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Abstrany

The laws established by Davies a_.i Taylor (1950) for ths rise of air
bubbles in liquid have been modified to apply to busyant air bubbles in air.
In addition, a simple law for the erosion of these buoyaz* air bubbles has
been proposed. An srosion parameter, E, is derived ir terme of these laws
which, if they are valid, should be constant for all isoclated bubbies. The
erosion constant has been expressed in terms of the bubble's upward velocity
and accoleration and its buoyancy. The theory ig thus subject to test in
the case of cumulus towers by simple measurements from time-lapse motion pic-
tures and an enviromment temperature sounding.

Observations of eleven relatively isolated cumulus bubbles selectad from
both trade-wind region and middle lati” ~1es snov that E is indeed constant
within ths limits of measurement. A case of the aggregation of several small
bubbles into a larger one is also studied, and the applicability to it of
the sams erosion and drag laws established. The interaction of Bubbles with
one another and with the anvirommeut to form large cumulus clouds is dis-

cussed quaiitatively.
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I. INTRODUCTION

The first quartitative model of cumulus cloud growth was the so-called
*parcel method®, which predicted accelerations, velocities, lapse rates
within, and levels attained by convective elements from the external sound-
ing and a thei.vuynamic disgram. The parcel was assumed not tc interact
in any way with the surrounding air. #Wwhen at the time of World War II ob-
servations of individual cumulus clouds became available, it was recognized
that the parcel method was ssriously inadequate due to this sssumption of
non-interaction and that on a given day, the majority of cumuli terminsted
far below the level predicted from parcel comsiderations. Farthermore,
airplans m;nreunts revealed that the lapse rats within clouds was gen-
erally steeper than moist adiabatic and fluctuating, while liquid water
contents usually fell far below that anticipated.

As a consequence of these observations, the next important step in cu-
mulus study was taken by Stommel (1947), who proposed that a cloud in its
ascent was contimually mixing with the drier air of its surroundings. He
devised a thermodynamic methed to calculate the amount of this mixing or
"eritraiment® from soundings made nearly siwultaneously within and outside
a cloud. In so doing he proposed an analogy between a c@lm and a jet
of fluid injected into a resting envircument. He dealt with a rising col-
usn which was in a steady state and which ws internally well mixaed or
homogeneous, #Hodels based oa envraiment Lave Dssu sxuvsndsd by otho
(their work is reviewed by Malkus, 1952a) and have shed light on many im-
portant features of cumulus clouds, such as their failure to reach parcel
heights, their slopes and asymmetriss in a shearing wind field, and their

transports of heat, moisture, and momentua.
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Useful as the entraimmeni model has been, however, it (oo fails to ziwe
informstion beyoni a certain point. The anajogy between a fliuid hose injected
into a resting tankiul of water and a cwanlus =ust not be pushed too far. It
is well known that ccavective "jeis®™ in the atmesphere are self-initiating
and seif-maintaining, and that they grow fiom rest and eventually decay. The
entraiment model, sinea it has so far been concerned with steady drafts,
has been unabls to inquire about the time dependence or life cycle of a cloud,
Farthsrmore, the actual mechanism by which extraimment occurs has been delib-
erately circumvented by the use of a homogeneous draft discontinuously dis-
tinct from the surroundings, and only *he effeéts of mixing have been con-
sidered. It has btesuo tacitly assumed that eddying or turbulence plays an
important role in entraimment, though a considerable amount of rather unpro-
dactive argumentation has gone on concerning how much of the influx may be
ordsred convergence.

Recently, a model of cumulus was suggested by Scorer and Ludlam (1953)
which, if quantitatively establishable, surmounts the foregoing 2iificulties,
simultaneously introducing time dépendonce and providing & mechanism for the
entrainment process. The new model envisages a cumulus &s an aggregate of
buoyant bubbles of saturated air, which interact both temporslly and spa-
tially. The buoyancy of an individual bubble is nearly balanced by the drag
caused by the deflection and flow of ocutside air around the spherical cap,
so that its vclocity of ascent is prevented from approaching znywhere nearly
that of the ° Jly accelerating parcel. The model envissges that the dbubble
contimously sheds its outer skin as it rises, while maintaining the quasi-
spherical shape of its upper anrface, until finally its 1life ends when it

has been completely wasted away by erosion,
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Behind the flattened bubble cap is formed a turbulent wake, which is com-

posed of a mixture of the saturated air shed from the bubble and 2ir from the

surroundings which has been incorporated into the wake. The eddy stresses
within the wake transform the potential energy rveleased by the bubble!s as-
cent into turbuleut ensrgy in the air behind it. The wake thus consists of
rough, slowly ascending buoyant air with properties somewhere betwsen thosse
of the undiluted bubble cap and those of the surroundings. It thus consti-
tutes a preferred region for the ascent of succeeding bubbles, protecting
them from erosion by the environment.

The model further hypothesizes that large cloud bubbles (see Ludlam and
Scorer, 1953) are formed by the aggregation of smaller ones and their wakes,

and that a cloud that penetrates to great heights generally does so by the

successive release of single bubbles., These emerge beyond the region of pro-

tection by surrounding cloud mass &as isclated towers. The jnitial formation
and maintenance of a cumulus may occur in different ways, depending on loca-
tion, and external conditions. A succession of bubbles may enter through
cloud base, originating fror thermals in the subcloud layer, or the cloud-
scale bubbles may form entirely within the cloud layer, usually at any level
up to that where thz enviromment lapse rate becomes more stzble than moist
adisbatic, called the “tectonic 1imit* by Scorer and Ludlam (1953j.

Many features of this model are supported qu:litatively by observations

already axisting; among these is the growth of large cumuli by successive

tower productior (Byers and Battan, 1949), the aggregation of smaller cloud
elements to form larger ones (Malkus, 1953), and others such as the rounded
tops of growing cwmuli which are common visual observations.




-5

rerhaps the most promising feature of the bubble model is, however, that
it points to the unit or "proton" of convection, the mechanics and life cycle
of which may possibly be described anmalytically. If so, the way is paved
for building up a cumins by a series of interacting bubbles. The primary
purpose of this paper is to formmlate the laws governing the rise and ero-
sion of a singls, non-interacting saturated bubble and to test these by ob:
servationz upon mut;d cumulus towers. It is assumed here that the ero-
sion of individual isolated bubbles depends simply on a few parameters and
is independent of properties of the enviromment other than lapse rate. The
roie of the enviroment is held critical in the interaction of bubbles to
constitute a cloud. Preliminary steps toward the aggregation of smaller bub-

bles into larger ones are taken in the later sections.

II. THE THEORETICAL MOIEL

a. A Differential Equation for the Rate of Rise of Cumulus Bubbles

Based on the werk of Davies and Taylor (1950), who studied the risa of
air bubbles in liquid, a differential equation for vertical velocity as a
function of time is derived which may be shown applicable tc isolated cloudy
bubbles. Davies and Taylor investigated, both theoretically and experimen-
tally, bubbles of tctal angular aperture (28y in Fig. 19) ranging from about
70°-120°, They showed that the ﬁpper surfaces of these bubbles were spheri-
cal to a very high degree of approximation and that the flow around these
spherical caps wae, within small experimental error, the same as potential
flow around a sphere. The velocity derived from the appropriate pctential

function was found to agree with the measured constant velocities of the
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bubbles' ascent. FEach bubhle was found also to retairn its shape ana spherical
surface throughout its rise,

The conadaition that a spherical shape be an equilibrium cenfiguration for
a rising bubble is that the total pressure be constant along the curved sur-
face., The modsl of Davies and Taylor 18 illusirated in Fig. 1. The frame
of reference is shifted so that the bubble is held at rest and the air has a
free stream velocily w, past the bubblse, where w, is its constant ascent
speed. At the stagnation point, O, the dynamic pressure %proz must be ex-
actly balanced by the difference in static pressure exerted by the column
within the bubble beneath O and that by an equivalsut outside colwman, i.e.
the buoyancy and drag are equal. This balance maintaine at every point along

the curve B if

1 9
gBx = — |w,% —~ ein® © (1)
2 1

where the left side represents the decrease in static pressure from 0 to any
point A & an angle 6 and the right side representz the decrease in dynsmic
pressure. The quantity in the parenthesis, '02 9/k sin? 8, is the square of
the velocity at A, derived from the potential function for a sphere at rest
in a fluid with undisturbed velocity wy. The acceleration of gravity is de-
noted by g and the buoyancy of the bubble by B, where B = ©-/C; € is
the bubble denaity and < that of the surroundings.

Referring again to Figure 1, we zees that
x'=xcos ®=R cos ® (1 - cos 6) (2)

anca therefore

i at 7
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= = - Wy Jfor small © (3)
8cos® (1l -cos®©) U

gBR = w,

The approximation for small © holds within 10% if @ is as large a3 30°. M-
nally we have

2 omt
'o=§(m) (k)

This is the relation checked experimentally by Devies and Taylor (1950) when
B~ 1. The fact thai the measured w, and the w, calculated using the measured
R agreed so well indicated the validity of the assumption of potential flow
around the cap.

