n mi, with individﬁal

1 respect-

curves for the precipitation exceeding 0.2, 3.2 and 50 mm hr~
ively. The fourth column shows rate of growth profiles, and since up-
draught speeds are generally much less than the precipitation fall speeds

they may fairly be interpreted as the rate of growth. At the right of
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each row is a sketch of the synoptic situation. The circle on these maps
is the 80 n mi circle that also appears on the radar maps. The instant for
which a storm is compared is 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 example of 18 May, and is normally fairly represent-
ative of the whole 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 steady increase with descent, and only one of the rate of
growth profiles (29 August) fails to show the same trend. Thus most of the
precipitation in a continuous storm is in the lower layers. Only on
14 May is there any significant amount 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 more than
one-half of the total flux at 5 kft is usuélly generated below 10 kft.
The CAPPI maps show generally similar continuous precipitation, although
there may have been a few convective cells embed@ed 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 prqfile even when it coincides
with one of the sampling levels. The example of Fig. 2.2 showed that 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 over 80% of the sampling area. Nevertheless one would
expect it to enhance the flux at a sampling level with which it coincides,

but with the possible exception of 29 August this is not at all apparent.
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The eight cases and the example studied separately (18 May) have been
analyzed to try and detect bright-band effects. 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 3.7 times greater than
that at 10 kft. When the melting level 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 generally 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 (melting level 10 kft) is similarly appropriate to rain.
Thus there is not much evidence of enhancement by the bright band in these
osses. Purther the growth by s factor 3.3 (mélting level 7 kft) is
suitably intermediaté. 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 méy 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 indistinguishable. The profiles effectively identify the precip-
itation character irrespective of the particular 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

;eaves much to be desired when compared with the records of a vertical beanm



radar; This sacrifice is the inevitable consequeﬁce of extending the
sampling 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 s8till be resolved in profiles taken over the area within
30 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 4.3 a vertical sounding would have shown nothing. The
profiles for the area out to range 80 n mi already showed a fully developed
continuous rainstorm. This demonstrates that there is at least a consider-
able operational need for profiles of the precipitation over a fairly

large area.



5. PROFILES IN SYNOPTIC METEOROLOGY

Radar weather maps have been used by synoptic meteorologists for many
years, but these maps have never really exploited the potential of radar.
The synoptic meteorologist attemﬁts to follow and forecast the atmospheric
ﬁonvection which may lead to the formation of preéipitation. 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 has 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 have beén 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 results described inithe 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 Precipitsation by Prpfiles

The characteristics of the two types of precipitation, showers and
continuous, have already been discussed separately in some detail. In
this section, profiles of the two typesAwill be presented-aéain for dompar-
ison. Although tlee two basic types of precipitation appear to be well
defined they can occur simultaneously. In fact the two basic types of prec-

ipitation, when occurring separately, do not account for more than one half
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of a éummer's precipitation at Montreal. F§r the rest of the period the
two types occur in combination. Accordingly,’profiles of a number of
situations are presented in Figs. 5.1 to 5.3, 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
shover situations presented in Figs. 3.2 to 3.5. The cases are arranged
in consecutive columns in order of decreasing instability. [Each case is
.represented by three sets of profiles: area of precipitation exceeding
0.2, 3.2 and 50 mm hr‘l. total flux and rate of growth. Brief descrip-
tions are given of the radar precipitation pattern and the synoptig 8it-
uation on each oocasion. Fig %.2 shows similar profiles for situations
in which there were both showers and continuous precivitation. 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 dominates 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 continuous precipitation is dominant. The final two cases
of Fig. 5.3 are examples of pure continuous precipitation and were origin-
ally presented in Figs. 4.2 and 4.3.

Perhaps the best way of appreciating the spectrum of examples in
Figs. 5.1 to 5.3 is to compare the two extremes, 2 July and 13 August.

On 2 July the total area 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 area decreased *from over 60% at 5'kft to zero at 20 kft. The area of

-1

precipitatibn'exceeding 3.2 mm hr~~ was quite similér in both cases at

5 kft, butvit increased with height in the showers and decreased rapidly
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in the continuous rain. The total flux profiles show exactly the same
differences as the total area:s for the showers, modest at 5 kft and great
at 30 kft; for the continuous rain, great at 5 kft and then decreasing
very fapidly with height. Finally, the growth prdfile of 2 July shows
very strong growth in the uppef levels and strong evaporation below, while
on 13 Aﬁgust there was very strong growth only-in the low levels.

