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ABSTRACT

A cloud stereophotogrammetry system was operated from June to
September, 1966, as a part of the Alberta Hail Studies Project in central
Alberta. Films taken under near optimum conditions are analysed providing
data on the behavior of cumulus turrets. Two storms are described in de-
tall with reference to the atmospheric processes influéncing their turret
behavior. The description includes detailed computations of vertical
growth rate, horizontal velocity and radial growth for a total of nine
turrets. The cloud turrets are related to initial radar echoes, and
precipitation growth processes are considered. The volume growth of the

turrets is used to compute updraft speeds for the turrets.

In view of the results an evaluation is made of the role of the .
cumulus turret as a fundamental mode of cloudy convection. The ability
of various models of cloudy convection to depict cumulus turret behavior
is discussed. Some suggestions are made for future studies in cumulus

convection using photogrammetry and in dynamic modelling.
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CHAPTER I

INTRODUCTION

Meteorology has always been confronted with the problem of obtain-
ing observational data on which to bulild an understanding of nature. Scaled
down laboratory experiments are not so suitable because the behavior of the
atmospheric fluids is very dependent upon the scale of the motions that are
taking place, aﬁd methods of extending laboratory findings to the real atmos-
phere are not readily available. The fields of synoptic meteorology and
general circulation showed great advances during the early twentieth century
as regular surface and upper air observations became available. However,
mesometeorology, and the study of convective storms in particular, did not °
‘receive a truly comprehensive observational treatment until the Thunderstorm

Project of 1946-7, (Byers and Braham, 1949).

This project resulted in a qualitative but detailed description of
convective storms consisting of cellular growth and decay. The scale of the
cells was in the order of one hour and ten km. Since then many short term,
comprehensive projects (e.g. Malkus, 1954, Fujita, 1963, Simpson, 1967) have
attempted to obtain complete observational data on many varieties of convect-
ive phenomena, ranging from the small trade-wind cumulus to the hurricane. At
the same time, advances were being made in the quantitative measurement of
precipitation by radar, and in the development of new observational techniques,
including doppler radar, aircraft instrumentation, satellite observations, and
photogrammetry. Concurrently, there were increases in manpower for research
in this field, and also the introduction of numerical techniques in data pro-'
gessing and in mathematical modelling. By 1963, the models of convective

cloud development had become more sophisticated than the simple cell suggested



in 1949, and it appeared that mesoscale convection consisted of a spectrum
of scales of behavior. These ranged from the small cumulus "bubbles" to the

steady-state hail storms.

Atlas and Byers (1963) in the comprehensive review of this field

"The Severe Local Storm", emphasized the need for expanded mesometeorological
programs to further elucidate the structure and mechanisms of the convective
storm. The general impression was that organization of cellular behavior,
probably as the result of larger scale motion patterns or topographical feat-
ures,; was the link between the individual convective cells to the organized
convective storm. So that although cuvantized buoyant convection is funda-
mental to all atmospheric cumulus development; in the giant cumulonimbus it

may appear as impulses superimposed on an apparently steady circulation.

One difficult question which requires attention is the nature of
the evolution of convective phenomena through this spectrum. If there are
limiting sizes for the convective cells determined by the properties of the
atmospheric fluid and the disturbing mechanisms, are they large enough under
certain conditions to permit the giant cumulonimbus to be a single cell? If
the answer is no, this would imply that the giant storm is a continuous,
steady circulation only in a statistical sense. The individual events are
obscured by the overall effect of many smaller scale events organized in
space and time. If the answer is yes, then larger scale continuous circula-
tions may be real identities and models which describe a large steady state
structure may be adequate. Classical theories suggest that such limits exist
but has not rigidly defined the 1limits in terms of the atmospheric properties.

Observational approaches have not been able to fully resolve the question
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but do suggest that large cumulonimbi are more an organization of pulsating

cells rather than one large steady circulation.

This study deals with the behavior of cumulus clouds of transitional -
scale, larger than an isolated cumulus of the single "bubble" variety, but .
smaller than the giant cumulonimbus. Generally they appear as cumulus tur-
rets, or towers, protruding from larger regions of convective cloud. Although
they often oceur in larger organized groups, the individual turrets have a

scale of the order of 20 min and 2 km.~

The behavior of such turrets was revealed by a stereo photogrammetry
system operated at the Alberta Hall Studies Project based at Canadian Forces
Base Penhold in central Alberta, (Figure 1), during the summer months of
1966. The Project, which was organized in 1956, is sponsored by the Research
Council of Alberta, the National Research Council, the Department of Transport
(Canada), and the Department of Meteorology, McGill University. The data were

analysed and interpreted during the 1966-67 term at McGill University.

At the outset the author had two broad-objectives. The first was to
photograph and analyse developing storms, particularly those which occurred
under optimum conditions, to study the detailed behavior of the individual
cloud turrets. The second was to complement these observations with other
types of data available for the same turrets, their environment and the
associated precipitation. It was hoped that the results could then be rela-

ted to some of the current models of convective growth and behavior.

Part I of this thesis deals with the background and technical opera-
tions of the systems used in this study, including a discussion of analysis

techniques. Part II presents the detalled results of the analysis of two
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groups of turrets observed during the 1966 field program in Alberta. The
turret behavior is related to the general environmental conditions that
existed on the two days under study. Radar observations of these same tur-
rets are presented and precipitation growth discussed. The scope of data
is then extended. By modelling the airflow at the turret boundaries, indir-
ect measurements of thé updrafts within the turrets are made. These up-
drafts are compared with those measured by other authors. Finally, current
models of cloudy convection are discussed, and an assessment is made of the
ability of these models to depict the behavior that was observed in cumulus

turrets.



PART I

A DESCRIPTION OF THE INSTRUMENTATION AND TECHNIQUES



CHAPTER II

THE STEREO ANATYSIS SYSTEM

A. Photogrammetry

The system by which the data were acquired for this study has been
described in detail in an earlier M,Sc. thesis (Renick, 1966). Only changes

in layout, equipment or procedures will be discussed ih detail here.

It has been shown that the percentage uncertainty in the range meas-
urement is inversely proportional to the length of the baseline between the
two camersa sites. However, the length of the baseline is limited in prac-
tice by the analyst's ability to identify the same cloud element in the two
superimposed cloud pictures (without serious distortion due to differing
optical points of view). Renick's experience in using the system indicated
that a somewhat longer baseline than those used in 1965 would still permit
unambiguous analysis, while reducing the percentage uncertainty in the range
measurements. Hence, while the author retained the former East-West base-
line of 8400 £t ¥ 0.5% (bearing 275.8 deg true ¥ 0.1 deg), he established a
longer North-South baseline of 17,930 £t % 0.6% (17%.2 deg true ¥ 0.1 deg).
The new camera site was surveyed into position using standard field survey
techniques at a location on the south side of the town of Penhold, about 3
miles south of the centre site at C.F.B. Penhold (see Figures 1, page %, and
2, page 13). Subsequent analysis of films taken from this baseline has shown
that a 3 mile baseline did not present ambiguities even at ranges as short

as 15 miles; the improved accuracy would seem worthwhile.

Increasing the length of the baseline also increased the maximum

usable range for any given percentage uncertainty. Specifically, for an

uncertainty of ¥ 5% the maximum usable range is 85 miles for the North-South



baseline and 47 miles for the shorter East-West baseline. Typically, at a
range of 30 miles, viewing at 90 deg to the baseline, the percentage un-
certainties are ¥ 2% for the North-South baseline and * 49 for the Bast-

West (see Figure 6 under Sec. C of this chapter).

Two new cameras were put into operation including new time lapse ac-
cessories. They are Bolex H16RX reflex 16 mm cameras. A custom-made, versa-
tile 115 V a.c. time lapse attachment was used on the centre site camera,
while a d.c. transistorized timer of the author's design was used on the
remote site camera. A frame rate of 20 frames per min was used in order to
retain a maximum time uncertainty of ¥ 1.5 sec between the two cameras. How-
ever, radio synchronization of the two cameras is recommended for the future.
This would mzke possible a reduction in the frame rate by a factor 3 or 5,

thus greatly reducing £ilm consumption in operational use.

Kodachrome IT colour f£ilm in 100 £t rolls was used with a Kodak #1L A
skylight ultra-vioclet filter on the cameras to improve the sky-cloud contrast.
A total of 120 hrs of stereo photography was shot during the months of June
through September, 1966. This is equivalent to about 800 ft of film., Exper-
ience has shown that about 5% of the footage shot is suitablg for detailed

analysis of the type described in subsequent chapters.

The major problem in finding a suitable seguence is in maintaining
visual contact with a particular turret group for at least 30 mins. Because
of the close range and the use of the narrow l-inch lens on the cameras, the
turrets would often pass teyond the field of view. However, other groups at
ranges between 30 and 50 miles range will now be measurable with less than

5% uncertainties and so will increase the usable footage. Turrets often



beccme obscured by other clouds intervening beitween the interesting turrets
and the cameras, further reducing the usable footage of film., Since many
cumulus developments are assoclated with widespread cloudiness, particularly
when large scale vertical motion fields exist due to the synobtic circula-
tion, this will alwéys be a problem. However, othe; types of analysis could
make additional use of the films. TFor example, by using small inactive
cloud fragments as tracers of the environment wind, local circulations could

be measured. Such investigations are to be encouraged. .

It is important to photograph even apparently uninteresting cloud
developments, as later time lapse viewing often reveals many events not cob-
vious in real time. In order to get a few inﬁeresting sequences, all poten~-
tially interesting clouds must be photographed. A detailed record of all
operations and events is most important. Stereo analysis reguires an accur-
ate knowledge of the trﬁe azimuths of the reference marker poles which sur-
round each camera site at nominal 10 deg intervals and which appear in the
bottom of each frame of the time lapse films. Hence the sites are resurveyed
for their azimuth marker poles every 3 weeks so that corrections to their
ncminal values can be made at the time of analysis. Time synchronization of

the photo data panel clock with the radar and pilot balloon clocks is vital.

Analysis projection techniques, as described by Renick (1966), were
used. Care was taken to rephotograph the analysis projection grids for the
l-inch and 10 mm lenses using the new cameras. It was found that placing a
red filter over the lens of one of the projectors, or flashing one of the
images on the screen over the second, aided in the accurate superpositioning
of the cloud images frcm the two projectors on the semi-transparent projec-

tion grid.
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B. Data Processing

The analysis of the stereo films consisﬁs of three phases: data
extraction from the projected images of the films on the projection grid
in terms of angular measurements; conversion to positions in space in
terms of range, azimuth height and turret diameter; and computation of
the vertical velocities of the turret. The first phase is time-consuming,
but no suitable means of automation has yet been devised. Although the
second phase can be handled by means of tables, the final stage can not.
A nomogram was devised by Renick (1966) for vertical speed computations,

but this is not suitable for horizontal velocity computations.

Since velocities are computed from small differences in relatively
large values of height and range, errors in the instantanecus velocities
can become quite 1arge.l As a result, rather large amplitude noise com-
ponents may appear in the computed velocities. It would be unreasonable
to consider that a turret's position at any instant in time is completely
independent of its position at earlier or later instants. Hence there is

a need to smooth before computing values of velocity.

Although graphical methods can be used to produce smoothed values,

a numerical method is considered more suitable because, once established,

1 The visual lifetime of a typical turret top is about 15 mins and hence
a one-min observing interval is considered necessary to get a detailed
description of time variations. A vertical growth rate of 10 nm sec~1
would result in a vertical displacement of only 600 meters in 1 min.
With a typical 5% wncertainty, at 3 lon the incremental uncertainty in
each height measurement would be ¥ 150 meters, and at 6 km t 300 meters.
Hence the possible error in the vertical speed computed from the two
independent height measurements would be as large as 100% at 6 km. A
similar situation exists for the horizontal measurements.



the technique requires less time and is more efficient on an opeia.tiona.l '
basis. Furthermore, numerical smoothing is objective and is consisfent

from one sequence to the next.

However, theoretical work on the effects of _numerical smoéthiug on
date is both difficult to understand and incomplete. Hamming (1962) |
cautions that smoothing (referred to mathematically as a filtering process)
at an early stage of the computations may produce effects in the results
which must not later be interpreted as physical effects. The spectrum of
frequencies that are physically possible in the observed behavior, and the
spectrum of frequencies that are probably measurement noise should be esti~
ma,teci theoreticdliy. Then one may choose a filter to attenuate the noise
and pass the frequencies that are characteristic of real behavior.. For
cumulus turrets .a theoretical estimate of the shortest periods likely to
occur for buoyant parcelé is approximately 6 minutes (this velue would ap-
ply to pé.rcel penetrating into an isothermal layer in the environment
(Priestley, 1954)). With a samplian interval of one min, the noise would
most. likely be concentrated at periods apprcaching two min (i.e. twice
the sampling interval that is used when 'extra.cting the observational data).
A number of measurements were made of the accelerations necessafy to pro-
duce the observed short period fluctuations of 1-2 minute periods. Most
gave values of an order of magnitude greater than the forces per unit mass
due to buoyancy, loading, and momentum exchanges that are normally found |
to exist in .cloudy convection. Hence, our choice of a filter was one which
attenuates s’crongiy at periods of 2 mins but has little attenuation above )6
minute ‘pe;"iods. . The particular filter chosen (which will be described on

page 15) was. one of the simplest ones. Future work should include a study
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of the use of other types which may Kave sharper response curves (again see

Hemming, 1962, or Brooks and Carruthers, 1953).

Hence computer data processing was instituted to carry out all of -

the computationel phases of the analysis.