Equation (3) may be rewritien

9

2

gB = —
LR

(5)
which shows the balance of forces per unit mass achieved when the bubble has
its limiting or equilibriwme velocity w,. The left-hand term gB is the buoy-
ancy force per unit mass and the right-hand term is the drag force per unit
mass, this force being c21lsd pressure or form drag by hydrodynamicisus.
Since the mass of the bubble is proporiional to R3 s the form drag force ox

the bubble is proportional to 32 or to its surface area, as expected.
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the case of the atomic bomb cloud. He showsed that the msasured rate of rise

cf the cloud was very nearly equal to that calculated using equation (l)

treating the bubble as one of zero density with an equivalent radius equal {

to that at which ©3 = (©5/2. The relation between /©3, the bubble density
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and @, of the enviromment ha found from other considerations involving the
bomb. An atomic bomb cloud shown side by side with a single trade cumulus
bubble is depicted in Figure 2. In modifying Tsylor's results to ccnstruct
a model for isolated Lumulus bubbles, the followiug b&sic assumpticns are
employed: first, that the caps (cloud tcwer tops) are quasi-spherical and
second that the actual rate of rise, w, dsparts not too widely from w,, =0
that the same dxag law will be applicable., In this case, the forces are
not quite balanced and an acceleration term is introduced so that we have a
differential equation for w as a function of time, namely

dw 9 2
_..=gB-—-g or
dt [h ]
(6)
dw 9
_+_'2=gB
at LR

where the acceleration is now set equal to the sum of the forces per unit
mass, these being buoyancy and form drag.

The model for a cumulus tower is not yet complete, however, for in
general R is not constant as in the case of Davies and Taylor, but is ds-
creasing with time due to erosion. This decrease in size, in fact, is en-
visaged as the reason for introduction of the acceleration term in the st-
mospheric case. The bubbles are supposed to retain their shape as they
srodes and maintain a nearly constant aperture, the decrease in mass being
reflected in a decreasing R. As R decreases, w,, the limiting velocity,
also decreases according to (L), so that the actual cloudy bubble is always
rising slightly faster than w, and decelerating. The major new assumpticn
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of the present paper is the introduction of an erosion law, or a functional

dependence of R upon t,

b. The Erosion of a Bubble

The physical mechanism of erosion is envisaged as fcllows: The surface
of the bubble cap represents an unstable interface between two fluids. Simi-
larly in the case where water is poured on the top of kerosene, the insta-
bility will attempt to relieve itself by the growth of protuberances upward
from the lighter fluid through the interface. In the case of the cloud, thsse
give the tower a knobbly or cauliflower-like appearance superposed upon the
spherical cap. The protubersnces will mix with the enviromment and by dilu-
tion and evaporation become more dense than the tower. They will thus sink
relative to the cap and be swept back by the ambient flow and incorporatsd
into ihis wake, The bubble cap is thus hypothesized to retain its shape and
bubbles of all siszes are assumed geometrically similar. If this hypothesis
is walid, it may be possible to set forward an erosion law which holds for
all isolated bubbles. An extremely simple erosion law is tested here. The
rate of erosion of volume is hypothesized to depend only upon the surface

area and the buoyancy which is responsible for the erosion, namely

— = - 3ER°gB (M

—= - EgB (8)
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and we wish {0 determine whether E, a measure of the rate of srosion, is the
same for all bubbles. We can expect E tc be a constant only for bubbles ris-
ing into undisturbed surroundings, but it is just such bubbles that are most
readily observed as rising cumulus towers.,

The implications of the introduction of so simple an erosion law must
indeed be examined. It should especially be inquired why w to some power
was not explicitly included, for its omission carries the infersmce that for
the range of velocities possessed by convective bubbles, the erosion should
be quite independent of the flow around the bubbie and depend only upon
binoyu;cy and surface area. Although a more general law for erosion is dis-
cussed in Appendix I, the simple one of equation (7) may be subjected to
observational test. Since the validity of the erosion law is the crux of
the development in this paper, the major part of the ocbservational section
is directed towards its testing in actual cases.,

In crder to make these tests, the erosion law of equations (7) and (8)
is to be combined with the equation of motion, equation (6). If we consider
equation (0) under conditions of constant buoyancy, as when the external

lapse rate is close to the wet adiabatic, then

R= - EgBt (9)

if we take t = O at the moment of exhaustion of the bubble and negative ¢
equation (6) becomes

W = gB (10)
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This equation is a non-linear differential equation of the Riccati-type. It
is not readily integrated (see Ince, 194k, p. 23) but may be @asily trans-
formed into a linear, gecond-order equation with non-constant coefficients,
which is also mot reacily integrated. This, however, does not constituts a

serious misfortune. ZEquation (10) may te readily solved for E, giving

3 3 (wtea-ve?
; E“=G-= 3 (11)
w

where henceforth dw/dt will be written %. Since the purpose of this analysis
is to test whether the combined force and erosion law:c are valid, that is
whether B is constant for all isolated cloud bubbles, the equation will be
used for the present in the form (11). It is noteworthy that this equation
provides an estimate of E from the most easily obeervable quantities, vis.
the height of the bubble as a function of time and the buoyancy. It does not
involve a measurement of R which, at this stage. we do nct krow how to mea-
sure precisely a.nd'is usually difficult to estimate because of the knobbly
appearance of cumulus tower tops. Also (9) will provide an estimate of R
which must be consistent with observation if the theory is wvalid.

In general, the buoyancy of a saturated cumuius bubble will not be con-
stant, since the enviromment lapse rate usually differs from moist adiebatic.
The effects of buoyancy variations will be investigated in general in Appen-
32z I, Thers il 15 swowm that if such variatious in gB are glow, equation
(11) is still applicable using the variabls values of buoyancy. This result
may be established very simply in oms special case, nsmely if the tuoyancy
variation may be expressaed by a function of the form




B

- 12 =
B = Bed? (12)
Thus from (8)
R= sgnoo('l a- o 1") (13)
. %
3 e 1 - w/gn)}
A S e 1\ g&B (1 - w/gB) )
2 o v

If the buoyancy increases by one-third in iGO seconds, them 4 t =~ 0.3 and

ot _ 4 1,
———— 23 -t+-qt - e v o o z-t
o 2

in which case (1) reduces to (11) except that B is now a variable. This
means that (11) can be used by putting in the buoyancy at each instant, wm-
less the changes sre somswhat larger than those just indicated. This conclu-
sion is derived more generally in the Appendix and will be used throughout
the observational work.

¢. Critical Discussion ol the Theoretical Model and its Applicability
to Cloud Towers
The theoretical model may be divided inmto twe essemtial parts, the force
law and the erosion law. The erosion lav is strictly an assumption, the aprli-
cability of which to cumulus towers is only to be established by observation,
The applicability of the force law, on the other hand, may be established
theorstically, subject only to two conditions: first that the cloud towers

retain a quasi-spherical upper surface, and secsxd that the erosion is
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sufficiently alow so that the ascent wvelocity does not radically depart from

the limiting value wy. The meaning of the )zitter assumption is that the flow

pattern around the tower is quasi-steady, or that the streamline picture
changes from a steady-ctate configuration characteristic of ore limiting ve-
locity to that of another without large transient terms., The exact diifer-
ential equation cculd be fer:d by starting from the equations of uncteady
potential flow and the result would be some factor slightly greater than
one to multiply by the w term in equation (6). This factor arises physi-
cally from the fact that an additional acceleration must be produced by the
buoyancy to deflect and send backward a small film of environment air sur-
rounding the bubble. Another correction to the acceleration term, in the
opposite sense, may be caused by the emergence and shedding of the buoyant
protuberances from tiie cap which may give a small ®"rocket effect®., Since
these are both second-order corrections and opposite in sense, they will
be neglected. The measurementsz now available, anyhow, would not permit an
observational test accurate emough to select between a factor of one times
the w term in equation (il) and a factor of about 1.3.

The applicability of equation (6) to cloud tocwers may be further vali-
dated in two ways, without building upon the work of Davies and Taylor, pro-

vided only that the tops are guasi-spherical. At Reynolds numbers of 106

8 _ 10%) experiments on turbulent fiow

and higher {for cloud tower Re = 10
around all types of spheres, ranging from gaseous to solid (see Goldstein,
Vol. I, 1938, p. 25) have shown that up to 307 angles on either side of the
flow axis, the ambient velocity distribution is indistinguishably different
from potential flow. Up to angles of 60°, the flow closely approximates

potential flow. Furthermore, we may check the drag law in another way.
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Accoerding to the theoretical analysis

Drag force 9
—_— = -y (15)
unit mass Lr
or
. (26)
= - 1
g LR

where Fp is the drag force on the tower; M is its mass; and R its radius of
curvature. Equation (16) may be compared with the form drag equation com-
monly used in the study of turbulent flow around spheres by hydrodynamicists,
namely
1 2
FD = ‘c -2- Cpew or
- Qan

Cp = 2RD/Acpu2

where A, is the cross-sectional area of the sphere; < is the fluld density;
and Cp is a dimensionless drag coefficient, found experimentally to depend
upon Reynolds nmmber.

We may use (16) to obtain an expression for Fp and then apply (17) to
get Cp. The mass of a bubble with half-aperture 6, and radius of curvature
R is

2TTR [ 1 \
@[ 1 - cos @, 1+—sinen‘

3 2 _|

while its cross-sectional area is

M= (18;
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Ac = 1TR2 sin Qm (19)

The average angular half-aperture of observed cloudy bubbles came out 30°.
In this case Cp is found to be 0.2k.

In expsriments on turbulent flow around spheres, at Reymolds numbers
106 and above, Cp comes cut 0.20 (see Rouse, 1938, p. 215).

- Thas our entire theoretical model could have been constructed merely
from the common observation that the tops of cumulus towers are almost
spherical. The differential equation could be set vp using a w2 drag law
with a Cp = 0,20 and a tuoyancy acceleration, gB, with the erosion law in-
troduced specifying A, as a function of time. An equation similar to (11)
would thus result which would centain a constant proportional to E. The

_ observational testing would be entirely the same as that which follows.

Taylorts model, however, and the bubble approach used here are preferred
because more is thus said about mechanism, both concerning the maintenance
of the spherical cap and the preduction of the turbulent wake.

The modifications which may be expected in a shearing wind field are

discussed in Appendix II.