A glance down thé columns of area profiles shows & fairly steady
change from the one extreme to the other. The flux profiles also change
fairly steadily, except 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; 5e24 It is especially apparent from them that the profiles
of mixed showers and continuous precipitation can be considered to be the
sum of profiles of the separate components. Thus, for example, 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. 5.3). It is not pret-
ended that there is any velue in this kind of caiculation, but it does
emphasize that the profiles of mixed precipitation are determined by the
components.,

It should be plain from the examples 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 pfoduced it. In fact an
attenpt was made at grouping profiles of similar synoptic type, but it
was most unrewarding. It quickly became apparent that the profiles were
more fﬁndamental than the synoptic analyses. Much more rewarding was
a comparison of the profiles with the character of the radar precipitation

pattern. It was found that the presence of shower cells in precipitstion
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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 characterizing the precipitation offer a means 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 erca profiles.
For example,‘there is often a significant similarity between the shape of
the second area profile (3.2 mm hr~l) and the total flux. However, although
they are interdependent, 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 valuéble indicator.
It is very sensitive to the relative amounts of showers and coﬁtinuous
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 shown that the upper maximum in flux was essentially a dynamicél'
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 togethef with the
sounding. The profiles 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
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evaporation below. Analysia‘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 profileé 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 idea of the
potential value of profiles in synoptic meteorology. So far it has

only been possible to point out the more obvious qualitative contrasts
between profiles of different precipitation patterﬁs. The full potential
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 atmospheré 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 Weather Group has recently developed

techniques to produce radar maps in which ﬁhe precipitation is displayed
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in shades of grey (Wein, 1964). In the particular equipment used at

' McGill the boundaries between shades represent rainfall rates -of 0.2,
0.8, 3.2, 12.5, 50, 200 and 800 mm hr-1 (attenuation-corrected values).
Important byproducts of the process by which these maps are produced are
the areas of the precipitation represented by each shade, and these are
the basic data from which profiles are obtained. In the further devel-
opment of the McGill techniques, Canadian Aviation Electronics (C.4.E.)
of Montreal have produced equipment to record and display these profile
data (Ballantyne, 1964). The grey shade CAPPI maps are produced on a
facsimile record, and immediately following each picture is an analysis of
the precipitation in the form of & histogram showing the flux of precip-
itation arising from each shade. Examples of these histograms are shown
in Fig. 5.4.

The scales best suited for displaying profile data can only be arrived
at after considerable compremise. For example, flux is most readily
interpreted on a linear scale but the wide range of possible values
necessitates a logarithmic scale in practice. The histograms of Fig. 5.4
have a logarithmic scaie extending over a rangée of 10>, The flux has been
expressed in the usual way as the average rainfall rate that would result
if it were distributed over the entire sampling area, and the most conven-
ient units here are ].0'3 mm hr'l, or M hr’l. 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 nr-l.  C.4.E. have actually used digital recording techniques,
and the fluxes in Fig. 5.4 have been plotted digitally at intervals of a
factor 2.0,

The area of each intensity is readily obtained from the flux by
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dividing by the appropriate mean rainfall rate. The reason that flux has
been chosen for display rather than area is partly that it is a slightly
iore useful quantity and partly for reasons of display. Significant

values of flux are observed to range over rather less than three decades,’
whereas the corresponding 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 display digits, the flux can be displayed with greater resolution
than the area.

The histograms of Fig. 5.4 show the distribution of flux with intensity.
Although they have not been sfudied in this work, it is reasonable to -
expect4that a close study of the exact forms 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 péttern 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 individual fluxes, and
these have been written at the right of the corresponding histograms.

The totals can themselves be displayed in a histogram, and this has been
done in Fig. 5.5. C.A.Z. 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 compufing. 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 displaying the

portions in grey shades.



Other histograms, such as area and rate of growth as functiors of
height, might also be produced. However, the exact form and number of
lthe profile displeys have yet to be determined, and this can only properly
be done on the basis of a period of operation in a forecast office. It
would also be possible to display the data as arrays of digits, but again
this possibility requires careful evaluation. At the moment, the histogram
displays which follow the radar maps on the facsimile 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 juét been discussed
in some detail, but in many ways they are potentially more useful on the
synoptic scale. The local user can inspect the original radaf maps, and
the profiles are really only a wey of summarizing these maps. It is true
th;t the profiles may point out characteristics of the precipitztion that
might otherwise go unnoticed, but they certainly cannot stand alone. On
the other hand, it is the essential characteristics of the precipitation
rather than ;ts 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 heen 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 0.005% to 100% (1 mi? to 20,000 mi®), or almost a factor 21,