The dete which are extracted from the superimposed images (see Fig-
ure 3) included: ¢, azimuth of the geometrical centre of the turret top;
'@, the angle subtended.by the baseline at thevcloud (see Figures 2 and 3);l
0, the angular elevation to the cloud turret top with respect to the arti-
ficial horizon (a zero deg elevation marker surveyed onto each azimuth
marker pole); /3 » the angle subtended by the .semi-circle that best encases
the cloud turret top; and E, the frame number. The frame numbering begins
at éero at the time of the lasﬁ date panel insertion preceding the sequence
to be studied. Subsequent data banel fr%me numberé are recorded during the
sequence with the exact times of insertion. Normally every 1l0th or 20th
frame is analysed, depending upon the time resolution that suits the accur~

acy of the space measurements that are being made. This assures that as

much detail as possible of the time variations in velocity will be detected.

Three types of computer input cards are used: mode cards, time
cards and observation cards. The mode card feeds in the turret identifica-
tion number, date, time, and number of observations in the sequence before

each sequence begins. The time card feeds in the exact time and frame number

1 This angle equals the angular separation between a particular azimuth
marker pole appearing in each of the two stereo pictures when a cloud
turret's images are superimposed. Due allowance must be made for the
errors in each pole's azimuth from its nominal 10 deg value as measured
by the most recent survey of the sites.
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of the time panel insertion, usually every 10 mins. The observation card ‘
feeds in the frame number, F, g, @, o, B ’ a.rigl J, a baseline identification

- number.

In the processing, the following equa.tions are va.pplied to the datas

n+l n

(% -t ) Co.n _
By = (Fn+l-Fn Fg +% | | (1)
. J .
S B(J) sin (a; + (-1)9(8; - B;) :
" R. = 1 1 _ (2)
i , sin (a—i)
| 3 : R B
I - Ry )
H, = [(.Re +Ri) - Ry + Ry tan 6; cos(Re ]cl,. (3)
. _ i v .
8, = R, sec O; ta.n(-é—e ) ¢, (%)
Ry AR 2, Ae]
W, = [(ﬁ-; + tan 91) At Ry sec (91) At Co i (5)
| 5
2 2
_ [2(1A8 AR ] 4
vy = [Ri(At) *( t) Co (6)
B Ri cos (#s) B | oin (8;) o~
2 -1 At i/ ‘Kt
& = tan ) D AR (7
v -R; sin (¢-i)At' + cos (¢l) AT
where: ti = time in minutes of the ith observation,
t® = time in minutes of the n'® data panel
Fi = frame number of the ith observation
Fn = frame_number of the nth data panel
Ri = range in miles from centre site

<y
i}

baseline identification code

length in miles of baseline J

W

Py

[

S
]

P

-‘.
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a i = angle subtended by the ﬁaseline at the cloud

¢i= azimuth of geométriqa.l centre of turret in dég 'bruéf‘ B

o] 5= bearing of baseline J (see Figure 2) in d.eg' true

H, = height of turret top in km ’

| R = radius qf the earth at latitude 52N in miles

. Qi = elevation é.ngle to turret top in deg
S i‘ = diameter of best fit semi-circle to turret top in km
Bi = angular diameter of tﬁfet top in deg

Wi = vertical growth rate of turret top in meters per sec -

<
]

5 horizontal speed of turret in meters per sec

a = bearing from which the turret was moving in deg true

%‘—2- = the numerical derivative (Jin - (Jia at the ;7R instant
t . | tiel - ti-1

C, = 1,609 ¥m per mile

C, = 26.82 meter min per mile sec

The output consists of turret identification, date, time, @, R, H,
W, v, anda. In addition, Northward and Eastward components of range and
horizontal velocity are computed.,” Then the observational data is smoothed
and the computations are repeated giving smopthed velocities in the output.
If further smoothing is necessary, this last step is repeé.te'd. until the

short period variations are removed. The smoothing or filtering equation is:

Xipp +Xjoq + 2%

n . . . (8)

Xy
The response of such a filter is given by the expression:

' IS
- e T 1+ cos —5, (9)
m'~  xi 2 : :
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Figure5: An example of the smoothing effects of the numerical fillter on
fluctuations in an observed vertical growth rate curve.
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where ror= the ratio of the filtered amplitude to the original amplitude

for a certain component with a period equal to m measurement

intervals
E& = the smoothed value at the i’ instant
X, = the original value at the ith instant

Figure 4 is a plot of the response, T w Versus m', the number of
measurement intervals per cycle. Up to f6Ur passes through the observaﬁion-
al date were made in some instances, each pass resultiné in further smooth-
ing of the output. ‘Figure 5 is an example of the vertical growth rate, W,
es 1t appeared without smoothing, after smootging using one pass, and after

4 passes.

C. Uncertainty Considerations

The fractional uncertainty>in the falues of range, height and dia-~

meter are computed from the expressions:

%R= %B+ %a +cot( at (¢'¢J))(a¢+a¢J) ‘ (10)
OH _ OR 2 __ 3¢ | . (11)

H -~ R ' sin(2 0)

0s 0 OR |
S BB + "R (12)
where J( ) = the incremental uncertainty in ( ). For a, ¢J, 9, and B,

these were estimated to be ¥ 0.1 deg, and for § ¥ 0.5 deg.
Figures 6 and T give the percentage uncertainties in'range tb the
turret and radius of @he turret (= g-) as a function of range. Figure 8

shows isopleths of'percentage uwncertainty in height as a functionh of height

and range. These values apply to the North-South baseline using a l-inch
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lens. Values for the Bast-West baseline are approximately double those for
the North-South baseline. Also the values using a 10 mm wide angle lens

would be approximately double those indicated here.
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Figure 6: Percentage uncertainty in range as a function of range. Curve
marked " 90° " refers to measurements made when cloud is perpen=-
-dicular to baseline; curve marked " L5° % when c¢loud is at 45
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‘Eigure 7: Isopleths of radius uncertainty as a function of radius and range.
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AUXTLIARY SYSTEMS

&, The Radar

A Decca 3.2 cm radar unit was opéréted during the 1966 season at
the Alberta Hail Studies Project., This is a low power unit, 30 kilowatts
peak power, with a pulse length of 5 microsecs, and a pulse repetition
frequency of 400 pulses per sec. The antenna has a half power beam width
of 3/4‘deg in the vertical and 4 deg in the horizontal. The dimensions of

such a radar pulse at 30 miles range are shown in Figure 9, (see page 20).

The antenna is rotated at 20 rpm with an automatic tilting sequence
of % deg of elevation angle every 2 revolutions up to +20 deg elevation.
Tne whole cycle requires approximately 4.3 min. The display is a PPI
scope which is photographed on 16 mm film, one frame every 2 antenna rota-
tions. A second display is regularly monitored and photographed with a
Polaroid camera to provide on-the-spot radar observations to aid in the

plenning of stereo photography and hail-reporting network operations.

The low power and wide horizontal beam width result in a signific-
ant rediction in sensitivity beyond about 40 miles, so that light precipi-
tation of small cores may not have been detected beyond 40 miles. Also
attenvation of the signal in penetrating precipitation could be significant.

This would result in "shadows' at ranges beyond the nearest strong echoes

(Douglas and Hitschfeld, 1958).

The radar does provide good vertical resolution for determining
echo tops, and a reasonable 3I-dimensional depiction of the precipitation
areas at the time when the first echo appears within about 40 miles range
Trom the site. The uncertainties are estimated to be Yy deg in azimuth,
+

- 0.5 deg in elevation, and * 1 mile in range, for ranges between 15-30

miles.

- 21 -
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No adequate means of azimuth and range calibration exists for this
unit. Such calibration is essential when irdividual echo cells of only a
few miles' diameter are to be associated with observed cloud turrets of
about the same size range at range of 15 to 30 miles. At least one stand-
ard radar target in each quadrant, at ranges 20 and 60 miles, would be
desirable., However, the author was éble To mzXe some checks on the indicated
azlmuths and ranges by using the locations of known topograpnical features
in the ground return echoes, which appear at zero and % degree elevation
scans. Two hills at 033.5 deg true, 19.7 miles and 032.5 deg true, 22.4
miles (approximately 3% miles Southeast of Lacombe, Alberta) were used to
calibrate for the July 10, 1966, storm which occurred about 18 to 30 miles
to the north of the rada? and camera sites. £ correction of -5.5° azimuth
and +1.7 miles range was applied to the rezdar display's indicated values
on this day. On July 7, 1966, it was found that the same correction was
necessary wiaen using the same hills as guides. 3But the positions of Mount
Costigan (226.0 deg true, 85.5 miles), Devil's Heada (230.5 deg true, 82.2
miles), and Limestone Mountain (256.0 deg true, 8.0 miles) on the radar
scope showed little or no correction should have been necessary. The
reason for this discrepancy is not certain, but mechanical maintenance was
being performed on the rotating mechanism around this time. There were
also indications that the antenna was not rctating at a constant speed
within each rotation, possibly resulting in different corrections being
necessary for different azimuths. Thus no ccrregtion was applied on July 7T,
1966, to the observed echo positions, which were between 250 and 265 deg
true at 20-30 miles. However, the reassurance of having artificial targets
in known locations (and, if possible, of kncwm ecuivalent reflectivity)

would be very desirable in the future.
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B, The Hail Reporting Network

A volunteer hail reporting program was first organized in a pilot
project in the summer of 1956 (Douglas and Hitschfeld, 1958). It has been
expanded each summer since then with mailed-~in reports being augmented by
field car surveys and telephone surveys of the regions lying in the wake
of the more significant storms. Details of the hail reporting scheme are

given by McBride (1964) and a summary of recent progress by Pell (1967).

Data on the time, character, and intensity of the hail and rain,
and the size and estimated amounts of haill which fell from a storm were
collected in this manner. However, the region of initial precipitation
to reach the ground (presumably associated with first echoes) often was
not surveyed in detail, leaving some doubt about the nature and time of

occurrence of the first precipitation at the ground.

It is certainly desirable to have such information available to
infer the nature of the precipitation which occurs in the first echo, and
thus to estimate its effects on the dynamics of the developing turret.

I% is recommended that information on the first reported rain and hail be
sought most diligently in the future. However, this may remain a diffi-
cult task over the western portion of Alberta because it is so sparsely
settled, unless volunteer observations are supplemented with a network

of " recording rein and hail sensors.



PART II

THE RESULTS AND CONCLUSIONS



CHAPTER IV

GROWTH RATES AND MOTIONS OF TURRETS

A. TIntroduction

Two groups of turrets are studied in detail. The first group,
designated T/Ol through 7/05, occurred as a part of a developing storm of
considerable magnitude on July 7, 1966. The second, 10/0l thiough 10/0k
occurred on July 10, 1966. These particular groups were>chosen because
they occurred at close enough range (within 40 miles) to permit near opti-
mn measurement accuracies. An unobstructed view of the groups was possible
for sufficient time to consider the complete visual history of a number of
turrets in each group. Also good radar data and a limited amount of survey
information were available. Unfortunately these were not days on which
radiosonde ascents were taken right at Penhold, but ascents at Calgary (75

miles south) and Edmonton (90 miles north) were available.

Photogrammetric measurements were made at approximately one minute
intervals on July 7 and at 30 sec intervals on July 10. Hence, values of
height, vertical growth rate radius and horizontal velocity were computed
at each one minute (or 30 séc) interval to construct the curves to be pre-

sented in the Tollowing sections: Both storms were within 18 to 32 miles

[«

of the sites and within 15 deg of being perpendicular to the baseline used ,

for stereo photogrammetry.

B. The Storm of July 7

The general weather patitern differed considerably on the two days.
On July 7 cumulus began forming over the foothills to the SW of Penhold by
12:00 18T (Mountain Standard Time) and a few cumulus congestus types were
wderflown in a light aircraft at 2.5 kin above mean sea level (MSL) (approx-

imately 1.5 km above terrain) in the vicinity of Caroline, about %0 miles

- 25 -
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west to west-south-west of Penhold at 13:15 MST (see map in Figure 10).
Aircraft reconnaisance was carried out in a Piper.Super Cruiser aircraft
and considerable bumpiness was experienced in this area. A number of up-
drafts were encountered while flying below developing cumulus bases. A
few of the stronger updrafts were estimated to have caused the aircraft
to‘climb 300 to 400 ft in 5 to 10 secs even though the aircraft was at
greatly reduced power. This would suggest vertical speeds of the order

of 15 meters per sec. Some of the cloud tops were estimated to be about

5 km MSL (4 km above terrain). This whole region about 50-80‘miles east
of , and running parallel to, the main peaks of the Rocky Mountain Ranges,
was scattered with developing cumulus clouds but the area to the east was
still clear. In addition the presence of scattered alto-cumulus lenticul-
aris suggested that gravity lee waves were established in the region south-

west of Caroline.

Consideration of the flow aloft and the early sequences of the
time lapse films suggests that this region just south of Caroline was the

area from which the cloud group under consideration originated.

The surface flow on July T was light south-south-easterly while
at 500 mb a cold trough extending from northern Alberta to a low off the
west coast of the U.S.A. resulted in a 30 to 35 kt flow from the south-
west over the areé at upper levels. A weak surface trough was approaching
the region of the storm from the north-west but did not pass through Pen-
hold until 19:00 MST when the surface wind shifted to northerly (see

Figures A2a and b in Appendix II for the surface and 500 mb charts).