III. OBSERVATIONS ON CUMULUS TOWERS

The nrimary purpose of the observational work is to test the constancy
of E in equation (11). A superficial examination of time-lapse photographs
reveals many cumulus towsrs sufficiently isolated for the equation to be
applicable to them. A bubble is suitable only if its motion is not much

affected by the ascent of a larger one beneath, which subsequently overtakes

it. This applies not only to a separate large bubble but aiso to the wake

e i s adiodi S
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of the bubble itself; and the demise of a bubble must be noted not only by

a cessation of ascent but also by a disappearance of the clear-cut top. The
wake usually continues to ascend for several seconds after the bubble itself
is exhausted, but cwing to evaporation ita outline is not clear anmd its size
is shrinking., When there is considerabls wind eshear, a bubble is carried to
one side, and is therefore not interfered with by its successors; and whea
the surroundings are dry the evaporation of the wake prevents interference
by it. Indeed these two conditions which militate against the growth of
clouds because they isolate the bubbles and prevent. successors from adding
to their wakes, are ideal for the study of individual bubbles,

It was envisaged (by Scorer and ivdlam) that = bubble would be composed
by aggregation of several smaller ones. This process has been observed in
the trade-wind region and described qualitatively hy Malkus {1953). The com-
posite nature of the large bubbles used in the present study was apparent
from the time-lapse films., In generai, the uppermos! visibls part of a ris-
:lﬁg tower ascends somewhat irregularly, while the upper limit of a smoothed
outline ascends with a more slowly warying speed It is sometimes possible

to0 make measurements both on the Lubble as a whole and on the individual

‘onsa of which it is composed, if at any time they emerge from the top long

enough to make an ascent alone in the clear air, It is significant that
squation (11) has been applied successfully both to composite ani to indi-
vidual bubbles. and this strengthens the contention that the theory des-
cribes a real process, and that not only are cloudy bubbles built up from
several smaller ones, but that we may treat the composite ones just like

the irndividuals., After discussing the measurements on several cases of
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isolated single bubbles, a case of sggregation of several of thess individu-
als into a composite bubble is cconsidered.

The time-lapse wmotion pictures used were made on field programs of cu-
mulus study by the marine meteorology group of the Woods Hole Oceanographic
Institution. A group of films was used from the Nantucket program of the
summer of 1950 (=ee Malkus and Bunker, 1952; Malkus, 1952b; also Malkus and
Stern, 1953) and amother group from the Caribbean expeditions of 1952 and
1953 (described in part by Malkus, 1953). The measurements were made by pro-
Jecting the films in a microfilm reader. The height of the cloud base was
knowr from airplane observations (usually of the same clouids being photo-
graphed. whils the photography was in progress) and the cloud top height was
derived from the height of it and the base above the horizon. Errors due
to the earth!'s curvature and to the height of the camera above sea level

were found to be negligible. The height of each tower was plotted against

time (the camera shutter was automatically tripped at a fixed interval) and "
& curve was drawn to smooth ont the irregularities produced by the knobbly
surface of the tower.

The vertical velocity was drawn to be reduced to zerc at the end of
each ascent, but since we are concerned with the velocity relative to the
air, and the air may have been ascending slowly above the buoyant wake, it
is likely that the deceleration of the bubble in its final stages has besen
overestimated, though the velocity would nmot be seriously afiected. This
would lead to an overestimation of G in the last second or so, which is
indeed observed in many cases.

Theoretically, examination of equation (6) tells us the same thing.

S R R P T,
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It is clear that w cannot go to exactly zero at t = 0 if gB is to remain
positive. Physically, this means that the bubble, since it is decreasing
in sisze, =ust always rise with a velocity siightly in excess of its limit-
ing velocity. Although the limiting velocity goes to gero at t = O, the
actual welocity of what is left of the bubble must remain greater than sero.
Altogether, eleven cases of individual bubbles were studied; in nine of
these the saviromment lapse rate was such that a constant value of buoyancy
could be used. In one of the latter, the bubble studied was so isolated
that it seemed to behave in every way like the "ideal™ bubble described by
the model. Therefore, this case, that of a cloud over Nantucket, U.S.A.
on August 1lli, 1950, will be described first and in greater detail than most

of the others.

a. Case of August 1k, 1950. Nantucket, U.S.A.

The clouds formed on this day have been discussed at length elsewhere
(Malkus and Bunker, 1952; Malkus, 1952b; Malkus and Stern, 1953), and vast
amounts of supplementary data were available. The cloud studied is shown
in a sequence from the fiim in Figure 3. The bubble selected is the top-
most forming the cioud turret and is indicated by the whiie arrow. The
wind shear on this day was so high (-5 mps/km) that successive bubbles
were unable to interact and the cloud tower petered out at a height where
the enviromment lapse rate still axceeded moist adiabatic.

The measurements from the time-lapse films are shown in Figure L. The
points give the height of the bubble cap at each freme (3 seconds apart)
beginning when the bubble emerges from the cloud, or when the white arrow
first appears on Figure 3, until it reached nearly its maximmm height and

—— i At e gt
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the film showed its edges becoming fuzzy. At this frame, as nearly as it
could be specified, t was set equal to gzero. A smooth curve is drawn
through these points on Figure L and obssrvations read off every four
points, or twelve seconds apart. Velocities are found by taking first dif-
2ersnces of these heights and accelerations by taking second differences.
These second differsnces are indicated by x's in the inset graph of Figure
k, converted into u/mz, and a smooth curve is drawn through them. The
accelerations used in the table below are taken from the smoothed curve,
and the velocities are usually smoothed in a similar manner. If the buoy-
ancy B is taken as a constant equal to 0.0836 (to be discussed presently),
the value of G comes out for each observation as shown in Table I.

The buoyancy of the bubble was estimated from the clear air sounding
according to the following procedure: the temperature curve followed by
the bubble was assumed to be the moist adiabat crossing the sounding curve
at the bubble's level of origin. From this, its virtual temperature excess,
and thus its demsity deficiency, relative to the enviromment could be cal-
culated. In the case of August 1ll;, the motion pictures seemed to indicate
that the large bubbles were forming at about 1300 m, at which height a
visible transition from main cloud body to "turret" appeared to take place,
thus indicating the tectonic limit. Figure 5 is traced from the film
viewer at the frame corresponding to observation 2 in Table I, and shows
this division. Figure 6 shows the buoyancy calculation, the solid curve
(celculated from the sounding) giving the virtual temperature curve of the
enviromment; the dashed curve gives the virtual temperature of the bubble,
calculated from the moist adiabat intersecting the sounding at 1300 m.
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The virtual temperaturs difference in the observed height range is about 2.3°C,
and nearly constant, giving the value of gB = 8,2 used in the table,

The value of G = 0,200 is the average for this bubble (coincidemtally, it
is nearly exactly the same as the over-ail average fcr all eleven studied).
This gives a value of E of the erosion constant of approximately 50 seconds.
The variations in G within the single bubbls are expressed by J° and A ,
the former being the percemtage maximwm departure from the average, and the
latter the maxiwmm range in G divided by the average. The values of the buoy-
ancy are probably not accurate to better than 15% thus variations that large
in G may be expected due to this cause alone. Thus the value of E should be
written as 50 + ~ 8 sec and is only reliable to one significant figure.

Now the last four columns in the table may be discussed. In order to
test the iaternal consistency of the bubble mcdel, and especially the assump-
tion that w did not greatly exceed w,, R may be calculated from (9) using
E = 50 seconds. The limiting velocity, w,, is ithen calculated from (4) using
thiz value of R. The actual w is seen always slightly to exceed this calcu~-
lated w,. The fraction by which w exceeds w%, is calculated in the next-to-
last column. It is possible to make an independent check computation of this
fraction by solvirg (6) for w, and subtracting v, from the numerator and
dividing by it, giving after substitution of (L)

W - W,

=(1 - G/ga)i’ -1 (20)

Yo

The last column shows the fractional departure of w from w, found using this
method. Since a 1 mps error in measuring w may give an error in this quantity
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of 100-200%, the agreement between the two methods may be considered very
satisfactory. The angular half-aperture of the bubble may be calenlated
from the relation (see Fig. 19)

sin 6, = (21)

D
2R
using the measured value of D at the second observation and the corresponding
R, the angle 6= comes out 33°, which is on the amall end of the range studied
by Davies and Taylor (1950).

Next, several trade cumulus bubbles are considered.

b. Case of June 30, 1952. St. Croix, V. I.

The largest bubble, which was also the bubble which penetrated to great-
est altitude, was photographed on this day from the island of St. Croix.
Although the films lacked sufficient contrast for reproduction, one of the
frames is traced in Pigure 7, which shows the dimensions and sppearance of
the bubbhle studied. This cese was particularly important because it was the
only one permitting a direct check of the erosion law. The same calculations
as made for the preceding bubble are presented in Table II. The frames were
six seconds apart and measurements were made every fourth frame. The buoy-
ancy calculation is shown in Figure 8. On this occasion, not only did the
films indicate that the large bubbles were forming at about 1800 m, but the
sounding showed that the external lapse rate exceeded moist adiabatic up to
that level, above which it became equal to moist adiabatic, thus clearly
demarking the tectonic limit.

The value of @ is seen to be nearly identical to that for the Namtucket
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cloud previously studied, despite an entirely different air mass and lo-
cation, The vaeriations during the bubble's 1life are smaller than pre-
viously and do not excesed the error of the observaticns,

This bubble was so isolated on the fiim and maintained such a amooth
spherical csp “hat it was possible to measure the cap diameter with some
confidence from t = -183 sec to t = =33 sec. The results are plotted in
Figure 9. A straight line was fitted to these points which had a slope
AD/At = -h x 10° cu/sec. Since the diameter of a bubble, according to
the model, should be proportional to the radius of curvature A D/At should
equal AR/At. When AR/At is calculated from (8) it comes out AR/At =
-EgB= -50 x10 = -5 x 102 cm/sec. Thus the observed slope departs from the
theoretical by only 20% (about the accuracy with which the measured values
of D adhere to the straight line in Fig. 9) and we may ccnsider that the
erosion law has been directly checked, in this one case. The half-aperture
@, was calculated for t = -129 secs to be 35.5° and since the bubble was
seen to retain its shape throughout the times represented on Figure 9, it
may be deduced that this angle remained very nearly constant throughout its
lifetime.

c. Case of M> . 18, 1953. Anegada, B.W.I.