However, the requirements for any single intensity of precipitation are
considerably less than this. For instance, small areas of light precip-

itation are insignificant and large areas of heavy precipitation do not



TABLE 5.1
CODE FOR PROFILE DATA
Area (%) Precipitation Rates (mm hr-1l)
0.2 0.8 3.2 12.5 50 200
Interval 0.8 3.2 12.5 50 200 800 °%
(1) (2) (3) () () () (1)
100-50 71 9 |
50-25 35 8 9
25-12.5 18 T 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 1 8 9
1.6-0.8 1.1 3 4 5 6 71 8 9
0.8-0.4 .55 2 3 4 5 6 1 8
0.4-0.2 .28 1 2 3 4 5 & 7
0,2-0,1 14 1 2 3 4 5 6
0.1-.05 .071 1 2 3 4 5
.05-,025 .035 1l 2 3 4
.025.,012 .018 1l 2 3
.012-,006 .009 1l 2
.006-.003 .004 1

occur. Therefore a reasonable economy is to provide coding for a smaller
range whose limits change from intensity to intensity. Table 5.1 is based
on a binary scale, and thus the area intervals are each a factor 2, and the
precipitation rate intervals 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 100% for 0.4 mm hr~t (McGill grey-shade intensity 1), from 0.1 to 506
for ihtensity 2 and so on.

A set of seveil digits, one for each of the intensities, is sufficient
for the data of a single CAPPI map. If the data are tranémitted in order

of increasing precipitation intensity, the set can be terminated with the
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first zero. Similarly if da£a are transmitted for successively higher
heights the sequence can be terminated at the first height with no precip-
itation. The complete profile dafa for the six heights used in this work
require a maximum of about 30 digits for shower situations and a maximum of
15 for continuous rain, A few examples of coding 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 successivély 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 area of
a factor 2, 8o individual values in the recovered profiles may be in error
by up to a factor J2. Although there are irregularities of this order, the
decoded profiles show all the main features of the originals without 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 certainly no significant loss on the synoptic scale.

The binary basis of the coding proposed here offers considerable
advantages in computing. For example, it is qgite easy t§ derive arrays of
area or flux from»the coded arrays in Figs;l5.6 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 arfay is of area 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 scale 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 less than 1% of the
total area every hour or so. Not only can radar detect precipitation the
~ momenf it has formed, but as this work has shbwn its pattern in the vertical
can provide important information about the processes which produced it.
Because of its complete and immediate coverage radar can certainly play an
important part on the synoptic scale. However, the fact that radar probes
every cubic mile every few minutes does not mean that the synoptic fore-
caster should be provided with all the data so collected.' Apart from the
problems of transmission of such 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 scale, The ideal is one which can give the essential features
at a glance, and then give the details on close inspection. One fora of
display with this dual capability is the array of digits into which the pro-
files were coded in the last section (Figs. 5.6 and 5.7). It was noted at
the time that there was a resemblance ketween the shape of the &rray and the
corresponding flux profile. The resemblance is further brought out in a
series of examples shown in Figs. 5.8 and 5.9. The profiles of the sit-
uations originally presented in Figs. 5.1 and 5.3 have been codéd into arrays,
and the arrays are placed after the relevant area 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.



Looking at the first example of Fig. 5.8, every one of the digits at
30 kft equals or exceeds the corresponding digits at any other height.
Thus the array immediately shows that there are maxima in area and flux at
30 kft. In practice, the positions or magnitudes of the last digits
provide a good indication of a maximum in flux. Although the greatest
intensity may not itself contribute significantly to the flux, the greater
~ it is the greater the total flux is likely to be. Hence, the heights of
the flux maxiha in three of the.four examples 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
alﬁays forms more than one-half of the total area, and the proportion that
it does form is usually quite similar 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 intensity one. The total area
increased by a faétor 2.3