A mean sounding of temperature and moisture was constructed from
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the Calgary and Edmonton radiosondéé for 17:00 MST (00:00Z) and the Penhold
'surface‘data for 14:00 MST (Figure Al). It shows aAsteép lapse rate from
the surface to 3.8 km and between 6.5 km and 7.h.km.l The maximum relative
humidity occurred in the layer between 3.2 and 3.8 km and was only 60%. The
tropopause was at 10.3 km although a relatively stable 1ayer'extended down
to 9.7 km, The convective condensation level was 172 ¥km above ground with

parcel instability above.

The turrets on this day seemed to protrude from a rather extensive
region of cloud approaching from the south-west and obscuring much of thé
- view of the lower reaches of the‘turrefs. The top of this cloudy region
initially was around 5.0 km and had the appearance of being the remains of
" earlier convective transports of moisture from lower levels to ﬁid-levels,

vhich was drifting in the flow and remaining relatively dormant.

Figure 11 is & frame from the analysed time lapse films at 1#:37'
MST on July 7. The view is  toward the west-south-west; clouds are mov-
ing from the distant left of the frame to near right. The extensive cloudy
region mey be seen in the right foreground and again in the left background.
The turrets studied are clustered closely together in the upper right quad-
rant of the picture. Each turret is designated with a dot and numbered in

the margin.

1 All heights are heights above the C,F.B, Penhold radar and camera sites’
which are all at 0,91 % 0,05 km above mean sea level, unless stated
otherwise in the text. Within 4O miles of the sites, the height of
terrain lies between 0.9 km and 1.1 km above mean sea level.
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Figure ll: Photograph of the July 7 turret g}oup from the centre site film
at 14:35 MST. The individual turrets are identified by their
numbers. :
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Figure 12: Photograph of the July 10 turret group from the centre site film
at 16:45 MST. The individual turrets are identified by theilr
numbers.
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C. The Storm of July 10

The weather situation on July 10 was quite different from that on
July 7. At 05:00 MST an inactive cold front lay to the north of Edmonton
and Jasper and the flow was light horthﬁesterly over the Penhold region.
At 500 mb the cold trough still ran from northern Alberta to a low off the
west coast of the U.S.A. However a short wave trough was moving out of
the west coast trough position passing in the vicinity of Prince George,
B.C. at 05:00 MST to lie through Edmonton by 17:00 MST (sfc and 500 mb

charts appear in Figures Ala and b in Appendix II).

This trough developed a surfgce'low pressure.disturbanqe'on the
.front during its passage over the front, resul%ing in an activation of
-the cold front behind it. ‘Hence an active cold front sweptvthrough cen-
tral Alberta from the northwest at about 25 kts, passing through Penhold
at 17:05 MST. The winds shifted from calm at 17:00 MST to northwest at
30 kts at 17:05 MST. Between the hourly surface observations at 17:00
MST and 18:00 MST, the cloud cover went frombscatteféd’éﬁmulus to broken
cunmulonimbus, the temperatuie fell 18 deg F, the dew point temperature
fell 9rdeg F énd the.msl pfessuré rose 2.7 ﬁb. This.vér& éhéfp and rapid
moving cold front was most spectacular on time lapse films, showing the
sudden increase in -the winds with dust being whipped up behind the nose of
the cold air, and convective "boiling" of the cold air as it surged over
the much warmer ground resulting in broken bands of cumulus under the
frontal inversion., Finally the violent eruption of cumulus congestus and
cumulonimbus occurred as the cold air deepened over this area and presum-
ably as prefrontal cooling of the warm gir became sufficient to virtually
eliminate the frontal inversion and permit the convection to continue up

into mid-levels.
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Fiéure 12 shows the development as it apﬁeared at 16: 45 MST on
July‘lo, The view is toward the north-north-west (i.e. in the di¥ection
of deepening gold air). The surfgce front is jﬁst appréaéhing the camera site -
and bands of shallow cumulus may be seen in the foregréund. The cumulué
congestus turrets appear in ﬁhe.midground of ‘the picfure at.about 20 miles
range, while a large cumulonimbus anvil is visible in thé backgrouhd at
about 45 miles. ﬁofe how isolated the turrets aie on this day compared

with the group on July 7 (Figure 11). .

In ﬁhis‘éase‘itiwﬁs father difficuit fo geﬁ a representative soun&-
ing of'fhe ammbsphere in the viqinity of the storm due to the presence of
the front. Because Edmonton was already deep into the‘céid air by 1T7:00
MST (00:00Z), Calgéry's sounﬁing was considered to be more representative
of the warmei air just ahead of the front into which these turrets were
developing; this sounding is shown ip Figure A3. It is seen that to re-

lease the potential parcel instability, a mechanism for heating the layer

‘below 1 km, or for cooling the layer between 1 km and about 2.5 km would

be necessary.  Most probably fhe sharp trough associated with this very
active cold front would have been sufficient to cause low level converg-
ence and ascenﬁ of the warm air adequate to cool the mid-levels and release

the potential instability.

“

As g first approximation to the modification brought about by such

a dynamic process, the 850 mb and 500 mb levels were lifted adiabatically

1

by 50 mb, and the 700 mb level by 100 mb. The fesulting sounding is shown

1 Such 1lifting is the result of assuming a profile of ascent rate for the
warm air that was parabolic with height, having & maximum of 1 m sec™l
and acting for % hour (Newton, 1963; Beebe and Bates, 1955).
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Figure l3a: Height of turret top as a function of time for the turrets observed on
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Figure 13b: Vertical growth rate, W, of the turret tops as a function of time for the
turrets observed on July 7, 1966.
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by the dashed curve in Figure A3, Parcel instability would then have been
released in the r1s1ng air w1th a condensation level of 2.1 km and the
enVironment would be near saturation from 3 1 to 5.6 km. The tropapause

‘was at 9.1 km.

D. The Vertical Growth Behav1or

The results of the stereo analySis of the five turrets v1ewed in
the July 7th group are displayed in Figures l3a and l3b.; Figure l3a is av o
plot of the turret top height above ground 1n km versus time of observation

5in minutes. Observations were made at one-minute 1ntervals. Note that,__*iﬁ

_ With the exception oflturret T/Oh"the time i‘;achiev1ng maximum height

v fprogresses 1n time, each succes31ve maximum being higher than the prev1-t:“fff.;f_

" ous’ one.i Turret 7/04 is only ou‘ of sequence in this regard by;afminute f: S

“or two. Turret 7/01 lS somewhat unique 1n its length of duration.v How-'ﬁ

ever its vertical growth appears to have been in three distinct pulsations.

It should be noted at this p01nt that there lS nothing of particular.ﬂ
hy51cal significance about the beginning or ending of an 1ndiv1dual curve'f”
in Figure l3 ln most ‘cases. it 1s the 1nstant at which the turret comes |
into (or is lost from) v1ew above the general cloud level that determines
the beginning (or ending) of measurements In a few cases the turret
radius decreases to’ less than a few hundred meters and can no - longer be

analysed as a turret but rather is Just a w1sp of cloudy air._ TheSe cases

are marked with a "*¥"' on the height curves. ke
Figure 13b depicts the:verticalvgrowth“rate of the turret top, W
derived from the numerically smoothed data. The numbers in brackets are

the length in minutes of the half-period of the oscillations in the W curves.
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Turret 7/0l is considered as three separate pulses. Turret 7/05 was not

viewed for sufficient time to estimate its half-period.

The results of stereo analysis for the July lO.group are displayed
in Figures 1lba and 14, Once again the maximum height that each turret top
achieves is higher than that of the preceding ones. In generai, the verti-
_cal_growthlréﬁes of these turrets»reagh larger values than on July 7. Maxi-
mum Verfical‘growth fates of 8.9 and 9.6 m sec™t are attained by turrets
”  :10/OM'aﬁi;i6/63 respéctively, compared with 7.5 m sec™ for turret 7/0k.

Also the half-periods of the major turrets are somewhat longer on July 10.

E Radlal Growthofthe Turrets

' . 2':”FiéuféstiSa;éndjlsb ére piqts of the méasured radius of each cloud
:léu}fét £op1intkm_veisus timé in minuteskfor July 7 and July iO respectively.
"Tﬁé:fédiﬁé'Was”méaéured by fittihg'subjeétifely a semi;circle over the ex-
.~pOSed'furretifop”sbithat it most hearly represented the shape of the cloud
top. This was found to be the most suitable simple representation of the
 form bf“the”protruding'tﬁrrets; ‘For the tall, exposed turrets a hemispher-
ically capped cylinder of that radius was still the best representation of

the geometry of the turret.

Turret 7/01 (in Figure 15a) shows marked radial expansion during
the first four minutes of growth. After a second weak pulse, a steady col-
lapse sets in until it virtually shrinks out of existence by 14:30 MST, It
is noteworthy that the rapid expansion is associated with the first impulse
in the vertical growth rate, and the radial collapse with the third impulse

in the vertical growth'rate, the strongest of the three.
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Figure 16: Vertical growth rate of a cloud turret
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Turret 7/05 also shows rapid radial growth during the first 3
minutes after emerging, then quickly changes to a gradual decrease in
size. The remaining turrets on this day also grew radially then shrank,

but less rapidly than 7/01 and 7/05.

On July 10 (Figure 15b) it is seen that turrets 10/03 and 10/0k
which show the largest vertical growth, also grow to the largest radial
size. Turret 10/03 shows signs of renewed radial growth after 16:50 MST,
A glance at the vertical growth curves (Figure 14) reveals an apparent
rejuvenation in its vertical growth at about the same time. Turrets 10/01
and 10/02 both shrink out of existence although 10/02 does show some at-

tempt at radial growth during the initial few minutes.

F. Discussion of Vertical and Radial Growth

The only published results of comparable detail on the behavior
of cumulus turrets are by Anderson (1960). Figure 16 is from that article,
and shows his measurements of vertical speed of a turret top inm sec-l
versus time in minutes. Anderson pfoposed a method of classifying turrets
on the basis of the amplitude and frequencies present in these curves of
vertical speed. The major frequency component in this, the only example
given, had a half-period of 5.5 min, certainly within the range of values.
measured in this study (2.3 to 11.0 min). Anderson also interpreted the
high frequency oscillations with half-periods of 0.51 min and 0.65 min as
real fluctuations in vertical speed and suggested that these may be useful
as additional criteria in classification. However these values are nearly
equal to the sampling interval used by Anderson. Similar fluctuations also
existed in the present author's computed vertical growth rates of turret

tops (Figure 17 gives turret 10/03 as an example). For reasons discussed
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in Chapter II, Sec. B, fluctuatlons with half-perlods s1m11ar to the samp-
ling 1nterval were 1nterpreted as n01se rather than real fluctuatlons and
were flltered out HoweVer, on July lO, when the sampllng 1nterval was ap-
prox1mately 30 sec, some hlgh frequency components stlll remalned even after
. four passes of the fllter.” The half-perlod of these 1s approx1mately 1 min
and may be.real fluctuatlons,-lndlcatlve of the ex1stence of behav1or on a
scale one order of magnltude smaller than that of the turrets themselves.

| However measurement of thls new scale is almost beyond the sens1t1V1ty of
ltﬁthe technlque Nevertheless, a detalled spectral analys1s‘of data acqulred

;under optlmum condltlons may reveal more 1nformatlon on such scales of be-’
d_hav1or.» They may well be 1nd1catlons of the arrlval of 1nd1v1dual eddles B

or‘parcels‘at the_top of"the-turret,r .

More w1ll be Sald about the radlal growth of turrets 1n Chapter VII

where models of convectlve cloud behav1or are revrewed

G Horlzontal Motlons of Cloud Turrets

Figure l8a is’ a plan view of the tracks of the turrets on July 7.

"It may be thought of as a map of the turrets' positions in space as projected
onto the ground. The position of each turret along its track is marked at

5 minute intervals, although measurements were made every minute.on July 7
and every 30 seconds on July 10. A large "X" shows the positions of the
turrets at 14:40 MST for July 7 and at 16:45 MST for July 10. The number

in brackets 1s the height in km of that turret top above ground at those
times. The "o" marks the position of a turret at which it achieved its maxi-
mum vertical growth rate. To give a general idea of the vertical wind shear
in the envirommental winds, the mean winds for a lower layer and an upper

layer are shown by the wind arrows in n sec-l (a full barb equals 10 m sec-l;
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half barb 5 m sec-l). The direction of view from the cameras is shown by
the remaining arrow. To fit this map into perspective, the reader is re-
ferred to Figure 10 where the area of this turret map is shown as a rec-

tangle on the map of the Project area.

Figure 19 is a detailed plot of the envirenmental wind speed and
direction for Ju;y 7 (taken from the Edmonton and Calgary 17:00 MST radio;
sondes and adjusted for ll;QOYMST piloﬁ balloon Qata and‘Penhql@ afternoon
' pilot balloon ascents) These are plotted as a function of height above
ground in km and are in m sec -1 and deg azimuth truev(directiOﬁ from ﬁhich
wlnd was blow1ng) _ The horlzontal speed and dlrectlon of the 1nd1v1dual
,turret tops as computed from the smoothed stereo analys1s data 1s plotted
on the same flgures.- The arrows 1nd1cate progress in txme. It should be
menuloned that a turfet's pos1tion Ain space at each observatlon was taken-“
. to be the geometrlcal centre of the hemlspherlc cap whlch had been fltted_

to the turret top to determlne its size.

Figure 18 b and Figure 20 are the corresponding diagrams for the

turrets on July 10.

Some rather interesting behavior can be inferred from the results
depicted in these diagrams. It is seen that the turrets were not always
moving with the environmental wind velocity at their level of the atmos-
phere. They did ultimately acquire a velocity similar to the environment,

but only after rather marked deviations.