Two trade cumulus bubbles over the open ocean were observed from Ane-
gada Isiand (120 miles east-northeast of San Juan, Puerto Rico) on March 18,
1953, As in the preceding cases, a simulianeous airplane meazurement of
cloud base and a temperature scunding within a few miles of the clouds were
available. A sequence from ths time-lapse films showing the bubblee is prs-
sented in Mgure 10. The calculation of G is presented in Tables III and IV.
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Teble IIX. Bubble 1, March 18, 1953.

- 25 .

Anegada, B.W.I.
Height range atudied 1500-1780 m

Cloud base 570 m; gB = const. = 7.6 cq/soc2

Observation -t (-t)} _
Number gec soc'}
1 95.8 9.8
2 81.k 9.0
3 67.0 8.2
k 52.6 7.3
s* 38.2 6.2
6 23.8 k.9
7 9.k 3.1

*Diamster measured roughly at

this frame tc be 160 =

w

cm/sec

323
nr
308
292
280
263
175

w

am/set:2

-0.2
~C.4
-0.6
-0.8
-1.2
-4.1

-£.1

w/gB

- .053

- 079

- 0158
540
-1.06

1-w/en)} o

sec?

0.23
0,22
0.21
0.20
0.18
0.18
0.2C
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Table IV.

Height range studied 1380-1680 m

Bubble 2, March 18, 1953.

- 26 -

Anegada, B.W.I.

Cloud base 570 m; gB = const. = 8.0 cm/sec?

Observation -t

Kuber sec
'y 86.4
2 72.0
3 57.6
b h3.2
5 28.8
6 4.4

(-t}

sect

9.3
8.5
7.6
6.5
5.4
3.8

*Diamster measured very

roughly as ~ 340 m

cm/sec

381
367
352
336

205

cm/sec?

- 0.6
- 0,8
- 1.2
- 2.1
-ba
-10.2

w/gB (1-i/ga>* a

soc’i

- 0075 looh 0020

- +100 1.05 0.19
- 150 1.07 0.19
- 02& 1.12 0.17
- .03 1.23 0.18
-1.280 1.51 0,22
=019
d = 15%
4 = 20%
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The time interval between frames was 3.6 seconds and onbservations were read
off every four frames or 1lh.h seconds apart.

Since these two bubblss were protrusions from a larger cloud turret
(ree Fig. 11), the estimation of their diameters was extremely difficult.
The buoyancies were arrived at by a procedure similar to that of the pre-
coding cases, except that examination of the film suggested that these bub-
bles had risen from cloud base, or very nearly. Thus the moist adiabat in-
tersecting the sounding at cloud base was used. The diagram showing the
buoyancy calculation is ziven in Figure 12. Since the enviromment lapse
rate was steeper than moist adiabatic on this occasion up to 1600 m, bubble
agglomeration could presumably have occurred in other bubbles much above
cloud base. Several clouds in the vicinity were traversed by the aircraft
on this day up to 1675 m, and it will be attempted later to determine
whether this was the case.

Since these bubbles were far less isolated than the preceding cases,
the degree of constancy of G is extremely satisfactory.

d. Case of April 2, 1953. Anegada, B.W.I.

A rather isolated trade-wind bubble was observed from Anegada on April
2, 1953, and a sequence from the film depicting it is reproduced in Figure
13. The pertinent calculations are presented in Table V. The frame cor-
responding to obssrvation & has Leen tracsd and is shown in Figurs 1. Ths
origin of this bubble appeared from the film to be about 1 km, although
the lapse raie slightly exceeded moist adiabatic up to about 1900 m. The
buoyancy calculation is shown in Figure 15. fThis day was an extremely mar-
ginal one for convective clouds and bubbles only feebly succeeded ons
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Table V. Bubble of April 2, 1952. Anegada, B.wW.I.

Height range studied 1340-1920 m

Cloud base 590 m; gB = const. = 5,6

gbservation -t -t)F O R L
Fumber sec sach cm/sec a-/asoc2 sec—3
1 187.2 13.7 370 0 o 1 0.21
2 172.8 13.2 368 -0.17 - .03C 1.015 0.20
3 158.4 12.6 362 -0.3h - 061 1.03 0.20
b Vik40 12.0 352 -0.51 - 091 1.05 0.20
5 129.6 .k 335 -0.85 - .152 1,07 0.20
6 15,2 10.7 310 -1.02 - .182 1.09 0.21 1
7 100.8  10.0 295 -0.97 -.a73 1,08 0.20 5
g* 86.L 9.3 278 -0.85 - .152 1.07 0.20
9 72.0 8.5 265 -0.85 - 152 1.07 0,19
10 57.6 7.6 253 -1.02 - .28 1,09 0.18 4
1n h3.2 6.5 220 -1,37 - .25 1.1 0.18 i
12 28.8 S.ls 210 -2.56 - .U57 1.21 0.17
13 .l 3.8 169 -6.0 -1.07 1.u4 0,18 !
*Diameter measured as 290 m @ = 0,194
4 = 10%

A = 208 ?v




v - e

»L—-..—--- e,

- 29 -

another. Further cloud studies by the airrlane on this day may perhaps re-

veal the reason.

e. Case of August 8, 1950. Nantucket, U.S.A.

On this day a total of ten bubbles were observsd and calcuiations were

mede on six of these., Several of the bubbles studied individually were seea

to amalgamate, and are later discussed as an aggregate or composite bubble,

A sequence fram the film showing the bubbles used is presented in Figure 16.

The irdividual bubble computations are shown in Tables VI-XI.

As the tables show, some of these bubbles, particulariy 8, were hardiy

sufficiently isolated to be treated &s individual bubbles. Figure 17 illus-
trates this point more clearly. Figure 18 indicates the manner in which the

buoyancies used in vhe tables were deduced. On this day, the appropriate
values of gB were obtained by workirg backward, since the approximate value
of G was known from the preceding bubvless. It was concluded that the bub-
bles constituting the clouds on August 8 had risen all the way from the
ground, or nsarly from the ground, using many pieces of evidence. Amnng
these was the fact that bubbles appeared again and again over preferred
positions (see Malkus and Bunker, 1952, p. 11). Alsc the lspse rate sbove
cloud base was more stable than moist adiabatic; thus the tectonic limit
must have been at cloud base (800 m). Therefore the hubbles were assumed
to have risen dry adiabatically up to cioud base and from thence moist
adiabatically, the moist adiabat being chosen in such a way as to give G
somewhere in the previously determined range. It is interesting to note
that the maximum temperature required by a bubble leaving the ground {num-
bers 9 and 10) only exceeds the observed maximm temperazture at Namtucket

g
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Table VI. Bubble L, August 8, 1950, HNantucket, U.S.A.
Height rangs studied 1120-1320 m
Cloud base 800 m

o::::va- 4 () v " gB w/gB (1-:’./@)i ]
Fmber  sec sec} cm/sec al/aec2 cm/| sec? see'%
1 87 9¢3 330 0 7.0 0 1.00 0.20
2" 72 8.5 330 1.7 6.5 -0.26  1.12 0.19
3 57 7.6 300 -3.3 6.0 -0.55 1.25 0.19
k h2 6.5 230 -4.1 5.5 -0.7h4 1.32 0.20
5 27 5.2 170 -i1.6 5.0 -0.92 1.39 0.21
6 12 3.5 90 -4.9 k.5 -1.09 1.kl 0.25

!'mannter measured as 250 m




Table VII. Bubble 5, August 8, 1950. Nantucket, U.5.A.

Height range studied 1250-1400 m
Cloud base 800 m

Observa- -t (-t)* oow " gB
tion

Number  sec uci om/sec <:n/-ec2 c-/emr:2

1 60 Te7 h36 ] 11.0
* 81 7.2 k28 -1.9  10.5
3 b2 6.5 384 - 3.3 10.0
N 33 5.8 356 - L.8 9.5
5 2, L.9 296 - 6.8 9.0
6 15 3.9 227 - 9.7 8.5
7 6 2.5 139 -15.5 8.0

.Di.mter measured as 250 m

“/gB

(1-w/gB)

1.00
1.09
1.15
1.22
1.32
1.46
1.72

3

800-&

0.20
0.19
0.20
0.19
0.20
0.21
0.25

0.210

19%
29%
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Tsble VIII. Bubtle 7, August 8, 1950. Rdntucket, U.S.A.
Height range studied 1400-1670 m
Cloud base 800 m; gB = const. = 7,0 u/socz

Observation -t (-t)} w ] %/gB (l-i/gB)} (e}
Number sec sect cn/sec cn/soc2 m‘}
! 105 10.3 346 0 0 S 0.21
2 90 9.5 340 - 0.7 -0.1 1,05 0.20
* 75 8.7 330 - 1.4 -0.2 1.10 0.20
h 60 7.8 31k -21 -0.3 1.1h 0.21
) 5 k5 6.7 288 - 2.8 ~0.4 1.18 0.20
6 30 £S5 251 - h.2 -0.6 1.27 0.20
J 7 15 3.9 s -11.2 -1.6 1.62 0,30

*Diameter too difficult to g=
measure from film 2 = 36%

S A S M




Table IX. Bubble 8, August 8, 1956. Nantuckeb, U.S.A.

Qbassrvation -t

Fumber sec
1 90
2 L]
3* 7
k 63
5 Sk
6 ks
7 36
8 27
g 18

10 y

- 33 -

Height range studied 1550-1750 m

Cloud base 800 m

(-t)?

sec?