Thus, the presentation of profile data in a coded array permits one
to determine the main features of a situation from a glance at the first
and last digits of each row. This would probably be quite sufficient fsr
most synoptic purposes. However, the compiete'hrray does provide all the
data needed for the extensive analysis of a particular situation, even down
to the drawing of area, flux and rate of growth profiles for each precipit-
ation intensity. .Further, one even foresees the possibility of incorpor-
ating the profile Qata 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 date transmission involved in the suggested code has already
been emphasized. Almost every shower situation can be coded in 30 digits
or less, and continuous rain situations require a maximum of 20. Norual
teletype equipment can transmit 500 digits per minute, so that 2 minutes
would be sufficient %o receive the data of 40 radar stations. In this
study, profiles have always been drawn for the 20,000-n mi area within
range BO n mi, This area ‘has been found quité convenient, but it is not
necessarily the optimum. It would be qui&e possible to produce profiles
for any chosen areas. For instance, a reasonable reduction of the saupling
area night be into 5,000-n mi2 quadrants. However, each subdivision of
the sampling area 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 glance at the teletype record of the station reports,
especially if they are only looking for recent changes in a situation they
have worked with closely for the last few hours. In the same way the
radar reports could probably be fairly readily digested by a glance at the
sequence of arrays of profile digits on a teletype chart. However, it
might be preferable to transfer the airays to a map, and this could quife
easily be done.

It may be mentioned that other possible methods of displaying the data
were tried such as the histograms described in section 5.2, and decoded
v#lues of the total area and flux. Although histograms can be readily
appreciated at a glance, they cannot conveniently include all the detail of
the array. None of the other methods had any significant advantage over

the array.



It is hoped that the research reported in Chapters 3 and 4 has
convincingly demonstrated the value of precipitation profiles in studying
fhe 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 recommendations 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
excitipg that the equipment built by C.A.E. is almést ready to run under
operational conditions. It is not often that equipment is available to
display operationally data whose potential hasAonly 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 McGill University has developed, and for
several years operated, a highly automatic weather-radar system (Marshall
and Gunn, 1961). Each picture from this radar is a map of the precip-
itation pattern at a constent altitude, in which precipitation intensity
is displayed in shades of grey. To produce such pictures the CPS-9
radar operated at Montreal Airport has been modified in several ways.

To produce constant-altitude pictures, the one-degree beam rotates
uniformly in azimﬁﬁh, each successive rotation at a higher angle of elev-
ation. On a PPI display, gating circuits select annular rings froa the
various angles of elevation. These fit together to produce a Constant
Altitude P?I Display (CAPPI) at a selected height. The elevation angles
and range intervals used to construct CAPPI maps at several heights are
shown in Fig. 6.1. The CAPPI map is synthesized on film by accumulating
the various annular rings in a single photograph of the display. Bach
display progresses through a sequence of heights, usually 5, 10, 15, 20,
30 and 40 thousand feet, completing éuch a sequence every 22.5 minutes.

To produce maps in grey shades, the radar signal from the precip-
itation passes through a logarithmic amplifier, and thenvan exponential -
amplifier, to the cathode ray display tube. Contra;¥ and brightness
controls between the amplifiers are adjusted so that a chosen range of
input signals from precipitation just fits_the availaﬁle brightness range
of the cathode ray tube. The input range equivalent to rsinfall rates

from 0.1 to 400 mm hr~l has been chosen, so that 0.1 mm nr-l is displayed

at the darkest level and 400 mm hr™l at the brightest. Fig. 6.2 is an



' Fig. 6.2. McGill Grey Scale CAPPI map. 5 kft, 0950 EST 29 September 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~t (no
attenuation correction)



example of a grey-scale CAPPI map.
The exponential amplifier has been designed with stepped response,
s0 that the output signals have seven discrete levels. Thus the map
shown in Fig. 6.2 is actually composed of seven discfete 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,
6.4, 25, iOO, and 400 mm hr’l. 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 frém precipitation. Consecutive returns from a given
target vary in intensity and, since the writing lines on the display
overlap, these varying intensities are averaged. Thus the stepped amp-
lifier is ineffective in giving sharp boundaries betweeen the grey shades.
The CAPPI maps are corrected for range effects. For cases in which
the precipitation fills 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 signals of a
- glven intensity, the brightness is inversely proportional to the range.
To compensate for this, the display tube is fitted with a photographic
half-tone mask in which density increases from a low value at the edge to

a high valug at the centre.

L 4



Fig. 6.3. Grey Scale CAPPI map after scanning and thresholding. Same
map as in Fig. 6.2.



Although precipitation rates are displayed quantitatively in the
grey-scale 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 achieved in Fig. 6.3. This picture has 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 scanned by the bright spot
of a scanning tube imaged onto the negative. It sweeps from side to side,
covering the negative line by line, from %top to bottom. Light 1is
transmitted through the negative, depending on its density, and collected
in a photomultiplier tube. The butput signal of this tube, which thus
depends on negative density, passes through an amplifier with stepped
response to the display. The picture oh the display is yritten line by
line, in discrete grey shades, as the negative is scanned. The equipment
is adjusted éo give boundaries at the same rainfall rates as in the original
picture.

