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ABSTRACT 

A cloud stereophotogrammetry system l'ras 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

tail with reference to the atmospheric processes influencing 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 growthprocesses 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 l 

INTRODUCTION 

Meteorology has always been confronted with the problem of obtain­

ing observational data on which to build an understanding'of nature. Scaled 

dovm laboratory experiments are not so suitable because the behavior of the 

atmospheric fluids is very dependent upon the scale of the motions that are 

tru~ing place, and 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. Mallms, 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

cessing and in mathematical modelling. By 1963, the models of convective 

cloud development had become more sophisticated than the simple cell suggested 
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in 1949, and it appeared that mesoscale convection consisted of a spectrum 

of scales of behavior. These ranged from .the small cumuius "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 9.uantized 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 distur.bing 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 suggestthat such limits exist 

but has not rigidly defined the limits 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 IIbubblell 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 occur in larger organized groups, the individual turrets have a 

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

The behavior of such turrets 1ras revealed by a stereo photogrammetry 

system operated at the Alberta Hail Studies Project based at Canadian Forces 

Base Penhold in central Alberta, (Figure 1), during the summer months of 

1966. The Project, vlhich l'las organized in 1956, is sporisored by the Research 

Council of Alberta, the National Research Council, the Department of Transport 

(Canada), and the Department of Meteorology, McGill University. The data l'lere 

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

At the outset the author had two broad objectives. The first l'las 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 l'las to complement these observations 1'li th other 

types of data available for the same turrets, their environment and the 

associated precipitation. It l'las hoped that the results could then be rela­

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

Part l of this thesis deals "li th the background and technical opera­

tions of the systems used in this study, including a discussion of analysis 

techniques. Part II presents the detailed results of the analysis of tvlO 
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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 nleasurements of the 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. 
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PART l • 

A DESCRIPTION OF THE INSTRUMENTATION AND TECHNI~UES 



CHAPTER II 

THE STEREO ANALYSIS SYSTEM 

A. Photogrammetry 

The system by vlhich the data vTere acquired for this study has been 

described in detail in an earlier M. Sc. thes:i,s (Renick, 1966). Only changes 

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

It has been shown that the percentage uncertainty in the range meas­

urement is inversely proportional to the length of the baseline betl'leen the 

tlfO camera sites. However, the length of the baseline is limited in prac­

tice by the analyst 1 s abili ty to identify the same cloud element in the t1fO 

superimposed cloud pictures (1vithout serious distortion due to differing 

optical points of view). Renick's experience in using the system indicated 

that a somewhat longer baseline than those usèd in 1965 vTould still permit 

unrunbiguous analysis, while reducing the percentage uncertainty in the range 

measurements. Hence, while the author retained, the former East-West base­

line of 8400 ft ± 0.5% (bearing 275.8 deg true ± 0.1 deg) , he established a 

longer North-South baseline of 17,930 ft ± 0.6% (174.2 deg true ~ 0.1 deg). 

Tne new camera site was surveyed intoposition using standard field survey 

tecl1niques 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 l, page 4, and 

2, page 13). Subsequent analysis of films taken from this baseline has shO\'ffi 

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 
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baseline and 47 miles ~or the shorter East-West baseline. Typically, at a 

range of 30 railes, viewing at 90 deg to the baseline, the percentage un­

certainties are ± 2% ~or the North-South baseline and ~ 4% ~or the East­

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

TvlO new cameras .. lere put into operation including ne"l time lapse ac­

cessories. They are Bolex Hl6Rx reflex 16 nun cameras. A custom-made, versa­

tile 115 V a. c. time lapse attachment .. las used on the centre site camera, 

vlhile a d. c. transistorized timer of the author' s design was used on the 

remote site camera. A ~rame rate of 20 frrunes per min was used in order to 

retain a maximum time uncertainty of ~ 1. 5 sec between the t'\'lO cameras. How­

ever" radio synchronization of the hlO cameras is reconunended for the future. 

This would make possible a reduction in the frame rate by a factor 3 or 5, 

thus greatly reducing film consumption in operational use. 

Kodachrome II colour film in 100 ft rolls 'l'las used with a Kodak #1 A 

skylight ultra-violet filter on the cameras to improve the sky-cloud contrast. 

A total of 120 hrs of stereo photography .. ras shot during the months of June 

through September, 1966. This is equivalent to about 800 ft of film. Exper­

ience has shOlffi that about 510 of the ~ootage shot is suitable for detailed 

analysis of the type described in subsequent chapters. 

The major problem in finding a suitable sequence 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 narrol'r l-inch lens on the cameras, the 

turrets l'rould often pas s beyond the field of vie"T. HovTever, other groups a t 

ranges bet'l'leen 30 and 50 Ipiles range .. Till novr be measurable wi th less than 

5% ~~certainties and so .. Till increase the usable footage. Turrets often 
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become obscured by other clouds inte:cvening betlveen the interesting turrets 

and the cameras, further reducing the usable footage of film. Since many 

cumulus developments are associated wi th vTidespread cloudiness ,particularly 

vThen large scale vertical motion fields exist due to the synoptic circula­

tion, this 'l'Till alvTays be a problem. RQ1vever, other types of analysis could 

make additional use of the films. For 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 ob­

vious in real time. In order to get a fevT interesting sequences, all poten­

tially interesting clouds must be photographed. A detailed record of all 

operations and events is most important. Stereo analysis requires an accur­

ate knmrledge of the true azimuths of the reference marker poles vThich sur­

round each camera site at nominal 10 deg intervals and which appear in the 

bottom of each frame of the time lapse fiDns. Rence the sites are resùrveyed 

for their azimuth marker poles every 3 Iveeks so that corrections to their 

nc~inal values can be made at the time of analysis. Time synchronization of 

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

Analysis projection techniques, as described by Renick (1966), vTere 

used. Care l'ras ta..1œn to rephotograph the analysis projection grids for the 

l-inch a..YJ.d 10 mm lenses using the ne"T cameras. It 'l'ras 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 frcTI the two projectors on the semi-transparent projec­

tion grid. 
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B. Data Processing 

The analysis of the stereo films consists 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 l'las 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 instantaneous velocities 

l can become quite large. As a result, rather large amplitude noise com-

ponents may appear in the computed veloci ties . It I-rould 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, 

l 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 m sec-l 
'l'rould result in a vertical displacement of only 600 mete.t's in l min. 
l'li th a typical 5% uncertainty, at 3 lŒl the incremental uncertainty in 
each height measurement 'l'rould be :t- 150 meters, and at 6 lŒl :t 300 meters. 
Hence the possible error in the vertical speed computed from the tl-ro 
independent height measurements would be as large as 100% at 6 lŒl. A 
similar situation exists for the horizontal measurements. 
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the technique requires less time and is more efficient on an operational 

basis. Furthermore, numer:i:cal.smoothing is .objective·and is consistent 

from one sequence to the next. 

However, theoretical work on the affects of numerical smoothing on 

data 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 computati~ns may produce affects in the results 

which must not later be interpreted as physical affects. 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-

mated theoretically. Then one ~ 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 parcels is approximately 6 minutes (this value would ap-

ply to parcel penetrating into an isothermal layer in the environment 

(Priestley, 1954)). With a sampling interval of one min, the noise would 
( 

most likely be concentrated at periods apprvaching two min (i.e. twice 

the sampling interval that is used when extracting the observational data). 

A number of measurements were made of the accelerations necessary 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 
j 

attenuates strongly at periods of 2 mins but has little attenuation above 6 

minuteperiods.. The particula.r 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 have sharper response curves (again see 

Hamming, 1962, or Brooks and Carruthers, i953). 

Hence computer data processing was instituted to carry out all of 

the computational phases of the analysis. 

The data which are extracted from the superimposed images (see Fig­

ure 3) included: ~,azimuth of the geometrical centre of the turret top; 

a , the angle sUbtendedOby the baseline at the cloud (see Figures 2 and 3);1 

G, the angular elevation to the cloud turret top with respect to the arti-

ficial horizon (a zero deg elevation marker surveyed onto each azimu"th 

marker pole); ;g, the angle subtended by the ;semi-circle that best encases 

the cloud turret top; and F, the frame number. The frame numbering begins 

at zero at the time of the last data panel insertion preceding the sequence 

to be studied. Subsequent data panel frame numbers are recorded during the 
) 

sequence with the exact times of insertion. Normally every 10th 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 ~ach of the two stereo pictures when a cloud 
turret's images are superimposed. Due allowance must be made for the 
errors in each polels azimuth from its nominal 10 deg value as measured 
by the most recent survey of the sites. 



.'" :: .. ' 

Cloud 

- 13 -

West 
remote site 

8400' 

N 

Centre site 
(C.F.e. penhold) 

South remote site 
(town of Penhold) 

Figure 2: The arrangement of camera sites for the stereo-photogrammetry 
system. a, the angle subtended by the baseline at the cloud 
is shown for the North-South baseline. The length and bearing 

Figure 3: 

( ~J:') of the East-West and North-South baselines are also shown. 

Centre site 
film 

superimposed 

/ cloud images 

Remote site 
film' 

-- - _____ 0° artificial horizon 

A superimposed stereo pair showing: a, the angle subtended by the 
baseline at the cloud; )S, the angle subtended by the cloud,diameter 
and 8, the elcvation angle to cloud top. Azimuth marker poles 
appear in the bottom of each frame. 



of the .time panel inser.tion, usually every 10 mina. The observation card 

feeds in the frame number, F., rjJ, a , Q, f3 , and J, a baseline identif'ication 

number. 

In the processing, the following equations are applied to the data: 

v. = 
l. 

+ sin 

+ cos 

where: t i = time in minutes of the i th observation. 

t.n = time in minutes' of the n th data panel 

Fi = frame number of the i th observation 
n . th 

F = frame number of the n data panel 

Ri = range in miles fram centre site 

J = baseline identification code 

B(J) = length in miles of baseline J 

.. i 

~. 
;. 

(1) 

( 4) 

(.6) 
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ai = angle subtended by the baseline at the cloud 

~~.= azimuth of geometrical centre of turret in deg true 

~j = bearing of baseli~e J (see Figure 2) in deg true 

Hi = height of turret top in km 

R = radius of the earth at latitude 52N in miles e 

9i = elevation angle to turret top in deg 

Si = 'diameter of best fit semi-circle to turret top in km 

{ji = angular diameter of turret top in deg 

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

vi = horizontal speed of turret in meters per sec 

ai = bearing ~ which, the turret was ~ving in deg true 

~= the numericalderivative ( )i+l - ( )i-l at the i th instant 
ti1'l - ti-l 

Cl = 1.609 km per mile 

C2 ~ 26.82 meter min per mile sec 

The output consists of turret identification, date, time, ~, R, H, 

W, v, and a·o. 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 smoothed velocities in the output. 
. '. 

If further smoothing is necessary, this last step is repeated until the 

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

xi~l + xi _l + 2xi 
4 (8) 

The response of such a filter i8 given by the expression: 

1 
21! 

!! + cos ïnï;' r .~!= = (9) m Xi 2 
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Figure 4: Response, rmt , of the numerical filter as a function of mt the 
number Qf measurement intervals per cycle ( = length ~f oeriod of ° 
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Figure-5: An example of the smoothing effects of the numerical filter on 
fluctuations in an observed vertical growth rate curve. 
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where rm,= the ratio of the filtered amplitude to the original amplitude 

for a certain component with a period equal to m measurement 

interv:als 

xi = the smoothed value at the i th instant 

xi = the original value at the i th instant 

Figure 4 is a plot of the response, rm~ versus m~ thenumber of 

measurement intervals per cycle. Up to four passes through the observation-

al data were made in some instances, each pass resulting in further smooth-

ing of the output. Figure 5 is an example of the vertical growth rate, W, 

as it appeared without smoothing, after smoothing using one pass, and after 
! 

4 passes. 