9.5
9.0
8.5
7.9
7.3
6.7
6.0
5.2
.2
3.0

*Diameter measured as 280 m

L v
cm/sec cu/sacz
261 -1.9
26 +1.9
279 +1.9
296 +1.9
296 +1.9
219 o
261 =1.9
220 -3.8
192 =5.7
130 =7.6

w/gB

0,27
+0,27
+0.27
+0.27
+0,27

0,27
-0.5k
~0.82
-1.,08

a-w/e)¥ o

1.13
0.86
0.86
0.86
0.86
1.00
1.13
1.2k
1.35
1.l

0.29
0,21
0.18
0.16
0.15
0.17
0.18
0.20
0.21
0.23

0.198
us%
T0%
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Table X. Bubble 9, iugust 8, 1950. Nantucket, U.S.A.

Height range studied 1600-200C =

Cloud base 800 m; gB = 10.0 cm/sec? = constant

Observation -t

Humber sec
1 96
2 84
3 T2
u* 60
5 48
6 36
7 2k
8 12

(-0t

sect

9.8

9.2

8.5
7.8
6.9
6.0
.9
3.5

*Dizmeter measured as 310 m

v

a/sec

k90

4o8
359
2l

i W  Q-wept o
a/socz sec?
- 0,54 - .05 1.03 0.21
- 0.54 - 0% 1.03 0.20
- 0.81 - .081 1.0k 0.1%
- 1.08 - .108 1.06 0.19
- 1.75 - .175 1,08 0.18
- 3.10 - 310 1.15 0.17
- 5.80 - .580 1.26 0.17
-10.8 -1,08 1.ih 0.21

@ = 0,190
423
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Table XI. Bubble 10, August 8, 1950. HNantucket, U.S.A.
Height range studied 1650-2260 m
Gloud base 800 m; gB = 10.0 cm/sec® = constant
Gbeervation -t (-t}  w . w/eB  (1-w/eB)}
Number sec sect cm/sec sect

i 137 10.6 5140 - 1.5 - .15 1.07

2 105 10.2 520 - 1.6 - .16 1.08

* 93 9.6 500 - 1.7 - a7 1.08

81 9.0 1490 - 2.0 - .20 1.10

8.3 L60 - 2.4 - o2k i1

S7 7.5 k20 - 3.0 - .30 1.14

6.7 370 - 3.8 - .38 1,18

8 33 5.7 3u0 - 5.0 - .50 1.23

9 2 4.6 290 - 6.7 - 67 1.29

10 210 -10,0 -1.0 1.2
*Diameter measured as 390 n tt=
iz
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airport by 0.2°C. It is not implausible that the later bubbles should have
rejquired warmer iniiial temperatures since they were observed to penetrate
to greater heights than treir predecessors. It is also interesting to note
that bubbles 4 and S required variable buoyancy. To obtain a mean buoyancy
of the proper valus to arrive at a G = 0,20, a moist adiabat had to be cho-
sen for these bubblss which gave decreasing buwoyancy with height, although
the rata of decresse was within the range for which equation (11) should
#prly (see pp. 11, 12 and the Appendix). Whea the changing values of gB

were read from the appropriat.e moist adia

; in Fionye 18, howewer, Tobles

VI and VII show that G still retains a satisfactorily constant wvaiue.,

f. Summary of the Observations of Individual Bubbles

Ths average value of 3, called G, for all the bubbles, is just slightly
grester than 0.2 sec—?. Using G in equation (11), the average value of E
comes out 54 seconds, and will henceforth be used as 50 seconds, since the
accuracy of the observations is such that only the first figure is signifi-
cant. Table XII compares all the values of G. The greatest departure, { ,
from the average is 8% and the total spread from minimum to maximum divided
by the average, /A , is 15%, which is within the accuracy of the measure-
ments. The fluctuations of G obtained within the life of a single bubble
can, where they occur, nearly always be accounted for by the interference
of another bubble or a wake, which usually caused the measured velocities
to be too high.

The average anguler half-aperture €, of the bubbles may be estimated
by comparing the measured values of the bubble diameter D, obtained for the

starred observation in each table, and the radius of curvature, R, calculated




Table XII. Radiuz and Wy calculation for each bubble at

Bubble

Date and
Number

Aug. 14
June 30

#1. March 18
#2, March 18
April 2

#i, Aug. 8
#5, Aug. 8
#7, Aug. 8

#8, Aug. 8
'9’ Aug, 8
#10. Aug. 8

*Yery rough measurement

- 37 -

time (-t)* and compariscn of values of &

(-¢)*

96
129
382

86.4

86.4

75

72

93

measursd

meters

k25
750
160
30
290
250
250
too diff-
cult to
measnre

280
310

R
calc.

from B
meters

350
60

Lés

5

cale.

oam/sec

380
540
220
350
250
260
355
285

280

370
LS5

w"'o

Vo

at (-t)*

-10

S e g =

(1-i/gn)?

-1

at (-t)*

.05
Ak
07
-0
.07
.12
-09
.10

-1k
.06
.08

0.200
0.204
0.203
0.191
0.154
0.210
0.210
0.218

0.198
0.190
0.2“
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from equation (9), R = -EgBt. Using E equal tc 5C seconds the corresponding
velucz of R are given in the fourth column frvm the left in Tabls XII. The
average ratio IYR is approximately one, giving an average 8n of 30°, as il-
lustrated in Figure 19. The few cases where it was possible to measure D
fairly accurately (Avgust 1li and June 30) indicate that 6, probably should
be a few degrees larger than this. The next column in Tables XII gives at
(-t)* calculated using the values of R in equation (4). The fractional de-
parture of the measured w at (-t)" from w, is also given in the table and
should be equal to (1 - i/gB)* - 1 which is presented beside it (see equa-
tion (20), p. 21). Although the departures between these two sets of re-
sults are within observational error, it will be noted that the one calcu-
lated from accelerations is systematically smaller than the other. This
nay perhaps be an indication that a factor greater than one should have
been multiplied by the inertial term in eguation (6). It may only indicate
that the method of measuring & from the fiims using smoothed second differ-
ences in heights gives results which are systematically too small. There
is no apparent theoretical way of arrivirg at any factor greater than one
to be multiplied by the inertial tern in equation (6) and even if there
were, no way exists at present of testing it cbservationally. Therefore
nothing will be done here to complicate the model, which has worked out
quite satisfactorily.

Thus it may be concluded that for relatively isolated cloud bubbies ihe
proposed force and erosion laws are applicable. The importance of this con-
clusion lies in the simplicity of the laws and the independence of the bub-
ble!s 1life cycle from goevernment by vast numbers of enviromment parameters.
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In order tc progress from a single bubble to 2 cumilus, however, we must con-

sider the interaction of many bubtles wiih one another and with their envi-
rommenrt, and we must eventually attempt to study the process of wake icrma-
tion. As a first step in the direction of this building process, ihe inter-
action of several bubbles to produce a larger one may be considered, since

information on this point is at present available.

IV¥. THE INTERACTION OF BUBBLES WITH ONE ANOTHER AND WITH THE ENVIRONMENT

In Tables I-XI, bubbles rangirg in diameter from about 100 m to about
1l km were studied. Soms oZ the larger ones were visibly composed of bubbles
of a smaller sise which often made themselves apparent as the bumpy nodules
at the top. Concerning the origin of the smaller bubbles (~ 100 m) several
mochaniams immediately suggest themselves. One is irregularities in sur-
face heating or "hot spots®™ on the ground, as were probably witnessed in
the Nantucket case of August 8. In the case of trade cumulus, small hLubbles
may originate at cloud base when some of the eddies in the mixed subcloud
leyer (50-150 m diameter) strike their condensaticn level. It is interest-
ing to note that none of the trade cumulus bubbles studied here appeared
to originate below cloud bass.

Concerning the aggregation of these small bubbles into tower-sized
larger ones, some light is shed by the fundamental work on a convecting
fluid. In considering such a medium, W. Malkus (1953) showed that the
fluid az a whole and the individual elements therein will organize in such
a manner as to maximisze the potential energy dissipation into other forms.
In the case of riszing bubbles, this dissipatioan is maximized if the product
gBvw is maximised. Equation (L) shows that larger bubbles will poszess a
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higher ascent velocity. Thus the larger eiements will be preferred. It is
not yet clear what places an upper limit upon the size which may be achieved
by aggregstion, althongh this i3 nrobably related to the vertical dimensions
of the convecting fluid layers.

a. A Case of the Aggregation cf &-er..l Small Bubbles into a Larger
Composite Bubble

On August 8, 1950, the amalgamation process took place before the eyes
of the observers, bubbles 5, 6, and 7 joining together to constitute the
largs tower dominating the middls column of photographs im Figurs 16. The
composite bubble is shown in Figures 17b and 17¢, which illustrate how the
smaller, musbered bubbles continued to be identified as protrusions from
the top of this conpbsite bubble, exhausting at different levels as they
each execute their own life cycle. Figure 20 shows the height-time curve
for each of these individuals and the composite formed by them. The re-
sulting calculation for the composite bubble is presented in Table XITI.