Fig. 6.3 is akphotograph of a cathode ray tube display, but the
equipment also préduces a paper facsimile record. In fact the facsimile
record is an operational product of the McGill radar. To meet the oper-
ational requirement, negatives of the CAPPI maps are rapidly developed in
an automatic processor before scanning. The whole system is automatic

and facsimile records can be supplied to any number of users.
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6.2 Precipitation Area from Grey-Scale Display

The precipitation map in Fig. 6.3, with its sharp contours, is ideal
for quantitative analysis such as measuring sreas of various intensities.
Unfortunately, the scanning equipment which produced it was developed only
recently, and was not avajlable for the present reseaxrch. The basic
grey-scale 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 some
of the techniques studied are discussed, together with other possible
methéds,of analysis. Fig. 6.4 is a summary of the various methods.

(a) Direct Photo-cell Integration

In most of the methods the analysis staris from the photographic
negative of the grey-~-scale map. However, there is one useful quantity
which could bve derived directly from the grey-scale display: +the integrated
rainfall over an area. The method, first suggested by Professor Marshall,
is discussed in some detail by Legg (1960).

The radar is adjusted so that the light cdming 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) placed in front
of the display. The resulting signals, which are proportional to rainfgll
rate, are then integrated electronically over a period of time to give
the total rainfall. The raipfall may be measured over any given area by
masking the display. |

There is a possible development of this method of particular interest
in the study of rainfsll as a function of height. In this case an RHI

display tube is masked to display signals from a given height while the

radar antenna rotates in azimuith at a series of elevation angles. The
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signals are received by the photo-cell, whose output is integrated to
‘give the total rainfall at the given height. Further, with suitable
masking, several photo-cells can simultaneously record the signals at each
of several distinct heights. This development would appear to have real
merit: perhaps the most important single parameter, the total rainfell,
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 atiractive
here. It is shown in Fig. 6.5, which may be looked upon as a picture of
the RHI display. 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 geometric progression this is called a g.p. scan.
There are two attractive features of the scans first, in any given height
layer there are exactly the same number of traces at all ranges and second,
the height layers are contiguous. Thus masking the display to integrate |
the rainfall in various layers is simply done byiinstalling partitions at .
the bounding heights. Further, since the layers are contiguous, the
rainfall is measured aé a continuous function of height.

It should be noted that photo~cell inﬁegration of a photographic
transparency of the grey-scale display is also possible. The transparency
in this case is a positive in which the transmissivity is'éroportional to
the rainfall rate. Light is projected through the transparency, and the
total amount transmitted is a measure of the average rainfall rste,

If the display has been adjusted so that brightness is proportional to
rainfall rate, and-the transparency is the product of several scans, then
photo-cell integration yields the total rainfall over the period of

scanning.



Fig. 6.6

CAPPI maps at 4 kft
1120 ST 17 Feb 1961
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(b) Photometric Analysis
The simplest method of analyzing the grey-scale maps is to use a

photometer on the projected image of a transparency. To minimize the
effects of lens flare and stray light a positive contact transparency
was used. Since the spot which traces the grey-scale map is about one
mile in diemeter, the projection was at a scale on which the photometer
element was also one mile in diemeter. After determining the brightness
of each grey shade from the peripheral test pattern, contours of intensity
were traced out on the paper screen. The screen was then removed for
further analysis.

This simple method bf analysis, the first attempted in the present
research, was found to be tedious and time-consuming. The analysis of
a single map often took several hours. It was abandoned in favour of a
more sophisticated approach.
(¢) High Contrast Process

Various high contrast processes were tried in the attempt to reveal
the contours in the grey-scale maps. Most of them were directed towards
producing separation prints, éuch 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 patterﬁ.
The technique of producing separation printé is analogous to the common
technique of reducing the receiver gain in successive radar scans. The
prints in Fig. 6.6 were made photographically, 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
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background depends a great deal on the surface character, and on the level
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 photographic paper, on which the final prints
were made from this positive, jusf accepts a range of 0.6 in density, 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-
trolliﬁg the high contrast photographie procesées. It is difficult to
place the threshoid in the final print entirely by choice: a certain
amount of trial and error is usually necesséry. Once they are obtained
the prints are easy to analyze. However, since the complete analysis of
a single grey-scale map often takes an hour or more, the method was only
used on a limited scale.