For the July T group (Figure 19), there was a consistent tendency
for a turret to acquire a direction of motion with & more southerly compon-

ent and a speed of lower magnitude than the envirommental winds of the layers
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‘through which it was bulldlng. Its'maximum deviations in this regard occur-
‘red at approximately the time of maximum vertical growth rate of the turret.
. It will be shown in Chapter VI that thls time very nearly corresponds to
the time of maximum updraft veloeity within the turret. On July 10 (Figure
20) analogous behavior appeared, only thisktime the horizontal.veleeities

of the turrets, during their periods of increesing vérticai‘grewﬁh fate,
deviated to a ﬁore‘northwesterly direction and a slower speed ‘than fheir:
environment. | On both days thebdeviations were‘toward the direetion‘of the
env1ronmental w1nds of 1ower levels in the atmosphere. in’five‘out'of the =
" nine cases the veloclty of the turret at maximum dev1ation resembled that

: of the ‘winds near or below the cloudvbase.

It is also 1nterest1ng to note the behev1or of turret 7/03 (Flgure |
slBa) It started its vertlcal growth w1th1n 3/# of a mlle of the already
: establ1shed turret 7/Oh By 14 MO, 7/03 had veered off northward, thereby |
-.1ncrea31ng the spetlal separatlon to more than l2 miles in the horlzontal.

."A 81mllar behavior is seen for turzet lO/Ol (Flgure 18b), apparently in -

response,to the more energetlc turrets 10/02 and 10/03 developing nearby.

H, Summary of Cloud Turret Behavior

A detailed record of the three dimensional behavior of nine turrets
has been given. The state of the environments in which they were develop-~
ing has been described using radiosende'data from Edmonton and Calgary, and

surface and 500 mb charts.

The growth of & turret group consisted of a sequence ofuturref '
eruptions, each successive turret achieving greater maximum H%ight ‘than

its predecessors. Considerable individuality was noted in the vertical



- 45 -

~

growth rates of the furrets with regard to maximum rates and half-periods.
In general though the longer the half-period, the greater was the maximum

value of vertical growth rate.

It was observed that vertical growﬁh'bf a turret was not always

accompanied by radial growth. or
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Figure 215: Plot of turret . o ?iguréyzib; f1§£ 6f'tﬁffétﬁrédiuS
radius versus height of  wversus height of turret top
turret top for July 7, o for July 10, 1966.
1966. .

Figures 2la and 21b summarize the relations between radial énd verficai
growth. These are plots of height of turret top in km versus radius of the
turret in km. Although initially éll turrets show radial growth accompany-
ing vertical growth, some subsequently deviate quite markedly. Turrets 7/01-
and 7/05 sﬂow'rapid radial growth for small vertical growth; 7/01 then
changes its'behavior radically, at about the time of the third impulse in

its vertical groﬁth rate, to radial collapse with vertical growth, and
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finally collapse in all dimensions. The small turrets 10/01 and 10/02

appear to be unable to grow radially and finally shrink out of existence..

Essentlally then, signlflcant radlal growth, initlally at least,
“produces turrets which remaln actlve for longer times and which are able
to achieve greater height increments durlng thelr growth.‘ The anomalous
‘behav1or of the third impulse in turret 7/01 w1ll be discussed more fully

in subsequent chapters.‘

From the present study it may be further concluded thet the event
b» of a turret ach1ev1ng a certaln level 1n the atmosphere results in subse-if

: quent nearby turrets surpass1ng that level w1th stronger growth rates

‘through the levels prev1ously traversed by the earller turre . éThisfmqng;g'_;
”f,.be due to the condltlonlng of 2 reglon adaacent to the earller turret dueﬁﬁ i
o mixing between the env1ronment air and the cloudy alr of the earlier ﬂ,ﬁtjf;:

turret.

On July lO there was ev1dence that of four 1n1t1ally co existlng iif%'G
' turrets, only two grew 1nto large turrets, poss1bly at the expense of the'
' remalnlng two Wthh were not able to produce signlflcant radlal growth

Exactly what determines whether or not a turret will contlnue to enlarge'

and to grow vertlcally remains to be clarlfled.

There vas also ev1dence of nearby turrets 1nteract1ng to produce

anomolous dev*atlons in the horlzontal veloclty of the smaller turrets.

bwThebvertical acceleration ofia turret'top is accompanied by devia-
tions in the horizontal motions of the turret top away from its environmental
wind velocity toward a velocity more characteristic of those found at much

lower levels. Byers and Braham (1949) were among the first to deal with
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' such behav1or.' In the 31mple case of constant W1nd dlrectlon, constant

w1nd shear, and constant entralnment rate they were able to account for

some of the observed dev1atlons 1n echo cell velocmty They applled the

l

da»law of the conservatlon of horlzontal momentum to the r1s1ng a1r mlxed

Thelr entralnment rate was assumed to be of.the form ﬁf%%>='constant;

lln the;horlzontal peed of an: updraft that ultlmately approaches the enV1ron—7

'stimenta_ w1nd shear,.and whlch a Ways has a horl on 'l-speed less than the

i‘Turbulent m1x1ng whlch musf;have resulted from the horlzontal

'»tshearlng stress due to thls d;fference 1n horlzontal veloc1ty was not taken

f"lnto account i The rapld approach of the observed turrets"horlzontal motlons;

to near env1ronmental Ve1001t1es could be the result of such a m1x1ng term,

Wthh would operate even when vertlcal motlon has ceased Slnce*thls term,

'and the term due to shearlng stress between vertlcal motlons are of a s1mllar
inature, the horlzontal behavmor offers a Valuable clue to dlstlngulshlng and
;:evaluatlng the relatlve roles of dynamlc and turbulent m1x1ng processes in
uidamplng turret growth Hltschfeld (1960), Newton (l966) and Fuglta and
"r'Grandoso (1966) have recognlzed thls problem, 1n the latter two ‘papers the

‘authors attempt to evaluate such processes, and to include horizontal be-

havior in their storm models. Further work with photogrammetric and radar



measurements of horizontal behavior is encouraged, along with work on dynamic
models which accept both formslofuexchange,processes and which include hori-

zontal interactions. .




CHAPTER v

RADAR ECHOES ASSOCIATED WITH THE CLOUD TURRETS

A. Introduction
The presence of precipitation size particles,(SOfL radius or greater)

-could-playvan important role in thepdynamics of the cumulus cloud turret.

Such drops, having a significant terminal velocity, may when associated

w1th an approprlate updraft proflle, result in storage of water content at

v certaln levels w1th1n a developlng cumulus turret. The accumulation must
| in turn 1nfluence the dynamlcs through loadlng, as well as influencing the
T‘isubsequent prec1p1tat10n growth Consequently an attempt has been made to

‘“determlne the nature of prec1p1tatlon that may have ex1sted w1th1n the tur-

S rets already dlscussed 1n Chapter IV ThlS w1ll further complete the picture

. f'o:f‘ 'thell‘ overall beha,vj_or' V :. S

- Radar echoes observed w1th the Decca 3 cm radar located at Penhold,
‘I;were studled The llmltatlons of thls unlt have already been dlscussed in
Chapter III. Houever, very careful study of the development of initial
:‘echoes associated with the turret groups of July 7 and July 10 has permitted
'7a_qualltative analysis of a number ofvecho cells in relation to specific

turrets in the groups.

The association between a given echo cell and a-specific turret was
not always obvious at first as the scale of these structures is only in the
order of 1-2 miles, about the same or more than the distances separating_the
structures. Also the measurement uncertainties of the radar are of the same
- order. The decision to associate a given echo w1th a speclflc turret uas |
.made only after consideration of all-of the data, 1nclud1ng the three-
dlmen51onal spac1al relatlonshlps, and the tlme relatlonshlps between tur;

rets and initial radar echoes. In three cases thls led to certaln identification

=49
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of the echo associated with a particular turret. A fourth was ambiguous.
The remainder apparently had no echo directly associated With them during

their history.

These are displayed in Figures 22 through 25. These diagrams are
vertical cross-sections of the cloud turret top and the associated radar
echo as they appear when projected onto the vertical plane a-b shown in
the plan view insertion in each figure. The insertion (upper corner of
the figure) also shows the plan mep of that partlcular turret's track and

a schematlc representatlon of the echo cell as 1t appeared at the time shown

.beside each echo. On a glven day, each turret 1s prOJected onto the same"

. plane a-b. The 1nd1v1dual tracks are taken from the comp031tes in Flgure

18 of Chapter IV, Sec. F.

The vertical cross-sections show héight above”ngund in'km”versus.”“

: distance along line a-b in statute miles. ~ The turret top 1s deplcted in

cross- sectlon at one-mlnute 1ntervals, the bold outllnes de31gnat1ng the

cloud top at the times approximately correspond;ng to the radar observa;
tions. Times are given in Mountain Standard Time in hours and minutesf In
the cases having tall echoes, which required a significant amount of ﬁime
(1-2 mins) to scan from base to top, the times at base and>to§ are shown

beside the echo profiles.

If should bé noted that no attempt is made to remove the echo tilt
due to the horizontal motion of the echo during the 1-2 minutes required
for the radar to scan vertically through the height of the echo. The tilt
that would have resulted from a uniform echo speed parallel to the direction

a-b for speeds of 10 and 30 nm sec—:L is indicated by the slope of the lines
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in the lower left corner of these figures. Since the motions were of this
order, this suggests that some of the echoes may have been actually tilted
up-wind at mid and’upper levels, at least at the earlier stages of their
development Although not attempted here, ‘techniques of computing par-
ticle sizes from tragectorles 1n known vertlcal wind shears may give more
information on the nature of the“precipltation indthe.echoes. Or conversely,
with assumptions as to particle Size, an.estimatelof:thehinternal shear may

be made.

B, The Results

L It was mentloned 1n Chapter IV that turret‘7/Ol on July 7 may have

i cons1sted of two or. three separate events occurrlng very close together,j;{ﬁ'

.resultlng in the emergence of a new turret out of the top of another flat— ;'f_?"

tened turret » ThlS complex1ty also appears in the radar echoes as3001ated B

'with it In Flgure 22 1t 1s seen that what 1s 1n1t1ally a rather broad, ;5"h
shallow echo develops 1nto two cores'by 14 35 MST These appear as though
two cells may be present by thls tlme One could have developed durlng the. .
flrst or second upsurge of the turret top, the larger cell developlng 1n )
assoclatlon w1th the thlrd most V1gorous upsurge of the cloud top ) he |
1n1t1al echo appears between 3. 8 and 6 2 km and is l 2 km below the v1sual -
cloud top. The second cell spreads up to at least 7.6 km,ronly 0.6 km below
the maximum height reached by the visual cloud top ' It‘is'during the stage
of virtual collapse of the v1sual turret that the echo descends, resultlng

ultlmately 1n pre01p1tatlon reachlng the ground by 13: 38 MST

Unfortunately the exact nature of the precipitation is unknown as
reports from the volunteer survey network were incomplete in this area. The
survey does indicate that areas of pea- and grape-size hail occurred about

30 miles further along the track of this storm.
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Turret 7/0# showm in Flgure 23, appears as a 51ngle echo on the
radar return. Initial echo develops between 6.2 and 7 2 km, and grows .
" rapidly up, down and radially during, and subsequent to, the perlod of

~ maximum vertical- growth rate of the visual cloud turret A The v1sual tur--."

"‘ ret does not collapse as rapldly as d1d 7/01 when the echo shows downward f;.vf_'

' motlon of its top. The echo top achleves at least 8 6 km whlch 1s O 7

 below the maximum helght of the turret top I;

The third echo cell on July 7 1s assoclated w1th turret 7/05

This is shown in Figure 2# The echo makes 1ts flrst appearance at lh MS

MST and is by thls t1me already qulte large, suggestlng 1t may have startedfﬂf_jwﬁ

developlng very shortly after 14 ho MST Once agaln the echo develops-"ﬁ‘*»t7 .

durlng the tlme of vertlcal growth of the turret Inltlal echo extends ffﬁ#{’“~“t

from 3 1 km to 6 9 km and was 2 6 km below the v1sual cloud top at that

tlme.v No subsequent p051t10ns are shown because by 14 h9 MST the radar

return was composed of too many echoes, too close together, to be resolved515b5l*5

by a radar w1th a horlzontal beam w1dth of h (approx1mately 3 mlles at Af'”*"'

'vthese ranges)

. Flgure 25 is a 31mllar dlsplay for the only radar echo whlch devel-
_ops during the perlod of the photographlc observatlons of the turret group
on July 10. Turrets lO/Ol - lO/O4 have no echo as5001ated w1th them First
'echo appears late 1n the hlstory of turret top lO/Oh Inltlal echo appears
d-fbetween 4.3 and 5 8 km, but not until. l6 58 MST, about flve mlnutes after
 the turret 10/04 has started to shrink. Hence the association between the

'ihturret and the echo 1s ‘not as ‘clear 1n this case. It would seem to have

‘*,_developed.along_the,track of lO/Oh, but the correspondence in time is not

| as(obSerwed'for.the July Tth examples. Possibly the echo was associated
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with another unseen turret developing after lO/OM but along a very similar
track. On the other hand, this time lag may indicate a fundamental differ-

ence in echo development characteristics for this turret.