C. Uncertainty Considerations 

The fractional uncertainty in the values of range, height and dia-

meter are computed from the expressions: 

(10) 

àH OR 2 
li = R + sin( 2 g) 0 9 . (11) 

oS àf3 OR ---+-
S - f3 R 

(+2) 

where 0 ( ) = the incremental uncertainty in ( ). For a, ~ J' g, and f3, 
these were estimated to be t 0.1 deg, and for ~ t 0.5 deg. 

Figures 6 and 7 give the percentage uncertainties in range to the 

turret and radius of ~he turret (= ~ ) as a function of range. Figure 8 

shows isopleths ot percentage uncertainty in height as a functioh of height 

and range. These values apply to the North-South baseline using al-inch 
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lens. Values t'or the East-Hest baseline are ap-proximately double those t'or 

the North-South baseline. Also the values using a 10 mm wide angle lens 

"YTould be approximately double those indicated here. 



o 

Figure 6: 
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40 
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(miles) 

1 
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Percentage uncertainty in range as a function of range. Curve 
marked" 90 0 

l' refers to measurements made 'tvhen ctoud is perpen­
. dicular to baseline; curve marked Il 45 0 

tl when cloud is at 45 
deg to the baseline. " 
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2.0 40 60 80 100 
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'~igure 7: Isopleths of radius uncertainty as a function of radius and range. 
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Figure 8: Isopleths of height uncertainty as a function of radius and 
range. 
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Figure 9:A,representation of the radar pulse at 3Q miles range when haH 
power beam width is 3/4 in the vertical and 4 in the horizontal. 



A. T'ne Radar 

CHAPTF..R III 

AUXILIARY SYSTE~ill 

A Decca 3.2 cm radar unit was operated during the 1966 season at 

the Alberta Rail Studies Proj ect. This is a lm-r pmfer unit, 30 kilm-Tatts 

·peak pm-Ter, wi th a pulse length of 5 microsecs, and a pulse repeti tion 

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 Shm-ffi in Figure 9, (see page 20). 

The antenna is rotated at 20 rpm ,vith an automatic tilting seQuence 

of ~ deg of elevation angle every 2 revolutions up to +20 deg elevation. 

Tne vrhole cycle reQuires approximately 4.3 min. The dis·play is a PPI 

scope ,'Thich 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 

planning of stereo photography and hail-reporting network operations. 

The low power and l'ride horizontal beam vlidth result in a signific­

ant red·).ction in sensitivity beyond about 40 miles, so that light ·precipi­

tation of srnall cores may not have been detected beyond 40 miles. Also 

attenuation of the signal in penetrating precipitation could be significant. 

'l'his vrould result in "shadm-rs" 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 3-dimensional depiction of the precipitation 

areas at the time when the first echo appears l'ri thin about 40 miles range 

from the site. The uncertainties are estinmted to be ~ l deg in azimuth, 

~ 0.5 deg in elevation, and ± l mile in range, for ranges between 15-30 

miles. 
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No adequate means of azimuth and rill1ge calibration exists for this 

unit. Such calibration is essentiall'Then individual echo cells of only a 

fel'T miles 1 diameter are to be associated ,vith ooserved cloud turrets of 

about the same size range at range of 15 to 30-reiles. At least one stand­

ard radar target in each quadrant, at ra.."lges 20 and 60 miles, vTould be 

desirable. HmTever, the author l'las able to l'''''-,,e sor:;.e checks on the indicated 

azi:nuths and ranges by using the locations of s-"1mm topographical features 

in the ground return echoes, which appear at zero and t degree elevation 

scans. 'l'I'lO hills at 033.5 deg true, 19.7 ciles a..'1d 032.5 deg true, 22.4 

miles (approximately 3t w~les Southeast or Lacombe, Aloerta) were used to 

calibrate for the July 10, 1966, storm i'Thich occurred about 18 to 30 miles 

to the north of the radar and camera sites. A correction of -5.5° azimuth 

and +1.7 miles range '\'Tas applied to the radar display' s indicated values 

on this day. On July 7, 1966, i t vias rO'\L'ld tr..at the same correction was 

necessary "Then using the same hills as guides. But the positions of Mount 

Costigan (226.0deg true, 85.5 miles), Devil's Head (230.5 deg true, 82.2 

miles), and Limestone Mountain (256.0 deg t~Qe, 68.0 miles) on the radar 

scape shovTed little or no correction should have been necessary. The 

reason for this discrepancy is not certain, but zechanical maintenance was 

being performed on the rotating mechani~m around this time. There were 

also indication~ that the antenna l'las not rotati!:g at a constant speed 

within each rotation, possibly resulting in different corrections being 

necessary for different azimuths. Thus no cCl'l'ectior:. ,·ms applied on July 7, 

1966, to the observed echo positions, l·rhic!1 \·:el'e oet~';een 250 and 265 deg 

true at 20-30 miles. HOvlever, the reaSSUl'ance of !-"aving artificial targets 

in knol'rn locations (and, if possible, of lrr.o;·m E:~4:ivalent reflectivity) 

l'lould be very desirable in the future. 
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B. The Hail Reporting Ne-'c.,wrl<: 

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 ,-ri th 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 hail which fell from a storm were 

collected in this manner. Hovlever, 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 tille 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 \'lhich occurs in the first echo, and 

thus to estimate its effects on the dynamics of the developing turret. 

It is recommended that infol~tion on the first reported rain and hail be 

sought most diligently in the future. Hmlever, this may remain a diffi­

cult task over the 'Vrestern portion of Alberta because i t is so sparsely 

settled, unless volunteer observations are supplemented "li th a net\>lork 

of' recording rain and hail sensors. 
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CHAPTER IV 

GROHTH RATES AND iiIOTIONS OF TURRETS 

A. Introduction 

Tl';O groups of turrets are studied in detail. The first group} 

designated 7/01 through 7/05} occurred as a part of a developing storm of 

considerable magnitude on July 7} 1966. The second} 10/oj. through 10/04 

occurred on July 10} 1966. Theseparticular groups vrere chosen because 

they occUl'red at close enough range (vrithin 40 miles) to permit near opti­

mwJ. measurement accuracies. An unobstructed view of the groups ,.;as possible 

for sufficient time to consider the complete visual history of a nurrber o~ 

turrets in each group. Also good radar data and a limited amount of survey 

information vrere available. Uni'ortunately these ,vere not days on vrhich 

radiosonde ascents were taken right at Penhold} but ascents at Calgary (75 

miles south) and Edmonton (90 miles north) ,.;ere available. 

Photogran~etric measurements were made at approximately one minute 

in-cervals on July 7 and at 30 sec intervals on July 10. Hence} values of 

height} vertical grm'lth rate radius and horizontal velocity were computed 

at each one minute (or 30 sec) interval to construct the curves to be pre­

sented in the follovring sections; Both storms vrere wi thin 18 to 32 miles 

of the si tes and "li thin 15 deg of being perpendicular to the baseline used . 

for stereo photograrr~etry. 

B. The Storm of July 7 

The general vleather pattern differed considerably on the tHO days. 

On July 7 cumulus began forming over the foothills to the SI'l of Penhold by 

12: 00 I,~T (Mountain Standard Time) and a fm'l cumulus congestus types l'lere 

U:.'1à.e:cflm'ln in a light aircraft at 2.5 lUtl above mean sea level (MSL). (approx­

ir:J.ately 1. 5 100 above ter:cain) in the vicinity of Caroline, about 40 miles 
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Figure 10: Map of central Alberta showing location of the two turret 
,groups studied. The reétang1es approximate1y out1ine the 
areas shown in the turret depictions of figures 18a and b. 
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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 l'TaS at 

greatly reduced power. This would suggest vertical speeds of the order 

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

5 km MSL (4 km above terrain). This who le 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 gravit y lee waves were established in the region south­

'-Test 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 7 was light south-south-easterly while 

at 500 mb a cold trough extending from northern Alberta to a low off the 

1-Test coast of the U. S.A. resulted in a 30 to 35 kt flow from the south­

"Test over the area 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 vThen 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 radiosondes for 17:00 MaT (OO:OOZ) and the"Penhold 

surface data for '14:00 MST (Figure Al). It shows a steep lapse rate from 

the surface to 3.8 km and between 6.5 km and 7.4 km. 
1 T'ne maximum relative 

humidi ty occurred in the layer between 3.2 and 3.8 km and was only 6CJ'/o. The 

tropopause was at 10.3 km although a relatively stable layer extended down 

to 9.7 km. The convective condensation level was 1.2 km above ground with 

parc el instability above. 

The turrets on this day seemed to protrude fram a rather extensive 

region of cloud approaching fram the south-west and obscuring much of the 

view of the lower reacheS of the 'turrets. The top of this cloudy region 

ini tially was around 5. 0 km and had the appearance of· being the remains of 

earlier convective transports of moisture from lower levels to mid-levels, 

which was drifting in the flow and remai~ing relatively dormant. 

Figure 11 is a frame from the analysed time lapse films at 14: 37 ' 

MST on July 7. The view is toward the west-s'outh-west; clouds are mov-

ing from the distant left of the frame to near right. The extensive cloudy 

region may 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 margine 

1 All heights 'are heights above the C.F.B. Penhold radar and camera sites' 
which are all at 0.91 t 0.05 km ab ove mean sea level, unless stated 
otherwise in the texte Within 40 miles of the sites, the height of 
terrain lies between 0.9 km and 1.1 km ab ove mean sea level. 
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7/05 

Figure 11: Photograph of the Ju1y 7 turret group from the centre site film 
at 14:35 MST. The individua1 turrets are identifi~d by thp.ir 
numbers. 

10/04 

1 
\ 
/ 

10/02 

10/01 

Figure 12:,Photograph of the Ju1y 10 turret group from the centre site film 
at 16:45 MST. The individua1 turrets are identified by their 
numbers. 
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e. The Storm of Juby 10 

The weather situation on Ju~ 10 was quite different from that on 

Ju~ 7. At 05:00 MST an inactive cold front lay to the north of Edmonton 

and Jasper and the flow was light northwesterly over the Penhold region. 

At 500 mb the cold trough still ran from northern Alberta to a low off the 

l'Test coast of the U. S.A. However a short ,.,ave trough was moving out of 

the west coast trough position passing in the vicinity of Prince George, 

B.e. at 05:00 MST to lie through Edmonton by 17:00 MST (sfc and 500 mb 

charts appear in Figures A4a and b in Appendix II). 

This trough developed a surface lm., pressure disturbance oil the 

front during its passage over the front, resulting in an activation of 

the cold front behind it. Hence'an active cold front swept through 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 from scattered cumulus to broken 

cumulonimbus, the temperature fell 18 deg F, the dew point temperature 

fell 9 deg F and the msl pressure rose 2.7 mb. This very sharp 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 IIboiling" of the cold air as it surged over 

the much l'larmer ground resul ting in broken bands of cumulus under the 

frontal invel'sioil. 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 air became sufficient to virtual~ 

eliminate the frontal inversion and permit the co~vection to continue up 

into mid-levels. 
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Figure 12 shows the development as it appeared at 16:45 MST on 

JulylO. The view is towardthe north-north~west (i.e. in the direction 

of deepening cold air). The surface front îs just approachmg the camera site " 

~d bands of shallow cumulus may be seen in the foreground. The cumulus 

congestU:S turrets appear in the midground of the picture at about 20 mile~ 

range, while à. large cumulonimbus anvil is visible in the background ~t 

about 45 miles. Note how isolated the turrets are on this ~ campared 

wi th the group on July 7 (Figure 11). " 

In this case it was rather difficult to get a representative sound-

ing of'tlie atmosph~re in the vicinity of the stor.m due to the"presence of 

the front. Because Edmonton was already deep into the cold air by 17:00 

MST (OO:OOZ), Calgary's sounding was considered to be more representative 

of the war.mer air just ahead of the front into which these turrets were 

developing; this sounding is shawn in Figure A,3. It is seen that to re-

lease the potential parcel instability, a mechanism for heating the ~er 

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

be necessary. Most probably the sharp trough associatedwith this ver,r 

active cold front would have been sufficient to cause low level converg-

ence and ascent of the war.m air adequate to cool the mid-levels and release 

the potential instability. 