.The buoysncy for the composite bubble was determined merely by taldng
+hat ccnstant value of gB which gave G in the range obtained for the other
bubbles studied. The valus of gB = 4.5 implies a virtual temperature excess
of the bubble of 1.3°C, or since the bubble is ascending moist adiabati-
cally, an actual temperature difference of 1,0°C and an increment due to
excess water vapor of 0.3°C. Thesa values wcre cbiained from the themmo-
dynamic diagram assuming that the composite bubble was formed at cloud base
(tectonic limit for this day) and from there followed up a wet adiabat.
Its excess virtual temperature of i.3°C at this level is to be comparsd to
excesses of about 3.6°C for the corresponding individual bubbles. Unfor-
tunately, during the latter part of its history (from -t = 120 sec onward)
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¥able XITI. Composite bubble of August 8, 1950. Nantucket, U.S.A.
consisting of individuals 5, 6, and 7

[}

NV =N 0N LW

10

12

K F

Height range studied 1090-_1730 n

Cloud base 800 m; gB = 4.5 a/sec? = constant

-t

(-t @
sack cn/=ec en/secz

15.5 314 -0.28
15.0 304 -0.28
14.5 30k -0.28
14.0 30k -0.28
13.5 294 -0.28
12.8 294 -0,28
12,2 282 -0.28
11.6 282 -0.28
11,0 272 -0.28
10.3 272 -0.28

9.5 262 -0,28

8.7 218 -0.35

7.8 238 -0.49
6.7 228 -1.75
5.5 198 -3.08
3.8 126 -4.90

*Diameter measured as 500 m

i/gB

-.062
-.062
-.062
-.062
-,062
-.062
-.062
-.062
-.062
-.062
-.062
-.078
-.109
-.390
-.685
-1.09

e — ————

a-w/ep)? o

0.23
0.23
0.22 :
0.21 |
0.21 _
0.20
0,20
0.19
0.19
0,18
0.17
0.15 ‘
0.16
0.16
0.16
0.20
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the composite bubble was being followed closely and pushed upward by bubble

. 8 (see Fiz. 17¢) and thus the vertical motions measured sre too wdgh, giving
excessively low values of G in Table XIII. Nevertheless, it may be con-
sidered to obey the lsws for a single bubbles fairly well, as is supported
by the calculation of R from equation (9). At -t = 240 seconds, using E =
S0 seconds, R comes out 54O m, giving an angular half-aperture, 6,, of sbout
28°. From (4), using the calculated R, w, ccmes out 325 cm/sec which is
within observational error of the mesasured w.

Certain other deductions concerning the compesition and formation of
this bubble may be drawn from Figure 20 and the tables. At -t = 180 sec-
onds on the composite bubble's time scale, its top was at 1300 m. It was
ihen compnsed of bubbles S and 6. Extrspclating with the formula R = -EgBt
at this frame the composite bubble would have a radius of curvature equal
to sbout 40O m, while bubble 5 would have dwindled to about 100 m and bub-
ble 6 to about 300 m. Assuming the volume proportional to the cubs of this
linear dimension, it may be hazarded that approximately 30% of the large
bubble volume came from undilute individuals and 70% from wake material.

Ho inferences are drawn about the dsgree of mixing or homogeneity within
the large hubble, which must however be fairly high for it to retain co-
hersnt identity. If the individual bubbles possessed, at the time, a buoy-
ancy gB of 10.0 cm/sec? and the composite bubble a gB of L. cm/sec’, this
means the wake material had buoyancy of roughly gB = 2.0 m/'ucg. This
would imply a virtzal temperature excess in the wake of 0.58°C. Using the
entrainment method of Stommel (1947) it is possible to determine what de-
gree of mixing betwsen cloudy air and environment would give rise to this

latter buoyancy at this height. Wwhen the virtual temperature excess
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possessed by bubbls 5 at cloud base was assumed to derive initial values of
temperature and moisture; the entraimmeut rate between cloud base and 1200 m
averaged about 1.5 x 10> cal. This is in good agreement with the entrain-
ment rate (2.0 x 10”> ea™>) calculated by Malkus (195%b) for the same clouds
using their observed alopes.

b. Interaction btetween Bubbles and Their Enviromment

Host of the important recent work orn cumnlus clouds has emphasised the
critical role of the ambient air ir regulating the formation, growth, and
development of the clouds. In particulsr, it has been shown (Austin, 1948;
Byers and Braham, 1949; Byers and Battan, 1949; Malkus, 1952a) that strong
wind shear and enviromment dryness are inhibitory to ithe growth of large
clouds and precipitation. The prescnt study has so far dealt with individ-
ual bubbles whose life history in relative isolation has been shown to be
rather unaffected by the latter parameters, (see Appendix II for evaluation
of the effects of wind shear upon a sirgls bubble). HNevertheless, in the
course of fhia work certain information has been derived which may provide
a start on the vital problem of the protection of bubblcs by one another and
their interaction with the surroundings.

In particular, the level of bubble origin has been deduced in each case.
This origin is usually well within the cloud body, and thus the total height

range traversed by a bubble is usually far in axcess of the height range
studied hers. The height range studied here, nmoted in the heading of each
table, is always that following the emergence of the Lutbie from the cloud
top when the bubble is travelling unprotected by others against ervsion.

Thus we are in a position to compare the total height range ¢raversed by a
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bubbls, the relative portion of this during which it has been protectsd by
cthers, 1ts maximum radius, and enviromsent paramsicrs such as drymess and
wind shear. This comparison is made in Table XIV. By the maximum radius
of a bubkle is meant the radius it had when it first emerged from the cloud
top into clear air (i.e. first observed on the film). This was calculated
from R at the starred frame, called E*, by the relation Rgax = R*
(~t)max/(~t)" where (-t) .y is the first value of (-t) used in the table
for each bubble. The A q, or moisture deficiency of the envircrment air
relative to cloudy air was deduced by subtracting the mean mixing ratio of
the erviromwent in the cloud layer from the mean mixing ratio of the appro-
priate bubble ascent curve. The cloud width was determined from the films,
using in each case the cloud body from which the particuler vubble appoared.

In the table, the protected height range was deduced by subtracting
the height range studied (the unprotected height range) from the total
height range, which is the difference between the topmcst height pene-
trated by the bubble while still active, and its hypothesiszed level of
origin. Tre protected height range is straightforward in all cases except
August 8, since on the other days it denotes travel of the bubbles within
wisible cloud. On August 8, the protected height range implicitly includes
the 800 m clear ascent from ground to cloud base, and the degree to which
the bubbles were protected by neighbors from erosion in this range is un-
kmown.

With these and other reservations, however, some interesting sugges-
tions may be drawn from the table. The first is the near equality of the
saxizum radius of the bubble at emergence from cloud top and its length of
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unprotected rise therefrom. The maximum radivs is; on the average, about
20% larger than the beight interval cowered durins the ercsicz period. On
the other hand, the width of the cloud body from which the bubtles emerge
soexs to be very comparable, sxcept in the case of August 8, to the total
height range covered by the bubbles, as predicted by Ludlam and Scorer
(1953).

Also of interest is a comparison in each ease between the protectad
and unprotected height ranges. Except in the cases of the large composite
bubblas (of 8 August and 30 June) the good days for convection seem to be
charscterised by large protected ranges compared to the unprotected, while
poor days for convection, notably April 2, showed the reverse. Good days
for convection were apparently also indicated by large values of the ratio
total height range divided by maximum radius, which is given in the fourth
colvan from the r.lgh*;. This is, again, essentially a measure of how large
a fraction of its height range a bubble is protected by neighbors and wakes,
since we have shown that once they become isclated all bubbles obey the
same erosion laws. It was desired to determine what relation, if any, this
ratio bore to the significant environment parameters, wind shear and mois-
ture deficiency. To make a rough estimate of such a relation, these en-
viromment parametars were multiplied together and their product (given in
the right-hand column of the table) correlated with the ratio R¢/Byugy.

T™he corrclation vocefficisnt caws out ~0.7. With tnis many pairs, random
numbors would producu a correlation this high once in one hundred times.
Although this simple correlation may or may mot be physically meaningful,
these data suggest a negative relation between protected height range and
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envirorment shear and dryness, and a positive relaticn between good cumulus
building and a high value of protected height range. A4lthough the remarks
made concerning this table are not supported by sufficient evidence to be
more thex very tentatively put forward, the next steps in cumulus work proba-

bly must consider relations such as these more imtensively.

V. OCORCIUDIEG FEMARKS: COMPARISON BETWEEX THE PRESENT RESULTS AND PREVIOUS
WORK 0¥ CUMILUS CLOUD DYNAMICS |
The critically time-dependent nature of the sisze and velocity of an
individual convective elemient has been amphasized in this work. In fact,
reforring again ic equaticn {11), we car see that the vertical veloeity w
obsys a (-t)* power law throughout a large portion of the bubble's life
$73”%. Sinca G has heen established constanti, this law will be obeyed very
accurately when the ’mmyancy gB is - onstant, up until the time near the end
of tae cycle when ¥ becomss comparable to gB in magnitude. Furthermore, it
has been showa that the 1life cycle of thae isolated bubble, once formed, is

indspendent of all enviromment parameters except lapse rate.

These results might at first glance appear in distinect contradiction to |

the basic hypothesis of the entraimment model of a cumulus ewolved by Stom-
mel (19475 1951), Melkus (1949; 1952a, b; 1953) and others, which treats a
clcud as consistiug of steady or quasi-steady columnar updrafts and strongly
smphasizes the effects of the enviromment upon the cloud. The apparent
contradiction is only superficial, however, and the present work may be
considered as iLic usxt logicel step forward from the entraimment model, since
it attempts to describe the mechanism of the entraimment, the interaction

of cloud elements with one another and with the enviromment, and begins to
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irdroduce coms time-dependent features, at least with respect to individual
cleud tvrrets. The necessity to progress to a2 time-dependent model has been
long felt by workers in this f£ield (Malkus, 1952a; 1953) and its commence-
mant herein sheds considerable light retroactiwely upon the results cbiained
by uss of the steady-state nypothesis. Indeed, the present work raises the
quzstion of how was it possible that the model of entraimsent in 2 steady-
state updraft compered so very well with the features of observed clouds,
most notably in the cases described by Malkus (1953). The answer to this
question should provide some clues concerning how large clouds are built

up.