It is hoped that with the aid of better quality radar data; this
type of analysis may be extended further into the life of a storm. Chisholm
(1966) nas already done a comprehensive study in the behavior of "high
lntensity cores" which'he observed with 10 cm, narrow horizontal beam radar
in Alberta storms. The scale of these cores, about 3-6 km and 10-30 min

Llrfeuspan; suggests that they are s1mllar to thé cells" observed in this
”“study and would llkely have had v1sual cloud turrets assoc1ated w1th them

Future work -on. relatlng flrst echoes and hlgh 1ntens1ty cores Wlth v1sual

5turret behav1or should be emphas1zed Wlth a v1ew to studylng the detalled
vlnteractlons between the development of pre01p1tatlon cores and the dynam—

'.lCS of cloud turrets.g o

eC.~>Discussion;“

Table I summarlzes the condltlons>surround1ng the occurrence of e
first echo with respect to the height of its top Turret Ola refers to
-the small first echo.in Figure 18, page 37; Olb to the second echo cell
vhich protrudes out to the NE of Ola by 14:35 MST. "Wa” refers to the
adiabatic liquid water content of a rising air parcel (computed from the
representative tephigram in Figure Al or A3, using a mean mixing ratio
line between the surface and TOO mb to arrive at a convective condensation
level). "Temp." refers to the cloud temperature also at the level of the
echo top, and is taken from the tephigrams. "Wmax" is the maximum vertical

growth rate of the turret top and is teken as a first approximation of the

updraft speeds that might have been associated with the turrets' growth
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(but note that in Chapter VI it is found that this is generally less than
the pseudo updrafts that are computed for other levels within the turret
below its top). The figure in brackets under "Echo Top" is the distance

of the top of first echo below the visual cloud turret top in km.

TABLE I

'Turret Echo Top (km) W (em kgm-l) Te: deg C - Wpax (m sec'l)
July 7 ‘ | | ‘
Ola. 6.2 (1.3) 5.8 =21 1.5
. Olb 7.6 (0.6) 7.0 - =34 3.k
ok 7.1 (0.8) 6.7 . =29 - 7.6
05 - 6.9 (2.6) - 6.5 Co=RT b2

July 10 . Lo R e

ol 5.8 (.2.0) S5k =23 8.9

. T,W.R. East (1957) descrlbed an inherent prec1p1tatlon mechan- .Q;;;f‘

u~1sm 1n developlng cumulus cloud in Wthh condensatlon and coalescence

. i* occur s1multaneously He showed that the flrst SO;L droplets would ap-'p

'fi’pear at about the 6 gm kgm -1 level and detectable radar echo would

: Hdevelop soon afterwards ) Thls was supported by observatlonal evidence.”

He also predlcted that the larger the magnltude of the updraft, the o

higher would be the adiabatlc liquid water content at the level of flrst S

echo. With Easts's model 'in mind, the growth of the prec1p1tat10n within

these turrets may be discussed.

Turret 7/Ola is probably the result of convection which reaches
an equilibrium level below the top of the weak stable layer around 6.5
m, The associated updrafts would not have been too strong, but after
two impulses and a radial spreading of the turret, the water contents at
these levels would approach the adiabatic values, nearly 6 gm kgm'l
(Table I). Therefore precipitation size particles rapidly develop and

the radar echo appears.
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Recent experlmental ev1dence ex1sts (Vall, 1967) that, for samples
“rof Alberta raln water, v1rtually all drops of l mm dlameter or more could

‘v‘be frozen at temperatures below -15 to -20 deg C The subsequent release

.7of latent heat of fuslon would ralse the cloud alr temperature by'O 3 deg]f;ﬁ5:“il7
"siC per gm kgm l of llquld water content frozen. Thls addltlonal buoyancy,'z“;:'fii
Clntroduced 1nto the cloudy a1r below 6 5 km, could have resulted in & newV

'convectlve turret belng set off, and surpass1ng the top of the weak stable:

"”-layer at 6 5 km (see tephlgram, Flgure Al) Such a turret having llttle

_~or no upward flux from lower levels would tend to collapse radlally due to

'ifvertlcal dlvergence of the cloudy alr, and then vertlcally after reachlng

'LiltS'new llmltlng levey.‘ The_orlglnal l mm drops, hav1ng a termlnal veloc-

"fflty of about;h m_sec _would_fall out aiso?decrea31ng the parcel loadlng

ertlcal growth '°Some of therrlglnal smaller droplets plus

?‘j:new grow1ng ones would appear n”the new turret‘asvan echo. ThlS could

:fﬁf?account for the complex behav1orwof turret T/Ol on’ July 7

Turrets 7/04 and 7/05 on July 7, hav1ng more V1gorous updrafts than A

'”lO/Ola developed echoes at levels of hlgher llquld water contents._ Rapld..,,

ﬁ.b‘vertlcal spreadlng of these echoes (Flgures 23 and 2#) occurred. East

‘3(1957) was able to explaln such behav1or hy assumlng that some ‘of the

cloud droplets 1n a rising parcel become depos1ted on the way up and grow
'.jat these levels concurrently Thus radar detectable droplets may appear

Sin rapld success1on at many levels and show up- as a: rapld vertlcal spread-_"l -
flng of the radar echo ‘Whlle the turrets on luly T were very closely
'grouped, and rlse from an extens1ve cloudy reglon extendlng up to 5 to 6
‘km, on July lO the turrets were far more exposed (see Flgure 12) Hence,t»
'whlle‘near-adlabatlc values of llquld water content may have been’ possible”:ua.

on July 7, mixing could have reduced more significantly the liquid water -



e 1ng thelr peak helght, and werefof storms 1n Florlda.

"lect1v1ty of the Alberta 3 cm Decca radar as 5 5 x lO mm- m-
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' contents 1n the turrets on July 10. The development of precipitation in
turret lO/Oh on July lO could have been arrested, resultlng in echo ap-
Vd"pearlng a whlle after the cloud turrets growth perlod, and at lower |

" levels. Once pre01p1tatlon had formed, freezing may have helped to

1n1t1ate a new updraft within the remalns of the old turret, explalnlng

the rise seen in the echo between 16:58 and 17:02 MST 1n Plgure 25.

Saunders and Ronne (1962) have compared radar echo tops with the
visual cloud tower tops; as measured by theodolite and photogrametry.
Their observations of 37 cases’with radar tops‘between 6 and 16 km show

the height of the v151ble cloud to exceed the helght of the echo top by

0.1 to 1 km. For cases w1th radar tops below lO Jm (a sample more sult-;r _ .
able for comparison w1th the turrets observed 1n thls study) the d1ffer-hﬂyf7”
- ence never exceeds 0. 6 km Our observatlons show the echo top to not

v come - W1th1n O 6 km of the cloud top Saunders and Ronne were us1ng W

'nameasurements from an R scope dlsplay, of towers Wlthln l‘E_mln”’f reach-;fihu_ﬁﬁ

These Alberta

measurements, made at flxed h 3 mln 1ntervals from PPI dlsplays,.would‘“'

 have 1ncluded at least some observatlons wlthln 2 mln of reachlng peak S

Ahelghtf .

The radar used by Saunders. and Ronne was a 10 cm, 500 kW' unit

with a half-power beam width of 1.0 deg in the hordzontal,and vertical.

They computed the minimum detectable reflectivity to be lO_; mm6 m-3u

at a range of 20 miles. Henry (l964) glves the minimum detectable ref--
2 6 -3

range ' Thus, whlle the measurement uncertalntles 1n helght of echo t0p' -

of approx1mately R O 5 deg elevatlon (+ 300 m at 30 mlles range) are

- at this . .
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-comparable for these,two units, the sensitiﬁities are not.

With ﬁhelrlmore sensitive radar Saunders and Ronne were able to
conclude fhat, in the upperlo.lS to 0.45 km:of cloud turrefs, the average
equivalent reflectivities range from a few tenths to a few mm6 n3. Un-
doubtedly such low reflectivities were not‘being detected by the Alberta
radar and this may easily account for the larger differences between .

height of cloud top and radar echo top reported in the present study.

Since the vertical profiles of radarfreflecpivity for these

Alberta cloud turrets are unknown, 1t is not poss1ble to evaluate quan-

tltatlvely how much greater an underestlmate was made by the low power

Decca ‘radar of the height of echo tops.; Reference 1s made to median

. reflect1v1ty profiles for echo cores of New England storms as computed
3by Donaldson (1961). These suggest that a dlfference in mlmlmum detect-'
v“'vt able reflectlvlty of a factor 103 should represent a. helght dlfference
¢of at least 3 6 km Slnce the d;screpancy between measurements made
"Wlth radars whose sens1t1v1t1es dlffered by more than a factor lO3 was
'sapparently much less than 3 6 km (and probably closer to about O. 5 ¥m),
Ll'alt suggests that the vertlcal gradlents of radar reflect1v1ty in the

. upper reaches of 1nd1V1dual echo cores are llkely much larger than

those 1nd1cated by Donaldson s "median" prof;les.

In addition, the results of the present study indicate that the

‘height of the radar echo top is not always a good estimate of the height

of the cloud top. Even within a few minutes of the time of reaching

. maximum height the errors may range.from a few tenths of'a km’for'mature'

”echoes w1th1n large undlluted turrets observed w1th a sen31t1ve radar,b

l

(mlnlmum detectable reflect1v1ty lO _ mm6 n 3) to & few km for initial



- 62 .

echoes” within smeller turreté'observed with less sensitive radars.

In terms of quautifutive'precipitation measurements, such errors
are relatively inconéé@uenfial because they occur at such low equivalent
reflectivities (raihfell‘raﬁes): However in terms of convective cloud
behavior, radar echo dimensions or growth rates do not necessarily depict
the total volume inreived.ih cloudy convection. The errors are least
serious when the.eeho achieves its maximum volume. Hence the total volume
swept out by avsequenee of instantaneous measurements of echo volume dur-
ing a perlod of tlme, more nearly represents the volume involved 1n cloudy

convectlon over that perlod than would any 51ngle measurement or average

of measurements-"The value of instantaneous measurements in this regard

is questlonable,'althougn in a statistical sense the echo volume may con-

' ‘s1stentLy represent some determlnable fraction of the total cloud volume.

"1 A recent paper by Harrington (1967) gives values of cloud top height

minus height of first echo which range from 0.3 km to 2.1 km for 10
cases, Minimum detectable reflectivities were approximately 5 x

10 mm6 m™3 for the 3 cm height finding radar unit used to obtain the
measurements. Values for the four cases in the present study range
from 0.6 to 2.6 km.



CHAPTER VI

THE INDIRECT MEASUREMENT OF UPDRAFTS

A, The Method

The behavior of a number of cloud turrets has been discussed in
detail. These results came from direct measurements of the dimensions .
and locatioﬁ in space 'of the turret top. The actual properties and be-
havior of the cloudy air within the turrets could not be observed. How-

ever an estimate of the updrafts within the turrets will now be made.

The air motions which take place within these turretsvare inferred
by modelling the air flow producing the visual turret. In this case it is
assumed that changes in the visual dimensions due to evaporation were much
less than those due to air motion. Also it is assumed that there is no
net transport of air through the visual cloud boundaries of the turret.
Finally the turret's geometry is modelled as being a cylinder of radius %,
capped with a hemisphere of radius % . (This is consistent with the manner
in which the size of the turret, S was measured, i.e. by fitting a semi-
circle over the cap of the cloud turret on the film.) Anderson (1960) used
a similar model in his discussion of éumulus turrets. Figure 12 (page 29)
shows two turrets which were well exposed, and it is seen that such a
hemispherically capped cylinder is not a bad approximation to the geometry

of such turrets.

Under these assumptions, the increase in cloud volume above a

given level, z,, is due only to a volume flux through the base of the

" 6 -
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turret cylinder.l If V is the total cloud volume above level 25 a8 &

function of time, then E—X— is the rate of increase of cloud volume above

zo; and the volume flux would equal V divided by the horizontal ares of
the base nr2 , where r is the radius of the turret cylinder. But a volume
flux through level z, is equivalent to a mean updraft velocity, Uo, aver-

aged over the cross-sectional area of the turret at level Zge

The five largest turrets of ﬁhe nine analysed were chosen for these
computations; the maximum volumes above the initial levels of observation
for the remaining four being considered too small to warra.nf this type of
study. The level, Zo’ was chosen in each case as the first even 500 m ,
level below the helgh’c of the flrs‘c observa’tn.on. The volume, V, was com-

‘ .-puted. a‘b one m:.nute 1ntervals from the expressmns., B
V= ’f??(z_é} . _ !%3_ |
s forz-zo>r,ahemlspherlcally ca.pped cyl:.nder, and- :

R z -z
v =‘-:t(z -. zo)_ar -ﬂ —3 2

;':f'or z - Zo < r ’ ‘a segment of a sphere Where r is the radlus of the turret

and z 1s the he:.ght of 'bhe turret top

1 The volume expansion of air parcels rising in the turret due to the
decrease in the ambient pressure with the height is also neglected.
The fractional_rate of volume change due to this term would be ap-
proximately ;I_I_ ( g/R*+ gZ where T and U are a representative

T
cloud temperature and updraft speed respectively. So this term is

- U (10 h) sec -1 for typical values of T = -23°C; L_ 9°C ¥em ™t

Z
Measured fractional rates of volume increase: %—%{3— = U—OVAQ = 2—3-9.

r is generally less than 2 km. Hence: LAV o (10'3) Also,

vV dt
UO + W d.V>> U(lO )

we may teke T = - . Therefore generally = T ot
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B. Turret Growth in Terms of Cloud Volume

The results are displayed in Figure 26. This is a plot of cloud
volume, V, in km3 versus time in minutes from the time of the initial ob-
servation. It seems that three types of volume growth behavior were ob-
served. Turret 10/03 showed a rapid increase in its volume growth rate
(i.e. %% ; the slope of the curves in Figure 26) during the first 5 min,
followed by decreasing growth rate. The volume became steady near 12.5
km3 after about 10 min then increased again. The renewed growth of 10/03
during the last few minutes of its visual history was noted earlier in
Chapter V. Turrets 7/04 and 10/04 behaved similarly during the first 5
min, but continued to increase their growth ;ate up to about minute T,
then rapidly changed to decreasing volume with time. The third type of
behavior was EXemplified by turrets 7/0L and 7/05. These volume curves
are much flatter indicating generally smaller vélues of the volume growth
rates during their history. The\réversal frombvolume increasing with
time to decreasing with time is much‘more gradual. It was suggested
earlier that turrets T/Ol énd 7/05 wefe éssociated with gr&wth in the
vicinity of more stable la&ers in the enviromment on Jﬁly T; one layer
extending below 6.5 km and a thin layer bétﬁeen 8.3 and 8.5 km. Note
that the levels of initial dbservatidn of 7/01 and 7/05 were 6.5 and 8.5

respectively, and of T/04, 7.0 km.