As a first approximation to the modification brought about by such 

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

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

1 Such lifting is the result of assuming a profile of ascent rate for the 
war.m air that was parabolic with height, having a maximum of 1 m sec-l 
and aqting for t hour (Newton, 1963; Beebe and Bates, 1955). 
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Figure 13a: Height of turret top as a function of time for the turrets observed on 
July 7, 1966. 
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Figure 13b: Vertical grow~1 rate, W, of the turret tops as a function of time for the 
turrcts obscrved on July 7, 1966. 
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by the dashed cUrve in Figure A3. Parcelinstabili ty would then have been 

releasedin the rising air with a condensation level of 2.1 km and the 

environment would be near saturationfrom 3.1 to 5.6 km. The tropapause 

was at' 9.1 km. 

D. The Vertical Growth Behavior 

The resUlts of the stereo Malysis :;of the fi ve turrets view.ed in 

the July 7th group are' displayed.:i.ri "FigUres 13a and i3b~'Figure i3~'is fl. 
. .' " " ',.. ": .... . 

plo~ of the turret top Q.eight :abo've ground in km versus time of observation 

, in minùtes~ Obser~tio~s:~~~~·~cl.~:~at·b~~'~minu~~·>'~~t~~vaîs~'Not~' thB.t, 

wù~t~e' ~xce~ti~n6~ :t~~:~~'7 iO~~,th~\~~ 'ëi.a~hi~~ng ,,:~~umh,~i~t: 
• • .',".. .- .: •••• :. •• ,'.,".' :'. ' ... ; • ",' '. -.' ," •• , '. •• .. :'. • '. • • • 0" -" ... '... '. ':. .", 

,'progresses in t~~,' eachs~ccessi~~Îi1a.ximum:' b.ein~."~~~her . t~'th~ pre'ti~, 
"ous one. " '~r:t:7/ ~~4': iS"~~~\ut'~/':~ ~ci~~~~l::{h::~hi~ ::: ~~~~~cl' :~~' ':'~'mi~ht'e- '. 

" , ,";. ',: " ,.'., ;, ... : ..... > . ;': .. :, t" 

or two~ Turret 7/01 is somewhatimi'que ih'îts: iéll:gth'(;f 'dUration. 'How'::' 

'. ~.'. . 

ever its vertical growth,appears ,to'havebeenin'three distinctpulsat.i6ns.' ' 

It should be noted at this point. ,that thereis nothing of particular 
'.". . . "., " ,":. ::" .,' ...... ".:, .. 

. " ..... .. .' . . . . 
'physical significance about' the beginn:tng Or 'ënding of an indi vi dual 'curve 

in Figure 13. 'In most cases' i t , is, 'the, instant at. which the turret comes 

into (or is lost from) view above ~he general cloud level that determines 

the beginning (or ending)of measurements. In afew cases the, .turret 

radius decreases to less than a few hundred meters and can no longer be 

analysed as a turret but rather isjust a wisp of cloudy air. These cases 

are marked with a n*n on .the heightcurves~ . , 

Figure 13b depicts the vertical growthrate 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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Figure 14a: Height 'ofturret top as a·functionof·timeforthe turrets" 
····obs~rve(j on Ju1y 10,1966.... 
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Figure 14b: Vertical growth rate, H, of the turret top as a function of 
time [or the turrcts obscrved on July 10, 1966. 
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Figure 15b: Radius of cloud turret as a function of time for turrets observed on Ju1y 11 
1966. 
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Turret 7/01 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 10 group are displayed 

in Figures l4a and l4b. Once again the maximum height that each turret top 

achieves is higher than that of the preceding ones. In general, the verti-

.calgrowth rates of these turrets reach la.rger values than on JulY 7. Maxi­

mum vertical growth rates of 8.9 and 9.6 m sec-l are attained by turrets 

10/04 and 10/03 respectivelY, compared with 7.5 m sec-l for turret 7/04 • 

. Alsa the half-periods ()f the major turrets are somewhat lon~er on July 10. 

E.· Radial Growth of the Turrets 

Figures15a.and 15b are plots of the measured radius of each cloud 

.'. t1irret top in km versus time in minutes for JulY 7 and July 10 respecti velY. 

The radius wasmeasured by fitting subjectivelY a semi-circle over the ex-

posed turret top sothat it most nearly representedthe shape of the cloud 

top. This was found to be the most suitable simple representation of the 

form of the protruding turrets. For the tâll, exposed tUrrets a hemis"j:>her-

ically capped cylinder of that radius was still the best representation of 

the geometry of the turret. 

Turret 7/01 (in Figure l5a) 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 17: An example of vertical growth rate behavior 
for a cloud turret top from the present 
study (turret 10/03). 
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Turret 7/05 also shows rapid radial grol-rth 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 10/04 

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 gr01-rth curves (Figure 14) reveals an appa'rent 

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 fevl 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 in m sec-l 

versus time in minutes. Anderson proposed 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 authorfs computed vertical grovnh 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, fluctuaticns with half-pericds similar tc the samp-

ling interval were interpreted as "ncise" rather than real fluctuaticns and 

1fere fil tered cut. However, on July 10, 1fhen the sampling interval was ap-
. . . 

prcximately30 sec,; 'scme high frequency ccmpcnents still remained even after 

fcurpassescf·the filter. The half-pericd cfthese is apprcximately l min 

and may be real fluctuaticns,indicative cf the existence cf behavicr cn a 

scale cne crder cf magnitude smallerthan that cf the turrets themselves. 

Hcwever measurement cf.this new scale is almcst beycnd the sensitivity cf 

the technique. Nevertheless,a detailed spectral analysis cf data acquired . 
. '. 

under cptimum conditicns may reveal mcre infcrmation cn such scales cf be-

havicr.Theymay wèllbe indicaticns cf thearrival bf individuâl' eddies 

cr 'parcels at the tcp cftheturret. 

Mcre will besaid about the radial growth cf turrets in'Chapter VII 

where models cf convective cloud behavicr are reviewed. 

G. '. Hcrizontal Moticnsof Cloüd Turrets 

Figure18a is a plan view cf the tracks cf the turrets on July 7. 
. " .' . 

It may be thoughtcf'as a map of the turrets' positions inspace as projected 

ontc the grcund. The position of each turret alcng its track is marked at 

5 minute intervals, althcugh measurements were made every minute on July 7 

and every 30 seconds on July 10. A large "X" shows the positicns of the 

turrets at 14: 40 MST fcr July 7 and at 16: 45 MST for July 10. The number 

in brackets is the height in lnn of that turret top abcve grcund at those 

times. The "0" marks the position cf a turret at which it achieved its maxi-

mum vertical grcwth rate. To give a general idea of the vertical wind shear 

in the envircnmental winds, the mean winds fcr a lower layer and an upper 

. -1 -1 layer are shown by the wind arrOvTS ~n m sec (a full barb equp.ls 10 m sec ; 
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-1) half barb 5 m sec • 

the remaining arrow. 

, "4'" .• ', 3 -

The direction of view from the cameras is shown by 

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 environmental wind speed and 

direction for July 7 (taken from the Edmonton and Calgary 17:00 MST radio-

sondes and adjusted for 11:00 MST pilot balloon data and Penhold 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 true (direction from vrhich 

,·rind was blowing). The horizontal speed and direction of the individual 

, turret tops a.s computed from the smoothed stereo analysis data is plotted 

on the same figures. The arrows indicate progress in time. It should be 

mentioned that a turret's.position.in space at each observationwas taken 

to be the geometrical centre of the hemispheric cap which had been fitted 

to the turret top to determine 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 l'Ti th the environmental wind veloci ty 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 7 group (Figure 19), there was a consistent tendency 

for a turret to acquire a direction of motion with a more southerly compon-

ent and a speed of lower magnitude than the environmental winds of the layers 
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through which it was building. Its maximum deviations in this regard occur-

red at approximately the time of maximum vertical growth rate of theturret. 

It will be shown in Chapter VI that this time very nearly corresponds to 

the time of maximum updra.f't velocity w.i.thin the turret. On July 10 (Figure 

20) analogous behavior appeared, only this time the horizontal velocities 

of the turrets, during their periods of increasing verticalgrowth rate, 

deviated toa more nor"thwesterly direction and a slower speed than their 

environment. On both days thedeviations were toward the direction of the 

environmental winds of lower levels intheatmosphere. Infive out of the 

nine cases the velocity of the turret at maximum deviation resembled that 

of thewinds near or below the cloud base. 

Itis also interesting to note the behaviorof turret 7/0,'(Figure 

18a). It startedits vertical growth within 3/4 of a mile of the already 

establishedturret7/04. ',BY 14:40,7/03 ~d veered off northward, thereby 

increasing the spatial separation tomore than lt miles in the horizontal •. 

A silrdlar behartor' is s~en for turl'et' 10/01 (FigUre '18b) i apparently in 

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

H. Sunnnary 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 radiosonde data from Edmonton and Calgary, and 

surface and 500 mb charts. 

The growth of a turret group consisted of a sequence of,. ,turret 

eruptions" each successive turret achieving greater maximum lIeight than 

its predecessors. Considerable individuality was noted ,in the vertical 
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grovnh rates of the turrets with regard to maximum rates and half-periods. 

In general though the longer the half-period, the greater was the maximum 

value of vertical grOlvth ra te. 

It was observed that vertical growth of a turret was not always 

acçompanied by radial growth. 
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Figure 21a: Plot of turret 
radius versu~ height of 
turret top for July 7, 
1966. 
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Figure 21b: Plot of turret raditis 
versus height of turret top 
for July 10, 1966. 

Figures 21a and 21b sunmarize the relations between radial and vertical 

' .. -'0.· 

grovrth. These are plots of height of tUl'ret top in lun versus radius of the 

turret in lun. Although ini tially all turrets show radial grovrth accompany­

ing vertical grovrth, sorne subsequently deviate quite markedly. Turrets 7/01 

and 7/05 ShOiV. rapid radial grovrth for small vertical growth; 7/01 then 

changes its behavior radically, at about the time of the third impulse in 

i ts vertical grovrth ra te, to radial collapsr;: Hi th 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 •. 

Essentially then, significant radial growth, initially at least, 

produces turrets which remain active for longer times andwhich are able 

to' achieve greater height increments during their growth. The anomalous 

behaviorof the third impulse in turret7/01 will be discussed more fully 

in. subsequent chapters. 

From the present study i t ma.Y' be . further concluded. that . the event. 

of a turret aChiev1ng a certain' level. in theatmo~phere rè~ultsln subse-"" 

quent nearby turrets ~~~Ssing tha.~· 'levelwi th: strè:inger ~~èvrth rates··,'·.· ..• 
. ", ,:',': 

.. " 

'. through the levels previously ·traversed.. by ·the Ë~arller tUrret~:: . Th1s·mB.y :: .. . . - .'. 
". 

. .,,- .. 

be due to theconditioning bf aregion adjacentt~;.the~arllerturretdue .:,< ",: 
, . ;. . -. . .,' .",', - . .' . . ... , ~'.",. . 

to mixing bètween' the environment 'ai~ and the Cl~Udy air. ~/.the ~arll~~ .. , .. 

turret. . . ::'" ,", 

" " . ,"". ,-

On July 10 there. ~as evidence '. thatof fo~ . ini tiallY'C07èxisiiilg .. 
", ", 

turrets, only two grew into large turrets, possibly at theexpenseofthe . 
. "'" . . . . ", ...', 

remaining two which were not able to pro duce significant radial groWth. 

Exactly what determines whether or not a turret will continue to enlarge 

and to grow vertically remains to be clarified. 

Ther~'was also evidence of nearby turrets interacting to produce 

anamalons de\~ations in the horizontal velocity of the smallerturrets. 

The vertical acceleration of a turret top is accampanied 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 wi th 
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.. ,,', 

such behavior; 
..... :. " : :. 