Another high contrast process that was tried was facsimile reproduc;4
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 paper. Positive prints with intgrvals of about 0.15 in reflect=-
ion density 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 well-defined threshold aeparating what was recorded froa
what was not, but because of small variations from print to print it was

difficult to place it precisely. As in the photographic 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 photographic 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 of about 0.6 in the transparency covered the full range of the
display monitor, from the weakest signal to the brightest. As ususal, the
brightness control was first sét to show all precipitation, then reduced
to eliminate shades successively, while at each stage the boundary of the
precipitation was $raced onto a transparent acetate sheet. In contrast
to the other processes just discussed, the threshold can be placed edsily
and immediately at any value. Several grey-scale maps can be analyzed in
an hour by television; there is no doubf that it is the best 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 & simple matter to produce the contoured grey-
scale maps automatically. In the'preéent research, it is the area of '
precipitation of each grey shade which is réquired. This may be measured
from the contoured.map with a planimetér; or, since a given shade is frequ-
ently made up of many relatively small isolated patches, counting the
number of squares qovered in a grid is often better.

However, to measure areas it is now not even necessary to produce

grey-scale maps, for as well as contouring the maps, the scanning equipment
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can measure the areas. Since the scanning spot covers the map uniformly,
the area 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 such that the area of each shade can be measured separately.

There are several ways of measuring the time taken to trace a given
shade, If the signal involved modulates a carrier wave, then a
digital counter can be used to count carrier-wave cycles. This is the
case with the McGill scanner, and preliminary trials indicate that it
works well, There are also two analogue methods of measuring the area.
In one, the signal can be used to charge a capacitor, in which case the
accumulated charge is & measure of the area. In the other, the signal
is used to expose repeatedly a photographic film, and in this case the
resulting density measures the aresa. The capacitor technique has been
used successfully in a commercially devéloped scanner; the film technique
has also been developed fairly successfully, by Nitka (1964) at McGill.

These automatic measurements of area have considerable operational
gignificence. In operational form the scanner produces a facsimile
paper record, and simultaneously measures the area of each shade. The
areas can be recorded immediately the scanning is completed, alongside the-
facsimile record. This is actually being done in the weather-radar
facsimile unit currently under development by Canadian Aviation Electronics

in Montreal.

6.3 Precipitation Area from A-Scope Display

It is possible to determine the areas of precipitation of various
intensities ffom aﬁ A-scope display as an alternative to the grey-scale
display. A method for doing this was deveioped, because none of the

available methods of analyzing the grey-scale display was suitable for
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use on an extensive scale. With the A-scope method described in this
section it is possible to analyze a single constant-altitude map in about
five minutes. This is about the timé it takes to measure the arecas on a
contoured grey-scale map, apart from the considerable time that was needed
to produce the contoured map. Although the method has now been superseded
at McGill by the development of automatic scanning equipment, it is never-
theless worth discussing in some detail. The A-scope hethod can be used
with any radar that has a logarithmic receiver and facilities for producing
constant-altitude pictures. Moreover its cost is only a fraction of the
cost of scanning equipment.

Fig. 6.7 is a picture of the A-scope display. The equipment is
operated within the normal programme of the McGill radar in which repeated
spiral antenna scans are used to produce CAPPI pictures. Signals 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 signals
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‘sgme as that applied to signals in the grey-scale 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 au£h6r
is indebted to Dr M. Wein. The trace is sﬁitched 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 rasinfall
rate of O.1 mm hr'}.

The purpose of the equipment is to integrate or measure the total

area 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 miz, by masking the display. The first step toward the integ-
ration over area 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 Professor
Marshall. The arrangement is shown in Fig. 6.8, and it can be seen that
iméges of signals of the same intensity from different ranges are super-

" imposed on the film. Since the area within the one-degree beam in a
small range interval is proportional to the range, the signals must be
corrected before being superimposed. This is done by fitting the display
‘tube face with a photographic 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 signals from all
azimuths in a single photograph. . In fact the seme frame of film is
exposed for the duration of the spiral antenna scan, thus achieving the
integration of signals of each intensity, over the entire area scanned,
at a given constant altitude. Since the brightness of the trace is
constanf, density on the film is 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 middlé of the
film. A scale of area has been added to the density plot, and the graph
can be read directly to give the distribution of area of precipitation as
& function of its intensity. It can be seen that the film record is
particularly suited 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 meter in circuit with
the photocell records density along the film. The meter 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
brightnéss, exposure time is proportionzl to area of precipitation, and it
is the relationship between film density and exposure that is required.