Although more examples are necessary, first indications are that
of the major turrets, those which have precipitation cells associated
with them behave differently from those with no detectable echo in their
vicinity. The time of occurrence of first echo associated with each

turret is indicated on the volume curves in Figure 26 with a large X.
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Volume of cloud turret above reference .level zg, versus time
for the larger turrets on both July 7 and July 10, 1966. "X"
designates the time of appearance of a radar echo cell in

“association with the cloud turret. Note that turret 03, on

July 10, had no eche associated with it, and that the curve
for turret O4, on JulylO, was extrapolated to the time of echo
appearance.
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Those with echo show a reversal in the volume'growth rates, so that some
.of the cloud volume that is transported up, apparently is returned to
lower levels.. Alternatlvely a local 31nk for cloudy air could have devel—.
oped in those turrets with developing echoes. 'This condition is not
allowed for in the assumptions for the turret model. Turret 10/03, with
no echo associated, showed renewed growth after lO.minvrather than the |

decrease observed when echo was associated.

.There were also'indiCations that turrets, growing fromvlevels in
which the environment was more stable relatlve to other levels, showed a
more gradual growth in cloud volume and achleved much lower values ofv
' maximum volume transport above the level of 1n1t1al observatlon "It v
would seem that such turrets spread radlally, and may play a v1tal role‘jm
“in the areal development of a storm ' ThlS radlal spreadlng of m01sture -
. over a large area. at mld levels would mean that subsequent turrets are .
more llkely to be grow1ng through a nearly saturated, or. condltloned,
: env1ronment ThlS m01st env1ronment alr, when entralned 1nto subsequentum
turrets, would be less effectlve in dllutlng the buoyant cloudy air - and -

hence'permit'them to maintainf growth through this'region;'7 -

C. . Updraft Speeds

Having assumed no net loss or gain of cloudy air in a turret ex-
cept that which passes through its base, it is possible to say that the
volume growth of a turret above any level would be due entirely to an up-

draft through that level.

Values of this updraft, UZ, were computed not only at Zy» but also

for the observed volume growths above successively higher levels up the
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‘turret cylinder. Hence the variation with time of such a pseudo-updraft
can be described for'any level. Also the updraft's variation with height

at any instant in time can be described (vertical updraft profiles).

Figures 27 through 31 are composite depictions of the time-height
variations of this updraft, measured at 1 mih time intervals and 500 m
height intervals. The height_Soale‘inikm appears on the left; the updraft
scales innm sec-l for each 500 m rewel on the right., The abscrssa is time
in minutes. The outllne of the turret is shown at 1ntervals to deplct the

manner in Wthh the turret was growing in response to the updrafts within

it. The dashed'line is a plot of the height of,the_turretitop versus time.

One of the main d;fferences among the flve turrets is in the time
varlatlon of the updraft at any level. Turret 10/03 (Flgure 28) showed
a rapld 1ncrease, changlng to a gradual decrease 1n updraft speed It

did not develop a downdraft but rather showed reguvenatlon near the end

Turrets 7/0% and 10/0k (Figures 27 and 29 respectlvely) showed more gradual'

1ncreases, but steeper decreases in updraft after reachlng a max1mum, they
did indeed achieve downdrafts. The maximum updraft speed at level zo, the
lowest level of observations, was 24 m sec™t for 10/03,18 n sec ¥ for lO/Ou
and 16 m sec"l for 7/0#. The min values were 0.2, -3, and =T m sec"l res-
pectively. Once again note that it was turret'lO/O3‘which could not be 3
associated with a radar echo, while the other itwo were. Hence it appears
that the updrafts were showing a response to the development of precipita-

tion within the turrets.

It should be mentioned that in one sense these pseudo-updrafts

could be overestimates of the true values, as most researchers agree that
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there would be a net entrainment into a developing convective cell
(Byers and Braham, 1949, Scorer and Ludlum, 1953, Malkus, 1960). Hence
some of the volume increase above a level could be due to a net influx
‘_ through the sides; thus reducing the computed updrafts through the base.
On the other hand, U is an areal mean over the base of. the turreu, and
would be an underestlmate of the maximum updraft speeds whlch might be
found near the axes of the turrets. Generally speaklng the walls of the
“turrets were observed to rise much less rapldly than the turret's tops,

even subs1d;ng 1n some cases.

Turret 7/01, shown 1n Figure 30, ‘behaved qulte dlfferently. The
hmax1mum updraft speed at 2> 6 5 km, was only h l m sec l.‘ The bulk'of’~
.'ffthe turret volume growth was accompllshed through radlal expan31on of
“~hthe.turret top, wlth only a small rlse of the turret top durlng the flrst -
-fp:two 1mpulses.7 The thlrd 1mpulse, Wthh was the most V1gorous in’ terms of
f-ﬁtthe vertlcal motlon of the turret top,_was actually accompanled by the

'ii;fdevelopment of a strong downdraft W1th1n the turret It*started at lower

-‘Jflevels;'then spread upward ThlS resulted 1n a radlal collapse of the

'-1f turret at flrst, then vertlcal collapse as well.

r'f’F§£’£ﬁ55é£-7/05:(Figﬁre 3l5'the marimum updraft was 17 m se.c-l
s;-ati8,5pkm.' Apparently the updraft developed.while.the turret was below
this level as it was declining rapidly st bthe point of first observation.
. This resulted in a large radial growth and vertical'growth during the
first‘couple of minutes of observations. As with other turrets having
echo associeted, this rapid initial deceleration of the updraft is follow-

ed hy the gradual development of a downdraft.
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Flgure 30 Computed updraft speeds at 0.5 km height intervals as a
function of time for turret Ol, July 7. The associated
cloud turret is outlined at 7 min intervals. The time of
appearance of the two associated radar echoes is also indicated.
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Figure 31: Computed updraft speeds at 0.5 km height intervals as a
function of time for turret 05, July 7. The associated
cloud turret is also outlined at 4 min intervals. The time
of radar echo appearance is indicated.



-5 -

D. Discussion of Updraft Behavior

Because modelling was used to compute the updrafts, it is desir-

able to compare_the results with actual measurements of updraft speeds.

Byers and Braham.(l9h9) measured updrafts within thunderstorms
by aireraft penetration. Observations were made between 6.0 and 7.5 km
on six summer days in Florida storms. Maximum updrafts ranged from 18
to 30 m sec_l. Median values ranged from 6.5 to 9.8 m sec-l. An earlier.
paper by Byers (1948), as summarized by Khrgian et al (1961) reported
the most commonly measured updraft épeeds in storm clouds to lie between
3 and 9 m sec™T (68 out of lOM'encounters). ' Velues greater than 15.2 m
sec ~ were reported in only 4 encounters out of 104. The distributions

were similar at the 4.8, 6.3 and 7.8 levels. The maximum value reported

was 26 m sec T

Braham (1952) gave average conditions encountered during aircraft

penetrations of Ohio storms. These gre shown in Table II:

TABLE II
Height Updraft Updraft Downdraft Downdraft
(¥xm) Radius - Speed. Radius Speed
(Jkm) (m sec'lz _(Jm) (m sec"l} ‘
1.5 0.60 . 5.0 0.70 4, 6
3.0 0.70 7.2 0.55 5.5
h.s 0.75 7.3 0.55 6.1
6.0 0.75 7.2 0.55 5.2
7.5 0.70 8.4 0.75 7.0

The size of the sample in the present study was not large ehough,
to produce meaningful statistics on turret properties. But it would seem

that the results of stereo photogrammetry and turret updraft computations
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are in general agreement with measurements made by other authors by othér
techniques. The first impression is that thesg turrets are generally
sligﬁtly larger than the average updrafts reported by Braham. However,
this is not unexpected since at least a portion of the cloudy air near
the turret boundaries would have properties of vertiéal speed more like
the environment with which it is mixing, or may even have been subsiding
slightly. Secondly, the updraft speeds would seem to have maximum values
somewhat larger than the maximum values found by Byers in Florida. This
is even more the case when we consider that other levels in the updraft
profile of the turret may have values even larger than those measured at
the observable levels (see Chapter VII, Figure 33). However these were
peak values of a time variation within‘each cell, and Byers' chances of
encountering a cell at the level of maximum'updraft at the time of maxi-~
mum updraft would be.rather small. So spot encounters might give rather
differént makimum vélueé ﬁhéﬂ ﬁould éoﬁtinubué observations in space and

time.

One importénﬁ differéﬁcé bétﬁeéﬁ_these turrets and the cumulus
cells éﬁvisaged by.Byers‘éﬁd Bréham'ié‘the timé scale. Although time
development proceeds in a similar manner to fheir model, Alberta turrets
progress through a complete-éycle'in 5 to 20 mip rather than the 45 %o
90 min suggested by their observations. Although the whole storm composed
of many cells may have a life cycle L5-90 mins or longer, it seems quite
certain now that the individual convective cells have a much shorter life

cycle.



E.  Postscript.
| The assumption of no net entrainmenﬁ tﬁrough the sides of the .
turret in these computations could have resulted in larger valiq.es of
updrai‘f speed than' were -rea.l_w occurring. The approximate ma.gni‘bu&e

of this overwstimate is derived in Appendix I. The over=estimate is

computed for a typical entrainment rate of I\%% = 9;‘-% km-l, where

"M is mass flﬁx ’bhrough a horizontal cross-section of the cioud, T ié
radius of cloud at level z (Srivastava, 1964). ';.'L'he magnitude of the
vovexl'-.estimate is approximately 40% when turrets are small (ra‘dius =

0.5 km) a.nd.‘ cylindrical, becoming 80% when turréts are larger (radius
' = 20km) and sheped more like a spherical segment. Thus if net en-
: fraiﬁménf ha.d been ta.keh into account, significant reductions in the
_ coinputed updrafts would occur bringing our values more in line with

updraft speeds observed by other authors using direct measurements.

If latera.l"entrainment is estimated using diveréence patterns
: measured"by balloons (Byers, 1949) in the vicinity of the developing

turrets, or by comparing measured liquid water contents with the adi-
abatic values (Malkus, 1954%) much better values of the actual updrafts

could be computed by this indirect method..



_ CHAPTER VII

THE RESULTS AND CLOUD MODELS

,A. Introduction

One of.the best uses to which data on real cumulus behavior can
be put is‘to_;elatejthem to éﬁrrent models of cumulus growth and preci-
pitation develoﬁment.. A brief account of four such modeis will be given

in this chabter, relating to the present results whenever possible.

The field of dynamic.convective cloud models is somewhat argu-
» mentatiﬁe."However, thé authorfbelieves that diligent review of the
models in- the light of real cloud measurements will put sufficient
qMantitativé restrictions on theirvbehavior,lto result in a modei whichr
is qpénﬁiidtively precise and general enough to account éor observed
behavior on meny scales. Such a model is certainly in demand, as once
it is'wéiiﬁgpdtédngiséiy'féfmulated, it will permit researchers to dis-
cover:the ié€l éoﬁtrblliﬁé parameters in cumﬁlus deveiopment. It will
also permit ﬁfécipitatiénAresearchers to put their models into more
.realistic_dyhﬁmicfenVi;oﬁments. As a result, the intefactions between
dynamicé; aﬁd ﬁ?eéiﬁiﬁétioﬁtércwth and development will become more

clearly understodd,c 2

B. Parcél Theory

Vertical velocity-prqfileé:gf updraft speed versus height were
computed using a simplé paféei.théory. In this parcel theory it was
assumed that each unit parcel rises adiebatically and unmixed with no
drag or viscous forces acting on it as it rises from cloud base to its

limiting level (the level at which its vertical speed returns to zero).

Cloud base was taken as the convective condensation level (CCL)

‘.using a mean watervapour mixing ratio between the surface and 70O mb
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(approximetely 2 ¥m), and the maximum surface temperature recorded at
Penhold up to the time of the turret development that was observed.
This madeAsome allowance for turbulent mixing of the rising thermal
below CCL, and yielded"cloud bases that agreed with estimates made of
cloud base heights by photogrammetry and surface observations. All of

the_liquid water condeused out was assumed to be carried along within

'the pafcel . An adjustment for'parcel loading due to this liquid water

was made by reducing the buoyancy at any level (as given by the temper-
ate dlfference between the rising parcel and the environment) by % C

per 1 gm 1 kg -1 of adiabatic liquid water at that level (Saunders, 1957).