In the. simpie: case' of:. constant w:i..nd direction, constant 
. " .' ,,' :' ,::. ~. ." :: ." . .' . 

wind shear,' and constànt'entrainment'ratethey'were'able to account for 
. " ..' . 

' .............. . '. , 

some of the observed deviations in .echocell vë·lo~ity.: They applied the 
" ',4.', 

law of 'the conservation of. horizontalmomEmtumto.the:risingair mixed 
" .. .'.. . .,:' . . . . . 

. ", wi th the entrained airas i t:risest~rou~ a. s~ea~ede~vir~~eht.· 

.'., TJ:leir 'entrainme~t raté was assumed tO<be'iof' the f~rm k: = ~onstant, 
whereM isve~:tj.c~l mass·fluxand~iSheight., This' implies.:entrainmênt of . . . . . . .. ...... . ~.' '.' . .'. " 

,. ,":.' ,': .".. " . 

. thé "dyrlamicil tyPe:.r~sulting· from'thé continuity. de.rnands of.the,updraft 

vri thin. th~'c~ii;c ~~d·turb~iè~{à~ing at. :the~~~'~~~~~Sj;dU!? to':·thehoii-

.....• "é.alis~:~*ir~ii,~;i'~:if~~i·}H'~~~';{;;~4.;~S~oèe~t:;'e;ii~ai .·speei\S. 
(??his iatter t~rm .'is '.~om~'times inocie'iled:'~~ "being' 'f~rn{' fu.·a·g).'· H~~ev~r', 'if . 

, ,'" "~t .',~- •• " ," .,' : ,:.':~ ..... : •• : .. ~:::, ~,~,' ,,:.,' "'.~:,-<'.,··:·,'~ .. ··I<;·:~·;:/"<'.(':'" : .. :.~:.,< ... ' .. ,: ........... : .... '~' . 
the:: ~i>~aft 'is.; not steady state; i t may .become.zero:W:hich.means.·t~~seen:,:,,: 

, ,·trainm~n t, teriîis';bè~~~~"zer~. '~~l;~',~orm~~~~onorii; ';~Jci,lain~: ':~~rti ~~i" ~he~r ' .... ,.-
••..• j' :'''.'; . -.. . 'c',' '.: •• <;::-.. :.'.:::..' .... :.;: .. ~;:";":"~ .",: '-'<'.;:': '. ':;": ';.' '.~'., :'.~ ':: ... :~~"'.: '.:.',.. . .... ,~'. 

·iri the horizontaL ~pe'ed. Of' anupé!raft thati.i.iti~ateiy..appro.a:èhes'the':environ-·· 
. ; ::., .' ",. . .... ,. '" .. ' ... 

:mèntàl winèl.shèar,àndwhich .àlways'hàsa 110rizont~1.:':sP·e~d i~s~than the' ;." 
.. -.. :. ~: ,'.. .., 

'enviroruiiënt~Turbule!ltm:ixingwhich must havere~til1'éd~roni the. horizontal·' 

shearing ~tress due tothi~ difference inhorizonta{velOCi tywas not talœn 
", ... : .... 

',' in to' accouri t . The '. rapid approach . of the' () bs eryéd ·turrets ;hori zon tai motions. 
. . ." .' . . . 

tonear envi~onIDental velocitie~c()uld be the l'e~ultofsUCh amixingterm, . 
. .' 

whiCh ~rould OJ?~fat~eve~when ve~t.iCalmotion has cèàsed." Since' this term, 

and the term due to shearing stressbetween'vertic~lmotions are. of a similar 

nature,thè h6rizo~tal beha:\rior . offers aval~ble clue to distinguishing and 

evaluating the relativerolesof. dynanucandturbulent mixingprocesses in 

.' damping' turretgrowth. . Hitschfeld( 1960 ),'Ne~ton (~966) and Fuji ta and 

"G;andosO>({966)havere~cigniied 'this probl~; i'n the iatter twopapers the 
.' . . . ' . 

. "" 

authors attempt .to evalu~t~ 'su,ch proc~sse~, and to include horizontal b.e-

havi or in their storm models. Further vrork wi th photogrammetrie and radar 
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measurements of horizontal behavior is encouraged, along with work on dynaIDic 

models which accept both for.ms of exchange processes and which include hori-

zontalinteractions. 

'.-.... 
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... ; ..... ...... . . .< ..... 
. ".:.' .' 

.: ... 
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CHAPTER V 

RADAR ECHOES ASSOCIATED WITH THE CLOUD TUBRETS 

A. Introduction 

The presence of precipitation size particles (50~ radius or greater) 

couldplayan important role in thedynamics of the cumulus cloud turret. 

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

with an appropriate updraft profile, result in storage of water content at 

certain levels within a developing cumulus t~ret. The accumulation must 

in turn influence the dynamics throUgh loading, as well as influencing the 

subsequent precipi tationgrowth~ Consequently an attempt has been made to 

determine t~le nature of precipitation that may have existed wi thin the tur-
" .' : ~. .' ,;. .. 

rets. airèady 'discuSsed1.n Ch.à.pterIV.ThisW±ll further complete the picture 

o~their overallbehavior.' . 

Radar echoes observedwith the Decca3 cm radar located at Penhold, 

. were studied. The limitations of ,this unit have a1ready been discussed in 

Chapter III. Hm:ever, very careful study of the development of initial 

echoes associated wi th the turret grou:ps of July 7 and July 10 has permi tted 

a qualitative analysis of a number of echo 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 srume or more than the distances separating the 

structures. Also the measurement uncertainties of the radar are of the srume 

order. ~e decision to associate a given echo with a specific turret was 

made only after consideration of all,of·the data,includingthe/three-. . . ' .. ' . ", . 

dimensio~al spacial relationships, and the timerelationshipsbetween tur-
. .... :.. ',.. " 

rets and initial radar echoes. In three cases this led to certain identification 
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of the echo associated iiÎth 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 map of that particular turret's track and 

a schematic re'presentation of the echo cell as it appeared atthe time shown 

beside each echo. On a given day, each turret is projected onto the same . 
. . ...; ...... ":.-.. . ." .' 

plane a-b. The individual tracks are taken fromthe comPosites in Figure' 

18 of Chapter IV, Sec. F. 

The vertical cross-sections show height abov~ 'ground i~kmver~us 

distance along line a-b in statute miles. The turret top is depicted in 

cross-section at one-minute intervals, the bold outlines designating the 

cloud top at the times approximately corresponding to the radar observa-

tions. Times are given in Mountain Standard Time in hours and minutes. In 

the cases having tall echoes, which required a significant amount of tiffie 

(1-2 mins) to scan from base to top, the times at base and top are shown 

beside the echo profiles. 

It should be 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 vTould have resulted from a uniform echo speed parallel to the direction 

a-b for speeds of 10 and 30 m 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 trajectories in knownverticalwind shears may give more 

information on the nature of the precipitation in the echoes. Or conversely, 

with assumptions as to particle size, an estimate of the internal shear may 

be made. 

B. The Results 

It was mentioned in Chapter ,:i:V that turret 7/01,on July.y ma; havé 

consisted of two or three separa~~ everits' ~c~11rringvèd'clos~ together;>"," , " , 

resulting in theemergenCeOfa-nè~ t~retput of th~ ~op':. ofa~other i'lat~'" 
tened turret. ,This complexi ty aliso appears in "the radar echoes associated ,. 

, .. " 

"" "" 

with it. InFigure 22 ft is seeri that what \.~inÜ,ially arather broad', 

shallow echo develops'int;tw~core~' 'by14: 35'MsT.~~" Th~se~;pe'~r:asth~Ugh::: " 

t,fO cells may bepr~sent ty ,this tiine:Onec~uld have developed during the", 

first or second upsurgeof the turret'top;' the larger cell developing in 

association with the third mostvigo:r::oüs upsurge' of the 'cloud top. The 

ini tial echo appears betvTeen 3.8 and 6.2 km and is 1. 2 km below the visual 

cloud top. The second cell spreads up to at least 7.6 km, only 0.6 km below 

the maximum height reached by the visual cloud top. It is during the stage 

of virtual collapse of the visual turret that the echo descends~ resulting 

ultimately in precipitation reaching 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 are as ofpea- and grape-size hail occurred about 

30 miles further along the track of this storm. 
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Turret 7/04, sho~m in Figure 23, appears as a ·singleecho on the 

radar return. Initial echo develops be'tween 6. 2 and 7. 2 km, and grows 

rapidly up, down and radially during, and subsequentto, theperiod of . . . . 
' ..... "," " ..... ,"' 

maximum vertical growth rate of the visual cloud turret.· The <v:i.sual tur-:-

ret does not collapse as rapidly as did 7/0l~rhen the' echoshows downwa;d 
", ';'. . ... " 

motion of i ts top. The echo top achieves at ,least 8. 6 kmWhich' isO.'r 
. '. 

below the maximum height of theturret top. 

The thirdecho cell on July 7 is associatedwith turret 7/05., 
. ", 

This is shown in Figure 24 ... The. echo ~es i tSfirs-t~;pe~rance at 14: 45 
.' 

MST and is bythis time already qui te large, suggestirig if. inay havestartéd 
. . . ." . 

developing very shortly after 14: 40 MST. Once again the écho develops 
'.. '. .. . ... 

during the time of vertical grmvth of the turrèt.'·i:I:~iti~iechoextends ' .• 

from 3.1 km to 6.9 km arid W"aS 2.6 km belowth~ vis~~lc'loUdt~P at that 

time. No subsequent p~si tians are shown beCfl-uSeby".14: 49MST the' radar 

return was composed of too many èChoes, toociosetogether,t~be resolved 

by a radar with a horizontal beam vridth of 4° (a'pprb~i~tely3 ndles at 

these range~). 

Figure 25 .. is a simi.lardisplay for the only radar echo which devel-. '. . . . "... 

ops during the period of the photographic observations of the turret group 

on July 10. Turrets 10/01 - 10/04 have no echoassociated with them. First 

echo appears 1ate in .the history of turret top 10/04.: Ini tial echo appears 

between 4.3 and 5.8 km, but not unti1 16:58 MST, about five minutes after 

the turret 10/04 has started to shrink. Rence the association bet,.,een the 

turret ~ndthe e'cho isnot as c1earin this case. It vTOuld seem to have 

deve10ped along the track of 10/04, but the correspondence in time is not 

as observed for the Ju1y 7th examples. Possib1y the echo was associated 
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with another unseen turret developing after 10/04 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 qua lit Y radar data, this 

type of analysis may be extended further into the life of a storm. Chisholm 

(1966) has already done a comprehensive study in the behavior of IIhigh 

intensity cores" whichhe observed with 10 cm, narrow horizontal beam radar 

in Alberta storms. The scale of these cores, about 3-6 km and 10-30 min 

life span, suggests that they are similar to the cells'observed in this 

study'andwould likelyhave had visual cloud tUrrets associated with them. 

Futureworkon rela~ingfirst echoes and high iniensity cores with visual 
.. ' .... :,. ::,"':',. 

'1", 

turret 'behavior'sho~ldbeemphasized with aview'to:studyingthedetailed 
. . " . . '... . . 

interactions . betweenth~·de""'eïopmerit of precipitation ~ores: and . the dyriam:-
H •• 

ics of cloud turrets. . ..... 
. .... 

~ : 

" ..... . 

C. Discussion 

Table l summarizes the conditions surrounding the occurrence of 

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 

vThich p:cotrudes out to the NE of Ola by 14: 35 MST. "w " refers to the a 

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 700 mb to arrive at a convective condensation 

level). "Temp." refers to the cloud temperature also at the levelof the 

echo top, and is taken from the tephigrams. IIW "is the maximum vertical max 

growth rate of the turret top and is taken 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 i ts 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. 

Turret Echo Top (Ion) 

July 7 
(1.3) Ola 6.2 

Olb 7.6 (0.6) 
04 7·1 (0.8) 
05 6.9 (2.6) 

July 10 .. 

04 5.8 ( 2.0) 

.. ,"," ..... 