It should be recalled that most of the testing of the steady-state
model has been carried out in the trade-wind region where clouds of 1-1.5
kn vertical extent have been observed remaining in apparently steady condi-
tions f-or well over one hour, sometimes longer. It must also be emphasized
that during the latter study only those clouds were picked for measurement
which appeared to be in this condition and data were not used for those
clouds in which this proved not to be the case. The fact that soc much
selection had to be appliad in ohtaining cases to test the theory clearly
indicated that at any given instant the clouds chosen were atypical of
tha cloud population, although it was assumed that a large fraction of this
population went through a quasi-steady phase of their life cycle. Fuarther-
more, near the tops and tower portions of these clouds the steady-state
=model began to give less consistent and satisfactory results, although it
checked excellently in the lowest two-thirds of the cloud body.

It c2n now be sasn that in order for the main body of a cumuius to main-
tain itself in a nearly steady condition, i.e. so that a set of airplane

.
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traverses made through it at one instant could be similar to amother set 15
minutes or 8o later, bubbles must be forming within and rising through it
in fairly rapid succession. Also the individual bubbles which agglomerate
to form the large turrets must be smail compared to ths s5iisc of the cloud,
otheruise the character of the drafts as measvied would be greatly altered
by the passage of one bubble. Since the observed draft diameters in trade-
wird clouds wers about 1 km and the turrets from 1-1.5 km diameter, they
could indeed be corsidered large with respect to 200-300 m bubbles.

In conclusicn, although cne of the aims of the bubble model may even-
tuzlly be the building up of such large, quasi-steady clouds, there are
many intervening steps which, at least, are mow suggested by comparison oI
the results of the two amproaches., The first of the steps should probably
concern the process of wake formation by a singie bubble and the effect

upon a succeeding bubble of rising in this wake,
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Appendix I
Consideration of More General Erosion Laws

Starting fiom the differenti=1 equation

2
—+—v =g (6)
dt LR
it wuld bs sxtrsssly dssirsble to eliminate B, 2 fumstion of tims, without

making an assumption concerning the exact nature of the erosion law or the
stanecw

constancy of the bmoyaney, gB. This is feasible if we introduce equation

dr
— = - EgB (8)
dt

in which E may still depend upon t, w, gB or any other parameters and gB may
vary in an arbitrary manner with time. The bubble's radius of curvatuie is
sliminated between (8) and (6) by solving (6) for B, differentiating with
respect to time and equating the expression for dR/dt = R to -EgB. When the
result is solved for @, the equation analogous to (11) is

- o/es]’ g8
3 4 _ E L. 2" ] - (22)
2 | gBw w ﬁé

- 2ww + - - =
L gB (1 - w/gB) gB(1- '/@)J

where each dot above a symbol indicates one differentiation with respect to
time., In order more rigorously to establish the constancy of G it would of
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cowrse be dssirable to use equation (22) with the observed quantitias. Unfor-
tunately, the presently avaiiable observaticns do not permit adequate deter-
mination of ¥, the time rate of change of acceleration and generally B is even
more difficult to obtain,

It is possitle now, however, to establish the maximum pe-missible time
variations in B for usc of equation (11). For ihis purpose equaticns
(8) may be combined to give

o r e ‘%
ig’*iu: Ll-‘:gn] gb 23)
2 . h h

r 2-.n‘:+—gén--n%-’-P

l_. 9 9
where R has not been totally eliminated. Pirst, large bubbles of about 1 km
radius of curvatwre and approximately 10 mps ascent rates are considered.
Under these conditions if B changes by 1/3 in 100 ssconds, the most unfavor-
able combination of w and ¥ which might bs expected gives a B term whose omis-
sion produces a 20% error in G. For amaller bubbles, the error may be shown
t0 be considerably iess for the same variation in B and any plausible combina-
iion of the other parameters. At the present stage of the work, therefore,

it is quite adequate to use equation (11) provided that variations in B do
not exceed about 30% in 100 seconds.

3
— = - 38 (gB)" v &° (2h)
dt
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or

=B (B v (2ln)

&l i

vhere E is now assumed constant and m and n are to be determinsd.,
Sincs w = w,, we may write approximately

R ,&./2)2‘

-—..:-g(gg) .-\— (25)
dat

- o o e
insleivie

R= { Q- n)( ET ()" e (26)

ift=0atR=0,

Thus introducing (26) into the differential equation (6) we have

s E -0 v (27)
kj\2/ 1-n W

The lefi-hand side of (27) is a constant. If we choose a bubble for which B
is constant and in the part of its life cycle where W ( ( gB, then, the equa-

tion
1

'2 = constant . (-t)l-n (28)

will determine n.

from the observations ve find that n = O gives the best fit. This msans
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the bucyancy is the chief cause »f the erosion, as expected. It also xeans
that no approximation is necessary in order to cbtain (25) from (2ha). Thus

(27) bvecomes

o () (eB-) ,.
= l.f.) |

ke v o

or i
ntl 5
Q- i/gn)*

w

w
a
Hi

(~)
H

MW
%

o) 29)

In the cases of those bubbles where gB = constant no evalvation of = is pos-
sible. The iuwo cases where gB varied indicate that m = 1 is satisfactory,
although the test is not at present a rigorous ons.




Appendix IT
’ Ascent through Vertical Wind Shear

When the bubble ascends through a wind field U(s) and U changes with

height, the bucyant element will, in general, acquire a relative horisontal
velocity, u. Under these conditions the vertical equation of metion becomes

%2 K (u° + ) + gB (30)

2+

Only drag forces operste in the horisontal, so that

-1

. 2 2
By = =——— Kk (“+ W) (31)
V)
- where w, is the horizomtal velocity of the bubble when the positive horisontal

axis points in the direction of U, Then sincs

n:%-u (32)
u o
i=-w' - —— K (% + W) (33)
2
because
. du
U= w' =y —
; ds

In constant wind shear at the limiting velocity of the bubble, we have

. K (u‘,2 + 102) = (3232 + vozu'z)} (3l)
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and szalogously to equation (k)
- - -1
r I ‘ |# )
[% 2, 'o?:l = - lfgzaz + 2020 2)* Ej (35)
A 3
80 that
9
k= (36)
as before,

This result is extremely important, for if the drag was proportional to
Y g/z
X (v + w?) " where n now differs from 2, equation (34) becomes

2
K (n°2 + woz)n/ = g2B2 + w2u'2 (37

~

and (35) is unchanged. If we then raise (35) to the power n, we cbtain,
dividing it intc {37)

bl O S I ek (38)

This means that if the drag is not taken proportional to ﬁa, i.e. n= 2, then
K has a different form when G' # O from that when U' = 0. If it is desired
that K depend only uwpon R, then R must change in a complicated manner when
the bubble ascends through shear and the bubble's shape conld hardly remain
sixilar to the normal case. The observations do not indicate these compli-
cations, thus the square-power drag law if further affirmed.

We may now deal further with ¢cquatior (30) and by introducing (36) and
R = -EgBt obtain the anslog of (11), nsmely
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-E2=Gg= (-t)* ’ (39)
2 \;w (Iz + 12);

which is, strictly speaking; the equation which should be used when bubbles
rise through a shearing wind 7field. It may be ssen, however, that when
u ms W, the denominstor of (39) is only 20% underestimated.

The order of magnitude of u will now be ascertained. We may estimate
it from (33) when @ = 0. This gives

v L

u 2 270 ;— (ko)
’ X, W (loa)

. T @@+ d? 9 "

Ly’ 2 2
z-—9— when u® ({ ¥ (Lob)
or, without the approximation

S )

w 9Yu" + Iz (

The order of magnitude of u/w may be calculated roughly by putting

Ve + P v, = 2/3 em)?

so that

(L2)

|
i
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.
: For tne bubbles studied in this paper the highest valus of the wind shear was
| gx10-3 @l IfR=05x 105 cm and g8 =8 g’seez we heve 2 = 0.25 w and
{ an error in the denominator of (39) which is less thantwo per cent. Only in

i G-t i

e

cases of bubbles 1-2 km in radius, in wind shears of 20-30 mps/im or more will
uxs w and then G will be about 20% too high due to this cause.
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Titles for Illustrations

Fig. 1. Schematic diagram showing the spherical upper surfacs of a buoyant
bwbble of radius of cwmvature, R. The coordinates are zhifted so that
the bubble ie at rest and {he surrounding flulid has an undisturbed ve-
locity ¥, equal and opposite to its rate of rise. The curve B is the
bubble!s upper surface, O is the stagnation point, ard A is any point
st an angle © from the axis of symmetry. The vertical distance between
A and 0 is x; x' is an extension of R so that the angle between x' and
x is oqna_l to .

~

Pg. 2. Comparison of the atomic bomb cloud and a single trade cumulus
bubble. (After Sutton, 1947).

Fig. 3. Sequence frcm the time-lapee film of August i, 1550, showing the
life history of a cloud formed over Nantucket Island, U.,S.A. Frames are
reproduced every 30 seconds., Time runs forward down sach colusn, begin-
ning in the upper left corner. The bubvie studied is indicated by the
vhite arrow. Cloud base was at 450 m and the tops reached sbout 2L00 m.,
The canera was pointing nearly due east, at right angles to the surface
wind which was from the south (right), decreasing rapidly upward. The
diametsr of the bubnis was measured on the fourth frame from the bottom,
next-to-right-hand column. This frame corresponds to the drawing in

Fig. 5 and observation 2, Table I.

Fig. h. Main curve shows the height as a functior of time for the bubbhle
indicated in Fig. 3. Points ccrrespond to each frame on the film (3

seconds apart) and tabulations were made every fourth point (12 seconis

T o T ) )
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apart). Vertical welocities were obtained from a mmoothed zurve of the
firet differences of these heights and accelerations from & amoothed
curve of the second differences. The latier curve is shown in the in-
set graph, with the units converted to c.g.s. The negative of the

acceleration, A w/At, iz plotted for convenierce.