The environmental"temperatdre and moisture, and the parcel theory

- curvesvare shown on the Canadlan Tephi-Grams in Figures Al and A3 for

.r.July T and July 10, 1966, respectlvely The corresponding vertical velo-

54; c1ty proflles were computed from the p051t1ve and negative areas/energles
'a? n‘appear1ng on these’charts,'and are dlsplayed in Figures 32a and b respec-
'“‘l”}tlvely Also shown are the adlabatlc 11qu1d water contents, assuming no

- .mlxlng occurred above the condensatlon level (cloud base).

For comparlson, vertlcal updraft profiles for turrets 10/03 and

\~z1~lO/OH on July 10 and 7/0# of July T, 1966, were prepared using the pseudo-
A'updrafts computed 1n Chapter VI and are shown in Figures 33a, b and c.

lrespeotlvely, -Only turrets for which observations were made through more

than three levels are displayed. Neglecting for the moment the different
times shown, and concentrating on the one time with the maximum vertical
velocity in each diagram, we may compare with the parcel theory profiles

of Figures 33a, b and c by the bold dashed curve. Note that the curves
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‘ Figure 32a: Parcel theory updraft profiles and water content profiles for .”
- July 7, 1966. Values are computed as a function of height from
the 17:00 MST sounding in fig Al.

Figure 32b: Parcel theory updraft profiles and water content profiles for
July 10, 1966. Values are computed as a function of height from
the 17:00 MST sounding in fig A3. -
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of measured updraft profiles were extended below the lowest level of
observation in a purely schematic manner knowing that thefe would be

a maximum below this level and that the updraft velocity at cloud base
should be less than 10 m sec™  (Byers and Braham, 1949; Malkus, 1954).
The downward projection of these curves was done so that they would be
consistent with the curvature of the portion of the curves based on
real observations and with their time variations. Although both observed
and parcel curves were computed assuming no net entrainment through the
boundaries of the rising dloud,vparcel theory further assumed no mixing
whatsoever above'the CCL, adiabatic ascent of the cloud parcels and no
horizontal pressure difference between the parcel and environment. The
parcel theory curves probably represent a maximum limit on the vertical

speed of a cloudy parcel moving through any level.

The comparison reveals thét méximum pseudo—updrafts measured in
the observed turrets are; at lower 1eVéls; abdut.ld m sec"l more <than
predicted by parcel theory, at mid;lévels; 10-25 m sec-:L less than pre-
dicted, and the height of the maximum was ébouf 4 ¥m lower in the real
clouds. However, since the parcél curfes deﬁicf how the updrafts should
appear at the centre of a very large, steady state storm cell, (so that
the assumptions of adiabatic ascent become approximately valid), this
discrepancy is not too surprising.i .

One of the first effects of mixing environment and parcel air
would be to lower the predicted level at which the maximum vertical
speed should be achieved. That is to say, the parcel curve would cross
the environment curves in Figures Al and A3 at a lower level. Tor ex-

ample, the observed curves of July 10, (Figures 33a and b) imply an
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equilibrium level of about 3.5 km, Taking the adjusted environment
curve, and considering only the effects of mixing enthalpy, (in the
manner suggested by Austin, 1948), it would require a mixing rate of

the order of L00% per km to result in an equilibrium level at 3.5 km.
The positive energy associated with such a mixed curve is also decreas- -
ed, resulting in a maximum updraft velocity of approximately 15 m sec-l
at 3.5 km. Maximums on the projected observed profiles for this day

were between 20 and 25 m sec-l. However, once mixing is permitted,

- net entrainment into the observed cloud must be considered as possibly

accounting for some of the cloud volume growth that is observed above

any level L Thls would probably reduce the computed updrafts for the

'-observed clouds by at least a factor 2 and bring the updraft values

‘;-back 1nto llne._

7Aﬁn Observatlons of water content and horizontal momentum would

‘”;:funthervass1st.1n arr1v1ng at an evaluation of the m1x1ng processes
iﬁthat are taklng place U51ng the limits set by East (1957) on the

Ntrvllquld water contents necessary for the 1n1t1al echo development, some
‘Alnference may be made‘about the 11m1ts on the mixing of the cloud water

‘with unsaturated environment ‘air. As mentioned earlier; mixing of hori-

zontal momentum at each level interacting with the vertical transport of

horizontal momentum from other levels, in conditions of ‘vertical shear,

must account for the observed deviation of a turret's horizontal motion
from its envirommental winds (Malkus, 1954%; Fujita, 1965). Evaluation

of this process may provide a further method of measuring the magnitude

of the mixing ‘processes.

1 See Appendix I
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C. Jet Models
Srivastava (1964) gave a detailed assessment of the entrainment
problem from a theoretical point of view and presented a one-dimensional,
jet type, numerical model from which vertical profiles of updrafts and
liquid water content could be derived. Unfortunately, the assumptions
necessary to arrive at a workable model do not permit a direct applica-
tion of this model to developing turrets. Specifically, the assumptions
of steady state and constant radius are not as observed for these turrets,
but would be more valid for larger, anvilling cumulonimbus types of clouds.
There is no indication in such a steady_state model of how the updraft
profile, within a cloud, evolves with time. The observed turrets con-
tained updraft profiles which have a very significant evolution in time
as may be seen in Figures 33a, b and c. Srivastava's model II has pro-
vision for updraft cores existing within a shell of cloudy air and hence
is the type to be applied to turrets emerging from the top'of cloudy
regions, with the shell being extensive below the level of emergencé,
and rather thin around the emerging turret. It may be possible to in-
vestigate the time evolution of thé updraft by permitting the radius of
the core and shell to vary in time as a function of mass continuity con-

siderations.

In a later paper, Srivastavs (1966) removed the steady state
conditions, included the growth of precipitation in his model, but did
not include entrainment. This resulted in an updraft profile which
evolved in time due to the loading effects of precipitation whose accum-
ulation at upper levels and subsequent release produced coupled oscil-"
lations in the updrafts and precipitation, downdrafts in lower levels,

and a pulsating rise of the cloud top. TFigure 34 is an example of a

et
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profile taken from this work. Some similarity to Figures 33a, b and

¢ exists, although the time scale of the oscillations differs by about
a factor 3 or 4, The lack of a downdréft at all levels in Srivastava's
models mey be related to the fact that no entrainment effects were in- |
cluded. Mixing with drier environmental air redﬁces the wet bulb pot-
ential temperatures of the updraeft air arriving at the upper reaches of

the cloud, and this process is thought to be one explanation for the

“development of extensive and vigorous downdrafts once they are initiated,

probably by precipitation loading. Turret 10/03 of July 10, (Figure 33a)
evolved in time, even though no detectable echo developed. However, no
downdraft developed, but rather renewed growth set in, apparently start-
ing from lower levels. Turret 7/O4 of July 7 (Figure 33c) developed the
most vigorous downdréft, and was associated with higher liquid water
contents. Judging from the areal extent and intensity of the echoes,
and the subsequent hail reports from later in this storm's history,

more intense precipitation could have been associated with this turret.

N
)

D. Bubble Models
Scorer and Ludlam (1953) regarded convection as occurring in

bubble-like units rather than in a continuous current or jet. The bub-

‘ble was considered to grow by entraining environmental air if it was

unstable or neutrally stable with respect to its environment, and by

detraining air when it was stable.

Laboratory experiments by Scorer and Ronne (1956), Scorer (1957),
and Turner (1963) with buoyant bubbles, normally involving incompressible
fluids, revealed that for bubbles with constant vertical speeds or with

constant accelerations, the rate of volume growth of the rising bubble
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is nearly constant; Heﬁce for spherigal bubbles %f'was obse;ved to lie
between 0.18 and 0.28. Diameters and upward velocities of bubbles emerg-
ing from tops of cumulonimbus clouds have been measured (Sauhders, 1961;‘
Glass and Carlson, 1963) giving spreading coefficients, %ﬁ , between 0.18
and 0.19;4 The radius of the turret tops observed in this study are plotted

versus height in Figures 35a and b for July 7 and July 10 respectively.

Height (km)

L 1 ] 1 " l
o) . ! 2 o . | 2
Radivg, R{im) " Radius, R(km)

Figure 35a: Plot of turret Figure 35b: Plot of turret radius
radius versus height of versus height of turret top

turret top for July 7, for July 10, 1966.
1966. '
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It is seen that the more vigoroﬁs tur?ets 7/04, 10/03 and 10/0k behaved ,
somewbhet like ehtréining'laboratory bubbles, but‘the spreading coeffici-.
'ent was closer to 0.4 for the greetest portion of theirlvisual history.
Others, such as 7/01 and T7/05 had épreading coefficients one order of
magnitude larger than reported by the laboratory experiments; though
.'thése may have been.assdciated'wiﬁh growthvin the vicinity of stable

layers in the environment.

Priestley (1954) and Mason and Emig (1961) performed calculations
" for buoyant parcels, accounting for'ali of the effects due to mixing b&
means of a single parameter referred to as an "interchange coefficient"
by Priéstley, and a “damping factor" by Mason and Emig. Figure 36
shows curves which result from Pfiestley's formulation, indicating the
various modes of behayior possible for the vertical speed of a rising
parcel.‘ These curves may be compared qualitatively to the rise of the
observed cumulus tops in Figures 13 and 14 of Chapter IV. The behavior
should be equivalent only if a real turretktob consists of a single
mixing parcel, and hence its height truly represents the trajectory of

a single parcel,

It may be shown that the more stable the environmental lapse .
rate with respect to the cloudy parcel lapse rate, the shorter should
be the period of oscillation about its equilibrium level. The amplitude
Ais controlled by the magnitude of k, the damping factor. Looking at the
AJuly T tephigram (Figure Al) and the corresponding turrets, we may associ-
ate the shorter period oscillations of turrets 7/01 with the slightly more
stable layer below 6.5 km and the longer period turret T/O4 with the less

- stable region above. The shorter period of 10/0l might be associated with
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Figure 36: Modes of vercical speed behavior for a mixing parcel.as
described by Priestley (1954).

I - absolutely buoyant parcel: ['< P » k small.
. II - buoyant parcel I'< FE s k large.
IIT - |'=
IV - asymgtotic F>FE » k large.
V - oscillatory 1">I'E , k small.
where: I'= lapse rate of temperature for parcel

I = lapse rate of temperature for enviroment
k™= Priestley "interchangecoefficient"




the remains of the stable layer showing up‘at L km on the temperature
. sounding, considering the distance between the radiosonde stations and
the turrets. But agreement'with Priestley's model seems to end there,
and the tendencyifor the turrets to take on large downward speeds was
not predicted. However, in this formulation, no account was taken of
the spatial variation of k (a function of parcel radius) and of [' - I"
A;(the difference between the cloud and environment lapse rates) that a
ffparcel would naturally encounter as 1t rises, or of loading by < .water

'77substance.b This is because such spatial varlations are not permitted .

JV;when arriving at the analytical solution of Priestley s vertical motion

“:.equation,. which describes the curves 1n Figure 36 Nor are the effects
'e”of loadiné by liquid water content permitted In the course of the pre-~
'}fsent study, a numerical 1ntegration 1ncluding such spatial variations
:f-was performed u51ng real data from the temperature soundings on July T
:~vxand the radial behav1or of the observed turrets.. The resulting parcel
;trajectories showed good agreement with those of the cloud turret tops
;7/Ola and 7/04 up to the time when a Significant downward motion sets in.
'p:Significant departures still existed at other times, hence initial con-
clusions on this type of formulation are that during a portion of a tur-
’ret's lifetime, the turret top may depict the trajectory of a single
mixing parcel Further 1nvest1gation should reveal whether the depart-
ures result from lack of a detailed knowledge of the spatial variations
of k and I‘—IE (and also of freezing processes and realistic precipita-
tion development), or from the fact that some turrets at least consist
more of a circulation of cloudy parcels than they do a single parcel

during their lifetime.

If the latter is true, we may be able to consider the turret to-
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be composed of a succession of such "Priestley parcels", the individual
parcel velocities being some continuous combination of all the curves

shown in Figure 35; different at different levels within.the turret, dep-
ending on the relative stability of the cloudy parcel, its environment,

and the approprlate value of k, for each level. The behavior of the total
cloud volume at any 1nstant would be a consequence of the 1nd1v1dual parcels
’ comp051ng that cloud turret at that 1nstant Hence when we consider an up-
draft at any level w1th1n such a’ turret, we are sxmply determining the
integrated effect of all parcels pa351ng through that level Vertical
convergence of parcels 1mplles radlal dlvergence of the turret. The
changes in the turret's size. 1mply changes 1n the controlllng parameter k
and in the env1ronment of subsequent parcels mov1ng through the turret,

and hence the feedback between space and t1me.if;ff”3m'q

The full consequences of v1suallzlng.a turret as cons1st1ng of a
variety of "Priestley parcels orlglnatlng at a varlety of levels are not
completely understood by the author, but 1t would seem to lead to a method
of reconclllng the duallty of convectlve behav1or (1 e. a Jjet composed of
parcels) and may- permit con31deratlon of the contlnuous development of a
convective storm from the small cumulus stage,_resembllng an individual
‘eroding bubble, through to.the giant cumulonimbus} resembling the steady

. state Jet but composed of many circulating parcels.