TABLE l 

5.8 
.. 7.0 

6.7 
6.5 

. 5.4 

. ,-, ..... : ... :.",' .. :. ':.-

Temp (deg C) 

-21 
-34 
-29 
'~27 

. .:.23·.·. 

Wmax (m sec -1) 

1.5 
3. 4 ' 
7.6 
4.2 

. :'.8.9 

.' '. . '. . .' .. ' .. " .. ", ,':. .:. . 

T~W.R. East (1957) described aninherent precipitationmechan-, 
":. , ", .," .... ". . . '. . ," 

ism in developing cumulus cloud in which.condensation and coalescence 

occur simultaneouslir •. Hësho~edtha.t t~efirst· 50fL:a:rOPlets wouldap-
' .. '. : ,'. ,... .' '. '. '1 ,"" .,' ' .. ' ,.,: ' .. : ..... '.:'. . ,.'", .... .',,' . 
pear at about the 6gm kgm-',level.and detectableradarecho .would .. . "\ ," . . .. 

develop soon afterwards. This was supported by observational evidence •.. 

He also predicted that the larger the magnitude of the updrat't,the 

higber would be the adiabatic liquid water content at the level of first 

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

these turrets may be discussed. 

Turret 7/0la is probably the result of convection which reaches 

an equilibrium level below the top of the weak stable layer around 6.5 

km. The associated updrafts would not have been too strong, but after 

two impulses and a radial spreading of the turret, the water conte~ts 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'experimental evidence exists (Vali, 1967): that,:f~~s~ples 
." ,'t 

, . . . '\ ~'. . 

of Alberta rain wàter, virtually all drops of', l min, a.ia.niete~or' more'~6uld 
........ ", .. ; , 

be, frozen atteniPeratures' below -15, to::'20degC; '., The' sUbsèquentrelease 
'", -' . 

of latent heat of fusion wouldraisethecloudair teÏiIperatureby 0.3deg , 

C per gmkgm-l' of'liquidwatercontent frozen.Thisadditional buoyancy, 

introduced intotheclou~~ir'bei~w 6.5km,~Ouldh~V~ resulted'in anew 

convecti veturret being set off, and surpassing thé top of .the weak stable 
. . ..... . : 

layer at 6.5 km (s~e tephigram, Figure Al) '. ' ' Sùch a turret having li ttle '. .., ~ :. . . 

or nqupw~~dfi~'from1ovTei"levelswouléitend to collapse radially due to 

vertical di,vergerlCeoftheclouèly ,air; ,and theriverticaÎ1y after reaching 
. j-o.:- ;." .'. '. ..' • - ., 

',itsneJ ï:i.mü:ing ï~v~î. ,.'. Tl1e oi:igin.'all' mm drops,i1'a:.ving a ,terminal veloc-

'" ity~~"'~~ou~t~::~è6~1,'wouldfal1out' âiSb·'decreasing the parcel loading 

'" anclassi~ting verti~al gr~mh>some'oi,'~he ,~rigin::~'~mall~r droplets plus 
"",. ',.,'" ... . ' .. " .. ." .. . ... ~ 

, new grow:Lngonês·wou.icia:ppear'in the'new' turretas ,anecho." This could 
l' • .' . .", ., .' ", . .,' ' •• ~ • 

, "accôUnt'forth~. cOrnPlé}CbehaVio;bf tur'r~t'7 loi on .ruly 7. 
", . . ..... :-

:-', " 
;", 

, ' 

Turrets 7/04 and '7/05 onJuly 7, haVingmore vigorous updrafts than 
. ". '; .. .' .,. 

10/01a cievèïopèdëchbes, ;'atlevels' oihigherlj,.q~d.watercontents.' Rapid 

vertic~l s'preading of .these echoes (Figures 23 a~d24) occurred. East 

(1957) was able ta exP1ain' sucli behavi6r' -by' 'ass~ng ,that' someof the. 

cloud droplets in a rising parcel become deposited·on theway up and grow 

attheselevels concurrently. Thus radar detectable dropletsmayappear 

in rapid succession at many levels and show up as a. rapid vertical spread­

ing of the radar echo. Whilethe tüxrets on JuJj 7 were very. èlosely 

grouped, .and rise from an extensive cloudy' ~egion· extendingup to 5 to 6 

km, on July 10 the turrets were far more exposed (seéFigure 12). . .. Hence., 

while. near-adiabatic values of liquid ,·rater content may havé .been possible 

on July 7, mixing could have reduced more significantly the liquid "rater 

...... :. ;:.', . 

..... . 

.; .... ;; .. ' .... 
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" . ,', . 
contents in the turrets on July 10. The development of precipitation in 

::. : .... " .... ' :'. . ." ., ' 

........• turretl0j04on July'10 could have been arrested, resulting in echo ap-

pearing a whileafter the cloud turrets growth period, and atlower . 

levels. Once precipitation had for.med, freezing may have helped to 

initiate a new updraft within the remains of the old turret, explaining 

the rise seen in the echo between 16:58 and 17:02 MST in Figure 25. 

Saunders and Ronne (1962) have compared radar echo tops with the 

visual cloud tower tops, as measured by theodolite and photogrammetry. 

Their observations of 37 cases with radar tops between 6 and 16 km show 

the height of the visible cloud to exceed the height of the echo top by 

0.1 to l km. For cases wi th radar tops belOlv.10km (a s~le more sui t-
";.' .. 

able for comparison with the turretsobservedinthis' stU.dy)· the·d:i.:ffer~· 

. ence never exceeds 0.6 km. Our observations showtheèch~ top tonot 

comewi thin O. 6 kmof'the .~iOÛd, ~op. '.' Sauride;s and Ronne were~s i~~' 
. " ' '''. "',, ':.'" ,,' .... . 

. " . . - . 

measurementsfromanR";sëope d4SP1.ay~ . oftm-Te~swi thin :L~~lriinof reach-
-'. " ;: ." .. : ..... : .. :' .... ' ,;. ..... 

ing their peak height, and were of S:tOrIDS' in' Fla·rida.·· ". Thesci,Ji.ùierta . 
. ." . .' -. . .'. . . . '" .' ~ . .., . 

measurements, made. at . fixed .4.3 ·nrl.n . inter~~'ls fromPPld:i.spïaYs ,would 

have included at least some observationswi thiri2 min ofreàchihg peak' 

height. 

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

wi th a half -power beam width of 1. 0 deg in the horizontal and vertical. 

They computed the minimum detectable reflectivity to be 10-1 rrrm.6 m-3 .. 

at a range of 20 miles. Henry (1964) gives the minimum detectable ref­

lecti vi ty of' the Alberta 3' cm Decca radar as'· 5. 5 x 102 rrrm. 
6 m ~ 3 a t this' 

range.' Thus, wh~le the measurement uncertair~ties inheightor echo top 

of approximatEùy ± 0.5 dei?; elevation (± 300 mat. 30 miles range) are . . , 
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comparable for these .tw() unj,ts) the sensitivities are not. 

With their more sensitive radar Saunders and Ronne were able to 

conclude that) in the upper 0.15 to 0.45 km of cloud turrets) the ,average 

e~uivalent reflectivities range from a few tenths to a few mm6 m-3. 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 radar'reflectivity for these 

Alberta cloud turrets are unknown) it isnot possible to evaluate ~uan-

titative1y hOVl much greater an underestimatewas made bythe low power 

Deccaradar of the height of echo tops'" ':Referêri6~-i~made,tomedian 

reflectivityprofiles for echo cores of New England storms as computed 

by Donaldson (1961). These suggest that a:dlffererice: inmimimum deteCi~ . " .. : .. ", . .. 

able reflec'tivi ty of a factor 103 should r~p~e~'ent a h~:i:-ght difference 

,of at least 3.6 km. Since the discrepancyb.etween measurements made 

vlith radars who se sensitivities differed by more than a factor 103 was 
, , 

'. .... ..", .. 

apparently/much lesstb.a~3.61Dri(and p~obably ~loser to aboùt 0.5 km») 

,,~:ts'\l~gests that. th: vertical gradients of radar reflectivity in the 

upper reaches of individual echo cores are likely much larger than 

those indicated by Donaldson' s "median" 'profiles. 

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 vTithin a fevT minutes of the time of reaching 

max:ilnum height the errors may range from a few tenths of 'a km forniature 

echoes within iarge undilutedturrets observed yith'a sensitive radar) 

(minimum dete'ctable'r~f'1~~t~~it)"ïo~ïmm6m-3) to a few' 'km for initial 
. "'. '. 
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echoesl within smaller turrets observed with lesssensitive radars. 

In terms of quantitative precipitation measurements, such errors 

are relatively inconsequential because they occur at such low equivalent 

reflectivities (rainfallrates). However in terms of convective cloud 

behavior, radar echo dimensions or growth rates do not necessarily depict 

the total volume involved in cloudy convection. The errors are least 

serious when the echo achieves its maximum volume. Hence the total volume 

swept out by a sequence of instantaneous measurements of echo volume dur-

ing a period of time, more nearly represents the volume involved in cloudy 

convection over that period than would any sipgle measurement or average 

of measurements;' The value of instantaneous measurements in this regard 
, ".,', ..... 

is quëstionabie,alth:ough in a statistical sense the echo volume may con-
. .. 

\ . .. . . 

sistentlyrepresent: >some determinable fraction of the total cloud volume. 

l A recent paper by Harrington (1967) gives values of cloud top height 
minus height of first echo which range from 0.3 Ion to 2.1 Ion for 10 
cases

6 
Minimum detectable reflectivities were approximately 5 x 

10 mm 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 Ion. 



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 location 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 turreb will now be made. 

The air motions which take place within these turrets are 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. 

S 
Finally the turret's geometry is modelled as being a cylinder of radius 2' 

cap'ped wi th a hemis'phere of radius ~. (This is consistent wi th 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 cumulus 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, zo' is due only to a volume flux through the base of the 

- 63 -
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turret cylinder. l If V is the total cloud volume above level Zo as a 

f t , f t' th dV, th t f' f l d l b unc ~on 0 JlIle, en dt ~s e ra e 0 ~ncrease 0 ' c ou vo ume a ove 

zo; and the volume flux would equal ~ divided by the horizontal area of 

2 the base rcr , where r is the radius of the turret cylinder. But a voluine 

flux through level Zo is equi valent to a mean updraft ve;Loci ty, Uo, aver­

aged over the cross-sectional area of the turret at levei zOo 

The five largest turrets of the 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 warrant this type of 

study. The level, zo' was chosen in each case as the first even 500 m 

level below the height of the first observation. The volume, V, was com-

,.'puted at one minute intervals from the expressions: 

rcr3 -_ .. 
3 . . ... '. " . . . . .... 

'for z- Zo > r,' a" hemisph~r:i..cally' cappe d, cyllnder; and 
" " 3 

, 'V'~'rc(z -zo)2r _ rc( z -3 Zo) 
...... 