Fig. 5. Tracing of the frame from the time-lapse 1ilm corresponding to
observaticz 2, Tadbls I. This is the fourth frame from ths botlom, nexl-
to-right-hand column of Fig. 3. The diameter of the bubble was mea-
sured on this frame. The height and distance scala was ocbtained from
knowledge of cloud bass height from airplane measurements on this
cloud simuitaneous to the film.

Fig. 6. Diagram showing virtual temperature, T,, of bubbie and environ-
ment, as a function of pressure and height on August 1lj, 1950. The
virtual temperature of the environmant is indicated by the solid curve.
The mixing ratios are entered baside each point in gm/kgm. The solid
curve was calculated fraa the Nantucket radiosonde, made 5 miles from
the cloud one honr esrlier, The dashed curve is the virtual tempera-

ture of the bubble, calculated in the mammer descritad in the text.

Fig. 7. Tracing from the time-lapse film made from St. Croix, June 30,
1952. Ths f£ilm lacked sufficient contrast for reproduction. The
tracing was made from the frame corresponding to observation 8, Table
II, vhen the diameter of the bubble (indicated by arrow) was measured.
The height and distunce scale was determined from the film and simul-

. taneous airplane determination of cloud vase height. The camera was

B A ot M e =
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pointed almost due s=outh, and the wind blew from the esst (left 4o
right).

Fig. 8. Diagram showing virtual temperatares, T, of bubble and environ-
ment, June 30, 1952, as a function of pressure and height. The-virtuali
temperature of the enviromment is shown by the solid curve, caleulated
from an airplane sounding togsiltier with the San Juan radivsonde (at
kigh leveis). Mixing ratios are indicated in gm/kgm next to each
point. The virtual temperature of the bubble is given by the dashed
swrve and wss compubted 2o described within the text, The horisontal
arrows on the dashed curve delimit the height range in which the bubble
was studied.

Fig. 9. Diamester of bubble as a function of time, St. Croix, Junme 30, 1952.
The times correspond to thoss in Table II with t = O at the bLubble's

demise,

18, 1953. Frames are reproduced every 36 seconds. Time runs forward
down each éolmnn, beginning in the upper left corner. The tower con-
teinirg the bubbles studied is demoted on each frame by the single white
arrov. The two bubbles used are indicated by the twe arrows in the cen-
ter frame. ‘This freme is traced in PRig, 11, st which time the digmetara
of the bubbles were miasured. This frame corresponds to observation 5,
Table III, and observation 1, Table '[V The camera wzs pointed nearly
due north, and the wind was easterly (from right to left), with little
shear. Cloud base 7as determined by simultaneous airplans observation
to be 570 m,

| Fig. 10. Sequence from the Anegada time-lapse motion picture film, Merch
i
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Plg. 11, Trecing of the frame from the time-lapse film, Msrch 18, 1953,
corresponding to the central frame on Fig. 10, observation 5, Table
III, and observation 1, Table IV. The diameters of the bubbles were
estimated roughly from this firame. The height scale was obtained

from the film using airplane observations of cloud location and height
of clouvd base,

Fig. 12. Disgram showing virtual temperatures, T, of Tubbles aud suviron-

ment, March 18, 1953, as a function of pressure and height. The en-

]

viromeeit virtual temperaturs (sclid curve) was e2lsulated from an alr-

o
G e ok W WA
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plane sounding made in the clear near the clouds stuiied, simultane-
ously to the photographs. Mixing ratios are given in gm/kgm next to
each point. The virtual temperstures of the bubbles (dached curve)
were celeulated in the mammer described in the text.

Fig. 13. Sequence from the time-lapse film made from Anegada, April 2,
1953. The bubble studied is indicated by the white arrow. Frames are
reproduced every 36 seconds. Time rvns forward down each column be-
ginning in the upper left cornmer. The bctiom irame in the left-hand
colmm is traced in Fig. 14 and corresponds to observation 8, Table V.
Cloud base was detarmined by airplane measuremerts to be at 590 m.

The camera was pointed aimost dus ncrth end the wind is sasterly (right

to left).

-

Fig. 1i. Tracing of the frame from the time-lapse film, April 2, 1953, on
which the diameter of the bubble was measured. This frame is the bot-
tom left-hand frame of Fig. 13 and corresponds to observation 8, Table

B i i s b 3R S GRS | i Sl s s S v Wb b il € SR
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V. The height and distance sce:le was determined from the film together
with airplane deteimination oi cloud base height.

Fig. 15, Diegram showing virtuai iemperaturss, T,, of Lubble end environ-
ment on April 2, 1953, 25 a function of pressure snd height. The vir-
tual temperiture of the envireligent is indicated by the solid curve and

was cotained from an airplane sounding made in the clsar air near the

clovds simultaneously with the photographs. Mixing ratios in gm/kgm
are indicated next to each point. The virtual teaperature of the bubble

PP, S~ e S———

text. 7Ths height rarge of the bubble covered by the calculations is in-
dicated by the two solid horirontal lines crossing the dotted curve.

Fig. 16. Sequence from the time-lapse film of August 8, 1950, showing the
bubbles formed over Nantuckeit Island, U.S.A., Framas are reproduced

every 30 seconds. Time runs forward down each column, beginning in the

upper left cormer. Bubble L is indicated by the first white arrow, com-

®

mencirg in the third-from-bottom frame, column 1. Bubble 5 is indicated
by the arrow containing a single black band. Bubble 7 is denoted Ly
the next white arrow, while bubble 8 is indicated by the arrow with the
two black bands, Bubble 9 is indicated by the arrow containing black
dashes, while bubble 10 is marked by the arrcw containing black dots.

The dismeter of bubbls L was msaswrsd on the frame whors ths arvow ds-
noting it first appears (observation 2, Table VI). Bubbls 5's diawe-
ter was obtained from the top frame, middle colum {observation 2,
Taeble VII); the diameter of bubble 8 was determined from the next-to-

bottom frame, middle column (obseivation 3, Table IX); tbe diameter
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of bubble 9 was obtained from the mext-to-top frame, last ccluwsr {obser-
vation li, Table X) anc the diameter of bubble 10 from the next frame
below (obscrvation 3, reoie XI). Cloud base height was determined %o
be 800 m from airplane observations simultaneous t< the photography.
The cawera was pointed msarly due east and the wir: was frem the north

(laft to right) with moderate positive shear.

Fig. 17.
a. Tracing from the time-lapse film August 8, 1550, showing bubble

i at the time its diameter was measured (first white arrow, Fig. 16)
corresponding to observation 2, Table VI. The height and distance
scale was determined by film and airplane measurement of cloud base

height.

b. Tracing from time-lapse film, Angust 8, 1950, corresponding to
top frame, column 2. Fig. 16. at which dismeter of bubble S was mea-
sured (observation 2, Table VII). Also appearing on this frame are
bubble k4 in its last stages, and the composite bubble (see Table XTII).
This 1s not the frame at which the diameter of the composite buoble

was wsasured.

c. Tracing from tims-lapse film, August 8, 1950, corresponding to the
second-from-bottom frame, Fig. 16, at which the diameter of bubble 8 was
measured (chservation 3, Tsble IX). Also appearing is the composite

" bubble, whose dismeter has shrunk to 200 m at this stage.

d. Tracing irom the time-lapse film August 8, 1950, corresponding to
the second-from-top frame, column 2, Fig., 16 at which the diameier of
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oubble 9 was measured (cbservation L, Table X). Aiso appearing is
bubble 10, whose diameter is giver here corresponding to observs-
tion 3, Table XI, aithough the actual messurement was made slightly

iater,

Fig. 18. Diagram showing virtual temsperatures, T, of bubbles and environ-

. mont, Angust 8, 1950, as a function of pressure and height. The en-

virommeat virtual temperature is given by the left-hand sclid curve,
which was calculated from the Bantucket radiosonds obeservation made
near the time of the photograpns and withic O miies of the clouds.

The mixing ratios are given in gm/kgm beside each point. The virtual
temperature curve for bubble 4 is given by the left-hand dashed curve,
the height range studied being indicated by solid horizontal lines.

The virtual temperatures for bubbles 5, 7, and 8 are given by the
right-hand solid curve. The height range for bubble 5 is indicated by
the arrows and for bubbles 7 and 8 by the solic lines with bars at each
end. The virtual temperatures for bubbles § and 10 are given by the
right-hand dashed curve and the limits of study are demcted by solid
horisontal lines with x's at each end. The bubble virtual temperatures
wore calculated in the manner described in the text. The bubbles each
followed a dry adiabat up to cloud base and a moist adiabat from thence
upwvard. Although the warmest bubbles (9 and 10) had a surface virtual
temperaturv nearly 3°C in excess of the value from the radiosonds,
study of the hourly sequences at Nantucket airport revealed 2 maxismmm
temperature eam;n) within 0,2°C of the actual temperature required
by these bubbles.
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19. Schemetic dsgram of an iscliated bubble, drawn to resemble the
bubbles studisd by Davies and Taylor (1950). The bubble has a spheri-
cal cep, a flat tut very irregular lower surface, and s turbulenxt wake
behind it. The radius of curvature of the spherical cap is denoted by
R, and the diamster of tha sphericsl cap by N. They are related by ths
equaticz =in @, = D/2R, where 6, is one-half the otal angular aperture
of the bubble cap. 7Thc average bubble studied was found tc have a
diameter = 1.0 R, or an angular aperture of 60°, at the lower limit
of the range of air bubbles in liguid studied by Davies and Taylor
(1950)..

Fig. 20. The height-time curve for bubbles 5, 6, and 7, August 8, 1950 and

for the composite bubble formed by these individuale. The curve for

- the composite bubble was drawn using the points on this figure and was

checked on the film by tracking the smoothed upper outline of the large

tower domimating column 2, Fig. 16, which was in fact the composite
bebble, - -
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