It is important to establish this relationship under conditions as nearly
as possible resembling the conditions of oberation. For example, the
film characteristics published by the manufacturer are normally for single
daylight exposures of the order of hundredths of & 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
targets. The mountains were repeatedly scanned with the antenna rotating
at 00 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 #rea of echo with intensity,
but the areas increase throughout the series by successive factors of two.
Thus, if the density is measured in each picture at a point corresponding
to a given intensity 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 wmeasuring 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 expdsures falling well below the normal
oharaoferistic 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 deteramine the units
of this scale 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 units
of the relative scale. These areas were added to obtain the total area of
precipitation with intensity exceeding 0.1 mm hr-l. The total areas
obtained in this way were plotted against the true areas measured from
corresponding CAPPI maps, Fig. 6.12. The near ﬁroportionality of the
two sets of areas can be seen from the tendency of the points to lie
parallel to the 1:1 line, and the constant of proportionality is readily
obtained. When the scale of areas on the dengity plot is multiplied by

this constant it bécomes an absolute scale, and the area of any given

intensity can be measured 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 rgdar echo from a randouly
distributed array of precipitation particles fluctuates in intensity about
a mean value which can be related to the intensity of precipitation.
Marshall and Bitschfeld (1953) and Wallace (1953) have studied these
fluctuating signals 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 disfribution of independent
signals as a function of log (signal intensity). As far as the present
technique is concerned, in which signals are displayed on an A-scope and
superimposedwin range and azimuth on photographic film, the curve may be
looked upon as the distribution on the film of many signals from precip-
itation of a given intensity. The maximum density of signals occurs at
the mean intensity, but the distribution is broad with 90% occurring over
an 18 db range. The distribution can be narrowed by averaging groups of
independent signals before display, and curve II, for example, shows the
effect for groups of four. Here 90% of the signals are contained in the
considerably smaller range of 10 db. Averaging has also lowered the
whole distribution slightly, with a shift in_the maximum of almost 2 db.
Signals in the present equipment ére actually averaged continuously in
range by means 6f a resistor-capacitor network whose time constant is
equivalent to two radar pulse lengths. Wallace (1953) has shown that
continuous éveraging is slightly more effective than averaging the same
number of completely independent signals. The present operation is

probably equivalent to averaging groups of somewhere between three and



four independent signals, 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-
endent 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.scope in which large groups of signals were averaged before
display, it would be lower than the true value by the equivalent of 2.5 db,
or a factor 1.4 in rainfall rate. Rather surprisingly, perhaps, the flux
calculated from a record in which_no averaging has been done is correct.
In the present equipment, a numerical calculation based on curve II of
Fig. 6.13 showed that averaging in groups of four leads to a value of the
flux 1.2 db less than the true value, or a factor 1.2 in rginfall rate.

In view of other greater uncertainties in this study, no correction was
applied for this error.

Fig. 6.13 is also useful in estimating at what intervals of signal
intensity areas should-be measured on the A-scope record. Precipitation
of a certainvconstant intensity gives an A-scdpe record like curve II. |
The precipitation .area is given b& 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’éive satisfactory accuracy. For measurements at 10 db
intervals the measured ares was in error by up to a factor 1.9, at 5 db

intervals by 1.02. Precipitation fluxes were also caslculated froa these



SIGNAL FLUCTUATIONS
(averaged in fours)

I
-

LOG EXPOSURE
S b

HALATION
-4
-5 1 A |
-2 o) 2 4 6

DISTANCE ON FILM or LOG (SIGNAL INTENSITY)

Fig.. 6.14. The effects of signal fluctuations and halation on
the A-scope display. . :



-

series of measurements, and for measurements at 10 db intervals the flux
was in error by up to a factor 3.0 in rainfall rate, at 5 db intervals by
1.06 (apart 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 accurately transcribed
onto the density record (Fig. 6.9), there is 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 1.7 in rainfall rate). This 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 ﬁhe cylindrical lens
into a fine bright line within a broad parallel band of halation. Hgasure-
ments of the halation effect were made photographically, and the results
are shown in Fig. 6.14 as a plot of log (exposure) against distance on the
film perpendicular to the line image. 'Whefeas on the oscilloscope the
brightness of the halo is about 60 db less than the brightness of the spot,
in the image the @ifferénce is reduced to about 35 db. Thé scale of
distance in Fig. 6;14 is also a scale of log (signal intensity) and it is
against this latter scale that the effects of halation should be judged.