. : . 
,for z - z< r, a ,segment of a sphere where r is the radius of the turret o , 

and z is, theheight of th~ tUr~et t~P.' 

l 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-

-U / OT --proximately "? (g R*+ 0 Z ) where T and U are a representative 

cloud temperature and updraft speed respectively. So this term is 
- (-4) -1 ' '- 0 ~ 0 -1 - U la, sec for typ~cal values of T = -23 C; z = 9 C km 

M d f t , l t f l' l d UoAo . 2Uo easure rac ~ona ra es 0 vo ume ~ncrease: V dt = V- :;= -r. 
l dV (-3) ris generally less than 2 km. Hence: Vdt > Uo la . Also, 

- Uo + W l dV - 4 we may take U. 2 < Uo ' Therefore generally V dt» U(lO- ). 
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B. Turret Grovrth 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 beha~or were ob­

served. Turret 10/03 showed a ra:pid 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 becamé steady near 12.5 

km3 a:fter about 10 min then increased again. ~e renewed growth of 10/03 

during the last few minutes of its visual history wa~ notéd earlier in 

Cha:pter V. Turrets 7/04 and 10/04 behaved similarly during the first 5 

min, but continued to increase their growth rate up to about minute 7, 

then ra:~idly changed to decreasing volume with time. The third type of 

behaviorwas exemplified by turrets 7/01 and 7/05. These volume curves 

are much flatter indicating generally smaller values of the volume growth 

rates during their history. The.reversal from volume increasing with 

time to decreasing with time is much more gradual. It was suggested 

earlier that turrets 7/01 and 7/05 were associated with growth in the 

vicinity of more stable layers in the environment on July 7; one layer 

extending below 6.5 km and a thin layer between 8.3 and 8.5 km. Note 

that the levels of initial observation of 7/01 and 7/05 were 6.5 and 8.5 

respectively, and of 7/04, 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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04, July 10 

Zo= 4.5 km 

, 
... 
" 

"''';'' 03, July 10 

'Zo~okm 

" 

Time (min) 

Figure 26: Volume of cloud turret above reference .level Zo, versus time 
for the larger turrets on both July 7 and July lO, 1966. IIX11 

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 04, on J~lylO, 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 tha t is trans'ported up, a:pparently is returned to 

lower levels. Alternatively a local sink f'or cloudy air could have devel-

oped in those turrets with developing echoes. This condition is not 

allowed f'or in the assumptions f'or the turret model. Turret 10/03, wi th 

no echo associated, showed renew~d growth af'ter 10 min rather than the 

decreasc observed wh en echo was associated. 

There were also indications that turrets, growing f'rom levels in 

vrhich the environment ,was more stable relative te other levels) showed a 
.... 

more graduai growth in cloud v61~~,and achieved much lower,valu.es,of', 

maximum volume trans'port above the level of' initial observation. It 

would seem that such turrets spreadradially, and may play a vital'role 

"in the areal development of' a storm.' This radial s'prèa.ding of' nioisture 

over a large area at mid-:levels wouldmeanthat sUbsequentturrèts ar~ ,",' 
", 

more likely to be grovring through a; nearlysaturated, or condi tioned, . 

environment. ,Thismoist environment air,when entrain~d into~ûbseqU:ent 

turrets, would be less ef'f'ectivein diluting the buoy~nt ~loudy ~irand 

hence'permi tthem to maintain, growth through this region.' 

c. ,Updraf't Speeds 

Having assumed no net loss or gain of' cloudy air in a turret ex-

cept that whichpasses through its base, it is possible to say that the 

volume grov~h of' a turret above any level would be due entirely to an up-

draf't through that. level. 

Values of' this updraf't, Uz' were computed not only at zo' but also 

f'or the observed volume growths above successively higher levels up the 
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turret cylinder. Rence 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 min time intervals and 500 m 

height intervals. The height scale in km appears on the left; the updraft 

-1 
scales in m sec for each 500 m ~evel on the right. The abscissa is time 

in minutes. The outline of the turret is shown at intervals to depict the 

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

i t. The dashed line is a plot of the height of the turret top versus time. 

One of the main differences among the five turrets is in the time 

variation of the updraft at any level. Turret 10/03 (Figure 28) showed 
. . . .... . . 

a rapid increase, changing to a gradual decrease i~updraft sp~ed.·· It 

did not develop a downdraft but rather showed rejuvenation near the end. 

Turrets 7/04 and 10/04 (Figures 27 and 29 respectively)showed môre -gradu.al 

increases, but steeper decreases in updraft after reaching'a maximum; they 

did indeed achieve downdrafts. The maximum updraft s'peed at levelzo ' the 

lowest level of observations, was24 m sec -1 for 10/03,18 m se~-l for 10/04 

and 16 m sec-l for 7/04. -1 The min values were 0.2, -3, and -7 m sec res-

pectively. Once again note that it was turretlO/03wllicll càuld not be-' 

associated with a radar echo, while the other two were. Rence it appears 

that the updrafts were showing a response to the development of 'preci'pi ta-

tion within the turrets. 

It should be mentioned that in one sense thesepseudo-updrafts 

could be overestimates of the true values, as most researchers agree that 
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height of 
loud turret outllne 

9.01----------~~......;::--==:::r-~-~=__-------_t U9.0 

a5r-----------t=t=~-=~~==~~~~------~ 
Height 

Ua.5, 

(km) 8.01------~--L.--I-..J.---~::::v_---,.~...c::.y::=+--o:::::-----t 0 Ua.o 
10 
10 

7.5~------~~~--~--~~~--+-------~r-----~~ 0 U7.5 
-10 
10 

, 
1~-~~~~~--L--~~~-+----~~---4-~0 U~o 

,14:30" 

Figtire27: 

" 

,',14:35 

~ChO,' 

14:40 

'rime (min) 

, Tùrret ,P4,' July 7, 1966 

-10 
(m sec-I) 

14:45 14:50 

Compositediagram: of computed updraft speeds at 0.5 km height 
intervals as a function of time for turret 04, July 7. The, 

. associated cloud turret is outlined at 4 min intervals. The 
time of echo appearance is also indicated. 



',' 

.' t 

\, 

,"!.-

.. : 

" 

. ;, 

..... 
".' 

" 
, . ~ 

.,;: " '.~' .....• ,~.' 
. ..' :. ~. ',' ;" 

. ' . !'.: ~; 
",',' ,. t',' " 

t," 

' .... 

...... .' 

, , 
'\ " .... 

, . 
, " 

/.', !') 1 • ( ~'" ..: ' ".;, .- •• 

. , -' .' ... 

'. 1. 

,' .. ,' 

\·f • 

. .'.... ~.' 

:" ... ,',,' 

" ' 
,\ ' .-

... \ .... 

'. l, 

:.' 

. ;' 

":, . 

... " 
,., . 

" , 
.~. ~.' " 

. .:: '., 
, ' 

,",' .. 
" 

", ,. ' ...• 

" :.' 

" 

- " " ~ 

" " ' ..... '.' 

l' " 

" ' , ~ '. ' 

, " 

7/ 

l"" '" 

" , ., ~~ .. 
',~. ' 

,'.' ~ 

.. ,! t,,',· 

"', . 

,...., / 
/1 tJ--' ' 

::': 

,,' 
',. :.. 

,,:.~.,~~-;~ ..... 1 :', 

.. ', " 

',:(' 

..... " 

, .... ,,: '. 
.'",' 

: .. ~ 

.... , \ 

.~.".T#' .• ~_ ... ,~ 

.~ .. \ .... 

:." .... 

" 
. ,." 

, " 

': " ',. ~ . 

:".:. 

.... 
" . /. 

. ... ; 

", 

"' .... 

• "10 ", 

"':. "~" :<,'.'-. j,: 
.. ,1\ 1:0" • 

" 

',' 

,'. 

',' . 

. . ~, " . 
.; 

. 
" 

. "~'_., .:~' '. ~. 

!.':". . ... 
. " . " . " ',~, 

'. 'l 
'; ~ . t 

'.,1 

1 • ~ 

':' . 
",'. ,,'1 

", ",;' :' 
... :: , ',' 

.,.".,: 

" ' 
",'; 

; ,.'. 
. ~ . . . . .' ,', 

.: '. ., .. ' 
, 
" " , ... \ 

" 
',' ',,' 

',' 

.. ' ; 

"; 
',' .< 

" , 



7.0 

-E 
~ -
~ 6.0 
C1I .-
CP 
J: 

r~,;1 
~':.I 

Helght of top, ___ ..,... 

U7.0 

US.5 

USD 

U5.5 

" U5D 

velo city, Uz 
level Z 

5.01 ,. j' l --= --

rr =4- cc:::::J U 5 '. 4. Il l' i '0 0 1 
- 20 J --- . 

V :-'- 10. U
4

.

0 
• '0' ~ 

J -------- . J .' . (m sec) 
• 1 C r:::::::::::s:;r i > 

No echo .. 
~~hO 

:: l , . 'p' j" ,1 1 1 
16:40 16=45 ' '16:50 . 1655 16:45 16.50 .. 16:55, 

Tima- (min)·. ' . .' , '. , Tlme.... (min) .'. 

Turrat 03,July 10,1966: Turret'-04, July 10,1966 
, . 

Figure 28: Computed updraft speeds<'itO~5kmheightintervéÜs 
as a function of timeforturre~ 03, July 10. 

Figure 29: Compu ted updraf t. speedsa t 0'.5 km height 
. intervals as a function:àf' tiine for turret 04, 

: ...•. ,.-: . July 10. . . 
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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). Rence 

some of the volumeincrease 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,Uz is an areal mean over the base of. the turret, and 

l-Tould be an underestimate of the maximum updraft speeds which might be 

found near the axes of the turrets. Generally speaking the walls of the 

turretswere observed to rise much less r~pidly than the turretls tops, 

even subsiding in some cases. 

Turret7/01, shown in Figure' 30;behaved qUitediffÉü'ently. The 
, . l 

maximumupdraft s·p.eed at zo' 6.5 km, was only 4.1 m sec -. The bulk of 

the turretvolume growth was accomplisheid.through radial expansion of 

the turret .top, witli'only asmall ri se of the turret top during the first 
. .. . ....... ' '" ,", ',::"' ',' .. "' . ':. .... . .. ,'. 

two.:Giipuls~s ;:.~ethirdimpulse, . which wasthemost vigorous in ternis of 

"the'vertÙaimotion of· the turret to'P ,was actually accompanied by the 
.... : ..... 

. 'dèvelopmentof a strong downdraft.withinthe turret~· It started. at lower 
. : . 

.. leV.els,·~hen':~pread.UPWard. This resulted in a radial, c~llapse of the 

.. : turret at first,. then vertical c'oll~pse as well. 

For turret 7/05 (Figure 31) the maximum updraft was 17 m sec- l 

atB.5 km. Apparently the updraft developedl-Thile the turret was below 
.' .. ".. . ..... 

'this lëvel as :ttwas declining r~pidly at'the point of first observation. 
!/ 

This resulted in a large radial grov~h and vertical growth during the 

first couple of minutes of observations. As with other turrets having 

echo associated, this rapid initial deceleration of the updraft is follow­

ed by the graduaI development of a downdraft. 
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Figure 30: Computed updraft speeds at 0.5 km height intervals as a 
function of time for turret 01, July 7. The associated 

14:40 

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 ~ 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 ràdar echo appearance is indicated. 
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D. Discussion o~ Updra~t Behavior 

Because modelling was used to compute theupdra~ts, it is desir­

able to compare the results with actual measurements o~ updr~t speeds. 

Byers and Braham (1949) measured updr~ts wi thin thunderstorms 

by aircr~t penetration. Observations were made between 6.0 and 7.5 km 

on six sUInmer days in Florida storms. Maximum updr~ts ranged :from 18 
1 -1 . 

to 30 m sec-. Median values ranged ~rom 6.5 to 9.8 m sec . An earlier 

'paper by Byers (1948), as swnmarized by Khrgian et al (1961) reported 

the most commonly measured updra~t speeds in storm clouds to lie between 

3 and 9 m sec-l (68 out o~ 104encounters). ,Values greater than 15.2 m 

-1 4 sec were reported in only encounters out o~ 104. The distributions 

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

was 26 m sec -1. 

Braham (1952) gave average conditions encountered during aircra~t 

penetrations o~ Ohio storms. These are shovTn in Table II: 

TABLE II 

Height Updràft Updra~t Downdra~t Downdr~t 

(km) Radius Speed Radius Speed 
~km2 ~m sec-1L {kmL {m sec-1L 

1.5 0.60 . 5.0 0·70 4.6 
3.0 0·70 7·2 0.55 5.5 
4.5 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 o~ the sample in the present study was not large enough. 

to produce meanin~ul statistics on turret properties. But it would seem 

that the results o~ stereo photogrammetry and turret updr~t computations 
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are in general agreement with measurements made by other authors by otner 

techni~ues. The first impression is that these turrets are generally 

slightly 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 vertical speed morelike 

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 

proflile 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 l chances of 

encountering a cell at the level of maximum updraft at the time of maxi-

mum updraft would be rather small. So s'pot encounters might give rather 

different maximum values than would continuous observations in s'pace and 

time. 