It is understood that a complete integration in space and time of
the primitive dynamic equations of motion, the equation of state, and the
thermodynamic equation would be the ultimate approach. Some progress in
this direction is being made (e.g. Ogura, 1963a). He emphasizes the need
to examine the results of numerical experiments in the light of observed

cloud behavior in order to evaluate the errors introduced by simplifying
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the hydrodynamicai equations, errors of numerical origin, and errois in
the description of the iniﬁial conditions. Certainly the velocity and .
radial growth fiélds resulting from Ogura's experiment (Ogura, 1936b)
display many of thé properties and magnitudes observed here; Although
the kinematic approaches»discussed earlier are easier to mapipulate and
the necessary parameteré easier to determine observationally, the general-
ity of a.kydrodynamic approach is most desirable. A full understanding of
the natur; of transition from small scale cﬁmulus convegtion to large
severe storms will likely come through advances in the hydrodynamiczap-

proach rather‘thén from kinematic modelling.

E. Summary

As found by most observers, the simple parcel theory'somewhat

over-estimates the updrafts observed in these turrets. The Bubble model

did not seem to give any consistent account of the behavior of turret tops,

although it qualitatively predicts an oscillating behavior for the riéing
turrets in e stable environment. The radial spreading of laboratory
bubbles was ﬁot consistent with the observed spreading of these turret

tops, although the sample was rather small.

A promising approach would seem to lie in a more generallform of
a parcel type numerical model, integrated in space as well as time. Alter-
natively, a non-steady-state jet model which permits variations in radiu§
and'ehtraihﬁent énd includes the "shell-core" concept, precipitation growth
and loading, and the release of 1aten£ heats of fusion and sublimation,

should be considered.

Although the actual magnitudes of the pseudo~updraf'ts (computed

assuming no net lateral entrainment) could be over-estimated by a factor
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of 2 or 3, the time variations with periods in the order of 5-10 minutes,
and the development of downdrafts in association with brecipitation devel-

opment remain quite conclusive.



CHAPTER VIII '

SUMMARY AND CONCLUSIONS

In this chapter the author will summarize the conclusions reached
from his observations of cumulus turret behavior. Recommendations for

future studies will be made in the light of these conclusions.

On both of the days on which vigorous turret activity was observed,
there was a southwesterly flow aloft and marked wind shear between the sur-
face and mid-levels. Chisholm (1966) also noted such characteristics of

the synoptic pattern in his study of two major Alberta storms in July, 1964.

"air mass"

Of the storms discussed in the present study, one was
(i.e. no strongly baroclinic zones in the rggion), the other definitely
"frontal®. The air mass storm (July 7, 1966) was characterized by the
gradual development of a large storm, with vigorous'turrets emerging from
the top of an extensive area of convective cloud, transported into mid-
levels by previoué convection which had taken place upstream. The absence
of fronts, surface troughs and upper level short wave troughs suggests the
absence of significant large-scale vertical motion fields in the region of
étorm development. Under such conditions slightly stable layers can per-
sist in mid- and upper levels of the troposphere, and may play a vital
role in the areal development and orggnization of a storm. These stable
layers seem to cause some of the earlier convective cells to spread radi-

ally at mid-levels. Such preconditioned mid-levels may be an essential

first step for the development of a major storm.

Conversely, on July 10, 1966, a marked cold front resulted in
cooling at mid-levels through the dynamically induced vertical motion

associated with the strong baroclinic zone. This vertical motion would

...93..
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have removed any slightly stable layers originally present at mid-levels
,‘as well as lead to the release of the instability itself. Convective
ells 1n thls enV1ronment grew unimpeded by stable layers at mid-levels
, and the gradual organlzatlon of a large areal storm through mid-level
Eprecondltlonlng was not ev1dent Rather each turret was more isolated
,and showed less tendency to spread radially at mld-levels than was ob-

served on July 7

‘Althoughdprecipifation cells developed on both days, the radar
echoes on the air'mass‘day tended to grow into large organized areas
- (of the order ofvld ﬁiles) Echoes on the frontal day remained smaller
and more isolaﬁed. Both days produced rain showers and hail, but the
alr mass day was characterlzed by larger and more extensive hail than
the frontal one.‘ -

This‘doesvﬁoﬁ'lﬁply'tﬁefieﬁaoréeniéedqconvectiwe storm and sig-

nificant hail may gggdbe associated with fronts. The dynamic vertical
motion fields,accomoaﬁyiﬂg ah ectiwe front may well lead to the organ-
ization of a severe storm.,dRather;‘these observations suggest that the
organization aod developmeot of a major storm in non-frontal situations
may be the result of the presence of apﬁarently innocent-loocking layers
of mid-level and upper level stability in the troposphere. Fuoure study

is very necessary to furthervdefine the role of such layers.

A second major difference between the two days studied here was
the character of the vertical wind shear. The July 7 storm was associ-
ated with veering winds between the surface and 3 km; slight backing

above 8 km. The maximum wind was 27 m sec_l. On July 10 the storm
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followed the passage of a marked cold fr6nt which resulted in backing
winds between the surface and about %4 km, veering to about 5 km, then
backing to 8 km. The maximum wind was greater than 40 m sec™l. The
difference in storm character has already been discussed; a large
organized storm on July 7T producing widespread rain and large hail,

more ilsolated cells on July 10 producing scattered showers and small
hail. Proppe (1965) has already found that for Alberta storms, strong
wind shears hinder the development of most hail storms. Also conditions
of veering winds below approximately 4.5 km and backing above, were most
frequently associated with the occurrence of significant hail; and back-
ing winds at all levels with showers. Hence the present study is con-
sistent with Proppe's findings and suggests that further study of turret
behavior, with particular attention to details of both wind and tempera-
ture soundings, may reveal the nature of the dynamic interactions between

the clouds and their environment which produce the relationships.

From a consideration of the detailed observations of the vertical
and radial growth behavior of these turrets, one may conclude that each
exhibits a great deal of individuality. Some of this individualitj was
related semi-quantitatively to the thermal structure of the environment,

and to the development of precipitation within the turret.

It appears that initial precipitation does not develop until the
turret grows to levels at which the adiabatic liquid water contents ap-~
proach 6 gm kgm_l, as was predicted by East (1957). The precipitation
echo spreads rapidly to other levels within the turret after the first
echo appears. Indications are that the release of the latent heat of

fusion from freezing precipitation within a turret may briefly enhance
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a turret's updraft if it occurs while the turret is still building, or
spawn a new protrusion which, lacking a flux from lower levels, soon
expends itself. A downdraft developed whenever precipitation had formed,

or was forming, within a turret.

Without further data on the wind fields surrounding a turret, or
on its internal properties, it is not possible to separafe the roles of
vertical flux and lateral flux in producing the observed volume growth
of a cloud turret. However pseudo-updrafts, computed assuming no net
lateral flux into (or out of) a ﬁurret, show a rapid evolution in time.
This evolution is more rapid than that suggested by current models of
convective cloud growth. Major turrets coﬁplete an updraft cycle in

approximately 10-20 min.

The overall behavior of these turrets suggests that, at least
in the early stage of a storm's development, the convective cell with
a lifetime of approximately 10-20 minutes and a size of 1-2 km must be
considered to be the fundamental unit of convective gtorm growth, Even
the large anvilled cumulonimbi of a severe storm show evidence of inter-
mittent protrusions from the top of the anvil (Newton, 1966, and personal
observations by the author of time lapse films). These protrusions
strongly resemble convective turrets similar to those that were clearly
visible at an earlier stage in the storm's development. Intermittency
of rain and hail (Pell, 1965) and the behavior of high-intensity radar
cores in major storms (Chisholm, 1966) further suggest such mechanisms
as being a fundamentel part of even the largest storms. Future work in
dynamic modelling should concentrate on such convective cells and attempt

to explain their evolution in time as well as space.
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Such cells are probabl& bes£ described as pulsating‘jets rgther
than either bubbles or steady state jets. Figure 37 is a scheﬁatic
repre§entation of the properties.of such a model convective cell at
3-minute intervals in time, as inferred from the results of this study.
The thin solid lines are isotachs of updrgft velocity, the dashed line
a particular air parcel trajectory. A uniform horizontal motion of
lQ m sec-l was assumed. The time of the émergence of the visual turret

top is teken as zero min.

Interesting future studies in cumulus turret_behavidr'might in-
¢lude the depiction of multiple parcel trajectories in a non-uniform

field of horizontal motion. Such trajectories could then be modelled

using a parcel theory model of the Priestley type but which includes

parcel loading due ﬁo liquid water content, ?recipitaﬁion growth (and
fallout), and freezing, albng with parameters of mixing and instability
that are variable in space. Horizontal motioﬂ'may be treated on a
momentum conservation basis. Cloud turret behaﬁiof would then be depié-
ted by the relative positions of a variety of parcel trajectories at

successive instants in time.

Many future uses of stereo photogrammetfy suggest themselves
in the present study. The pileus (or cap) cloud, or inactive cloud
fragments in the vicinity of‘a developing turret, may be uSe& as tracers
of the local circulation. Also a detailed stud& of a complete storm,
one which remains in total view for its whole history from small scale
cumuli to large cumulonimbus, must be hoped for in the future. Such a
study should include date on initial radar echoes, and subsequent high

intensity cores as seebuby g high resolution, quantitative radar system.
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Figure 37: A pictorial representation of a cloud turret's life cycle viewed at 3 min intervals (minut zero.
taken as time of emergence ). Isotachs of air parcel vertical speed are drawn at 10 m sec "intervals. :
A particular air parcel trajectory 1is shown by the dashed line, while precipitation éxists in the stipled area.
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Radiosonde soundings and pibal wind measurements taken within a few
miles of the storm are essential for a completé analysis. A knowledge
of all precipitation which ultimately reaches the ground will be help-
ful in interpreting the other data.. With such an analysis in hand,
the cloud and precipitation growth modellers will be able to continue

with a better understanding of the reality they are attempting to model.

Overall, the author has found that stereo photogrammetric analy-
‘sis under optimum conditions permits far more detalled description of
the behavior of cumulus turrets in space and time than previously at-
tempted. Such behavior is important in the evaluation of current
models of cumulus dynamics and precipitation growth,kand in achieving

N
a fuller understanding of convective storms.
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THE MAGNITUDE OF OVERESTIMATION IN PSEUDO-UPDRAFT COMPUTATIONS

Pseudo-updrafts have been computéd in Chepter VI assuming no net
lateral entrainment into the cloud turret. Also volume expansion of ris-
ing parcels due to decreasing ambient pressure with height was neglected. -
Hence the updraft through any reference level was assumed to account for
all of the cloud volume growth which occurred above that level. This may
be expressed:

Uo = %% / Ao
where: Uo = the updraft speed through a reference level z, averaged over
the horizontal area of the turret Ao.

V is the total cloud volume above level z,.

It would be better to say that the rate of change of total cloud
mass above a reference level must equal the mass flux through its base
plus the net entrainment of air through the sides over the entire turret's

surface area. This may be expressed:

‘-@3._1-1“46-:»/10+Z‘/'ZJC a | (A1)
o
‘where: m = total cloud turret mass above level z,.
Mo = mass flux through the base at level zg.
dM = incremental change in mass flux between level z and z + dz
due to lateral entrainment.
zp = height of top of cloud turret.

Srivastava (1964) after surveying many authors' observational
and theoretical estimates of entrainment concluded that the fractional

rate of change of mass flux with height may be expressed:

}.i‘M.=_g_=# (A2)

- 101 .



- 102 -

where: 1r = radius of the cloud element at level z. .

o = a coefficient having a value of 0.2,

Substituting for AM into equation (Al) from e~uation (A2),

an 2T
dt = Mo + f pM dz (A3)

%o

The entrainment term of equation (A3) may be written

where pu = PUZ? dgz ' N

- 1 ' y L .
lam _ "2 4p L av _ Mo  —
Ten % T p 4t TV a T pvrHU (ak)

It may be shown that for typical values of atmospheric temperatures:

_ ._ﬂ_d— L :ﬁ [g aT
5 dt T T /R + =52
. Ldb . gy | (a5)
Therefore: 3 - F v (1071) .
Since Mo is the mass flux througb level z,, Uo¥ = F-)-gbﬁ—o-

Substituting this expression for Mo, (A1) and (A5) into (A4) and solving

for Uo* we get:

Uok = —5—6: [Uo + 1—;—’)— (T Zl.b"lL - ﬁ)] (A6)

b ~107* (2 - o)
e ————

Further simplifying, since —%—ié%— : 10” : .

_P
)Po
go . oU
r v 7

It must also be assumed that 0 N ‘Then (A6) becomes:
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=k N ‘
=10 e V = -4 0.2
Uo* = .e_ (Lé—E°>Uo - EU (lO "*-.—r ) ' A(AT)

In Figure 35, it wa.s' seen that two typica.l types of growth were
observed; case I when %_rz_ £ 0.4, z - zg> r (turrets 10/03, 10,04 and
7/04) and cese IT when S & 5 (turrets 7/O1 and 7/05). Within each

dz
case, the subcases a) and b) exist for r small (say = 0.5 km) and when

r large (=2.0 km) respectivgly:."

dz

Case Ta) Uo = 3 W, where W = 3t = vertical growth rate of turret top.
v
o = 2.2 ‘r
= r = 0,5knm
*
Then Br-To = - o371

Case Ib) ¥ = r = 2.0Im

Then -

elfe
[}
e
‘N
o)

Case ITa) Uo = 1.6 W

Then =~ =2===2 - .0.58

Case IIb) ¥ £ -Z- £ 1,0 km ' ’

Uo¥ -~ Uo .

Then T £ -0.82

Hence, an owersestimate of from 37% to 82% may exist in the pseudo-
updrafts that were computed assuming no lateral entra.inmenf and negligible

volume expansion due to decreasing ambient pressure with height.
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Figure A2b: 500 mb chart for 17:00 MST, July 7, 1966. ( U. S. Dept. of Com-
merce Daily Weather Map)
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