To enable a comparison between the effect of halation and that of



fluctuations in the radar signal, curve II of Fig. 6.13 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 then 35 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 best seen by looking at a specific exsmple, and
in the following table the measurements from which Fig. 6.14 was drawn

2

have been used to show the effect of halation in the recording of 20,000 mi

(full radar coverage) of precipitation of rate 0.1 mm hr-l.

Rainfall rate (mm hr~1l) 0.1 0.4 1.6 6.4 25 100 400
Area (mi2) 20,000 40 15 8 6 6 6
Relative flux 2000 16 24 50 150 600 2400

Because of halation, small areas are inevitably recorded at all other
rainfall rates, including 6 miz of 400 mm hr'l, and only with several
times this area could one afford to neglect the contribution from halation..
Thus, the overall range of the display 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 fluies that would result from the small areas
arising from halation also appear in the table.. Since b6 ﬁiz of 400 mm ﬁr‘l
actually yields more precipitation than 20,000 miZ of 0.1 mn hr‘l, it is
evident that extreme care is needed in measurements at high rainfall rates.
One precaution taken to minimize the effect of halation was to switch
the trace off whenever the signal fell below a threshold equivalent to a
rainfall rate of 0.1 mn hr-l, This limits the halation effect to an

amount proportional to the total precipitation area, while without the



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 scale possible. Despite these precautions,
halation is always present to some extent, although it 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. 6.1l 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. 3By using this relationship with a relative
scale of area, areas were measured from the A-scope record, and plotted
in PFig. 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 thundershowers.
The areas on the CAPPI maps were measured by superimposing a grid and
counting the number of squeres covered with precipitation. Although it
is the result of a single radar test, the characteristic relationship of'
Fig. 6.11, with slope (or 7 ) 0.35, was used for calculating all A-scope
areas. This is convenient, but has the disadvantage that inevitable
small differences in processing and film batches lead to slightly different
characteristics. JIf the characteristic of A particular record is the
same as that pf 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 line of slope 1.0. In the example, the points are best fitted
by a line of slope 1.1, and this suggests that the film actually had a
characteristic with ¥ = 1.1 x 0.35. This is a fairly extreme deviation
from the normal % = 0.35. If the best 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 with projectér
lamp voltage and temperatdre. A consistent deviation of performance from
gtandard would produce effects precisely similar to those arising from
variations in film characteristic, and could equally well account for the
deviation of the points in Fig. 6.12 from proportionality. However, the
densitometer performanﬁe was not as consistent as the film characteristic,
and variations could occur over periods of several pictures. Thus the
errors in area arising froum this source would show up in Fig. 6.12 as
scatter about the line of best fit.  Their magnitude was rather less than
the %1 dv arising from variations in film characteristic.

Two further sources of error to which the A-scope areaé are subject are
also random in nature, although they may show trends. They are Vaiiatién
in oscilloscope trace brightness and iumperfection in the half fdne 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 valﬁe. This range of + 1 db compx;ised * % db in .short term
fluctuations over periods‘of minutes superimposed on a similar % % db

drift over hours. In the case of the range correction filter, it was



difficult to produce the necessary half tone mask with precisely the
required density distribution.- The best that could be achieved was

again within = 1 db of the desired values. In this case the error is a
function of range, and the overall error 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
% db within the period of a single picture with further variations of

up to £ 1% 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 taem 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, 90% of the data lie within a
factor 1.4 ( £ 1.5 db) of the line of slope 1.1, although there are errors
of up to a factor 2. Also, as might be expected, the scatter over snorter
periods tends to be less than the scatter over the nine-hour period of
Fig. 6.12. Nevertheless, the areas calculated directly from the A-scope
record were insufficiently precise for the present study, and a way of
achieving greater precision was sought.

An obvious technique was adopted, in which the areas in each picture
are multiplied by a correction factor to make the total area equal to the
area measured in a correéponding CAPPI map. That is, the i-scope is in
effect used to determine the proportions of precipitation of each intensity,
and the CAPPI maps are used to convert these proportions i#to areas., This

technique satisfactorily eliminates errors arising from the‘varying trace

brightness and imperfect range filter, and considerably reduces the



¢

errors arising from varying film characteristics and densitometry. In
féct, since the relative proportions of precipitetion of each intensity
and the areas from CAPPI maps are each accurate to a factor 1.1, the
overail limit to the accuracy of the area measurements is a factor l.Z2.
This accuracy should be compéred with the corresponding accuracy in the
intensity measurements 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 1l.4. More precisely, thel
probable error in flux measurements is estimated as a factor 1.2, which is

equivalent to 1.2 db in signal intensity.
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