, .. -
One important difference between these turrets and the cumulus 

cells envisaged by Byers and Braham is the time scale. Although time 

development 'proceeds in asimilarmanner ta their model, Alberta turrets 

progress through a complete cycle' in 5 to 20 min rather than the 1~5 to 

90 min suggested by their observations. Although the whole storm composed 

of many cells may have a life cycle 45-90 mins or longer, it seems ~uite 

certain now that the individual convective cells have a much shorter life 

cycle. 
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E. Postscript. 
, 

The assumption of no net entrainment through the sidesof the 

turret in these computations could have resultedin larger values of 

updraft speed than were rea~ occurring. The approximate magnitude 

of this over~stimate is derived in Appendix I. The overrestimate is 

computed for a typical entrainment rate of k~·. = O~2' km-li where 

M is mass flux through a horizontal cross-section of' the cloud, .~ is 

radius of cloud at level z (Srivastava, 1964). The magnitude of the 

over-estimate is approximately 40% when turrets are small (radius = 

0.5 km) and cylindrical, becoming 80% when turrets are larger (radius 

= 2.0 km) and shaped more like a spherical segment. Thus if net en-

trainment had been taken into account , significant reductions in the 

computed updrafts would occur bringillg our values more in line wi th 

updraftspeedS observed by other authors using direct measurements. 

If lateralentrainment is estimated using divergence 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 (Markus , 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 relate 'them to current models of cumulus growth and preci­

pitation development. A brief' accountof' f'our such models will be given 

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

The f'ield of' dynamicconvective cloud models is somewhat argu-

mentative. 'However, the authorbelieves that diligent review of' the 

models in the light of' real cloud measurements will put suf'f'icient 

quantitative restrictions on their behavior, to result in a model which 
.i 

is quantitative~ precise and general enough to account f'or observed 

behavior on ~ scales. Such a model is certain~ in demand, as once 

it iswell and,concise~ f'ormulated, it will permit researchers to dis­

cover thereal controlling parameters in cumUlus development. It will 

also permit precipitationresearchers to put their models into more 

realisticdyn8.mic, enV1ronments. As a result, the interactions between 

dynamics, and precipitation,growth and development will become more 

clear~ understood. ' 

B. Parcel Theory 

Vertical velocityprof'iles'of' updraf't speed versus height were 

computed using a simple'parcel theory. In this parcel theory it was 

assumed that, each unitparcel rises ,adiabatical~ and unmixed with no 

dra'g or viscous f'orces acting on it as it rises f'rom cloud base' to its 

limiting level (the lev~l 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 700 mb 
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(a:pproximately 2 km)} and the maximum surface temperature recorded at 

Penhold up to the time of the turret development that was observed. 

This made some 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 condensed outwas assumed to be carried along wi thin 

the parcel., 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 difference between the rising parcel and the'environment) by toc 
per l gm l kg-lof adiabatic liquid water at that level (Saunders) 1957). 

The environmental temperature and moisture} and the parcel theory 

curves are shown on ,the Canadian Tephi-Grams in Figures Al and A3 for 

July 7 and July 10} 1966; r'espectiv~ly. The corresponding vertical velo-

ci ty'profiles, ,were compute'd l'rom the 'posi ti ve and negati ve areas/ energies 
.. ". 

a:ppearingon these, 'charts} and are displayed in Figures 32a and b respec-
... ~. ." 

." ". 
Ù velY. ' . Als'o shawn'are the adiabatic liquid water contents} assuming no 

: :,1 .. > " 

. "mixing'occurred abdve· the' c,or:tdensation level (cloud base). 
'. ;,'::,. . .'. . . 

. ~ .' . " . .:., . .-. 

.... .: For. comparis,on} .v~rticl:I.l updraft profiles for turrets 10/03 and 

'10/046nJuly,lO and.7/04 of July 7} 1966} were prepared using the pseudo-
'.,. '! ," •. 

updrafts computed in Chapter VI and are shown in Figures 33a} b and c· 

,respec,tively. ' 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} band c by the bold dashed curve. Note that the curves 
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Figure 32a: Parce1 theory updraft profiles and water content profiles for .:. 
Ju1y 7, 1966. Values are computed as a funct10n of height from 
the 17:00 HST sounding in fig Al. 

Figure 32b: Parce1 theory updraft profiles and water content profiles for 
July 10, 1966. Values are computed as a function of height from 
the 17:00 HST 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 there would be 

a maximum below this level and that the updraft velocity at cloud base 

should be less than 10 m sec-l (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 baped 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 cloud, 'parcel 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 limi t on the vertical 

speed of a cloudy parcel moving through any level. 

The comparison reveals that maximum pseudo-updrafts measured in 

-1 the observed turrets are, at lower levels, about 10 m sec more than 

predicted by parc el theory, at mid-levels, 10-25 m sec-l less than pre­

dicted, and the height of the maximum was about 4 km lower in the real 

clouds. Hm-lever, since the parcel curves depict 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 vaUd), this 

discre'pancy is not too surprising. 

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, theparcel curve would cross 

the environment curves in Figures Al and A3 at a lower level. For 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 400% 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 

-1 were between 20 and 25 m sec . However, ohce mixing is 'permi tted, 

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

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

ariY'leVel~l This would probably reduce the computed updrafts for the 

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

back lnto Hne. , 
. : . . '., 

. ,' ..... " 

Obs~rvati;n~ of water content and horizontal momentum would 
',';, 

, , 

furtherassist in arriving at an evaluation of the mixing processes 

',that aretakingplace. Using the limi ts set by East, (1957) on the 

liquidwater'contents necessary for the initial echo development, some 

, inference may be made about the limi ts on the mixing of the cloud water 

wi th unsaturated e~v:i.ronmentair. As mentioned earlier, mixing of hori-

zontal momentum at each level interacting with the vertical transport of 

horizont~l momëntum from other levels, in conditions of vertical shear, 

must account for the observed deviation of a turret's horizontal motion 

from its environmental 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 l 
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c . Jet Medels 

Srivastava (1964) gave a detailed assessment e~ the entrainment 

preblem ~rem a theeretical peint e~ view and presented a ene-dimensienal, 

jet type, numerical medel ~rem which vertical pre~iles e~ updr~ts and 

liquid water centent ceuld be derived. U~ertunately, the assumptiens 

necessary te arrive at a werkable medel de net permit a direct applica-

tien ef this medel tedeveleping turrets. Specifically, the assumptiens 

ef steady state and censtant radius are net as ebserved fer these turrets, 

but weuld be mere valid ~er larger, anvilling cumulenimbus types of cleuds. 

There is ne indicatien in such a steady state medel ef hew the updr~t 

prefile, within a cleud, evelves with time. The ebserved turrets cen-

tained updr~t prefiles which have a very significant evelutien in time 

as may be seen in Figures 33a, band c. Srivastava's medel II has pre-

visien ~er updr~t ceres existing within a shell ef cleudy air and hence 

is the type te be applied te turrets emerging ~rem the top e~ cleudy 

regiens, with the shell being extensive belew the level ef emergence, 

and rather thin areund the emerging turret. It may be pessible te in-

vestigate the time evelutien ef the updr~t by permitting the radius ef 

the cere and shell te v.ary in time as a ~unctien e~ mass centinuity ceh-

sideratiens. 

In a later paper, Srivastava (1966) remeved the steady state 

cenditions, included the grewth ef precipitatien in his medel, but did 

net include entrainment. This resulted in an updr~t pre~ile which 

evelved in time due te the leading effects ef 'precipitatien whese accum-

ulatien at upper levels and subsequent release 'preduced ceupled escil-

latiens in the updrafts and preci'pi tatien, dewndra~ts in lewer levels, 

and a pulsating rise ef the cleud tep. Figure 34 is an example ef a 

...... 
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profile taken from this work. Some similarity to Figures. 33a, band 

c exists, although the time scale of the oscillations differs by about 

a factor 3 or 4. The lack of a downdraft at all levels in Srivastava's 

models may be related to the fact that no entrainment effects were in-

cluded. Mixing with drier environmental air reduces the wet bulb pot-

ential temperatures of the updraft 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 7/04 of July 7 (Figure 33c) developed the 

most vigorous downdraft, 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. 

D. Bubble Moaels 

Scorer and Ludlam (1953) regarded convection as occurring in 

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

ble .. las considered to grow by entraining environmental air if i t was 

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

detrai~ing air when i t .. las 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. Rence for spherical bubbles ~ was observed to lie 

between 0.18 and 0.28. Diameters and upwarq. vel.oci ties of bubbles emerg­

ing from tops of cumulonimbus clouds have been measured (Saunders, 1961; . 

Glass and Carlson, 1963) giving s·preading coefficients, : ,. between 0.18 

and 0.19. 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. 
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It is seen that the more vigorous turrets 7/04, 16/03 and 10/04 behaved 

some1'lhe.t like entraining 'laboratory bubbles, but the spreading coeffici-. 

ent was closer to 0.4 for the greatest portion of their visual history. 

Others, such as 7/01 and 7/05 had spreading coefficients one order of 

magnitude larger than reported by the laboratory experiments; though 

these may have been associatedwith growth in the vicinity of stablé 

layers in the environment. 

Priestley (1954) and Mason and Emig (1961) performed calculations 

for buoyant parcels, accounting for'all of the effects due to mixing by 

means of a single 'parameter referred to as an lIinterchange coefficientll 

by Priestley, and a Il damp!im.g factorll by Mason and Emig. Figure 36 

shows curves which result from Priestley's formulation, indicating the 

various modes of behavior 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 turret top 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 

,is controlled by the magnitude of k, the damping factor. Looking at the 

July 7 te'phigram (Figure Al) and the corresponding turrets, we may associ­

ate the shorter 'period oscill.ations of turrets 7/01 with the slightly more 

stable layer below 6.5 km and the longer period turret 7/04 with the less 

stable region above. The shorter period of 10/01 might be associatedwith 



.' r" 

-
1 
U, ., 
tj) 

e -
o 
lLJ 
lLJ 
D­
(1) 

~ 
u 
t= 
0:: 
lLJ 
> 

,1 

-;f, 0 

- 88 -
, ."; .:.: 

5 10 15 
TIME (min) 

Figure 36: Modes of vertical speed behavior for a mixing parcel:as 
described by Priestley (1954). 

l absolutely buoyant parceL r< rE ' k small. 
IIbuoyant parcel r< fE ' k large. 

III - r= fE 
IV - asymptotic r> rE ' k large. 
V oscilla tory r>rE ,k amall. 

where: r = lapse rate of temperature for parcel 
rE= lapse rate of temperature for enviroment 
K = Priest;Ley 'Ilinterchangecoefficient" 



the remains of the stable layer showing up at 4 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 tendency for 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 Ca function of parcel radius) and of r ~ rE 
. ". . 

(thedifferencebe"tween the cloud and environment l.a:pse rates) that a 
. . .. " ," . ", ...... . .'.. '. . 

parcelwould naturally encounter as i t rises, or of loading by: .. water 

substance •. This is because such spatial variations are not permitted . 
. '.... 

whimarri Ving at the' analy~ical solution' of Priestley' s vertical motion 

~qüa.tion, "which describes. the curve~ in Figure 36. Nor are the effects 
. , 

"~f 'load1ng bYÜqlrld ';~te~ content pernrl. tt~ci;, . In the course of the pre-· 
. . '. '. . . .' 

.', . 

sentstudy,anumerièal' integratic>l?,' including such spatial variations . 

was performedusing' realdS.ta from thet~perature soundings on July 7 
.... ," ',' ,', 

~ . '; : .' ': '. . . . 
and the radiaibehavio'~"'~f'the, observed turrets •. The resulting parcel 

" " ,-; .. ,':' 

trajectories showedgoodagreement with.those'of.the cloud turret tops 

7/01a' and.7Î04~p· tO:th~"ti~e .~~eri : a si~ni~ic'~t . downweXd motion sets in. 
',' . . ... ".::. ': .. '.'. ',", ," . :', :, ................. :, ...... ', ", " 

Significantdepartures' stiil'e}Çisted 'at:"other times; hence initial con-
" ;' 

" " 

clusions'on this type of fbrmuiation'a:r~that during a portion of a tur-
. . ". ... " 

',' '.' 

. ret' s lifetime,' the 'turret top May . depict the trajectory of a single . . 

mixing parcel. Further investigation should reveal whether the depart­

ures result from lack of a detailed knowledge of the spatial variations 

,of k and r -r E (and also of freezing processes and realis tic precipi ta-

tion development), ~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 appropriate value of k, for each level. The behavior of the total 

cloud volume at any instant would be a consequence of the individual ·paro.els 
.... . 

composing that cloudturr~t.atthat instant. Rence wh en we consider an up-

draft at any level within suchaturret, weare simply determining the 
" " ':" . -,'" .," 

integrated effect of all parcels 'passingthroughthat level. Vertical 
. .' . . '. . ". . 

convergence of parcels implies radial divergence of '. the turret. The 

changes in the turret 1 s size imply changes in the c~dtrolling parameter k 

and in the environment of sUbsequentparceismovingthrough the turret, 

and hence the feedback between space and time •. 

. .... :.:.:. 

The full consequences of visualizing aturretasconsisting of a 

variety of "Priestley parce:ls" originatingata varietyof levels are not 

completely understood by the author, but i tVT~uldseeni.to le ad to a method 
, ,'.... 

of reconciling the duality of convectivebeha'J'ior(Le. a jet composed of 

parcels) and maypermit consideration of. the continuous development of a 

convective storm from tl:e small cumulus stage, resembling an individual 

eroding bubble, throu@l 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. Same 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 



the hydrodynamical equations, errors of numerical origin,- and errors in 

the description of the initial conditions. CertainlY the velocity and 

radial growth fields resulting from Ogura's experiment (Ogura, 1936b) 

disp;taY" ~ o,f the properties and magnitudes observed here. Although 

the kinematic approaches discussed earlier are easier to manipulate and 

the necessary parameters easier to determine observationally, the general­

ity of a,kydroqynamic approach is most desirable. A full understanding of 

the nature of transition from smal1 scale cumulus convection to large 

severe storms will likelY come through advances in the hydrodynamic, ap­

proach rather t~ 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 rising 

turrets in a stable environment. The radial spreading of laboratory 

bubbles was not 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 general form of 

a parc el type numerical mOdel, integrated in space as well as time. Alter­

nativelY, a non-steady-state jet model which permits variations in radius 

and entrainment and includes the "shell-core" concept, precipitation growth 

and loading, and the release of latent heats of fusion and sublimation, 

should be considered. 

Although the actual magnitudes of the pseudo-updrafts (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-l0 minutes, 

and the development of downdrafts in association with precipitation devel­

opme nt 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 synO'ptic 'pattern in his study of two major Alberta storms in July, 1964. 

Of the storms discussed in the present study, one was l1 air mass l1 

(i.e. no strongly baroclinic zones in the r~gion), the other definitely 

l1frontall1 . The air mass storm (July 7, 1966) was characterized by the 

gradual develO'pment of a large storm; with vigorous turrets emerging from 

the top of an extensive area of convective cloud, trans'ported into mid­

levels by 'previous convection ''l'hich 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 

storm 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 develO'pment and organization of a storm. These stable 

layers seem to cause some of the earlier convective cells to s'pread radi­

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

first ste'p for the develO'pment of a major storm. 

Conversely, on July 10, 1966, a marlœd cold front resulted in 

cooling at mid-levels through the dynamically induced vertical motion 

associated with the strong baroclinic zone. This vertical motion would 
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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 

cells in this environment grew unimpeded by stable layers at mid-levels 

and the gradual organization of a large areal storm through mid-level 

preconditioning was not evident. Rather each turret was more isolated 

andshowed less tendency to spread radially at mid-levels than was ob-

served on July 7. 

Al though preci'pi tation cells developed on both days, the radar 

echoes on the air massday tended to grow into lar~e organized areas 

(of the order of 10 miles). Echoes on the frontal day remained smaller 

and more isolated. Both days produced rain showers and hail, but the 

air mass day was characterized by larger and more extensive hail than 

the frontal one. 

This does llQi imply that an organized convective storm and sig­

nificant hail may llQi be associated with fronts. The dynamic vertical 

motion fields accompanying an active front may well lead to the organ­

ization of a severe storm. Rather, these observations suggest that the 

organization and development of a major storm in non-frontal situations' 

may be the result of the presence of apparently innocent-looking layers 

of mid-level and upper level stability in the troposphere. Future study 

is very necessary to further define the role ofsuch 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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f'ollowed the passage of' a marked cold f'ront which resulted in backing 

winds between the surf'ace 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 

dif'f'erence in storm character has already been discussed; a large 

organized storm on July 7 producing widespread rain and large hail, 

more isolated cells on July 10 producing scattered showers and small 

hail. Proppe (1965) has already f'ound that f'or Alberta storms, strorig 

wind shears hinder the development of' most hail storms. Also conditions 

of' veering winds below approximately 4.5 km and backing above, were most 

f'requently associated with the occurrence of' signif'icant hail; and back­

ing winds at all levels with showers. Hence the present study is con­

sistent with Proppe's f'indings and suggests that f'urther 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 'vhich 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 individuality 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 af'ter the f'irst 

echo appears. Indications are that the release of the latent heat of 

f'usion f'rom f'reezing precipitation within a turret may brief'ly 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 i tself. A downdraft developed whenever preci'pi tation 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 separate the roles of 

vertical flux and lateral flux in producing the observed volume growth 

of a cloud turret. Hm"everpseudo-updrafts, computed assuming no net 

lateral flux into (or out of) a turret, show a rapid evolution in time. 

This evo1ution is more rapid than that suggested by current models of 

convective cloud growth. Major turrets complete an updr~t 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 storm 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 fundamental 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 s'pace. 
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Such cells are probably best described as pulsating jets rather 

than either bubbles or steady state jets. Figure 37 is a schernatic 

representation of the properties of such a model convective ceU at 

3-minute intervals in time, as inferred from the results of this study. 

The thin solid lines are isotachs of updraft velocity, the dashed line 

a particular air parcel trajectory. A uniform horizontal motion of 

-1 10 m sec was assumed. The time of the emergence of the visual turret 

top is taken I;l.S zero min. 

Interesting future studies in cumulus turret behavior might in-

clude 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 to liquid water content, 'precipitation growth (and 

fallout), and freezing, along with parameters of mixing and instability 

that are variable in space. Horizontal motion may be treated on a 

momentum conservation basis. Cloud turret behavior would then be depic-

ted by the relative positions of a varietyof parcel trajectories at 

successive instants in time. 

Many future 'uses of stereo 'photogrammetry suggest themselves 

in the present study. The pileus (or cap) cloud, or inactive cloud 

fragments in the vicinity of a developing turret, may be used as trac ers 

of the local circulation. Also a detailed study of a complete storm, 

one which remains in total view for its whole historyfrom small scale 

cumuli to large cumulonimbus, must be hoped for in the future. Such a 

study should include data on initial radar echoes, and subsequent high 

intensity cores a.s seehnby ~ high resolution, quantitative radar system. 
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Radiosonde soundings and pibal wind measurements taken within a few 

miles of the storm are essential for a complete analysis. A knowledge 

of allprecipitation 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 photogrammetrie analy-

sis under optimum conditions permits far more detailed description of 

the behavior of cumulus turrets in space and time than previously at-

tempted. Such behavior is important in the evaluation of current 

modeis of cumulus dynamics and precipitation growth, and in achieving 

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

Pseudo-updrafts have been computed in Chapter VI assuming no net 

lateral entrainment into the cloud turret. Also volume expansion of ris-

ingparcels due to decreasing ambient pressure with height was neglected. 

Rence 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: 

dV / Uo = - Ao dt 

where: Uo = the updraft speed through a reference level Zo averaged over 

the horizontal area of the turret Ao. 

V is the total cloud volume above level ZOo 

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 turretfs 

surface area. This may be expressed: 

dM (Al) 

where: m = total cloud turret mass above level zoo 

Mo = mass flux through the base at level ZOo 

dM = incremental change in mass flux between level Z and Z + dz 

due to lateral entrainment. 

ZT = height of top of cloud turret. 

Srivastava (1964) after surveying many authors f observational 

and theoretical estimates of entrainment concluded that the fractional 

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

l dM Cf' --=-=11-
M dz r 

(A2) 
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where: r = radius of the cloud element at level z. 

~ = a coefficient having a value of 0.2. 

Substituting for dM into e~uation (Al) from ~~~tion (A2), 

fW. ZT 
dt =. Mo + f fJ- M dz 

Zo 

The entrainment term of e~uation (A3) may be written 

where 

Then l dm = 
m dt 

'1 

P 

[tUA {J dz 
pA 'dz 

p lfp dV =! lfpA dz - V V .. 

~ l f1.Y: 
dt + 11 dt 

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

Therefore: 

1 

P 

-
9:..L . 
dt . 

Mo 
Since Mo is the mass flux through level zo' Uo* = po Ao 

(A4) 

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

for Uo* we get: 

Uo* = $0' [uo + A~ (U 16-4 
- fJ- U )] (A6) 

. 1 9.L. -4 Further simplifying, Slnce ~ = 10 P dz· , 
_10-4 (z zo) 

e ":"'-~2=--';;";'" .1... . 
Po • 

It must also be assumed that ~ 
~Ü -
il" 

Then (A6) becomes: 
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Uo* = -10-4(~o) II _ Lü (10-4 + Q.:..S. ) 
e . 2'" 0 Ao .. r 

In Figure 351 it was seen that two typical types of growth were 

observed; caseI when ~ ~ 0.41 z - zo> r (turrets 10/031 10104 and 

(turrets 'r/Ol and 7/05). Within each 7/04) and case II when &. ;" 5 dz • 

case1 the subcases a) and b) exist for r small (s~ = 0.5 km) and when 

r large (=2.0 km) resp~ctiv:q~ . 
........ 

Case Ia) 
dz . 

Uo = 3 W 1 where W = dt = vertical growth rate of turret top. 

Then 

L = 22 Ao • r 

r ~ r = 0.5 km 

Uo* - Uo 
. Uo - 0.37 

Case Ib) r ~ r =. 2. 0 km 

Then 

Case IIa) 

Then 

Uo* - Uo 
Uo 

Uo CI 1.6W 

.L CI 1.6r 
Ao 

• r . r 'f 2 . 
. Uo* - Uo 

Uo = 

Case IIb) r : !. . 
2 . 

Then Uo* - Uo 
Uo 

0.66 

0.25 km 

- 0.58 

1.0 km 

- 0.82 

Hence, an o~e~~stimate of from 37% to 8210 ~ exist in the pseudo-

updrafts that were computed assuming no lateral entrainment and negligible 

volume expansion due to decreasing ambient 'pressure wi th height .. 
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Temperature 
.1) 

Figure Al: ~emperature and moisture sounding for 17:00 MST, J U1y 7, 1966. Data were taken from 
the Calgary and Edmonton radiosonde ascents and are disp1ayed on the Canadian Teph"_ 
gram. The arrowed curve indicates the effective temperature of a loaded parcel" 1 



Temperature 

Figure AJ: Temperature and moisture sounding for 17:00 MST July 10, 1966. Data werc takcn 
from the Calgary radiosonde ascent but were modified to account for cooling due 
to frontal ascent.(dashed curve - see text). Arrowed curve indicates effective 
temperature of a loaded parcel with no mixing. 
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Figure A4a: Surface chart for "23:00 MST, Ju1y 10, 1966. ( u. S. Dept. of Commerce Dai1y 
weathé Map) 
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Figure A2a: Surface chart for 23:00 HST, Ju1y 7~ 1966. ( n.s. Dept. of Commerce Daily Weather 
Map). 
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